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Summary

Interactions between laser and plasma have been drawing attention due to their
various applications, from the production of energy by inertial confinement fusion
to the acceleration of particles. The focus is maximizing the absorption of energy
from the laser by the target. A promising solution for that is the use of foams.

Foams are porous solids that have been shown to perform better than other
solutions in terms of deposition of energy from the interaction with a laser. Despite
this, interactions with such a medium are yet to be fully understood, and work is
being carried out to improve their knowledge also thanks to more accurate and
reliable models. The goal of the present thesis is to study how foams interact
with laser pulses at a microscopic level, considering a single foam elemental unit;
in particular, the main interest of this work is the dependence of the physical
phenomena governing the energy absorption on the foam parameters.

First, the general plasma behavior is presented, highlighting its main features
and the key parameters needed to describe it. Then, a mathematical description of
its interactions with incoming electromagnetic waves is provided.

The numerical simulations are carried out using SMILEI, a particle-in-cell code
for kinetic simulations of plasmas. Therefore, the main workflow of this kind of
codes is presented, as well as the specific features of SMILEL.

The code is first used for the reproduction of results from the literature, which
will then serve as a basis to compare results from other simulations. Scenarios
with variations in the foam-element parameters, such as its dimensions, will be
explored to investigate how the characteristics of the foam influence the different
mechanisms of absorption and which of them dominates.
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Chapter 1

Laser-plasma interaction in
nano-foams

Plasma description is fundamental in a wide range of fields, from astrophysics to
industrial applications. Among the latter, several have drawn the attention to the
study of nano-foams and the modelling of their interaction with laser pulses aimed
at the production of plasma.

In this chapter an introduction to plasma is presented, giving a physical descrip-
tion and presenting the most relevant parameters and phenomena that characterize
it. Despite being a general description, understanding the basic mechanisms of
plasma evolution is fundamental to then study its interactions with electromagnetic
waves.

Once basic concepts will have been presented, the following section describes
in more detail how plasma interacts with laser, and in particular the physical
mechanisms underlying energy absorption by particles. Additionally, a description
of the Mie theory of scattering is provided as a mathematical model to quantify
absorption and its distribution over the target.

1.1 Introduction to plasma physics

Sometimes plasma is referred to as an ionized gas. Though not being completely
wrong, such a description might be reductive and misleading. Plasma is character-
ized by a series of phenomena that are not present in gases, and therefore require an
adequate description. Indeed, plasma is a different state of matter (often called as
the "fourth state of matter"). A more rigorous definition is that of a quasi-neutral
gas of charged particles showing collective behaviour [1]. Given the definition,
the problem of describing what a plasma is shifts to explaining what is meant by
"quasi-neutrality" and "collective behaviour".

1



Laser-plasma interaction in nano-foams

The first point to highlight is the "quasi neutrality". A plasma can be produced
by the ionization of a gas, and is made of positively charged particles, ions, and
electrons. In this case, if the gas is originally made of neutral atoms with atomic
number Z, Z will also be the number of electrons per atom, and, when completely
ionized, it will also be the ration between the number density of electrons and the
number density of ions, with the number density being the number of ions of a
given species per unit volume, usually expressed as em 2. Despite being made of
charged particles, plasma is neutral on a larger scale. Calling the number density
of ions and electrons n; and n., respectively, the net charge can be expressed as:

Ng = NiGi — Nee- (1.1)

The electric charge of an electron is ¢ = —e, while of an ion it’s ¢; = Z..
Since, as explained above, the ratio between the number densities is Z— = Z, for a
sufficiently large volume:

Ny ~ %Z@—nee:(). (1.2)

The second main property defining a plasma is the exhibition of a collective
behaviour. To better understand this concept, it is useful to make a comparison:
although a certain degree of ionization is possible, gas particles are usually neutral;
therefore, there is no net electromagnetic force acting on it and collisions is the main
driver of interaction between gas particles and of the transmission of macroscopic
forces acting on them. Instead, for a plasma, since the particles are charged, the
creation of local accumulation of charges is possible, with a consequent formation
of an electric field and a charge current. If we consider two charged regions whose
distance is r, the force exchanged between them scales as 1/r%; however, for a
given solid angle, the volume of plasma that can affect a region increases as r® [2].
For this reason long-range interactions play a fundamental role in plasmas, to the
point that, in some cases, collisions can be neglected (we refer to these cases as
collision-less plasma).

After explaining what a plasma is, some key parameters need to be presented
to understand its properties. A fundamental concept in plasma physics is Debye
shielding [3]. Let us consider a voltage applied to a plasma As a consequence, an
electric field will be produced, and charged particles will move according to the sign
of their charge: positive ones toward the negative pole and, conversely, negative
ones toward the positive one. Two layers are then formed at the extremities, with
accumulations of charges that create an electric field whose direction is opposite to
the one arising from the applied voltage. This phenomenon is the Debye shielding.
Since the layers of particles have a finite thickness, the shielding is not perfect.
Assuming, for simplicity, a 1D geometry, the electric potential distribution ¢ follows
the equation:



Laser-plasma interaction in nano-foams

d?¢  e*ng, 1 1

Z L = 1.
dz?  eokp T6+Ti)¢ 0 (13)

where €, is the void dielectric constant, kg is the Boltzmann constant, 7T, is the
electron temperature, T; the ion temperature and e is the charge of the electron.
From this equation it is possible to define the Debye length:

1 1 1 e%ny e%ny

%N, T T aksT. | coksl

(1.4)

which is a quantification of the penetration length. The solution to equation 1.3
goes down to zero in a length around \p, as depicted in figure 1.1. This solution is
valid for a macroscopic dimension of plasma L >> Ap.
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Figure 1.1: Representation of the shielding of a plasma from an external voltage.
The electric potential drops significantly at a distance of around one Debye length
from the extremities [3].

In literature the Debye length is often identified as Ap.; this approximation is
valid for T; >> T,. In many cases T; ~ T,, and neglecting the contribution Ap;
leads to an increase of Debye length by a factor in the order of unity. If only an
estimation of its value is needed, this approximation is valid.

Debye shielding is also linked to quasi-neutrality. Although one might expect
that the effect of the Coulomb force of a charge particle might extend indefinitely,
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its range is actually limited by the other particles that surround it; the extent of
this range is quantified by the Debye length [4].

From the Debye length it is possible to define the plasma parameter, which is a
measure of the long-range collective effects over short range ones (i.e. collisions)
[3]. It is expressed as the number of electrons contained in the volume of a sphere

whose radius is Ap :
4
Ap = %ne)\%. (1.5)

A third fundamental quantity, fundamental for the description of a plasma, is
plasma frequency, defined as:

e2n,

(1.6)

Wy = gt

Plasma frequency is a measure of how fast electrons respond to external fields.
Being much lighter than ions, their response is faster, but still finite. A comparison
of macroscopic time scales and frequencies with w, shows if electrons have enough
time to complete their motion and shield out the field.

In light of the parameters listed above, an ionized gas behaves like a plasma
(i.e. shows quasi-neutrality and collective behaviour) if the following conditions are
fulfilled [3]:

e A\p << L, where L is the macroscopic characteristic length of the plasma.
This condition guarantees shielding from DC external electric fields

e wy, >> vr./L, with vy, being the thermal velocity of electrons. This condition
guarantees shielding from AC external electric fields

e« Ap >> 1, which ensures the prevalence of long-range collective interactions
over collisions.

1.2 Laser-matter interaction and plasma produc-
tion

Several techniques for the production of plasma exist, differing in the physical
processes they rely on (e.g. thermal process, use of beam particles, application
of external voltage, etc.) [5]. However, all these methods boil down to the same
principle, the ionization of atoms. Electrons are bound to the nucleus of an atom
through electrostatic force. To ionize atoms energy has to be transferred to electrons
to overcome the force that binds them to nuclei, and a certain threshold must be
exceeded; this threshold is called ionization energy. This threshold becomes higher
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and higher as more electrons are ionized from a given atom. As a result, great
amounts of energy are required for the complete ionization of atoms and, therefore,
the production of plasma. Several traditional techniques rely on gaseous targets,
inducing collisions between atoms and, consequently, ionization. However, over
time, an interest has been raised in the use of solid targets, coupled with lasers as
energy sources.

The word laser is an acronym that stands for Light Amplification by Stimulated
Emission of Radiation. Laser beams are electromagnetic waves just like normal
light, but it exhibits several properties that make it different from other light
sources [6], such as monochromaticity (consisting of one wavelength) and high
directionality. An additional, fundamental property of laser beams is coherence,
both spatial and temporal. Spatial coherence implies that the phase difference
between two points remains constant in time, while temporal coherence implies
that, for two time instants ¢; and t; + 7 separated by a fixed time interval, the
phase difference of the electric field at a point P between the two time instants is
the same for any ;.

Using lasers as energy source allows to transfer large amounts of energy in very
short time scales, from nanoseconds to femtoseconds, and focusing the interaction
is a localized portion of space. Intensities can reach values ranging from 104
to 10'8W/m?, making them the only viable option for applications such inertial
confinement fusion.

As mentioned above, the process of plasma formation takes place when electrons
gain enough energy to overcome the potential that binds it to the atom. Absorption
of energy by electrons can take place thanks to different physical processes, de-
pending on several laser and target atom parameters. To understand these process,
we first introduce the so-called Keldysh parameter [7]:

AV leg
2€E0 ’
where [j is the intensity of the laser, w its frequency and FEj is the electric field
intensity. The value of the Keldysh parameter allows to distinguish between two
different regimes, dominated by different ionization phenomena [8].

For v >> 1 multi-photon ionization takes place. From quantum mechanics it is
know that light has a double nature, a wave-like one and a particle-like one. The
particles making up light are photons; interaction of electromagnetic waves with
matter can be also thought as interaction of photons with atoms. Each photon
carries an energy that is expressed by:

v=w (1.7)

E, = hy, (1.8)

where h is the Planck constant and v is the frequency of light. A photon, and
the energy it carries, can be absorbed by an electron, which is in turn excited.
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The electron is ionized only if the energy carried by the photon is larger than the
ionization energy, otherwise it is only excited to a higher bound state. However,
more than one photon can be absorbed simultaneously and their combined energy
can overcome the binding potential: this phenomenon is called multi-photon
lonization.

When v << 1, the intensity of the electric field becomes more relevant and
quantum effects play a fundamental role. The presence of the electric field of the
laser can distort the Coulomb potential making it narrower; in this way the energy
required by the electron to move from bound to free state is lower and can escape
by quantum tunnelling.

If the electric field intensity further increases, the suppression of the potential
barrier is such that the ionization energy falls below the state energy of the electron.
This case is referred to as over-barrier ionization (OBI). An estimation of the
threshold for the electric field to have OBI is:

I
47’

where I, is the ionization potential and Z the charge of the residual ion. This
formula is retrieved for a very simplified case of electrons moving a 1D cartesian
geometry. A more detailed treatment of tunnel ionization and OBI can be found
in [9].

Once electrons move to a free state, these can still absorb energy from light
thanks to inverse bremsstrahlung: when a free electron moves close to an ion, it can
absorb a photon and its energy, and as a results speeds up or changes direction. In
their motion electrons can collide with neutral or partially ionized atoms, making
in this way ionization process also collisional. Furthermore, these collisions can
take place also with completely ionized atoms, transferring to them energy. This is
therefore the mechanism of heating up of ion species in plasma.

At this point it’s fundamental to introduce the concept of critical density.
Considering an electromagnetic wave with travelling in a plasma, the dispersion
relation for its propagation can be written as [2]:

Eopr = (1.9)

w? = wz + K2, (1.10)

where w), is the plasma frequency and w and k are the frequency and the wave
number of the electromagnetic wave. If the beam has a frequency w the relation
will yield a value for k. However, the relation shows a cut-off: for a certain value of
the frequency, k£ = 0, and for values beyond that no real k can satisfy the relation.
The cut-off is for w = w,, and this condition is satisfied for an electron frequency

megw?

, (1.11)
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called the critical frequency. For n. > n. plasma becomes opaque to laser and
waves are reflected.

When a laser beam hits a solid target, atoms start to ionize and the irradiated
portion turns into a plasma. Due to the high density of solids, the resulting plasma
is overcritical (density higher than the critical one) and therefore prevents the
beam to further propagate through the target. As a result, a large part of the
incoming energy is reflected, and a large part of the target is converted to plasma
by conduction, which is an inefficient way to absorption. With the aim of improving
the efficiency of this process, a viable path is employing nanofoams [10].

Nanofoams are porous, nanostructured materials with a very large fraction of
sub-micrometric voids and a disordered, fractal-like backbone of nanoparticles.
[11]. In the context of laser-matter interaction foams find application thanks to
the large fraction of void surrounding the solid parts, and therefore lower density
than normal solid targets. The difference in using a porous material rather than a
normal solid lies in the first stage of the process. The porous structure allows the
penetration of the incoming electromagnetic wave up to a longer distance, called
transparency length. The structures making up the foam are ionized and turned
into plasma; the plasma elements, being surrounded by void, expand due to their
pressure and fill the pores. Foams are characterized by a value of final number
density, at the end of the process of plasma formation and homogenization, that can
be higher or lower than the critical one, and are therefore called over-critical and
sub-critical foams, respectively. In the case of sub-critical foams, the final plasma is
transparent to light and therefore laser absorption takes place. Near-critical foams
have proven to yield a better absorption than normal solid targets [12] and the
absorption efficiency can reach 80 to 90 percentage for overcritical foams [13].

So far literature has mostly focused on modelling of foams interaction with
laser on a macroscopic level. Instead, in what follows, the attention is shifted on
a microscopic treatment of foams, focusing on the evolution of a single element
evolution in its interaction when hit by a laser beam. In the next section the
mathematical framework that describes the incidence of electromagnetic waves on
a target with the dimensions of interest is presented.

1.3 Mie scattering on cylindrical target

To better describe a laser beam’s interaction with foams on a macroscopic level, it
is fundamental to first understand how absorption takes place for a single foam
structural element, and to tackle this problem Mie theory of scattering is presented.

Mie theory is a particular solution of Maxwell’s equations for a plane electromag-
netic wave scattering over a spherical particle whose dimension is comparable to
the wavelength. A solution to the same problem for particles much smaller or much
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larger than the wavelength was already obtained thanks to Rayleigh scattering and
Rayleigh-Gans-Debye scattering, respectively. Mie theory allowed to bridge the
two, allowing calculation for particles of any size [14].

The aim of this section is providing an overview of Mie scattering, highlighting
the main mathematical backbone of the theory, with a focus on the results for
scattered and absorbed power distributions and their dependence on some physical
parameters. Despite considering a spherical particle as a target, Mie theory can be
applied similarly to a cylindrical one. The treatment here proposed is based on the
work in [15]; mathematical passages are only detailed, living the above-mentioned
work as a reference for a more complete discussion.

(Case I) {Case II)

Figure 1.2: Representation of an electromagnetic wave on a cylindrical target
[15].

Figure 1.2 shows the geometry of the problem. z-axis is directed along the axis
of the cylinder, while its base is parallel to the x-y plane. Two different cases are
depicted, differing in the orientation of the fields; these two cases are analysed later
on. The laser propagates defining an incidence angle a with the perpendicular to
the cylinder.

Cylindrical geometry is adopted and quantities are therefore expressed in function
of coordinates r, # and z, with r and € such that © = rcosf and y = rsinfl. The
problem requires the solution of Maxwell’s equations, in particular Ampere-Maxwell
law and and Maxwell-Faraday law, which are here written adopting Gaussian units:

1
VxH= 3+ Iy, (1.12)

c dt
8
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1d
E=——H 1.13
VX cdt ( )

where H is the magnetic field strength, J = oE is the current density, D = eE
is the dielectric displacement, o the electrical conductivity and e the dielectric
constant.

The fields are assumed to be oscillating quantities in the form of A o< e, with
w being the frequency of the wave. Applying the temporal derivative operators,
the above equations can be written as:

V x H = ikm?E, (1.14)

V x E = —ikH, (1.15)

dmio s the complex
w

where k is the wavenumber and m, defined as m? = € —
refractive index of the medium.

By virtue of the two equations above, it is possible to show that the field H and
E need to satisfy the equation:

V2A + E*m*A = 0. (1.16)

Elementary solutions to this equation can be found from the following theorem:
if ¢/ is a solution to the equation:

V2 + k*m?yp = 0, (1.17)

it is possible to define the two following vector quantities:

My =V x (z1)), (1.18)

mkN, =V x M,, (1.19)

which are related between themselves by:

mkMy, =V x Ny; (1.20)

H and E can then be expressed as:
E =M, +iN,, (1.21)
H =m(-M, +iN,), (1.22)

where u and v are solutions to equation 1.17.

9



Laser-plasma interaction in nano-foams

We can write a generic plane wave as:

¢0 _ eiwtfik(:vcosa+zsina) (123)

where « is the incidence, and consider two cases:

» Case I: u = ¢ and v = 0, which leads to E, = —sina(ikiycosa), E, =
cosa(ikiyocosa) and H, = —(ikyycosa)

» Case II: w = 0 and v = 1y, which leads to H, = —sina(ikiycosa), H, =
cosa(ikiyocosa) and E, = —(ikiyycosa)

For the rest of the chapter we are going to consider laser propagating perpendic-
ular to the cylinder, i.e. @ = 0; in this way the first case corresponds to E parallel
to z-axis, while the second to the magnetic field parallel to the axes of the cylinder.
The function 1y can be expanded in series of Bessel functions of the first kind,
yielding, for the electric field in the first case (similarly for the magnetic field for
the second on):

E, = e Y g, (kr)ite™. (1.24)

As for the boundary conditions, they require that E and H are continuous at the
surface (r = a). After some passages it is possible to find expressions for a,, and b,
which are scattering coefficients. These coefficients are expressed in terms of the
Bessel functions J,,, which represent the incoming light, and the Hankel functions
of the first kind, H(", which represent the scattered light. The expressions for
these coefficients are:

L)) — m () L)

" () Ho () — mda(g) HL () (1.25)
i) u(e) — () L()
AT ARG AT AG) (1.26)

with x = ka and y = mka.
The angular dependence of the scattered light can be expressed by the factors
T.(0) and Ty, (0):

T.(0) =" ane™, (1.27)

Ty(0) = > be™. (1.28)

10
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These two factors have a similar meaning to the scattering amplitude function
S(0) in the case of finite particles, T}, for case I and T, for case II.

If [ is the length of the cylinder, 7y the intensity of the laser and [t]? = |t,|? +|ts|?,
the scattered power is pge, = %iOHZ and the extinction power i8 pe,; = 4ﬁliore[t(O)].
the absorbed power is then easily calculated as pups = Pest —Psca- it is also possible to
define the corresponding cross sections, by just dividing the power by the intensity
19, and the effective factors by dividing the cross section by the geometrical one
Ogeom = 2al.

From the theory presented in this section, the dependence of the scattering
and absorption on the radius of the cylinder, their angular distribution and the
influence of the polarization of the laser can be retrieved. This work is done in
[16], where Mie theory is applied to the configurations analysed in the simulations
presented by the paper. These results will be discussed in the third section, where
the these simulations are reproduced.
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Chapter 2

Particle-in-cell codes

Plasmas can be described by means of two main approaches: a simplified one which
considers each species of particles as a fluid, and a more general one that allows a
description that considers its specific distribution. The latter is the one adopted
in particle-in-cell codes. In this chapter the theoretical models on which they are
based, as well as their numerical implementation are presented; features specific to
SMILEI are described too.

2.1 Introduction to particle-in-cell codes

Plasmas involve high numbers of particles belonging to different species. To each
species it is associated a distribution function which contains the information on
how the particles are distributed in space and in the velocity phase-space. In the
most general case, this function depends on time, space coordinates and velocity:

fs = fs(t,x,v), (2.1)

where x = (z,y, ) denotes the particle’s position, v = (v, vy, v,) the particle’s
velocity, and s is a subscript that refers to the species.

Being f, a function of seven variables, it is not trivial to deal with. To simplify
the mathematical modelling, in plasma physics an approximation is made: if
the collisions are frequent enough, and if they are not subject to strong external
forces, they eventually reach thermodynamic equilibrium and their distribution
function is a Maxwellian whose velocity dependence is eliminated. For a Maxwellian
distribution the velocity is uniquely specified by the temperature [2], and therefore
the dependence of f is only on four variables. In this framework each is species is
treated as a fluid characterized by macroscopic quantities integrated over velocity.
These fluids are described by a set of equations of motion which are coupled to
Maxwell’s equations.

12
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When dealing with particles whose distribution is far from equilibrium, this
approach in not viable and all dependencies need to be considered. Numerical
simulations are then required, and these can be carried out by particle-in-cell (PIC)
codes. In what follows the theoretical framework on which PIC codes are based is
illustrated.

Let us consider a collisionless plasma made of a certain number of species. For
each species s, the distribution function evolves according to the Boltzmann—Vlasov
equation [17]:

afs . p
ot + mgy

where p is the momentum, my is the mass of particles belonging to s, and ~ is

Vf, +FV,f, =0, (2.2)

the Lorentz factor, defined as v = /1 + P’ with ¢ being the speed of light in

mac)
vacuum. F is the Lorentz force acting on a particle with a velocity v = p/(ms7)

and charge ¢4:

F=q(E+vxB) (2.3)

The Lorentz force arises from collective electric and magnetic fields that satisfy
Maxwell’s equations:

v-E=", (2.4)
€0
V-B=0, (2.5)
9B = -V xE, (2.6)
1 1
OE=—-VxB-—1, (2.7)
C €0

where €, and p are, respectively, the vacuum permittivity and permeability.
The charge density p and current density J, appearing in Maxwell’s equations, are
related to the distribution function according to the following relations:

p(t.x) = 0, [ d*pfiltx,p) (28)

J(t,x) = qu/dgpvfs(t,x,p) (2.9)

The main idea underlying PIC codes is the discretization of the distribution
function as a sum of a certain number N, of so-called "macro-particles" (also,
quasi-particles or super-particles); fs is then rewritten as:

13
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Fultx.p) = 3 10, 5(x — %,(£))6(D — py(t)), (2.10)

where w, is a weight associated to each macro-particle, x, and p, are, respec-
tively, the position and momentum of the p macro-particle, §() is the Dirac delta
distribution and S(x) is a shape function associated to all macro-particles.

By plugging 2.10 in 2.2 the equations of motions satisfied by each macro-particle
p are obtained:

d
s N (2.11)
dt ~y
@_E(E + % B, (2.12)
d  m, "y, P '

where E,, and B, are the electric and magnetic fields interpolated at the particle
position, using the shape function:

E, = /dXS(X —x,)E(z), (2.13)
B, = / dxS(x — x,)B(z), (2.14)

2.2 Numerical implementation

In the previous section the physical models employed by PIC codes were explained.
The numerical methods adopted to implement them are discussed in this section:
the initalization of particles, the algorithm of the code and discretization methods.

2.2.1 Initialization

The first step of the initialization is loading the macro-particles. Users are required
to provide, for each species, the number density ng and its distribution, the number
of macro-particles per cell N, as well as the mean velocity v, and the temperature
T,. A weight is assigned to each particle; specifically in SMILEI, the weight of a
macro-particle is defined as:

 nlelt=0))
P NGt =0)°

and remains the same for the whole simulation. Once all particles are uploaded,
initial charge density and current density are projected onto the grid. After this
step, Poisson’s equation is solved to compute the electric field. Lastly, external

14

(2.15)



Particle-in-cell codes

fields can be prescribed, which are then summed to the ones to the ones arising
from the charges.

It’s useful to highlight that, if the electric charge always satisfies the continuity
equation, 2.4 and 2.5 are automatically satisfied if they were satisfied initially [17].
In light of this, only the other two Maxwell equations, the ones describing how the
two fields evolve in time, need to be solved.

2.2.2 PIC loop

Once the simulation is completed, the PIC loop is started and performed for a
certain number of timesteps N. The loop consists of four steps: interpolation of
electric and magnetic fields at particle positions x,; advance of particles; projection
of new charge density and current density; computation of the new electric and
magnetic fields. In what follows these passages are detailed for a generic passage
from a timestep n to the following one, n+1.

Fields are interpolated at the position of each particle using equations 2.13 and
2.14:

B = / dxS(x — x(M)E™, (2.16)
w@:/md@—gﬁmm (2.17)

As it will be better explained later on, when the solvers for Maxwell’s equations
will be illustrated, the fields are computed at staggered time instants; more precisely,
the electric field at integer time steps, while the electric field at semi-integer
ones. Therefore, being B not available at an integer timestep n, in 2.17 B;”) =

%(BZ(;”JF%) + Bén_%)) is used.

Fields interpolated at time step n are then used to compute the new positions of
macro-particles by using equations 2.11 and 2.12. In order to solve it, a leap-frog
integrator is adopted, which is second-order, explicit method. The main scheme
adopted in PIC codes is the Boris pusher, which computes the new particle positions
and velocities as:

nt i nol
(n+3) (n-3) Qs M Up P Aup ? n
%2:%2+mAmy+P%W’x%m (2.18)
S P
(n+1) (n) “$+@
n+1) __ n
D

It is worth noting the existence of another scheme, the Vay pusher, which also
adapts the leap-frog scheme in an alternative way.
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After computing the positions of quasi-particles at timestep n+1, charge density
and current density at new timestep are updated. For current density this is
done by density decomposition method [18], proposed by Eriskepov, which ensures
charge conservation. Charge density can be deposited with a similar method. As
already mentioned, the use of a method that conserves charge allows to satisfy
Gauss equations without solving them.

The last step is then the calculation of the new electric and magnetic fields from
2.6 and 2.7. The approach used to solve them is the finite-difference time-domain
(FDTD) method, which employes the Yee grid, a staggered grid, where the fields
and charge and current densities are defined at different points. A scheme of
Yee grid is shown in figure 2.1. The electric and magnetic fields are computed,
respectively, at integer and semi-integer time-steps.

I g
Z
(i+1)Az = - - g
A B!}
—_—t
E,.J, /B
1
— - —(k+ 1Az
E..J l
_ E,.J,
(FAY) pp— > - = -kAz
f)
| |
| |
JAy (7 +1)Ay

Figure 2.1: Representation of Yee grid

Knowing the current density at n+1, the Maxwell-Ampere equation is solved
first:
ETD = E* 4 At[(V x B)"F2) — J(nt3)) (2.20)

The electric field at the new timestep is then plugged into the Faraday-Maxwell
equation:
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3

B(+3) = BU'+3) — A(V x B)("+) (2.21)

By way of example, the explicit expression for the x-component of the electric
field is here reported:

(Ex)("Jrl) (Ex)(n)

i+igk i+3.5.k .\ (nt+d) (n+1) (n+3)
S 2 = ()i e (0B2)0 %, — (0By) 0%, (2.22)

A partial derivative in FDTD method is discretized as:

F.

i+5.0.k

Ax

F

(0pF)ij = g0k (2.23)

The FDTD method requires the satisfaction of the Courant-Friedrich— Lewy
(CFL) condition to guarantee the stability of the method: this condition requires
the time step to be smaller than:

AtC’FL = [Z AM_Q]_%7 (224)
I

where u = (z,vy, z) are the three spatial dimensions.
With the computation of the fields at the new timestep, the loop can start again.

2.3 Features of SMILEI

So far, the structure of a PIC codes in general has been described. In this section,
specific characteristics of SMILEI are discussed.

SMILEI doesn’t employ the international system of units to express quantities.
Instead, a normalized system of units is adopted. Velocity, electric charge and
mass are normalized with respect to the speed of light (¢), the absolute value of
the electron charge (e) and the electron mass (m.), respectively. As for the time, it
is normalized with respect to w ', with w, being a reference angular frequency; for
a simulation involving the irradiation of plasma with a laser, the reference angular
frequency is set equal to the laser one. Space is normalized with respect to ¢/w;..
Normalization factors for other quantities are reported in 2.2 [19].
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Units of velocity C

Units of charge £

Units of mass m,

Units of momentum Mg C

Units of energy, temperature M, -
Units of time !
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Units of number density M = €0 Me /€7
Units of current density e,
Units of pressure M, c? 1,
Units of electric field m, € iy /8
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Units of Poynting flux m.cn, /2

Figure 2.2: Normalization factors used in SMILEI

PIC codes are so computationally expensive that normal calculators would
not be able to complete a simulation in a reasonable amount of time and that
is why SMILEI is designed to work through high-performance computing (HPC).
The main idea of HPC is the use of more CPUs (also called cores) to work on
the same memory. More precisely, the cores of a supercomputer are grouped in
nodes, and all cores belonging to a node share the same memory. Software-wise,
the instructions are grouped in threads, which are distributed among the nodes,
and threads computed by the same node are called a process. This structure is
graphically shown in 2.3.

The computational domain is split into small portions called patches, which are
then assigned to the various cores. The main advantage of this management of
the computational resources, based on a grid-based decomposition rather than a
particle-based one, is to avoid the need of communication between cores to compute
the magnetic field at a certain location. On the other hand, a load imbalance
might arise: if number density varies considerably between patches, cores will be
burdened by different computational load, which might lead to an inefficient use of
computational resources. On SMILEI it is possible to activate a feature called load
balancing, which, at intervals, redistributes patches among cores with the aim of
making the wordload distribution as uniform as possible.

SMILEI’s basic algorithm does not reproduce all physical phenomena character-
izing a plasma. For this reason, some physical modules are implemented and can
be included in the set-up of a simulation to account for desired processes, if needed.
In the remaining part of this section, some of these modules are briefly discussed.

Vlasov equation, 2.2, was written for a collisionless plasma. The theory of
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Figure 2.3: A schematic representation of the subdivision of supercomputers in
nodes, cores, threads and processes. Image from SMILEI website’s guide.

collisions implemented is described in [20], which assumes, for a given particle,
several collisions during a timestep. In the Coulomb collision, distant collisions
with a small scattering angle are much more dominant than close collisions and
therefore a deflection angle § << 1 is assumed for each of these collisions. Both
intra-particle collisions (between particles of the same species) and inter-particle
collisions (between particles of different species) can take place. Quasi-particles
are randomly paired, so that, during each time-step, a macro-particle collides with
only one other. Pairs are picked among particles contained in the same patch. A
difference in the implementation of this module, with respect to [20], is the use of
a modified distribution for the deflection angle. Given Nanbu’s sparameter and a
random number U in the interval [0,1], the deflection angle x is:

2 11— 2 if 4
);):{CXU/\/ U+a?U, ifs< (2.25)

sin(=- ‘
1-U, otherwise

where o = 0.37s — 0.0055? — 0.0064s3.

Another fundamental phenomenon involved in laser-plasma simulations is ion-
ization. As far as collisional ionization is concerned, this is implemented in the
ionization module, while for field and barrier suppression ionization a different
module exists.

Other modules allow the implementation of more advanced processes that
normally do not take place or can be neglected, but that become relevant when
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specific conditions are met, e.g. when laser intensity is larger than a certain
threshold . In such cases, neglecting them can result in an inaccurate simulation
of the real behaviour of a plasma. Such modules include: multi-photon Breit-
Wheeler pair production, high-energy photon emission and radiation reaction. For
more information on the mathematical implementation of these physical processes,
SMILEI’s website documentation provides a detailed and extensive explanation.

One last point needs to be remarked: several quantities introduced by the
modules cannot be normalized to dimension-less terms. Therefore, when including
them in a simulation, a value for the reference angular frequency expressed in
international system units needs to be provided in the input file.
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Chapter 3

Kinetic modeling of laser
absorption in foams

In this chapter PIC code Smilei is used to simulate the interaction of a laser
beam irradiating the structural element of a subcritical foam. First, physical and
computational parameters will be detailed. Then, results of simulations will be
shown and discussed. In particular, two cases, differing in the polarization of the
laser, are investigated, and differences between these two different configurations
are discussed. Furthermore, a third simulation with a variation of the value of
the diameter, presented in the last section, illustrates how a different dimension
influences the evolutiono of the target.

3.1 Simulation parameters and physical set-up

The simulations performed in this chapter are based on the work done in [16]. The
paper first provides a theoretical description of the interaction of a laser with a
single foam element, applying Mie theory to the case of a target of cylindrical shape;
this theoretical model was already presented in chapter 1. In the second part of
the paper, the behaviour predicted by theory is then compared to the results of
two simulations.

As said, the simulations focus on a single fibre element of the foam: this fibre is
modelled as a cylinder, which is surrounded by a void region. The geometry of the
simulation is depicted in 3.1.

The cylinder axes is directed along the z-direction, and its base lies in the x-y
plane. The radius of the cylinder is ag, the cell has a square base whose side is [,
The pore and the cylinder have the same height, which is [, .

The x-axes is taken as the direction of propagation of the laser. For simplicity,
a linearly-polarized beam is considered, and two cases are then considered: one
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where the electric field is directed along the y-direction, and a second where it’s
directed parallel to the z-axes. The paper, as a convention for the definition of the
polarization state, considers the x-z plane as the plane of incidence. Therefore, E
directed along z is considered as P-polarization, while the S-polarization has E
along y.

Figure 3.1: Representation of the foam fiber and void cell. Directions of the
electric field of the linearly-polarized laser are indicated for P- and S- polarizations
by Ep and Eg, respectively

The domain of the simulation is a plane parallel to the x-y plane, irradiated
by a plane-wave beam propagating along x-direction from left to right. The laser,
which is linearly polarized, has an intensity I of 10'W/cm? and a wavelength
A= 0.35um.

The computational domain has the same length along both direction, which is
L, =Ly, =1,=2.239um. The cylinder, placed at the center of the domain, has a
radius ag = 0.1um. The filament is assumed to be already completely ionized; its
effective charge Z,, = 4.54, the mass of the ions is 8.73m,, where m,, is the mass
of the proton. Both ions and electrons are initialized with the same temperature
T, =T, =T = 1eV and a zero average velocity.

The cylinder has a uniform number density. As for the electrons, their density
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is initialized to 35n.., where n.. is the plasma critical density. The plasma is
electrically neutral, and therefore the ion density is scaled by a factor 1/7,, with
respect to the electron density.

The domain is discretized into 1536 cells along each direction, corresponding
to a cell length Az = Ay = 0.0262, in normalized units. Taking into account the
parameters of this simulation, the Debye length in normalized units is (in SMILEI’s
normalized units, the electric charge and the void dielectric constant have a unitary

module):
T
Ap = ,/77 ~2.36 x 1074 (3.1)

The cell length adopted is around 111 times the Debye length; with this level of
resolution, numerical heating can be expected to a certain degree. However, the
Debye length is inversely proportional to the electron density, and since the cylinder
expands in the pore, the number density greatly decreases. As a consequence, after
some ps the Debye length increases and the chosen resolution is in the order of the
Debye length.

As for the time discretization, the timestep was set to 0.99 the limit value stated
in 2.24, so that stability is guaranteed. The simulation time was set to 8 ps and 10
ps for P-polarization and S-polarization, respectively.

The simulation is initialized with particles only in the region of the cylinder.
Since the particles, eventually, will be spread all over the domain, an adequate
number of particles per cell is required to be set in order to have statistically
relevant results. The aim is to have around 9/10 particles per cell, assuming them
to be spread in all cells. It is then possible to write:

Atot
nppcy = nppcfA x (3.2)
cy

where Ay and Ay, are the total and the cylinder areas, while nppc; and nppcy
are the initial and final values of number of particles per cell. A value of 1500
particles per cell was chosen.

Collisions between particles are considered. Since the collision module is used, a
reference angular frequency in SI units needs to be specified, and it was set to the
value of the laser one. Knowing the laser wavelength, it is easily calculated as:

_ 2mc

wr = ==~ 5.38 10'°s71 (3.3)
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3.2 S-polarization

In this section the results of the simulation with S-polarized laser are presented. The
plots showing charge density and energy distributions are along the x axes, cutting
through the centre of the cylinder (in international system units, y = 1.1um).

Charge density distribution plots are expressed in units of critical density.
Since electrons have a unitary charge in normalized units, electron charge density
de = Ne X |e] is just equal to their number density n.. As for the ions, their charge
is Z,, times the electron charge; therefore, ions charge density is Z,, X n;. Net
charge is calculated as gnet = ¢; — ge = Zaw X n; — n. Vertical dotted lines indicate
initial the position of the target.
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Figure 3.2: Charge density distributions of ions, electrons and net charge along x
at y = 1.1um, at 0.5 ps - S polarization case.

Figures 3.2 and 3.3 show the charge distributions at 0.5 and 1.0 ps. In the first
part of the interaction the cylinder undergoes a compression due to the formation
of a pressure wave which, as it can be observed by comparing the distributions at
two time instants, travels inward. The dynamic of the cylinder density and the
formation of the wave are linked to the mechanisms of absorption.

Initially, the target is a homogenous, over-dense plasma surrounded by vacuum.
Plasma has a pressure which is proportional to its number density and temperature,
pe = nT’; given the large step density gradient, the natural behaviour of plasma
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Figure 3.3: Charge density distributions of ions, electrons and net charge along x
at y = 1.1um, at 1.0 ps - S polarization case.

would be to expand in the void space enclosing it. The resulting outward pressure
is opposed by a compression driven by the laser, explaining why the compression
takes place.

Since the electron density is much higher than the critical value, the laser is not
able to penetrate through the whole target, and the interaction is instead localized
close to the surface. Here absorption takes place by electrons, normally taking place
by inverse Bremsstrahlung; however, in the case under analysis, when the laser has
a component of the electric field normal to the density gradient and the target is
over-dense, another mechanism can take place. In a first half-cycle the electrons are
pulled out of the plasma, and in the second one they’re accelerated inward, where
they deliver the energy acquired; this mechanism is called vacuum heating, first
proposed by Brunel [21] [22], and it’s more efficient than inverse Bremsstrahlung.

Brunel heating arises when the density gradient is steep, which is the condition
at the boundary of the cylinder during the first pico-seconds. As the cylinder starts
expanding, after the compression phase, the gradient of n. becomes smoother, and
resonant absorption can become dominant. This phenomenon, like vacuum heating,
is possible only in presence of a component of the electric field is parallel to the
density gradient. Resonant absorption takes place when the plasma frequency is
equal or close to the frequency of the incoming wave e, and it’s more efficient when
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the density gradient is smoother [21]. As a result, during the expansion phase
energy absorption is enhanced by the inhomogeneity of the cylinder.

As a result of the absorption, electrons heat up and their kinetic energy increases.
The plasma becomes hotter and electrons are ablated from the surface. By leaving
the cylinder, a charge imbalance and a consequent electric field close to the surface
are formed; the latter is the driver for the acceleration of ions in the absorption
region, which do not interact directly with the laser. This mechanism is analogous
to a technique employed for the acceleration of ions called target normal sheath
acceleration [23].

The ablation of particles drives a reaction on the target, similar to the rocket
effect, which is the origin of the compression wave observed in the plots. It is worth
noting that laser impact can drive a pressure by another mechanism, driven by the
ponderomotive force, which drives particles from outside regions of high electric
field. For a laser intensity lower than 10161 /cm? the ablative pressure is dominant,
and therefore radiation pressure, the one driven by ponderomotive force, can be
neglected [24].

The plots actually show the formation of two peaks: a larger one on the side of
incidence of the laser wave and a smaller one on the opposite side, both travelling
toward the centre. For an S-polarized laser the distribution of absorption is extended
to the flanks of the cylinder due the normal component of the electric field, with
higher absorption rates on the incidence side, as depicted in figure 3 of [16]. Since
the energy is absorbed on both sides, two compression waves are formed, with the
higher peak reached on the side of larger laser absorption.

The compression phase can be observed also in figures 3.4 and 3.5, which depict
the distribution of the number density of ions at 0.5 and 1.0 ps. The cylinder is
compressed, the front of peak density shrinks towards the centre and the maximum
density increases.

Compression goes on as depicted in figures 3.6 and 3.7. The maximum density
is reached at around 1.7 ps, with a peak of almost 70 times the critical density; at
2.0 ps the peak has lowered, highlighting that the cylinder starts expanding. As the
cylinder compresses, the outward pressure driven by the pressure gradient overcomes
the compression and the expansion begins. Ions and electrons progressively fill the
pore and the density homogenizes reaching everywhere a density lower than the
critical one, as in figure 3.8, allowing for transparency to incoming electromagnetic
wave.

During the ablation process, quasi-neutrality is maintained everywhere (n, =~ 0),
and even during the expansion of the cylinder, where ion and electron charge
distributions do not overlap anymore, the net charge density is still relatively small.

Ablation and expansion processes can be highlighted also by the energy dis-
tributions of ions and electrons. Figure 3.9 shows them during the first part of
the simulation. Peak values are around 15 and 0.8 keV for ions and electrons,
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Figure 3.4: 2D distribution of ion number density at 0.5 ps - S-polarization case.

respectively. These peaks progressively move to the edges of the domain and the
distributions show a partial symmetry, confirming absorption on both sides.

Once the plasma fills the cell, the energy homogenizes over time, as shown in
figure 3.10; the electron energy becomes uniform on a shorter time scale, due to
their lighter mass and higher intra-particle collisionality compared to ions.
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Figure 3.5: 2D distribution of ion number density at 1.0 ps - S-polarization case.
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Figure 3.6: Charge density distributions of ions, electrons and net charge along x
at y = 1.1um, at 1.7 ps - S polarization case.
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Figure 3.7: Charge density distributions of ions, electrons and net charge along x
at y = 1.1um, at 2.0 ps - S polarization case.
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Figure 3.8: Charge density distributions of ions, electrons and net charge along x
at y = 1.1um, at 8.0 ps - S polarization case.
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Figure 3.9: Energy distribution along x at y = 1.1um of (a) ions and (b) electrons
at 0.8, 1.4 and 3.0 ps - S-polarization case.
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Figure 3.10: Energy distribution along x at y = 1.1um of (a) ions and (b)
electrons at 4, 6 and 7.9 ps - S-polarization case.
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The energy absorbed by particles can be computed as the difference between
the total kinetic energy at a given time t and the initial total kinetic energy.
This distribution is presented in the plot 3.11. The quantity depicted gives an
information on the absolute energy absorbed; in order to quantify the efficiency of
absorption, this quantity needs to be compared to energy carried by the laser. The
absorption efficiency is then defined as

Ek(t) — Ex(0)
EPoy(t) ’

where Ep,y(t) is the time-accumulated Poynting contribution through left bound-
ary. The absorption efficiency, in figure 3.12 after around 2 ps starts increasing
steadily up to 6 ps. This boost of the absorption efficiency is driven by the process
of resonance absorption described above; 2 ps is indeed when the expansion begins
and the particle density gradient becomes less steep.

€abs(t) = (3.4)
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Figure 3.11: Evolution in time of energy absorbed by particles - S-polarization
case.
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Figure 3.12: Evolution in time of energy absorption efficiency by particles -
S-polarization case.
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3.3 P-polarization

In this section results from the simulation with P-polarized laser are presented. The
cylinder evolution still follows the processes of absorption, ablation, compression
and expansion, though exhibiting some differences which boil down to the different
absorption mechanism and extension.

A compression wave is formed again, as depicted in figure 3.13, with the charge
density distribution at 1 ps. Differently from S-polarization, the compression takes
place only on the side of cylinder irradiated by the beam: due to the absence of
the normal component of the electric field, the angular distribution of the electric
field is less extended and limited to the surface facing the beam.

Compared to S-polarization, here much higher densities are reached, and density
evolution takes place during longer time scales; in particular, the peak value of
electron density in normalized units is around 110, reached after 2.7 ps (for S-
polarization it was around 65, after 1.7 ps). The processes enhancing absorption
described in the previous section do not take place here; when electrons oscillating
due to the electric field collide with ions, the energy absorption and its transfer
to ions takes place. Therefore, the mechanism is collisional, which is less effective
than resonance. The particles carried by the compression wave are less energetic
and collisional heat transfer is slower. As a consequence the outward plasma
pressure opposing to the compression is weaker than the one of S-polarization case,
explaining why, for the case under consideration, the compression takes place for a
longer time and the density is much higher.

The asymmetry in energy absorption between the two sides can be highlighted
also by the distributions of ion and electron energy in figures 3.15: higher values
are reached on the left side, and the gap is much larger for electrons, which are the
ones directly interacting with the laser. The plots refer to the same time instants as
3.9: peak values for P-polarization case are around one third of the S-polarization
ones, confirming a less efficient energy absorption.

The increase of total kinetic energy by the particles is illustrated in 3.16. The
energy absorbed is much lower compared to the one of the previous section: at 8 ps
the increase has a value of about 160 keV, while it was 360 keV for an S-polarized
laser.

As for the efficiency of the absorption, observable in 3.17, after around 2 ps it
increases steadily driven by collisions, without exhibiting the peak attributed to
resonance as in S-polarization case, peaking at the end to 0.05.
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Figure 3.13: Charge density distribution along x at y = 1.1um of ions, electrons
and net charge at 1.0 ps - P-polarization case.

100

n [nc]

40 |

20 4

T
0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30
X [um]

Figure 3.14: Charge density distribution along x at y = 1.1um of ions, electrons
and net charge at 2.7 ps - P-polarization case.
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Figure 3.15: Energy distribution along x at y = 1.1um of (a) ions and (b)
electrons at 0.8, 1.4 and 3.0 ps -, P-polarization case.
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Figure 3.16: Evolution in time of energy absorption efficiency by particles -
P-polarization case.
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Figure 3.17: Evolution in time of energy absorption efficiency by particles -
P-polarization case.
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3.4 Diameter larger than the wavelength

The simulations of the previous two sections involved a target whose diameter was
smaller than the laser wavelength. In this section the results from a new simulation
where the diameter value is larger than the wavelength are presented. The radius
new value is ag = 0.2um, and therefore D = 0.4um > X\ = 0.35um. The case under
consideration is that of an S-polarized laser.

Figure 3.18 shows the charge density distributions at 2.0 ps. Because of the
larger dimension of the diameter, the time-scales of evolution are longer than the
sub-wavelength case: while in the latter started the expansion around 2 ps, here
the cylinder is still in the phase of contraction. Peak of density is reached at around
4.0 ps, pictured in 3.19. The peak value is around 130 times the critical density,
which is around two times the one in figure 3.2.

As for the distributions of energy of electrons and ions, figures 3.20 and 3.21,
the highest energy values reached are around 0.25 keV and 6 keV, respectively.
Compared to the sub-wavelength case, these values are around one half to one
third. The plots also exhibit a higher degree of asymmetry between the two sides,
suggesting that the the absorption on the flanks of the cylinder is less prominent
compared to what observed for the sub-wavelength simulation.

Figures 3.22 and 3.23 show the energy absorbed and the absorption efficiency,
respectively. In order to compare these results with the one of the first section, it
must be noted that the present results refer to a larger number of particles. Since
the initial number density was still set to 35n,, and the cylinder has a radius the is
two times the original one, the total number of particles is four times the one of the
first case; at 8 ps the absorbed energy is around 700 keV, which is almost the double
of the value at the same time in figure 3.11. A similar consideration needs to be
done for the absorption efficiency, since the geometrical cross section of the cylinder
has increased but the side of the domain is still the same, and therefore the target
"sees" more of the incoming wave. To make a rough comparison, we could imagine
to double the side to keep the same proportion of {,/D. If we assumed the laser
energy entering the system from the left boundary to be proportional to its length,
the energy entering the system would double. As a result, the efficiency would
be half of the value shown and be around 0.1 at 8 ps, as for the sub-wavelength
configuration.
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Figure 3.18: Charge density distribution along x at y = 1.1um of ions, electrons
and net charge at 2.0 ps - diameter larger than wavelength, S-polarization case.
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Figure 3.19: Charge density distribution along x at y = 1.1um of ions, electrons
and net charge at 4.0 ps - diameter larger than wavelength, S-polarization case.
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Figure 3.20: Energy distribution along x at y = 1.1um of ions at 0.8, 1.4 and 3.0
ps - two-dimensional, diameter larger than wavelength, S-polarization case.
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Figure 3.21: Energy distribution along x at y = 1.1um of electrons at 0.8, 1.4
and 3.0 ps - two-dimensional, diameter larger than wavelength, S-polarization case.
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Figure 3.22: Evolution in time of energy absorption efficiency by particles -
diameter larger than the wavelength, S-polarization case.
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Figure 3.23: Evolution in time of energy absorption efficiency by particles -
diameter larger than the wavelength, S-polarization case.
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Chapter 4

Effect of multiple ion species
in laser absorption by foam
element

In chapter three, the interaction of a laser beam with a foam structural element
was investigated assuming the presence of a single ion species. Foams are usually
made of two or more elements which will behave differently due to their different
mass and charge, affecting the evolution of the processes the plasma undergoes.

This chapter is devoted to analyse the effects of considering the presence of two
different ion species. The physical set-up is the same as the one of simulations of
chapter 3, keeping the average mass and charge the same. A comparison between
then new results and the old ones allows us to understand what’s the influence of
considering two elements in the energy absorption mechanisms.

4.1 Introduction

The simulations presented in the previous chapter considered a foam structural
element to be already completely ionized and turned into a plasma. Foams are
usually made of materials that are compounds of two or more elements, usually
carbon, hydrogen, oxygen and beryllium [13]. As a result, ions with different
masses and charges will be present when the target is ionized, and the process of
absorption of laser energy will be affected. The main factor that drives a different
behaviour with respect to a homogenized plasma is the different charge-to-mass
ratio of the ions, as it will be pointed out.

In the following paragraphs results of simulations with the same physical config-
uration of the ones discussed in chapter 3 are presented. These new simulations
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will consider two different ion species, namely hydrogen (H*, with atomic mass
A =1 and charge Z = 1) and fully-ionized carbon (C®", with atomic mass A = 12
and charge Z = 6). The initial number density of electrons is still 35 times the
critical density, while the initial number densities of hydrogen and carbon ions were
selected such that their average mass and charge match the values in chapter 3
(Maw = 8.73m,, and Z,, = 4.54). The initial number densities ngy and ne are easily
calculated by imposing the following conditions:

nyg + 6ne = ne, (4.1)
6

nH T+ One o (4.2)

ng + ng

The first equation imposes the overall charge neutrality of the plasma; the
second one that the average chargee of ions equals to Z,,. By solving this system,
the values of ng and n¢ in function of the initial electron density are found:
nyg = 0.0643n, ~ 2.25n,, and ng = 0.1559n¢ ~ 5.46n..,.

Depending on the polarization of the laser, the results will differ greatly, and
they are therefore discusses in two different paragraphs.

4.2 S-polarization

The evolution of the cylinder density still follows the processes of compression, ex-
pansion and homogenization discussed in chapter 3. In particular, the configuration
with an S-polarized laser, analysed in this section, follows a similar behaviour to
the homogenized case. Figures 4.1 and 4.2 show the charge density distributions of
carbon, hydrogen and electrons and net charge at 1 and 2 ps. By comparing these
pictures with 3.3 and 3.7, which are referred to the same time instants, one can
observe that the shape of the distributions and the time scales are the same, though
the peak electron density is slightly lower. The overall absorption is significantly
influenced by the presence of hydrogen ions. Due to their higher charge-to-mass
ratio (Z/A = 1 for protons, compared to Z/A = 0.5 for fully ionized carbon),
hydrogen ions experience a greater acceleration from the sheath electrostatic field,
which ultimately enhances the total energy absorption.

The energy distribution of the species are displayed in pictures 4.3, 4.4 and 4.5.
Compared to the previous case, the electrons reach significantly lower peak values
during the first pico-seconds; this discrepancy can be attributed to a transfer of
energy to the ions (in particular, the protons) from the early stage of the interaction,
while for the heavier ions of the averaged case this transfer is slower. From the
ions distributions one can observe how for the hydrogen ions the filling of the pore
takes place at a earlier stage and homogenization of the energy is much faster.
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The different acceleration of the two ions species is also highlighted by the 2D
density distribution of their densities at 1.0 ps in pictures 4.6 and 4.7 and at 4.0 ps
in pictures 4.8 and 4.9. At the later time instant the front of hydrogen ions has
expanded to a larger extent compared to carbon ones.

Looking at pictures 4.10 and 4.11 at 8 ps the absorbed energy is above 400
keV while the absorption efficiency is around 0.12, against 370 keV and 0.10 of
the averaged case. From the plots one can conclude that in the averaged case the
absorbed energy is underestimaed by around 12%.

n[nc]

X [pm]

Figure 4.1: Charge density distributions of carbon, hydrogen, electrons and net
charge along x at y = 1.1um, at 1.0 ps - S polarization case.
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Figure 4.2: Charge density distributions of carbon, hydrogen, electrons and net
charge along x at y = 1.1um, at 2.0 ps - multispecies, S polarization case.
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Figure 4.3: Electron energy distribution along x at y = 1.1um at 0.8, 1.4 and 3.0
ps - multispecies, S-polarization case.
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Figure 4.4: Hydrogen energy distribution along x at y = 1.1um at 0.8, 1.4 and
3.0 ps - multispecies, S-polarization case.
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Figure 4.5: Carbon energy distribution along x at y = 1.1um at 0.8, 1.4 and 3.0
ps - multispecies, S-polarization case.
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Hydrogen number density distribution
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Figure 4.6: 2D distribution of hydrogen number density at 1.0 ps - S-polarization
case.
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Figure 4.7: 2D distribution of carbon number density at 1.0 ps - S-polarization
case.
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Hydrogen number density distribution
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Figure 4.8: 2D distribution of hydrogen number density at 4.0 ps - S-polarization
case.
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Figure 4.9: 2D distribution of carbon number density at 4.0 ps - S-polarization
case.
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Figure 4.10: Evolution in time of energy absorbed by particles - multispecies,
S-polarization case.
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Figure 4.11: Evolution in time of energy absorption efficiency by particles -
multispecies, S-polarization case.
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4.3 P-polarization

For a P-polarized laser, the density distribution is sensitively different from the
averaged case. Charge density distribution is showed in figures 4.12 and 4.13 at
times 1.0 ps and 2.7 ps. Here the peak values reached by the electrons density are
much lower than the homogenized case; for instance, the peak value during the
compression case, at 2.7 ps is almost 90 times the critical density, whereas in figure
3.3 it was just below 110n,,.

As far as the energy distribution is concerned, the electron peak density on the
left side is slightly lower than the averaged case,0.10 and 0.14 keV at 0.8 and 3.0
ps, respectively, against around 0.11 and 0.16 keV. Instead, on the right side the
peak drops much more significantly: for instance, at 3.0 ps it drops from 0.11 to
0.07 keV. An increase in the asymmetry in the distribution between the two sides
is observed also for the ions, as showed in pictures 4.15 and 4.16.

As for the energy absorption, the presence of light ions has a smaller impact than
it had for the S-polarization. However, the lighter mass of protons does improve
the transfer from electrons to ions, and therefore a slight increase is observed. The
efficiency still remain around 0.05, while the absolute absorbed energy increases
of around 20 keV; the underestimation in considering one ion species is therefore
around 8%.

0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30
X [um]

Figure 4.12: Charge density distributions of carbon, hydrogen, electrons and net
charge along x at y = 1.1um, at 1.0 ps - P polarization case
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Figure 4.13: Charge density distributions of carbon, hydrogen, electrons and net
charge along x at y = 1.1um, at 2.7 ps - P polarization case
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Figure 4.14: Electron energy distribution along x at y = 1.1um at 0.8, 1.4 and
3.0 ps - multispecies, P-polarization case.
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Figure 4.15: Hydrogen energy distribution along x at y = 1.1um at 0.8, 1.4 and
3.0 ps - multispecies, P-polarization case.

53



Effect of multiple ion species in laser absorption by foam element

1.4 1

1.2 1

1.0 4

0.8 +

Carbon energy [keV]

0.0 1
1 1

0.0 0.5 1.0 15 2.0
X [pm]

Figure 4.16: Carbon energy distribution along x at y = 1.1um at 0.8, 1.4 and
3.0 ps - multispecies, P-polarization case.
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Figure 4.17: Evolution in time of energy absorbed by particles - multispecies,
P-polarization case.
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Figure 4.18: Evolution in time of energy absorption efficiency by particles -
multispecies, P-polarization case.
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Conclusions

The present thesis started by providing fundamentals of plasma physics and then
introduced the problem of laser energy absorption by a solid target and possible
solution of nano-foams. To asses the influence of some physical parameters, several
simulations were run.

The first simulations, differing in the polarization state of a plane wave, showed
indeed a different evolution of the plasma target. The S-polarization case exhibited
a larger absorption than the other one, both in terms of absolute value of the
energy (1.6 times the energy for a P-polarized laser) and double the efficiency.
With the aim of maximizing the absorption of the energy carried by the laser,
an S-polarization proved to be much more efficient. Furthermore, the evolution
time-scales were shorter, and the distributions of density and energy kept a high
degree of symmetry. An S-polarized state therefore proves to be a better choice
also to produce a homogeneous plasma in shorter time-scales.

A third simulation, again with an S-polarization state, considered a target whose
diameter was larger than the laser wavelength. The comparison of the results for
two different values of radius highlighted the effect of having a sub-wavelength
target. Compression and expansion significantly slowed down, and absorption on
the two sides of the cylinder was less uniform. As for the absorption efficiency,
accounting for the larger geometry cross-section, a rough estimation yields a result
comparable to the sub-wavelength case-

The final chapter was devoted to highlighting the effects of considering two
separate ion species, with different charge-to-mass ratio, namely hydrogen and
carbon ions, maintaining the same averaged ion properties. The effects of assuming
this alternative composition were different for the two polarization states. For the
S-case, the two species were impacted to different degrees by the sheath acceleration,
leading to the formation of two fronts of expansion for the two ions species. The
energy absorption mechanisms were more effective thanks to the presence of lighter
ions, allowing an enhancement of the absolute absorbed energy by around 10%
and an increase in the energy efficiency from 10 to 12%. For the P-case, instead,
the efficiency was almost the same; the main differences lied in the evolution of
the target, which was compressed to lower peak densities and exhibited a larger
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asymmetry in density and energy distributions. Overall, the results demonstrate
that neglecting the difference in the ion species leads to different results concerning
the evolution of the target, the ablation process and the homogenization. However,
this more precise analysis confirms a better performance for an S-polarized laser in
terms of absorption of energy.
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