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ABSTRACT

Despite recent advances on research about laser inertial fusion energy, to increase the portion of

energy absorbed by the target’s surface from lasers remains as an important challenge. The plasma

formed during the initial instants of laser arrival shields the target and prevents the absorption of

laser energy by the deeper layers of the material. One strategy to circumvent that effect is the

construction of targets whose surfaces are populated with nanowires. The nanowired surfaces

have increased absorption of laser energy and constitutes a promising pathway for enhancing

laser-matter coupling. In our work we present the results of simulations aiming to investigate

how target’s geometrical properties might contribute for maximizing laser energy absorption by

material. Simulations have been carried out using the software FLASH, a multi-physics platform

developed by researchers from the University of Chicago, written in FORTRAN 90 and Python.

Different tools for generating target’s geometry and analysis of results were developed by us

using Python. Our results show that a nanowired sufaces has an increased energy absorption

when compared with non wired surface. The software for visualization developed in this work

also allowed an analysis of the spatial dynamics of the target’s temperature, electron density,

ionization levels and temperature of the radiation emitted by it.



1. INTRODUCTION

Nuclear fusion occurs when atomic nuclei combine in a heavier atomic nucleus after
a collision, and the mass of the new atomic nucleus is smaller than that of the
previous ones combined, releasing huge amounts of energy, due to the equation
E = mc2. However, nuclear fusion faces some challenges, such as the electrostatic
force - Coulomb Repulsion. This property states that atomic nuclei of equal charge
will suffer repulsion. However, in order to the atomic nuclei combine, it is necessary
that the distance between them to be close enough for the strong nuclear force act.

One strategy to overcome Coulomb Repulsion is to use plasmas at high energies
and temperatures. Plasma is the fourth state of matter, presenting similarities
to the gaseous state, is ionized and has equal numbers of ions with positive and
negative charges [4]. Given that it has high energies and temperatures - around 100
million ◦C, the particles in the plasma move at extreme speeds, and this property
makes it possible to overcome the Coulomb Repulsion, since the collisions would
occur so that the particles would be close enough for the strong nuclear force be
able to combine them.

One of the challenges related to the use of plasma in nuclear fusion is that, like
gas, it tends to expand and occupy all available space. Therefore, it’s necessary to
use some technique in order to confine the plasma, since the high temperatures
creates extreme conditions and very few materials could support those conditions
and thus be used for the plasma confinement.

Nowadays, one of the most advanced techniques for plasma confinement is laser
inertial confinement. Indeed, results from experiments that were realized in the
National Ignition Facility - located at Lawrence Livermore National Laboratory -
which adopted this technique have renewed the expectation of using nuclear fusion
to generate electricity. [1]. The promising results were that, for the first time, the
energy released in the reaction was greater than the energy received that started
the reaction. However, nuclear ignition - when the reaction becomes self-sustaining
- has not yet been achieved: in terms of kinetic energy, the energy delivered by the
laser can be represented as a two ton truck at 160 km/h and the energy released
by reaction as a baseball ball, which have a mass of approximately 160 grams, at
80km/h [1, 9].

Regarding the difficulties encountered, there is a need to maximize the laser-plasma
coupling: the high plasma density generates a barrier that prevents the absorption
of energy delivered by the laser in quantities of relevant magnitudes, since the
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interacting area between the Laser and the plasma is given in a thin layer - a
property called Debye Shielding [4, 3]. Among the strategies suggested to overcome
this barrier is the approach of altering the geometry of the surface that will receive
the laser by means of the insertion of regular roughnesses - regularly distributed
through space. In fact, results from experiments using this strategy have been
successful in increasing the absorption of energy delivered by the laser[2].

In this work, we present a set of simulations designed to investigate how the
geometric properties of a surface can influence the amplification of the energy
absorption by a plasma, adopting the approach presented by [2]. To this end, we
analyze the dynamics of plasma formation and energy absorption for two different
scenarios regarding the geometry of the interacting surface with the laser: in the
first, the surface is composed of regular roughness; and in the second scenario, the
surface has the geometry of a plane, that is, it is smooth. Finally, we characterize
the plasma in terms of temperature and electron density, ionization levels and
temperature of the radiation emitted by the irradiated material, allowing to explore
in more depth the behavior of the plasma during the simulations.

2. METHODOLOGY

Initially we studied and made bibliographical reviews on the methodology of inertial
fusion by laser confinement, and at the same time we performed studies on the
properties of plasma, with emphasis on the Debye shielding [3], to be able to deeply
understand what is happening during the simulations.

Regarding the realization of the simulations, we have used the FLASH framework
[7]. FLASH is a high performance framework for physical simulations developed by
researchers at the University of Chicago. It has a modular characteristic, so that
each module is responsible for a certain physical property or behavior, for example,
the dynamics of a given element in extreme temperatures, which allows it to be
combined to generate the most different simulations for applications in physics.
It’s developed in FORTRAN 90 and Python.

For storing the simulations output, FLASH uses the HDF5 - Hierarchical Data
Format[10], a structured data storage library that supports a wide range of data
types, and has high efficiency for applications that work with large volumes of data,
mainly parallel applications that require high computational power.

In relation to the visualization of the results, we used VisIT [13]- a multiplatform
Open Source tool, indicated in the FLASH documentation for its compatibility,
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and we developed programs in Python for extraction of results and generation of
graphics as well.

Our simulations, in general, have two main elements: the target, which is initially
in the solid state, but during the evolution of the simulation can be transformed
into plasma, and may or may not contain nanowires; and the laser beam. The
following subsections describes how these elements were configured, as well as the
approach adopted to analyze their properties.

2.1. Characterization of the Target

The target consists of an aluminum disk, initially in a solid state, with a radius of
100 micrometers and a height of 20 micrometers. As the simulation evolves, the
interaction between the target material and the laser beam causes the interacting
area to pass into the plasma state. The disk is located in a chamber that is filled
by low-density Helium. The definition of the target aspects in FLASH is performed
by a program developed in FORTRAN 90 that is compiled before the simulation
runs. In order to be able to make changes in the target geometry, we developed
Python scripts to alter the FORTRAN code of that specific program.

2.1.1. Characterization of nanowires

We can define a nanowire as a roughness on the target surface, in the scale 10−9m.
The nanowires inserted in the disc have height of 15 micrometers and diameter
of 220 nanometers. Initially, we considered a diameter of 220 nanometers for the
nanowires, because at that time it was the maximum value of precision that the
program supported. After code refactoring and better understanding of the FLASH
framework, the developed scripts are able to generate nanowires with more accurate
values. Regarding the nanowires distribution, the approach used is described in
Figure 1.

In figure 1, the symbols should be interpreted as follows:

• W : Distance between nanowires;

• w_n : Nanowire diameter;

• w_t : Target diameter (aluminum disc);

• h_n : Nanowire height;
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Figure 1: Target’s geometric characteristics [5]

• h_t : Target height (aluminum disk);

• h_c : Chamber height - the chamber is filled by low density Helium;

The value of W is determined according to Equation 1, in which α is an arbitrary
constant.

α =
w_n

W
. (1)

In our simulations, to evaluate the best distribution of nanowires, we considered
the following values for α: 0.05, 0.10, 0.15, 0.2 e 0.25.

2.2. Characterization of the laser beam

The lasers emitted in our simulations were configured with the following parameters:
192 beams, power of 500 GW and pulse duration of 1e10−9s. The diameter of the
laser beam (r_d) is equal to the length of the area in which the nanowires are
inserted and its calculation is represented in equation 2, in which N represents the
amount of nanowires inserted into the target. For the laser beam incidence related
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to the target, we have considered the angles of 30◦, 45◦, 60◦ and 90◦. The origin
of the laser beam is located outside the space of the simulation due to FLASH
constraints and, before reaching the target, the laser beam traverses through a
layer of low density Helium - the target chamber.

When the simulation is executed, FLASH receives an input file containing the
properties of the laser beam, and in our simulations, changes in laser properties
were made through Python programs that modified those input files.

r_d = N(w_n + W ). (2)

2.3. Analysis of plasma properties

In order to obtain a better understanding of the interaction dynamics between
the laser and the target, we developed in Python scripts to characterize the plasma
in terms of temperature and electron density, ionization levels and temperature of
the radiation emitted by the irradiated material.
The FLASH computes at runtime the properties temperature of electrons, ions
and radiation, whose value representation adopts the Kelvin scale. The values for
the density properties of the electrons number (electrons per cm−3) and the ion
density (ions per cm−3), can be derived through two variables that are stored in
checkpointfiles during the evolution of the simulation, YE and SUMY, defined in
Equation 3, in which Z̄ is the average ionization level and Ā is the average of the
atomic mass.
The calculation of those properties are shown in Equations 4, 5 and 6, in which
NA is the constant of Avogadro, nion refers to the density of the number of ions,
nele refers to the density of the number of electrons and ρ is the mass density.

The HDF5 data structure is used to store FLASH output data, so it was necessary
to develop tools in Python, due to compatibility with HDF5, to extract the values
of the variables mentioned above. We used the tool gnuplot [12] for the generation
of graphics related to plasma properties.

Y E =
Z̄

Ā
, SUMY =

1

Ā
(3)

Ā =
1

SUMY
, Z̄ =

Y E

SUMY
(4)
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nion = NA

ρ

Ā
= SUMY NAρ (5)

nele = NAZ̄
ρ

Ā
= Y ENAρ (6)

3. RESULTS

In respect to the optimized value of α, the results for the simulations are shown
in Figure 2, in which the laser beam has an angle of incidence of 30◦ related to
the target. Is possible to note that Domain 2, in which α is equal to 0.1, had the
distribution of nanowires that allowed the greater energetic absorption.

The justification for having presented results exclusively for the incidence angle of
30◦ in Figure 2 lies in the fact that FLASH, in its current version at the time of
writing this paper - version 4.4, is not fully compatible with HEDP experiments.
Some of the simulations performed encountered an error related to negative internal
energy in the simulation, which prevented its execution after a certain period of
time. In the FLASH documentation the following passage explains the possible
factors responsible for the occurrence of the problem:

The entropy advection approach has some practical limitatíons that
prevent its use in FLASH for general problems. First, many of the
3T EOS models in FLASH do not support the calculation of electron
entropy. The only EOS that does is the gamma-law model which
is not appropriate modeling many HEDP experiments. Furthermore,
oscillatíons in the electron and ion temperatures have been observed
when using this approach. These oscillatíons can lead to negative ion
temperatures. [8]

Based on the results related to the most optimized value of α, we decided to explore
how energy absorption would behave at different angles of laser incidence. The
results can be checked in Figure 3.

It can be observed in Figure 3 that the incidence of 90◦ was the one that provided
the greater energy absorption in the simulation, as well as had much superior
effectiveness in relation to the other results at the different angles of incidence.
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Figure 2: Comparisons for different values of α [5]

Figure 3: Different angles for α = 0.1 [5]
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From the results obtained with the analysis of the distribution of nanowires and
the angle of incidence that maximize the energy absorption in the interaction
between the laser and the plasma, represented respectively in Figure 2 and Figure
3, we could infer the optimized parameters that would allow to investigate the
impact of the use of this approach. In order to evaluate the feasibility of using the
nanowire insertion technique, we compared simulation results, using the optimized
parameters, in two scenarios: i) the target has a surface with nanowires; and ii)
the target has a smooth surface.

Figure 4: Absolute Energy Deposition [5]

Figure 5: Relative energy deposition [5]

In Figure 4 the result is shown for the absolute energy comparison, ie the total
energy that was deposited, for the two simulations - the one with nanowires on
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the target and the one on which the target had a smooth surface. Concerning the
relative absorption, ie the energy that was deposited related to the energy that
was delivered by the laser, Figure 5 represents the results obtained. It can be seen
that, in fact, the use of the nanowire insertion approach can maximize the energy
absorption by approximately a factor two, and that the energy absorption for both
comparisons - absolute and relative - had a similar behavior.

In Figure 6 is ilustrated the behavior of the interaction between the laser and the
target for the simulation with the presence of nanowires and Figure 7 represents
this interaction for the simulation in which the target has smooth surface. For
both figures, the values of T refer to the unit of time picoseconds (10−12s) and
the color of the laser beams represent the power in Watts. It is shown in Figure
6 that nanowires transform into plasma completely at instant T = 30e10−12s and
the surface of the target becomes similar to the surface of the target belonging to
the simulation that did not have nanowires, for the instant 25e10−12s. It is also
possible to observe that the laser has a much larger contact area in the simulation
that presents nanowires.

Figure 6: Simulation behavior in which the target surface has
nanowires [5]

However, when analyzing the results of Figure 4 and Figure 5, it’s observed that
for the instants shown in Figure 6 and Figure 7, the difference between the energy
absorptions is not very expressive, and that only from the instant 4e10−10 The
results regarding the energy absorption for the simulation that has nanowires begin
to grow close to that of an exponential function.

In order to gain a better understanding of what properties could be related to
the significant increase in the energy absorption, we explored the results of the
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Figure 7: Simulation behavior in which the target surface is smooth [5]

Figure 8: Studies of plasma properties - instant 6e10−13s [6]
A) Trajectory of the laser beams and interaction with the target; B) Electrons
temperature; C) Electron density; D) Temperature of ions; and E) Radiation

temperature.
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Figure 9: Studies of plasma properties - instant 2e10−12s [6]
A) Trajectory of the laser beams and interaction with the target; B) Electrons
temperature; C) Electron density; D) Temperature of ions; and E) Radiation

temperature.

simulations under other more detailed perspectives regarding the properties and
characteristics of the plasma: temperature and density of electrons, ionization
levels and radiation temperature.

It is shown in Figure 8 and Figure 9 results of plasma properties studies for the
instants, respectively 6e10−13s and 2e10−12s. By specifically analyzing the property
electrons temperature, in Figure 9, it’s noted that, although in the figure of the
trajectory of the laser beam (Figure 9 A) the nanowire was filled by plasma, it is
observed the existence of a vacuum between nanowires, and that a thin layer of
plasma has emerged on the interacting surface with the laser that prevents light
from being absorbed by the deeper layers of the irradiated material.

We assume that lasers can become entrapped within the nanowires that are closed
when the target is transformed into plasma, causing the interaction between the
laser and the target to occur for a longer time. This assumption could explain the
increase in energy during the rest of the simulation, since the lasers entrapped inside
the nanowires would continue interacting with the plasma for an undetermined
duration of time.
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4. CONCLUSIONS

In this work we conclude that the strategy of inserting nanowires in the target
surface is in fact effective in increasing the coupling between the laser and the
plasma, since the absorbed energy was increased by a factor of two. We also
observed that in relation to the distribution of the nanowires in the target, we
were able to identify, for our simulations, the optimum value, that is, the one
that maximized the absorbed energy - the case where alpha is equal to 0.1, as
well as the optimal laser incidence angle, being perpendicular to the target(90◦).
Finally, through more in-depth analyzes of the properties of the plasma, it was
possible to visualize that during the simulation some nanowires are not completely
transformed into plasma, because the "entrance" of the nanowire is obstructed in
the plasma generation process, which we assume could trap the laser beams inside
the nanowires, and thus the interaction between laser and plasma would still occur.

The fact that FLASH does not has full support for HEDP-type simulations was
the main limitation we encountered in the execution of this work, since some sets
of simulations were incomplete. However, FLASH has an active community and is
in constant development, which leads us to believe that it will not be long before
this limitation is overcome.

Another limitation was the attempt to obtain a database that contains physical
properties of materials, specifically the equations of state (EOS), which would allow
us to perform simulations with other types of materials for the target, as well as to
the gas filling the chamber. At the time of this manuscript production, we have
not been guaranteed access to the database of Los Alamos National Laboratory,
but, in addition to continue trying, we are looking for alternative databases that
may contain the same properties.

Future studies must take into account beyond the geometric shapes of the target,
methods to overcome the barrier that the plasma imposes. Other approaches that
may be explored refer to changing target materials, introducing magnetic fields - a
mixed approach between the inertial confinement and the magnetic confinement, as
well as the use of artificial intelligence optimization techniques, in particular genetic
algorithms, that would act on parameters like height of the nanowires, thickness
and distribution, in order to maximize the energy absorption.
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