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Abstract

ASER-MATTER interaction applications have gathered significant at-
tention in recent years, due to their high scientific, technological
and societal relevance: from clean energy production through inertial

confinement fusion, to laser-driven particle accelerators for medical or secu-
rity applications. Toward the aim to fulfill their potential, the coupling be-
tween laser and matter is a fundamental aspect. Nanostructured low-density
materials are particularly promising candidates in this regard, with the abil-
ity to enhance laser-matter interaction and energy absorption. This PhD
thesis work investigates their production through the versatile nanosecond
and femtosecond pulsed laser deposition techniques (ns-PLD and fs-PLD),
finding the relationship between process parameters and material properties.
The insight gained are exploited for the design and production of nanostruc-
tured targets for high-intensity laser-matter interaction experiments: entirely
produced double-layer targets (DLTs) for laser-driven particle acceleration,
carbon nanofoams and nanostructured materials as ablators for inertial con-
finement fusion (ICF), and hydrogen-enriched boron-based nanofoams for
proton-boron fusion. The results of the laser-matter interaction experiments
performed on three laser facilities with significantly different properties con-
firm the potential of nanostructured materials and nanofoams as laser-matter
interaction enhancers, and provide indications on the dependence of the ideal
target characteristics on the laser properties. This consolidates the need for a
versatile material production technique such as pulsed laser deposition, able
to produce nanostructured materials with a wide variety of densities, mor-
phologies and compositions.
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Introduction

The eld of laser-matter and laser-plasma interaction is gaining increasing
interest from the scienti c community in recent years, owning to the mul-
tiple applications of great scienti ¢, technological and societal impact. At
the same time, the scienti ¢ and technological complexity inherent to laser-
matter and laser-plasma interaction cannot be overstated, particularly for the
more demanding applications—that indeed are those with the higher societal
impact, such as inertial con nement fusion or laser-driven isotope produc-
tion for medical application. In all these, the coupling between laser and
matter is a fundamental aspect, and its enhancement can be the key to reach
technological viability. In order to do so, near-critical density and nanostruc-
tured materials are gaining increasing interest as laser-facing components,
with very promising results. A speci c in uence of the nanostructure mor-
phology on the laser-matter interaction process has also been demonstrated,
highlighting the need for a proper design and control of the nanostructured
targets. Which is also fundamental in regard to the variety of regimes of in-
terest for different applications—tabletop or high intensity lasers, ultrashort
pulses or high energy nanosecond pulses—each with its own target require-
ment for optimal laser-matter coupling.

Currently exploited material science techniques to obtain nanostructured
materials and nanofoams present signi cant limitation in this regard: chem-
ical methods can have dif culties in controlling the material structure down
to the nanoscale, each is generally limited to a speci ¢ class of material (or
even a few elements/compounds depending on the reaction), and unwanted
byproducts may be present. A physical vapour deposition technique such as
Pulsed Laser Deposition (PLD) can address many of these limitations, as a
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bottom-up approach with potentially great nanostructure control, stoichio-
metric growth capabilities and great exibility thanks to the many tunable
process parameters. One process parameter not often considered is the laser
pulse duration: while nanosecond lasers are routinely part of PLD systems
(ns-PLD), ultrafast ablation with femtosecond lasers—in the much less ex-
plored fs-PLD approach—could provide an even greater exibility in mate-
rial choice, thanks to the electronic ablation mechanism and direct nanopar-
ticle production. This PhD thesis work is thus focused on the production and
characterization of nanofoams and nanostructured materials through PLD,
together with their test as laser-facing components in high-intensity laser-
matter interaction experimental campaigns, for multiple applications requir-
ing different laser properties.

Structure of the thesis

The PhD thesis is organized as follows:

PartI: The rst Part of the thesis aims at introducing the topic and all
the elements necessary for the following developments, from an anal-
ysis of the relevant state of the art to the objectives guiding the re-
search activity. In Chapter 1, laser technology and laser-matter inter-
action fundamentals are introduced, as unifying elements of this thesis
work—central for both the PLD technique and the high-intensity laser-
matter interaction applications. Regarding the latter, the most relevant
for this thesis work are presented in Chapter 2: laser-driven particle
acceleration, inertial con nement fusion (ICF), and proton-boron fu-
sion. Chapter 3 introduces nanostructured materials and nanofoams as
a promising mean to enhance laser-matter coupling, together with their
synthesis techniques. In light of the previous discussion, the rst Part
ends with the presentation of the thesis objectives in Chapter 4, along
with the methods exploited to achieve them. The nanostructured ma-
terial production technique of choice (PLD) is described, along with
the main material characterization techniques exploited, and the laser
facilities on which laser-matter interaction experiments have been per-
formed.

Part Il: In this second Part, the results regarding the investigation into PLD
production of nanostructured materials and nanofoams are reported.
Chapter 5 deals with the comparative analysis between the well-estab-
lished ns-PLD and the unconventional fs-PLD, with a focus on carbon
nanofoams. The effects of the main deposition parameters are inves-
tigated, and their effect on the nanofoam nano, micro and macroscale
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properties are established. The analysis is extended in Chapter 6, where
a greater variety of elements are investigated, and the exibility of fs-
PLD as nanofoam production method is demonstrated. In both Chap-
ters, special attention is given to the average nanofoam density, being
one of the most relevant properties for laser-matter interaction applica-
tions.

Part Ill: This Part, capitalizing on the insight obtained in the previous one,
is dedicated to the experimental test of speci cally designed nanofoam-
based targets in high-intensity laser-matter interaction campaigns. In
Chapter 7, entirely produced carbon nanofoam-based double-layer tar-
gets (DLTs) are tested on the petawatt-class laser VEGA 3, as targets
for ef cient proton acceleration. Carbon nanofoams and nanostruc-
tured materials are also investigated as potential ablator material for
direct-drive ICF in Chapter 8, able to increase the laser absorption and
ablation loading on the substrate. The experimental activity is carried
out on the ABC laser at the ENEA Frascati laboratories. Finally, Chap-
ter 9 demonstrates the value of the fs-PLD versatility, able to produce
hydrogen-enriched boron nanofoams for enhanced alpha particle pro-
duction in proton-boron fusion experiments. The experimental cam-
paign is performed on the Taranis laser at Queen's University Belfast.
In all these cases, data analysis is still ongoing, therefore the discussion
is limited to preliminary results.

Part IV: In this nal Part, the conclusions of the whole thesis work are
drawn, together with a mention of interesting future research perspec-
tives.

Publications and research activity

The following articles were published in the framework of this PhD work:

» Maf ni A., Orecchia D, Pazzaglia A., Zavelani-Rossi M. and Passoni
M., “Pulsed laser deposition of carbon nanofoamApplied Surface
Scienceb99(2022): 153859

» Maf ni A., Mirani F., Galbiati M., Ambrogioni K., Gatti F., De Mag-
istris M.S.G., Vavassori DQrecchia D, Dellasega D., Russo V. and
Zavelani-Rossi M. Towards compact laser-driven accelerators: ex-
ploring the potential of advanced double-layer target&PJ Tech-
niques and Instrumentatidr©.1(2023): 15

» Maf ni A., Cipriani M., Orecchia D., Ciardiello V., Formenti A., Con-
soli F., and Passoni M‘Numerical Study of Carbon Nanofoam Tar-
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gets for Laser-Driven Inertial Fusion Experimenid’aser and Particle
Beams2023(2023): 9

* Orecchia D, Maf ni A., Zavelani-Rossi M. and Passoni M:\ersa-
tile synthesis of nanofoams through femtosecond Pulsed Laser Deposi-
tion”, Small Structure$ (2024): 2300560

The results of the research activity were also presented in the following in-
ternational conferences and workshops:

 Targetry for High Repetition Rate Laser-Driven Sources Workshop
(TARGS5), HZDR (Dresden), 25627" October 2021, with theral
contribution “Advancements in double-layer target production for en-
hanced laser-driven ion acceleration”

« 2"9 International Workshop on Proton-Boron Fusion, Catantag8%
September 2022, with theral contribution “Pulsed laser deposition
of boron-based targets for p-11B studies”

« CMD30-FisMat joint conference, Milano48" September 2023, with
the oral contribution “Femtosecond Pulsed Laser Deposition of low-
density nanofoams”

« 39 International Workshop on Proton-Boron Fusion, Prague (& ELI
Beamlines), 2-5" October 2023, with theral contribution “Ad-
vancements in Pulsed Laser deposition of boron-based targetst@ p-
studies”

During the PhD | also participated in multiple experimental campaigns:

* ENEA Centro Ricerche Frascati, laser-matter interaction experimental
campaign on the ABC laser, 2 February 2023 - 10 March 2023

* Queen's University Belfast, proton-boron fusion experimental campaign
on the TARANIS laser, 31 July 2023 - 4 August 2023

» Centro de Laseres Pulsados (CLPU), Salamanca, proton and neutron
acceleration campaign with advanced targets on the VEGA 3 lader, 18
- 24" November 2023

Lastly, | co-supervised 3 MsC thesis in Nuclear Engineering (Vittorio Cia-
rdiello, Maria Sole Galli De Magistris and Alessandro Milani).
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CHAPTER

Introduction to laser-matter interaction

This rst Chapter gives an introduction to the physics of laser-matter inter-
action, unifying factor of this thesis work. In Section 1.1, the technology of
pulsed lasers is brie y introduced, including the latest achievements in ultra-
short and high intensity lasers. The main features of laser-matter interaction
are discussed in Section 1.2, considering both the ablation process typical of
moderate intensity lasers and the peculiarities of high-intensity laser-plasma
interaction, along with plasma dynamics and relativistic effects.

1.1 Pulsed laser technology

Since the rst laser system devised and operated by Maiman in 1960 [1],
lasers have been at the forefront of technology, with several successful ap-
plications in the most diverse elds of engineering, from information tech-
nology to material science and characterization. The reason can be found in
the laser light unique properties, originated from the physics of a stimulated
emission process happening in a cavity: extreme spatial and temporal coher-
ence, allowing tight focusing even at high distances, monochromaticity, and
potential to reach considerably high powers. Moreover, since the accumu-
lation of energy in the excited levels of the laser active material—for later
release through stimulated emission of radiation—is generally achieved with
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Chapter 1. Introduction to laser-matter interaction

optical excitation (e.g. ashlamps), both continuous wave and pulsed laser
operation can be achieved. Pulsed lasers in particular, thanks to the high con-
centration of energy at shorter timescales, were exploited to achieve higher
instantaneous powers and intensities, paving the way to novel applications
such as nonlinear optics—as the laser approached the atom electric eld of
10° V/m. Historically, the rst technique developed was Q-switching [2],
allowing nanosecond pulses through fast periodic modulation of the cavity
losses. Further reduction of the pulse duration was achieved thanks to a dif-
ferent technique, mode-locking [3], by constructive interference of different
cavity modes. Picosecond or tens of femtosecond pulses can be obtained in
this way, down to just a few optical cycles. Both techniques are still exploited
in current lasers: Q-switching is limited to nanosecond pulse duration, but
can reach higher energies per pulse, while the shorter femtosecond pulses
achievable in mode-locking are limited in the energy output per pulse.

Figure 1.1: Schematic representation of the Chirped Pulse Ampli cation (CPA) technique
(from [4]).

Q-switching and mode-locking can be exploited to reach intensities in
the order ofL0* W/cn?, and up tol0" W/cn? with further ampli cation
stages. Nevertheless, an upper limit on the energy (and thus intensity) in-
crease comes from the damage threshold of the optical componed® (
W/cn?), which halted the growth in laser intensity for more than a decade in
the '70s. A Nobel prize worthy idea was needed for further advancements:
the Chirped Pulse Ampli cation (CPA) scheme, depicted in Figure 1.1, de-
vised by Donna Strickland and Gérard Mourou [5]. To counteract the issues
related with a too high laser intensity on the optics and gain material, the
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1.1. Pulsed laser technology

clever solution was to rst add a chirp to the pulse, i.e. induce a temporal
delay between the different spectral components of the laser pulse, through
a pair of gratings or other dispersive media. The chirped pulse, now longer
in time and thus lower in intensity, could be safely ampli ed in energy, and
nally compressed down to the original duration. Intensities in order of
10?°  10?* Wicn? can be thus achieved, with the current record alid¥e
Wi/cn? [6].

Figure 1.2: Map of high intensity laser facilities around the world (adapted from [7]).

The achievement of the Nobel Prize in Physics in 2018, several years
after the invention of CPA, is also a testament to the continued relevance of
laser physics in both scienti ¢ research and technological applications. Mul-
tiple research facilities with terawatt class lasers (10-100s TW) are operative
around the world, and more are planned or being built, with an increasing
amount achieving up to petawatt level peak power (Figure 1.2) [8]. In the
European context, the ELI (Extreme Light Infrastructure) consortium is wor-
thy of mention, as a multi-nation collaboration to build and operate three 10
PW state of the art laser facilities (ELI Beamlines, ELI-ALPS and ELI-NP)
dedicated to the investigation of high-intensity laser-matter interaction, ul-
trafast attosecond science and nuclear physics [9].

In the eld of high intensity lasers 10'° W/cn¥), two main classes
of lasers are employed: shorter pulse ones (a few to 10s of fs) based on
Ti:Sapphire oscillators and ampli ed through CPA (up to a few 10s J per
pulse), with the possibility of reaching kHz repetition rate; and longer pulse
ones (in the order of the picoseconds) based on Nd:YAG, with high energy
per pulse (100s of J). This requires a longer pumping time to deal with the
higher waste heat to be removed, with strong implications on the repetition
rate: one shot each few minutes up to a shot per day.

9



Chapter 1. Introduction to laser-matter interaction

Another class of large-scale laser facilities worth mentioning is related to
the research into laser-driven Inertial Con nement Fusion (ICF), where hun-
dreds of high energy laser beams are exploited to compress and heat small
spherical pellets to fusion relevant conditions. Together with state-of-the-art
beam transport, ampli cation, control and synchronization lines, the main
gure of merit of those facilities is the total laser energy that can be provided
(megajoule and higher), within a few tens of nanoseconds. The National Ig-
nition Facility (NIF), located at Lawrence Livermore National Laboratory
in the US, is the rst example of such a facility, operative since 2010 [10].

It consists of 192 beamlines of neodymium-doped phosphate glass lasers,
pumped through multiple stages by high energy ashlamps. After ampli -
cation, the 1053 nm infrared laser is converted to UV (third harmonic, 351
nm) allowing a better energy delivery and pellet compression. A total of 1.8
MJ energy can be achieved. In Europe, France is currently building a similar
facility, the Laser Megajoule [11]: 176 UV beams with nanosecond pulse
duration will deliver a total energy exceeding 1 MJ. The facility installation
and commissioning is currently underway, and experimental activity with a
fraction of the total beams is being performed. The facility also includes
PETAL, a high intensity Petawatt laser system (few kJ pulse energy, 500 fs
- 10 ps pulse duration), with multiple interesting applications if coupled to
the main LMJ beams (e.g. laboratory astrophysics, fast ignition ICF).

Beside high intensity and high energy lasers—and their building-sized
facilities—the same advancements in laser technology led to the diffusion of
tabletop short pulse lasers, limited in size but still able to reliably provide few
mJ laser pulses at few tens of fs and kHz repetition rate. They are of interest
for various lab-scale application, in particular in the elds of material science
and laser-matter interaction (and central to this thesis work, as will be clear
in the following).

1.2 Fundamentals of laser-matter interaction

The effects that can arise following the interaction of a laser pulse with mat-
ter can be the most varied, with a rich underlying physics [12, 13]. Need-
less to say, both the properties of matter—such as aggregation state, optical
and electronic properties, surface features, physical properties—and those of
the laser—pulse duration, intensity, wavelength—determine the laser-matter
interaction evolution and the subset of processes that can take place un-
der the speci c conditions. Considering the scope of this thesis, the focus
will be on the interaction of both moderate and high intensity lasers—from
16 102 to> 10°° Wicn? and pulse duration ranging from femtosec-

onds to nanoseconds—uwith solid materials. Moreover, since ionization and
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1.2. Fundamentals of laser-matter interaction

subsequent plasma formation are inevitable when a suf ciently high inten-
sity is reached ( 10 10" W/cn?¥) laser-plasma interaction is also dis-
cussed.

When a laser pulse interacts with a non-transparent solid material it can
penetrate only for a few nanometers, the so-called skin depth, where an
evanescent electromagnetic eld is present and absorption can take place.
Part of the laser pulse is re ected or diffused, depending on the surface
roughness and opacity/re ectivity. The remaining fraction can be absorbed,
thanks to the coupling between the laser pulse electromagnetic eld and the
electrons of the solid material, through processes sutivasse bremsstrah-
lung[13]. Electron-phonon interactions are then the mean through which the
laser energy, rst delivered to the electrons, can nally be transferred to the
lattice ions, and heating occurs. Depending on the amount of laser energy
provided, melting and evaporation can take place, leading to material abla-
tion and a variety of other phenomena according to the laser intensity. As a
matter of fact, the most important parameter to be considered in this process
is not the laser energy by itself, but the laser uence (i.e. laser pulse energy
over spot size, J/cth together with the laser intensity (laser pulse power
over spot size, W/ch). The rst de nes the laser energy delivered over a
certain material volume—considering a constant skin depth as the third spa-
tial dimension—and thus can be a broad measure of the laser effect. For this
reason, the ablation threshold of materials is generally expressed in form of

uence [14]. The laser intensity instead, as previously mentioned, de nes
what is the regime of laser-matter interaction, and thus which physical pro-
cesses can happen.

Beside the effects related to the change in intensity, the duration of the
laser pulse itself has a profound in uence on the physics of laser matter inter-
action. The reason lies in the interplay between the timescales typical of the
material response and those associated with the pulse duration, with several
signi cant consequences [15]. The electron dynamics following laser-matter
interaction evolves typically fast, in the femtosecond timescales, due to the
low electron inertia; the energy transfer to the high inertia ion lattice is in-
stead signi cantly slower, in the order of nanoseconds. As a consequence, all
phenomena related to the ions and lattice phonons—such as heating and heat
conduction, thermal effects, melting and evaporation—have analogous char-
acteristic timescales. If the laser pulse is in the nanosecond range, the picture
is the one described above, with the laser energy absorption by the electrons
followed with transfer to the ion lattice, heating, then eventually melting
and evaporation [12]. In the case of shorter (i.e. femtoseconds) laser pulses
instead, all the laser energy is delivered to the electrons in a timescale not
allowing the energy transfer to the ions. This suprathermal electron popula-
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Chapter 1. Introduction to laser-matter interaction

tion can then promote quite different physical mechanisms, not thermal but
electronic in nature [16]. Notable examples atease explosignn which
isochoric heating is followed by rapid adiabatic expansion [h@hthermal
melting[18, 19], where the highly energetic electrons promote ion displace-
ments without previous thermalization, acoulomb explosiofi20], where
clusters drained of electrons can disgregate and accelerate ions due to their
mutual electrostatic repulsion. The time evolution of the different processes
in the two representative cases—up to material ablation—is shown in Figure
1.3.

Figure 1.3: Timescales of laser-matter interaction with short and ultrashort pulsed lasers
(nanosecond and femtosecond respectively) with the associated processes, from [15].

Another effect worth mentioning—related to the laser pulse duration—is
the possible interaction between the laser pulse and the previously ablated
material from the target. When a nanosecond laser pulse is considered,
this process is an integral part of the laser-matter interaction, since the ther-
mal processes such as heating, melting and evaporation happen in the same
timescales as the laser pulse duration [21]. One consequence is that the later
parts of the laser pulse interact with a material which is far from the origi-
nal conditions; another is the screening of the laser pulse by the previously
ablated species, along with further ionization and plasma formation. This
can lead to the formation of plasma emission for laser intensities even lower
than those theoretically required foromptmaterial ionization. On the con-
trary, the same process cannot happen for ultrashort laser pulses, which are
signi cantly faster than the material dynamics. Nevertheless, it should still
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1.2. Fundamentals of laser-matter interaction

be noted that analogous effects can arise if multiple laser pulses affect the
same target area one after another [22]: rst, the target material will be mod-

i ed by the previous pulses, and secondarily—depending also on the laser
repetition rate—the following pulse may interact with the ablated species
or plasma produced by the previous one. All these considerations are par-
ticularly relevant for the laser-driven physical vapour deposition techniques,
where the intensity and uence are suf ciently high to promote ablation and
ionization, and thus plasma formation. In those conditions a plasma plume
appears from the target surface, an elongated shape composed by ablated
species with a bright plasma emission [23].

As previously mentioned, the laser intensity is the main parameter gov-
erning the physics of laser-matter interaction. If it is higher than the thresh-
old for ionization (aroundLO*®  10'* W/cn?) plasma formation will oc-
cur. For even higher intensities, common for the larger laser facilities (
10°  10°° wW/cn?) the leading edge of the pulse can itself promote plasma
formation, and therefore the laser-matter interaction will happen mainly as
laser-plasma interaction. Higher intensities also promote nonlinear effects,
such as higher order harmonic generation and parametric processes, and rel-
ativistic effects can become relevant. A brief overview of all these topics
will be given in the following.

The laser-driven ionization process can follow two main pathwaysel
ionizationandmulti-photon ionizatiorj24]. The rst one concerns the elec-
tron emission by quantum tunneling, thanks to the deformation of the atom
potential well by the laser electromagnetic eld. For this reason, it is the
predominant effect for strong laser elds and materials with a lower ioniza-
tion energy. On the contrary, multi-photon ionization is a classical over-the-
barrier process, where nonlinear interaction involving multiple photons can
allow electron emission. It is more relevant for lower wavelengths lasers,
where the photons are more energetic and a smaller number is required to
overcome the potential barrier. Multiple ionizations, and in particular those
of core electrons, can follow different mechanisms due to their higher bind-
ing potential, such as electron collisions or plasma kinetic effects.

The propagation of a laser pulse in a plasma can be described by its dis-
persion relation [25]:

2 _ 12 2
“=17+Kk va (1.1)
where! , = P 4 e 2n.=m is theelectron plasma frequencg measure of the

electron oscillation happening naturally in a plasma medium, function only
of electron densityl, masam, and charge. Considering the expression of
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Chapter 1. Introduction to laser-matter interaction

the linear refractive index as follows:

=—= 1 * (1.2)

it is clear that only waves with frequency higher than the plasma frequency
can propagate in the plasma, corresponding to a real refractive index in Equa-
tion 1.2. In the opposite case, an imaginary N will only allow the existence
of exponentially vanishing waves (up to the skin depih= c= ! p7 I'2)
in the material. If the same threshold behaviour (correspondihg=o! ;)
is expressed as a function of the plasma density instead of plasma frequency,
by inverting the de nition ofl ,, the resulting density is known as tbetical
density ,
me!

Ne = Y (2.3)
If the plasma density < n ¢, such as in the case of a laser ionizing a gas, the
regime isunderdensand the electromagnetic wave can propagate through
the created plasma. On the contrary, when a laser interacts with solid density
matter anoverdenselasma is often produced, with> n .. The refractive
index is imaginary, thus the pulse is damped exponentially in the skin depth
and then mostly re ected backwards. Between the two extremes, the case
of a near-critical density plasma—whene  n.—is of particular interest:
it corresponds to the conditions in which the laser pulse excites the plasma
at the frequency of the plasma oscillations themselves, i.e. the textbook de-
scription of a resonant interaction. In these conditions the coupling between
laser and matter, and thus the process of laser absorption and energy transfer,
are strongly enhanced.

In the previous discussion, relativistic effects have not been considered,
although they can quickly become relevant for intensities higher tiiéh
W/cn?, due to the relatively low rest mass of the electrons compared to the
energy they can gain after laser interaction. Two fundamental parameters are
the dimensionless value of the laser eld vector potergiahd the relativis-
tic Lorentz factor , that can be expressed as follows:

a= eA=m,®; = P13 a2 (1.4)

As can be seen from the expression of the gamma factor, relativistic effects
become important for > 1. A rst notable consequence is the increase of
the critical density in respect to the non-relativistic cased = N cnr-
Considering the propagation in a classically overdense plasma, the increase
in critical density due to relativistic effects can render the plasma under-
dense, a phenomena knowrralativistic self-induced transparenc$@imilar
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1.2. Fundamentals of laser-matter interaction

considerations can apply to the dispersion relation and the refractive index of
Equation 1.1 and 1.2, where the tetrhican be substituted with’= . The
outcome is an increased refractive index for the relativistic plasma where the
laser pulse is higher in intensity, in contrast with the surrounding media pre-
senting a lower refractive index. The general picture is analogous to that of
an optical ber, where total internal re ection can take place: the laser will
be focused in the plasma channel created by the laser itself, through the well
knownrelativistic self-focusingffect [26].

Another important nonlinear effect related to the propagation of high in-
tensity electromagnetic waves in a plasma isgbiederomotive forgavhich
is not relativistic in nature and can simply be seen as a form of radiation
pressure: 2

Fo= Zmae' E?; Fprea = meCr (1.5)
It is inversely proportional to the gradient of the eld, acting as a force push-
ing the electrons from the high eld to the low eld regions. As can be
seen from its classical expression in Equation 1.5, the force is higher on the
electrons, due to their lower mass.

After the above discussion, the main electron heating mechanisms in
laser-matter and laser-plasma interaction can be brie y summarized. As
mentioned, the laser intensity is the main parameter differentiating among
the different regimes: for intensities lower tha@ W/cn?, inverse brems-
strahlungand resonant absorptiorare the predominant phenomena. The
rst one, more effective at lower electron and laser energies, involves the in-
teraction between an electron and the laser pulse in the presence of the atom
electric eld. Resonant absorption, instead, is the acceleration of electrons
by laser-crated plasma waves, driven at the material interface by the oscil-
lating component of the Lorentz force—which should be perpendicular to
the material surface, therefore requires a p-polarized pulse. For intensities
higher than10'® W/cn?, relativistic effects can not be neglected, and two
other mechanisms aris@&runel effectandJ B heating In the Brunel
effect, also known agacuum heatingthe electron are extracted from the
material by the electric part of the pulse Lorentz force, and then accelerated
back during the subsequent half period. Also in this case, the laser must be
p-polarized (and have oblique incidence) to possess a nonzero component
of the electric Lorentz force. In the opposite case—s-polarization or normal
incidence—it is the (oscillating) magnetic component of the Lorentz force
to accelerate electrons, with a similar process than the one described above.
If the target is underdense (or notably, becomes underdense due to the rela-
tivistic self-induced transparency), a third kind of process can oatitect
laser acceleratiof27], in which the plasma density modulation in the laser
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channel can sustain electric elds than accelerate electrons.

Figure 1.4: Schematic representation of laser-matter interaction in the ultra-high intensity
regime, with the multitude of processes that can take place (from [28]).

The phenomena here presented are just some of the fundamentals of laser-
matter interaction, and it is already clear how rich and vast the underlying
physics is. Considering the effects of the interaction of laser with matter,
especially for the case of high energy and high intensity pulses, the emission
of particles and radiation are of fundamental relevance. Part of the reason
lies in the opportunity to exploit them in applications, as will be discussed in
Chapter 2; but just as importantly, the radiation and particles emitted can be
detected, and exploited to study the interaction, with the aim to either better
understand the physics or (and) develop the applications mentioned above.
As represented in Figure 1.4, the interaction of a high intensity laser with
matter can promote various processes, also thanks to the high energy pro-
vided by the laser. All these processes, beside provoking modi cation in the
target material, stimulate the emission of electrons, ions, clusters, radiation
in the form of X and gamma rays, electromagnetic pulses, higher order laser
harmonics and light emission from parametric processes. Among those, the
acceleration of highly energetic—multi MeV—ions (both from the front and
the back of the target, depending on its thickness) is one of the main features
of interest for applications [28], together with electron acceleration in under-
dense plasmas [29]. The reason are the highly intense transient electromag-
netic elds that laser-plasma interaction can sustain, allowing particularly
high accelerating gradients—impossible to achieve through conventional ac-
celerator technology.
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Beside the direct detection of emitted particles, in a laser-plasma inter-
action experiment the study of the emitted radiation can provide essential
information on the plasma properties and their evolution. A notable exam-
ple are the processes related to the interaction of the laser with a nonlinear
medium (such as the plasma created by the laser itself), through which higher
order harmonic of the laser can be created. The lowest order pr@eess,
ond harmonic generatio(6GHG) is the most common. Another possibility is
the emission of light at speci ¢ frequencies due to parametric processes in-
volving both the laser and the plasma, as happens imtbglasmon decay
(TPD) instability [30, 31]. The laser incident photon!at decays into two
plasmond , at half of the laser frequency, which can then interact with the
laser itself—in a sum-frequency generation process—to give rise to an emis-
sion line at3=2! . In order to respect energy and momenta conservation, the
two plasmon decay can happen when the plasma density is one quarter of the
critical density, therefore the detection of tBe2 ! o line in an experiment
can be exploited to get information on the plasma density pro le [32]. Other
notable laser-plasma instabilities atenulated Raman scatterif§RS) and
stimulated Brillouin scatteringSBS) [30, 33], both happening in underdense
plasmas: in SRS, an electron plasma wave is generated by the resonant inter-
action of the laser with the plasma, through the action of the ponderomotive
force; SBS is a similar process, in which an ion acoustic wave is gener-
ated instead of the electron plasma wave. Not all radiation emission due to
laser-matter and laser-plasma interaction are equally useful for diagnostics
purposes: the fast electromagnetic pulses caused by the fast electron motions
inside and outside the target material (EMPs, from MHz to THz in frequen-
cies), can indeed be detrimental for most electronic devices, which therefore
require proper shielding. Most research on EMPs is aimed at mitigating the
issues they pose for equipment and diagnostics, but there are investigations
into their potential application to strong magnetic eld generation, charged
particle acceleration and focusing or material characterization [34].
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CHAPTER

Overview of select laser-matter interaction
applications

After introducing the eld of laser-matter and laser-plasma interaction, this
second Chapter is meant to give a general overview of the most relevant po-
tential applications, with a focus on those more closely related to this thesis
work. Section 2.1 will discuss laser-driven particle acceleration, focusing on
solid targets and ion acceleration. In Section 2.2 Inertial Con nement Fu-
sion (ICF) is addressed. Lastly, Section 2.3 is devoted to the investigation
into proton-boron fusion as a mean to produce alpha particles and potentially
fusion energy.

2.1 Laser-driven particle acceleration

One of the characteristic features of laser-matter interaction is the emission
of highly energetic charged particles, as introduced in the previous Chapter.
Thanks to the high energy deposited by the laser, and the subsequent electron
dynamics, strong electromagnetic elds can be generated, giving rise to the
highest accelerating gradients currently achievable. With proper experimen-
tal design, it is possible to exploit this process to accelerate electrons or ions
up to considerable energies (in the order of GeV for the former and 1-100
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MeV for the latter) within a few mm or even um. The potential for com-
pact particle accelerators is one of the advantages of laser-driven approaches
to particle acceleration (in contrast with the state of the art radiofrequency
accelerators and synchrotrons machines) together with the peculiar spatial,
temporal and energetic properties of the accelerated particle bunches.

Depending whether the aim is to accelerate electrons or ions, the main
physical mechanism—and the interaction scheme—are quite different. In
the rst case, the laser is exploited to drive a longitudinal plasma wave in an
underdense plasma, thanks to the ponderomotive force pushing the electrons
forward with the leading edge and backwards with the trailing edge. If the
pulse duration is matched with the period of the plasma oscillation, continu-
ous electron acceleration is possible, in which an electron bunch "rides" the
plasma wave created by the laser: the process is knowases Wake eld
Acceleration[35, 36]. Considering the requirements for the plasma density,
which should allow laser propagation, underdense gas jet or liquid target are
generally exploited. Another possibility are plasma capillaries, where the
acceleration process driven by the laser is decoupled from the creation of
the plasma itself, allowing longer accelerating plasma channels and better
control of the process [37].

lon acceleration on the contrary is most ef cient in the interaction of a
laser with a solid density target, where ion emission from the site of laser-
matter interaction is a common occurrence. More interestingly, as evidenced
by the rst experiments performed in the 2000s with ultrashort (fs/ps dura-
tion) high intensity (10'® W/cnm?) lasers [38—40], the use of thin micromet-
ric targets led to ion emission from the rear surface of the target, a region
where no direct interaction with the laser pulse took place. This initially sur-
prising behaviour, along with the peculiar properties of the accelerated ions
(such as high energy, ultrashort bunch duration, wide energy spectrum and
high ion density per bunch), sparked the research interest into understanding
the underlying physical mechanisms. While the rst hypothesis was related
to the acceleration of ions at the front of the target, followed by transport to-
ward the backside and subsequent emission, the experimental evidence soon
consolidated the opposite picture: the ions are actually accelerated from the
rear side of the target in a process knowmasget Normal Sheath Acceler-
ation (TNSA) [28,41].

As outlined in Figure 2.1, the interaction of the laser with the solid tar-
get, which is overdense, leads to plasma formation and electron acceleration
by the mechanisms mentioned in the previous Chapter, such as Brunel effect
andJ B heating. The highly energetic electrons can then travel through the
target, balanced by a return current of cold electrons. Upon reaching the rear
side of the target, the electrons are emitted and form a sheath electrostatic
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Figure 2.1: Schematic of the target normal sheath acceleration process (TNSA), from [42].

eld between themselves and the now positively charged tgrget. The sheath
size can be estimated with the electron Debye length= = T=4n €

(i.,e. the amplitude of the characteristic electron oscillations due to their
thermal energy) and the corresponding electric eld can reach values as high
as TV/m. Such a high electrostatic force can then promote the ionization
and subsequent acceleration of the atoms present on the back surface of the
target. The process is more ef cient on lightly bound impurity ions present
as contaminant on the rear target surface, such as hydrogen, therefore pro-
tons are the main ions accelerated in TNSA. At the same time, this does not
exclude the simultaneous presence of other ions with the same origin (i.e.
surface impurities), such as carbon, or even ions from the target material. If
the aim is to increase the ef ciency in heavy ion acceleration, the proton (and
eventually carbon) component should be suppressed: various technigues to
minimize the surface contaminants can be exploited, from Joule heating to
laser ablation or sputtering [43].

As a consequence of the TNSA mechanism, the accelerated ions present
unique properties: they show a wide energy spectrum, decreasing exponen-
tially with a cutoff at high energies, consequence of the gradual reduction of
the sheath eld as a larger number of ions are accelerated. In Figure 2.2 an
example of a representative experimental proton energy spectrum is shown,
with the proton energy cutoff at around 6 MeV. Due to the fast acceleration
of initially cold ions from a limited region of the target, other notable char-
acteristics are the ion bunch short duration, high ion density and ultralow
emittance. The ions are accelerated along the normal to the rear target sur-
face, with a divergence angle of 20-60 degrees [41].

For these reasons, they are of interest for a wide range of application in
different elds: thanks to the short bunch duration and exceptional emittance
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Figure 2.2: Typical proton spectrum in laser-driven ion acceleration, averaged over many
laser shots (from [44]).

properties, laser-driven ions can be exploited in imaging applications, such
as radiography and probing of plasma and its dynamics both in terms of den-
sity and electromagnetic elds [45-47]. In the medical eld, the laser-driven
proton beams could be exploited to produce radioisotope useful for nuclear
medicine diagnostics, such as PET, with the main advantage being related
to the potential compactness of laser-driven accelerators [48,49]. The main
drawback are the high average currents required, implying the necessity of
a high repetition rate operation of the laser-driven accelerator, which is far
from obvious. Another promising application is hadrontherapy, where en-
ergetic ions can deliver lethal dose to cancer cells with high precision and
spare surrounding healthy tissues, thanks to the localized energy deposi-
tion characteristic of heavy charged patrticles (Bragg peak). Current laser-
driven ion sources do not yet meet the requirements for therapeutic purposes
(low energy spread and selectable energy in the 60-250 MeV range), but the
demonstrated enhancements in radiobiological ef ciency due to the ultra-
high dose rate (i.e. FLASH effect) is particularly promising [50, 51]. The
accelerated ions can also be exploited to promote nuclear reactions, both for
their inherent interest (i.e. the study of nuclear reaction in a plasma envi-
ronment [52, 53]) or to exploit the reaction products as secondary sources.
Connected to the rst aim are laboratory astrophysics studies [54, 55] and
investigation into warm dense matter [56, 57], that exploit the high amount
of energy delivered by the laser to reach extreme matter conditions of astro-
physical relevance. Concerning the secondary sources, laser-driven neutron
production garners the most interest, for its ability to produce short bursts of
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neutrons up to 100 MeV in energy by exploiting a nuclear reaction in a con-
verter material, generally in a pitcher-catcher con guration [58,59]. Laser-
driven fusion (i.e. inertial con nement fusion, ICF) and proton-boron fusion,
while belonging to the topic of nuclear reaction promoted by lasers, are cen-
tral to this thesis work and will be treated in detain in Section 2.2 and 2.3
respectively. Many of the radiation sources mentioned above (and in the pre-
vious discussion), from protons and electrons to neutrons and X-rays, can ef-
fectively be exploited as probes in material science techniques, from proton,
neutron or X-ray radiography [58,60,61] to spectral techniques such as PIX-
E/PIGE @article Induced X-ray EmissiéGamma ray Emissigri62, 63] or
EDXS (Energy Dispersive X-ray Spectroscdpg4]. Beside the potential
compactness of the setup, one great advantage would be the possibility to
perform various analysis simultaneously, reaching a complete characteriza-
tion of the sample within a single laser shot [61, 64, 65].

Despite TNSA being the predominant acceleration mechanism, it is
worthwhile to mention the existence of other acceleration schemes, which
start to become relevant at higher intensity conditions and/or speci c target
con gurations. One is related t6oulomb explosignalready mentioned in
Chapter 1 as one of the processes characteristic of laser-matter interaction
with nanoparticles and clusters: by exploiting the ef ciency of Coulomb ex-
plosion on a nanometric thick high Z target, it is possible to easily accelerate
heavy ions and boost the high energy component of the spectrum, up to 200
MeV [66]. A second relevant mechanism, also related to the use of ultrathin
targets and extremely high intensities,Radiation Pressure Acceleration
(RPA), in which the laser pulse can directly propel electrons forward—uwith
high energies—atfter ionization of the thin target. While in experimental sce-
narios at ultrahigh intensity RPA and TNSA often coexist, the enhancement
of high energy ion component due to RPA has been demonstrated. Indeed,
the highest proton energies achieved in a laser-driven acceleration scheme
(close to 100 MeV) can be attributed to this regime [67]. The RPA mech-
anism with thin targets is also known bght Sailregime, in contrast with
the behaviour of thick solid targets under similar laser conditions: in that
case, the laser ponderomotive pressure pushes the electrons into the bulk of
the target, creating an electrostatic shockwave that can propagate and accel-
erate ions. This is thélole Boring (HB) regime of RPA, Known also as
Collisionless Shock Accelerati¢8].

It should be clear from the above discussion the importance of the target
in the design of a laser-driven acceleration experiment, even more so con-
sidering the advancements—and limitations—in laser technology and the
demanding requirements of the most promising applications. This is even
more crucial for the design and development of compact laser-driven radia-
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tion sources, where stringent bounds come from the maximum performances
achievable with tabletop laser systems. There is ample literature into the
study of how the laser and target properties in uence the acceleration pro-
cess, and how they can be exploited to optimize it or tune the properties of
the accelerated ions. As already partially highlighted, the thickness of the
target is a key parameter: the use of thinner targets can be advantageous if
coupled with ultrahigh intensity lasers, to leverage the advantage of the RPA
light sail regime, but even in TNSA they allow a more ef cient transport

of the hot electron to the back of the target, and therefore better accelerat-
ing performances. As shown from Figure 2.3a, this holds in general, albeit
with a couple of important caveats: considering thinner and thinner targets,
the acceleration performances will increase only down to a certain thickness,
for which the laser pulse starts to destroy (i.e. ionize) the whole target before
the sheath eld can be established. For the TNSA mechanism to ef ciently
take place, the rear surface of the target should still be solid—and as unper-
turbed as possible—since the presence of a plasma there will decrease the
sheath eld and hinder ion acceleration [41].

(@) (b)

Figure 2.3: (a) Optimum target thickness for different laser prepulse durations, using the
maximum proton energy as comparison parameter (from [68]); (b) Schematic represen-
tation of a high-intensity laser pulse temporal pro le, with the most relevant pre- and
post-pulses (from [28]).

Related to these considerations, there is one more laser parameter which
must be considered, and is one of the main gure of merits of laser sys-
tems in high-intensity laser-matter interaction experimentsctmrast ra-
tio. As a consequence of the physics of laser emission and the technology
of high intensity ampli ers, even in ultrashort pulses (i.e. tens of femtosec-
onds of FWHM) various other features are generally present in the temporal
shape of the pulse, both before and after the main pulse. These are ex-
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empli ed in Figure 2.3b: a picosecond pedestal caused by uncompensated
higher order dispersion, a prepulse anticipating the main pulse originating
from non-linearities in the CPA process and a nanosecond background due
to Ampli ed Spontaneous Emission (ASE). The laser contrast is simply the
ratio in intensity between these other features and the peak intensity of the
pulse. Considering the laser interaction with a solid target, the presence of
even a small fraction of the maximum laser intensity preceding the main
pulse—especially in the case of ultra-high intensity lasers—can easily lead
to plasma formation in the target or even destroy it before the main pulse
can interact with it. As a consequence, the optimum (minimum) thickness of
the target that leads to the highest acceleration ef ciency is strongly depen-
dent on the laser contrast (clearly shown in Figure 2.3a): a higher contrast
ratio allows to exploit thinner targets and stronger TNSA accelerating elds,
while on the contrary a lower contrast leads to heating and plasma creation
on the rear of the target inhibiting the acceleration [68,69]. As a last remark,
it should be noted that purposely exploiting a low contrast laser to create a
plasma in front of the target, while at the same time using thick targets to
avoid modi cation on the rear side, can be successfully exploited to increase
the laser absorption ef ciency [70]. There are different measures that can be
taken to increase the laser contrast, either at the origin—by speci ¢ design
choices in the laser seeding and ampli cation processes (e.g. double CPA
setup with stepwise nonlinear cleaning of the laser pulse through tempo-
ral Itering, to improve seed signal-to-noise ratio and thus reduce ASE im-
pact [71])—or by "post-production” cleaning of the ultrashort high-intensity
pulse. Among the latteplasma mirrorscan lead to the greater increase in
laser contrast, thanks to a simple working scheme: the laser is sent on a ma-
terial that is not re ective under normal conditions, but becomes so after the
laser prepulse has ionized it, re ecting only the main pulse while discarding
all previous intensity modulations [72].

Many different advanced target designs have been proposed, often with
aims going beyond the simple enhancement of the number/energy of acceler-
ated ions: mass-limited targets [73], with micrometric transverse size able to
con ne the hot electron population and thus enhance and stabilize the sheath
eld; shaped targets (curved or conical) [74] to exploit potential focusing
effects, such as those consequence of the proton emission normal to the tar-
get surface typical of TNSA, solid target with an added micro-helical coil,
for increased focusing and post-acceleration driven by the magnetic eld
inside the coil (induced by the hot electron themselves) [75]; micro- and
nano-structured targets, to induce modulation in the ion beam or increase
the laser absorption ef ciency [76, 77]; and with similar aims double-layer
targets, composed by a thin target with a near-critical density layer on the

25



Chapter 2. Overview of select laser-matter interaction applications

laser-facing side [78, 79]. This last kind of targets, due to their speci c in-
terest in this thesis work, will be the subject of a more in depth discussion in
Chapter 3 and Section 3.3.

2.2 Inertial Con nement Fusion (ICF)

In light of the ever-growing energy demands of the present society, together
with the issues originating from the overuse of fossil fuels (i.e. pollution
and climate change), the study of alternative energy sources is of great rele-
vance. In this context, nuclear fusion is one of the most investigated subjects,
thanks to its potential to deliver vast amounts of energy with minimal envi-
ronmental impact and limited safety concerns [80]. In order to overcome the
electrostatic repulsion and allow the onset of the (strongly exothermic) fu-
sion reactions, energy must be supplied to the light nuclei used as fuel. The
energy produced by the rst reactions can then in part be exploited to main-
tain the required conditions, and promote further fusion reactions throughout
the fuel material. It should be noted that the temperature needed is in the or-
der of several hundred million degrees, conditions in which electrons cannot
remain bound and matter is in the plasma state.

Figure 2.4: Fusion cross sections for various reactions of interest for energy production
(from [81]).

One of the—arguably many—challenging aspects in the quest to exploit
nuclear fusion for energy production is related to the extreme matter condi-
tions required, due also to the generally low cross section of the reactions.
Figure 2.4 shows the cross section for different potential fuel choices, high-
lighting the advantages in term of higher cross section across the whole range
(and patrticularly relevant at moderate energies) of the deuterium-tritium (D-
T) fusion reaction. For this reason, the great majority of fusion research is
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aiming to use a deuterium-tritium fuel [80, 81]. The reaction, leading to the
production of an alpha particle and a neutron, releases 17.6 MeV of energy
overall, shared among the reaction products according to their mass:

D+T! [35MeV]+ n[l41MeV] (2.1)

Among the two, the positively charged alpha particles strongly interact with
the surrounding plasma, depositing their energy in an area close to where the
fusion reaction took place, while the neutrons can escape (and after moder-
ation, their energy can potentially be harvested for electric energy produc-
tion). Therefore the alpha particle can be responsible for keeping the hot
plasma in the conditions required for fusion reactions to occur. In general,
for the process to sustain itself, the alpha particle heating should be able to
overcome the energy losses, mainly in the form of bremsstrahlung radiation
and heat conduction. This condition, when the burning plasma can indepen-
dently sustain itself from an energetic point of view, is knowrigastion.

It can be exempli ed by thé.awson criterioni.e. the combined conditions

of plasma density, temperature and con nement time allowing a sustained
burning plasma [82]nT . 3 10*'KeVsm 3

In order to meet this requirement, two avenues of research have been
developed, with opposite approaches: on one Mdgnetic Con nement
Fusion (MCF) [83], where the aim is to con ne a relatively low density
plasma for a signi cantly long time, exploiting intense magnetic elds in
devices such as tokamaks and stellarators. The European ITER project is a
prime example of the former [84]. On the other hand, one can completely
forego plasma con nement and rely only on the fuel inertia—strongly reduc-
ing the con nement time—by reaching substantially higher plasma densities
to compensate, per the Lawson criterion. This is the basic idea ti¢higal
Con nement Fusior{ICF) approach, where small capsules containing deu-
terium and tritium are compressed to the required conditions by powerful
high-energy lasers [85].

The fuel capsules are deuterium-tritium shells, lled with D-T gas: the
con guration is able to withstand the strong and fast compression needed to
reach ignition, which would not be feasible for a solid material. On the outer
side of the capsule, a thin external layer calddator is present, with the
purpose to absorb the laser energy and convert it to kinetic energy—that is,
pellet compression: as the ablator is emitted in the outward direction after
laser interaction, the rest of the capsule is compressed by the rocket effect.
The evolution of the pellet from initial condition to ignition is schematically
depicted in the lower panels of Figure 2.5: the external ablator layer ab-
sorbs the laser energy, forms a plasma and drives pellet compression; when
the compression is maximum, the conditions of temperature and pressure
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Figure 2.5: Schematic representation of the two ICF schemes, indirect drive (upper left) and
direct drive (upper right), together with the phases of capsule implosion in the bottom
row (from [85]).

in the center of the compressed capsule (the so-chlisboj lead to the
onset of fusion reactions. If the ignition conditions are satis ed, the reac-
tion can self-sustain thanks to alpha heating, creating a burning plasma wave
that propagates through the rest of the D-T fuel, before the inevitable ex-
pansion sets in and the fuel disintegrates. Despite the simple concept, the
actual realization of laser compression and hotspot ignition is exceedingly
complex: on one side, thermodynamic considerations lead to strong con-
straints on the laser driver temporal shape, since early heating of the fuel
material hinders further compression. The laser driver, over the duration of
a few nanoseconds, sends subsequent shocks into the capsule, with the aim
to strike a balance between having a fast and high compression and avoiding
instabilities [85]. Indeed, stringent geometrical constraints are imposed by
the symmetry requirements of the implosion process, both for what concerns
the laser drivers and the capsule itself. Hydrodynamic instabilities such as
Rayleigh-Taylor are prone to take place due to the capsule design—Ilower
density gas inside a solid density shell—and can be especially detrimental:
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any defect on the ablator surface or laser driver inhomogeneity can be am-
pli ed during compression, and colder higher density fuel from the shell (or
ablator material) can end up towards the capsule center, inhibiting hotspot
creation [86]. This kind of issues are more prominent in the caskrett
drive ICF [87], where multiple laser beams are directly focused on the pel-
let from many directions: due to the nite number of laser beams—if very
large, in the order of one hundred—a completely uniform laser energy de-
livery over the ablator surface is not feasible. For this very reason, a second
scheme has been investigated, involving the use of a high-Z cavity around
the fuel pellet:indirect drive ICF [88]. Here the lasers are focused on the
inner walls of a cavity (calledhohlraum) to generate X-rays, and the su-
perposition of many X-rays modes in the cavity —with proper design—can
signi cantly increase the uniformity of capsule ablation. The downside is
the limited ef ciency of the X-ray conversion process, factor that becomes
relevant in relation to the nal aim of producing more energy than what is
consumed. Both approaches mentioned are depicted in Figure 2.5,

Considering the multiple challenging aspects of achieving hotspot igni-
tion discussed above, the possibility to exploit advanced ignition schemes is
also being researched: by accepting a more complicated interaction scheme,
it is possible to decouple the compression and ignition phases, with a signif-
icant reduction in the requirements for both. This can be done by exploiting
an external driver to heat the fuel while at peak compression, igniting fu-
sion reaction. One possibility st ignition[89], where laser-accelerated
particle beams such as electrons or ions—with mechanisms analogous to
those discussed in Section 2.1—are employed. As a matter of fact, the idea
originated from the development of ultrafast lasers in the last decades, al-
lowing the generation of ultrashort and energetic bursts of charged particles
in coincidence with the time of maximum capsule compression. An impor-
tant added bene t of the loosened compression requirements are the higher
achievable gains: much larger capsules can be compressed (at lower implo-
sion velocities) with a correspondingly higher fuel content and thus energy
released. A second kind of scheme being investigated, with similar advan-
tages and aims, shock ignition[90, 91]. In this case, a strong nal shock
is launched in the compressed capsule by a nal laser power spike. After
colliding with the original shock moving outward from the compressed fuel
core, a much stronger gigabar shock is generated, triggering ignition. Fast
electrons driven by the laser (and originating from laser-plasma instabilities)
could also increase the shock pressure, if they interact with a suf ciently
dense fuel and are stopped near the surface of the capsule (limiting the detri-
mental heating effects).

In the last years, milestone results have been achieved at the National
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Figure 2.6: Progression toward ignition in indirect drive ICF experiments at the NIF from
the 2010s to the present day, showing the substantial improvements in peak pressure,
burn duration and hotspot temperature, together with the breakthrough achievements of
both ignition and target gain exceeding unity in multiple recent experiments (from [92]).

Ignition Facility (NIF) [10] in the United States: as shown in Figure 2.6,
from the rst D-T experiments in 2011 the implosion performance was con-
tinuously improved, leading to breaking the ignition threshold in 2021 [93].
Further optimization of the experimental con guration resulted in achieving

a target gain (i.e. fusion energy generated over total laser energy provided
to the capsule) greater than unity, from 1.5 to 1.9 [92]. As demonstrated by
the many decades elapsed between rst NIF experiments and the achieve-
ment of ignition (the NIF was in operation well before the campaigns ex-
ploiting D-T capsules), many advancements in physics understanding and
design improvements in all the different components were the origin for the
nal breakthrough results. On the target side, a gold-lined depleted ura-
nium hohlraum lled with He gas gave the best results for homogeneous
X-ray emission; a D-T ice capsule lled with D-T gas was exploited, with a
nanocrystalline HDC (high density carbon) ablator speci cally designed to
avoid surface defects and inhomogeneities. A tungsten-enriched layer was
also buried in the HDC ablator, to shield the X-rays and avoid fuel preheat-
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ing. On the laser side, a modi ed high-foot pulse, with lower peak power and
the same energy distributed over a longer time, was found to be bene cial for
better compression and reduced instabilities. This has lead to dif culties in
laser propagation, due to screening by the wall plasma formation inside the
hohlraum, solved by means of cross-beam energy transfer [92]. In conclu-
sion, the promising results sparked new interest in ICF as promising mean to
achieve fusion energy in the future, among which the proposal to establish a
European ICF programme and a greater involvement by the European laser-
matter interaction scienti c community [94]. Among the most critical issues
still to be addressed, reduction of instabilities and total ef ciency increase
are key to eventually demonstrate viable electric energy production. Thus,
advancements in laser technology, laser-matter coupling, capsule design and
experimental scheme are all to be pursued.

2.3 Proton-Boron fusion

Between the reactions of potential interest for nuclear fusion applications,
deuterium-tritium is by far the most investigated, thanks to its comparably
high cross section especially at low temperatures (blue curve in Figure 2.4).
Nevertheless, D-T fusion is not without drawbacks, starting from the dif -
culties in tritium supply (being a short-lived radioactive isotope it has to be
produced through nuclear reaction) together with the radioprotection issues
stemming from the high mobility and thus dif cult handling of tritium. At

the same time the neutrons produced by the D-T reaction, while helpful in
energy removal from the plasma, induce activation and thus added radioac-
tivity in the surrounding reactor material, and even more importantly lead to
radiation damages and potential functional/structural concerns. The proton-
boron nuclear reaction is an interesting alternative in this regard, where a
proton and a nucleus dfB combine emitting 8.7 MeV of energy and 3
alpha particles:

p+ B! 3 +8:7MeV (2.2)

The alphas present a wide energy spectrum, with a main peak around 4 MeV
and a secondary one close to 1 MeV, with the possibility of a secondary
channel at higher energies (6-10 MeV) [95]. Since no neutrons are emitted
as products, the related issues are avoided, and in addition both fuel com-
ponents are abundantly present in nature (the isotopic abundafiti® iof
natural boron is 80.3%, the rest bei¥@). Despite these desirable features,
the cross-section is signi cantly lower than D-T, even in the regions inter-
ested by nuclear resonances around 150 and 600 KeV (red curve in Figure
2.4). For this reason, the potential of the proton-boron reaction for nuclear
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fusion energy production was rst evaluated negatively [96]. This conclu-
sion was obtained considering a thermonuclear approach, such as MCF or
conventional ICF, where the fuel is heated until its thermal energy is suf -
cient to induce self-sustaining fusion reactions (i.e. ignition). Nevertheless,
the advent of ultrashort high intensity laser has rekindled the interest in the
reaction, as the disadvantages of a lower cross section can be mitigated by
a laser-driven approach, where suprathermal conditions can be achieved for
part of the ion population. This can happen directly in the plasma state af-
ter laser interaction, or in beam-based approaches where a beam of highly
energetic laser-accelerated protons interacts with a solid boron target [97].
Energy applications remain challenging, considering the fraction of the fuel
undergoing fusion reactions in these kinds of approaches is rather limited,
and the scienti ¢ maturity of proton-boron fusion research is presently far
from D-T fusion research. Despite this, among the many private companies
and startup active in the eld of fusion energy production, some have opted
for p-B fuel [81, 98] and scienti c interest in the eld is increasing.

It is also important to note that energy production is not the only potential
application of the proton-boron fusion reaction, and indeed a large portion
of the present research effort is focused on the alpha particle beams emit-
ted as a result of the fusion process, with favorable properties for ion beams
applications: high current, MeV energy, and potentially high directionality
with proper interaction design [99]. One other promising application related
to proton-boron fusion is Proton Boron Capture Therapy (PBCT) [100], in
which a conventional hadrontherapy setup using protons is coupled with
a boron-containing compound. Thanks to the higher LET (Linear Energy
Transfer) of the heavier alpha particles, the radiobiological ef ciency of the
treatment can be enhanced [101]. The use of laser driven protons, in or-
der to exploit PBCT along with the FLASH effect, is a promising research
direction for the future [102].

In the last years multiple laser-driven proton-boron fusion experiments
have been performed, showing a promising increase in alpha particle yields
(Figure 2.7). Different interaction con gurations, target compositions and
laser parameters are being explored, in order to nd the most suitable com-
bination. Two main interaction schemes are equally gathering interest: the
“in-target” approach and th#itcher-catcher” con guration. The former
is quite straightforward, involving a target containing both boron and hydro-
gen (to provide the protons) on which a high-intensity laser pulse is focused
to create a plasma, accelerate the ions and trigger fusion reactions [99]. The
latter aims to separate the process in two stages: rst the protons are accel-
erated by the use of a high intensity laser and a suitable rst tapigehér),
and then a boron-containing targea{che) is placed to collect the protons
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Figure 2.7: Advancements in alpha particle yields from multiple proton-boron fusion ex-
periments in the last years (from [97]). In red the data related to the "in-target" scheme,
while in green the results obtained in "pitcher-catcher" con guration experiments.

and enable the fusion reactions [103]. As shown in Figure 2.7, the in-target
con guration is the one currently more successful in the number of alpha
particles produced.

An interesting variation of the pitcher-catcher scheme is shown in Fig-
ure 2.8: here a lower intensity nanosecond laser is exploited to irradiate the
boron catcher target, creating a boron plasma. Compared with just the solid
boron catcher, a signi cant enhancement of proton-boron reactions was mea-
sured if the reaction happened in plasma [103]. The effect was attributed
to multiple factors, such as a greater penetration of the protons inside the
plasma in respect to a solid density material, no proton energy lost to ioniza-
tion and the potential bene cial effect due to the TNSA electrons co-moving
with the protons. Analogous bene cial effects in performing the reaction
in plasma conditions are also observed for in-target con guration experi-
ments [99, 104], despite the conditions (and thus proposed explanations) be-
ing different. In contrast with the TNSA ion acceleration from the back of a
thin target, here the aim is to provide energy to the ions on the front of the
(thick) target; a longer and generally more energetic laser pulse (nanosecond
or picosecond in duration) is exploited, which creates a plasma and acceler-
ates ions back toward the laser side. The mechanisms proposed to explain
the high alpha particle yield include laser self-focusing and high spatial and
temporal superposition of the proton and boron ions accelerated inside the
plasma [99]. Another interesting observation is the enhancement of alpha
particle energy due to the laser-created electric eld on the front side of the
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Figure 2.8: Scheme of a pitcher-catcher proton-boron fusion experiment, in which a second
laser of longer duration is focused on the boron target to create a plasma (from [103]).

target, in a TNSA-like mechanism [104].

The design of an optimal target, especially for the in-target con gura-
tion, is certainly not straightforward: solid targets are mostly exploited, with
different ways to incorporate both boron and hydrogen. The simplest ap-
proach is to rely on surface contaminant and material impurities, such as the
commonly used Boron nitride (BN) targets, already providing satisfactorily
results [97, 104]. Otherwise speci cally designed targets can be exploited,
such as silicon targets enriched in boron and hydrogen through thermal an-
nealing and ion implantation [99] or boron nitride targets with a polymeric
CH layer deposited by plasma-assisted physical vapour deposition [105]. In
conclusion, in the eld of proton-boron fusion—and its targetry in particu-
lar—there is space for great improvements, in the quest for fusion energy
production and other alpha particles applications.
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CHAPTER

Nanostructured materials and nanofoams

In this Chapter nanostructured materials will be introduced, with a focus on
low-density porous nanofoams and their promising applications in the eld
of laser-matter interaction. Section 3.1 will describe the materials together
with their outstanding properties, Section 3.2 will give an overview on the
most common synthesis methods to obtain such unconventional structures,
and lastly their relevance to laser-matter interaction is outlined in Section
3.3.

3.1 Nanostructured materials morphology and properties

Nanoscience and nanotechnology are elds of science showing great prom-
ise in relation to many different applications, with an ever-increasing ability
to probe, design and exploit materials at the micro and nanoscale [106]. The
advantages of such an approach are twofold: on one side, the ability to nely
control the structure and composition of the material, and consequently its
physical, chemical and biological properties (e.g. melting point, wettabil-
ity, electrical and thermal conductivity, catalytic activity, light absorption
and scattering, density, biotoxicity). On the other, thanks to quantum con-
nement effects, signi cant changes in material properties can happen in
the transition from bulk to nanoscale materials, depending on their con-
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nement size. By exploiting this effect, it is possible to explore ranges of
material properties beyond what is otherwise achievable with standard tech-
niques [107,108].

Considering the wide variety of material properties that can be controlled
by nanostructuring, their application in the most diverse eld of science is
not surprising. At the same time, the de nition of nanostructured materials
is rather broad, encompassing any material in which nanometer-sized com-
ponents are present and in uence its properties and functionality. A rst
category are bulk materials with nanometric grain size (nanocrystalline) or
with nanoscale variations in composition, thanks to which the material prop-
erties—e.g. mechanical or electrical—can be tuned as desired [109, 110].
Particularly interesting is also their application in the development of ma-
terials resistant to radiation damage: nanostructured materials can have a
considerably high concentration of defect sinks, which are able to strongly
reduce the detrimental effects of radiation damage [111]. Another possi-
bility are nanoparticles or nanoclusters decorating the surface of a substrate
material, able to modify the interface properties. Applications commonly
deal with optical properties and light interaction, such as photon detection
and plasmonics [112,113]. A similar approach consists in the nanoscale
modi cation of the material surface to obtain a speci ¢ functionalization, ei-
ther in terms of the aforementioned optical properties or tuning the surface
hydrophobic/hydrophilic behaviour [114]. Both approaches are also inter-
esting for applications in the biomedical eld, where nanomaterials have the
potential to promote the bio-functionality and biocompatibility of interfaces,
thanks to their tunable properties at the micro and nanoscale [115, 116].

Going toward greater morphological complexity, the last category of nano-
structured materials are Ims and coatings, with a thickness ranging from
tens of nanometers to micrometers, and the most varied morphologies, both
ordered and disordered (some examples are depicted in Figure 3.1). Con-
sidering their general structure, composed by distinct solid-density features
(e.g. nanoparticles, nanorods, nanotubes, nanorods) with a nonuniform ar-
rangement in space, they present a certain degree of porosity and thus a lower
density than bulk materials. Another outstanding property consequence of
their morphology—and one of the main reasons for their widespread ap-
peal—is the substantial speci c surface area (and area-to-volume ratio) ow-
ing to the nanoporosity of the structures. Any application in which there is
a surface interaction (or reaction) between the material and the surrounding
environment can strongly bene t from the approach, such as sensor tech-
nology [121], gas sensing [122] or catalysis [123-125]. Similarly, nanos-
tructured materials show great promise in the electrochemical eld, where
they could be exploited in the development of the next generation batteries
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@ (b)

(© (d)

Figure 3.1: Examples of nanostructured material morphology: (a) Silicon ordered
nanowires [117]; (b) ZnS porous nanoparticles [118]; (c) Copper foam with nanos-
tructured walls [119] (d) Tellurium nanotubes [120].

and supercapacitors, to satisfy the ever increasing need for ef cient energy
conversion and storage devices [122,126].

One speci ¢ class of morphologies are micro- and nano-structured foams,
gathering particular interest in the high-intensity laser-matter interaction com-
munity, for their favorable laser energy absorption properties (the reasons
will be explored in more detail in Section 3.3). They are disordered high
porosity material, with alternating solid structures and voids. The solid struc-
tures may be membranes, wires or nanoparticles of varying dimensions and
composition, as shown in the examples of Figure 3.2; this is largely de-
pendent on the synthesis method, as will be discussed in the next Section.
Beside having similar properties to other classes of nanostructured mate-
rials—making them attractive for the aforementioned electrochemical and
catalytic applications—they can reach really low density values, down to a
few mg/cn®. This is achieved by reducing the size and/or the quantity of
solid components, in favour of a void fraction as high as 99.9%, together
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(a) (b)

(©) (d)

Figure 3.2: (a) High internal phase emulsion polystyrene foam [127]; (b) Deuterated
polystyrene foam [128]; (c) Palladium nanowire foam (the scale bar is 30 pm) [129];
(d) Polyaniline nano ber foam [130].

with the use of low-Z elements (as seen from the examples in gure 3.2,
polymers is one of the preferred choices). Foam materials typically present
porous morphological features starting at the micrometric scale, with void
dimensions in the 1-10 um range, together with—in most cases—an under-
lying nanostructure of the solid components of the foam. Their hierarchical
structure can often be described as fractal-like, since equivalent morpho-
logical features are present at different spatial scales. Starting from these
considerations, it is possible to model the average foam denséy a func-
tion of the solid component density and dimensior, together with the
characteristic spacing between solid elemegis.e. pore size) [131]:
+1
=2 (3.)
0
The parameter at the exponent varies depending on the solid elements'
morphology: it is equal to O for membrane-based foams, 1 for laments and
2 for clusters [132]. Its meaning is related to the fractal dimensionality, that
is a measure of the space lling capability of the fractal structure. As real
foams are often a composition of different structures, the actual number can
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also fall between two values, and can be thought as a free parameter to be
estimated experimentally. This is just one example of the interest in inves-
tigating and modeling the material morphology at the different scales, and
relate the results to the macroscopic scale properties: it can then be possible
to tune the material properties as desired through changes in morphology
and composition.

(@) (b)

Figure 3.3: (a) Carbon nanofoam structure at the microscale [133]; (b) Detail of the foam
structure at the nanoscale (the scalebar is 100 nm) [134].

A last interesting class of nanostructure materials, already under inves-
tigation for laser-matter interaction applications [79, 135, 136], are carbon
nanofoams [133,134]. As shown in Figure 3.3, they are nanoparticle-assem-
bled materials, with a web-like structure at the micro and nanoscale emerg-
ing from the aggregation of 5-20 nm carbon nanoparticles. Thanks to the
high porosity, average densities down to 1 mgf@an be achieved [133].

The material, depending on the synthesis conditions, can present a varying
ratio of spg (diamond-like) and sp(graphitic) carbon.

3.2 Nanofoams synthesis methods

In the same way that material properties arise from the material composi-
tion and structure—also at the nanometer scale in the case of nanostructured
materials—the process exploited to produce the nanostructured materials is
at the foundation their morphology and structure. Therefore, in order to
tune the material properties for a speci ¢ outcome, the investigation of the
many possible synthesis methods and their in uence on material properties
is of central importance. Indeed, it is often the case that a speci c synthe-
sis technique can be exploited to produce a material with a limited range of
properties and/or composition, and thus the choice depends on the speci ¢
needs of the target application. The techniques currently exploited for the
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synthesis of foam materials are many, and defy simple categorization, due to
the often complex procedure involving multiple material science synthesis
methods. In general, both top-down and bottom-up approaches are feasible,
and the same is true for chemical and physical-based techniques. In the con-
text of nanostructured materials, top-down processes are generally simpler
but limited in the achievable range of nanometric structures, while bottom-
up approaches can lead to a more precise nanostructure control al a lower
scale for the price of a greater complexity.

(@) (b)

(c) (d)

Figure 3.4: Schematic representation for different nanofoam and nanostructured mate-
rial synthesis methods: (a) Liquid template synthesis [137]; (b) Solid template syn-
thesis [138]; (c) Combustion synthesis [139] (d) Chemical transformations of existing
nanostructures [140].

A signi cant example are polymeric foams—~broadly employed outside
of the nanotechnology eld for multiple applications—obtained throligh
uid templatingtechniques [137]: by inclusion of a second gaseous or liquid
phase (i.e. foams or emulsions, Figure 3.4a) prior to polymerization or so-
lidi cation of the polymer matrix, a porous material can be obtained. The
foam morphology is largely xed, i.e. a solid matrix with voids in either or-
dered or disordered structures, characteristic of polymeric foams. A variant
of this method, particularly relevant for the eld of inertial con nement fu-
sion, ishigh internal phase emulsiaiHIPE) polymerization: by increasing
the volume of the internal (secondary) phase, a structure with interconnected
voids and a void fraction in excess of 90% can be obtained [127,128, 141].
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The pore size in liquid templating can vary signi cantly, from millimeter
and micrometer dimensions to hundreds of nanometers—the limit being the
smallest size of second phase/gas bubbles attainable in the templating phase.
In order to go beyond this limit, while also enabling a greater morphological
variety, other synthesis methods can be exploitedsolid templatingtech-
niques [142], the polymer can replicate a preexisting template (e.g. silica
nanoparticles, mesoporous silica or anodic aluminum oxide, other polymeric
nanomaterials) inverse structure, as outlined in Figure 3.4b; the nanostruc-
turing capabilities are still somewhat limited due to the template own struc-
ture, but either nanofoam, nanorods or nanotubes morphologies can be ob-
tained. Smaller nanostructures can be formed thrdug¢k copolymer self-
assembly exploiting the self-organization of copolymers with chemically
immiscible components, or bgirect synthesiswhere speci ¢ polymeriza-

tion reactions can lead to the retention of solvent inside the polymer, which
can later be removed originating the pores [143]. While allowing nanometer
scale nanostructuring, the control of the morphology is limited (especially
in the direct synthesis method) and less exibility is allowed in the choice
of polymer. This is a common limitation of chemical synthesis techniques:
each is exclusive to a speci ¢ material, or a limited class of materials if mul-
tiple analogous reactions/processes are considered.

The exception are templating techniques, broadly applicable for poly-
meric, metallic and oxide foams. The difference is in the approach used
to grow the foam material on the template: polymerization for polymer
foams, electrodeposition for metals, chemical vapour deposition (CVD) or
gas phase condensation for oxides [142]. Depending on the desired nanos-
tructure properties, most of these methods can also be exploited directly
without the need of a template: the advantages include the simplicity of the
approach together with a lower scale nanostructuring potential, as opposed
to a more challenging morphology control. Other notable direct synthesis
methods are sol-gel techniques [144] and combustion synthesis (Figure 3.4c,
applicable to both metals and oxides) or dealloying for metals [139]. As a
last remark, chemical techniques can also be exploited to modify the mor-
phology and composition of existing nanostructures through substitution,
elimination or addition reactions [140]. Beside enabling the realization of
nanostructures with greater compositional variety, it can lead to core/shell or
hollow structures, as shown in Figure 3.4d.

On the other side, techniques based on physical processes are in gen-
eral less common in nanostructured material synthesis, and even more in
nanofoam synthesis. Their typical bottom-up approach could be promis-
ing to allow a ner control of the nanostructure morphology and proper-
ties—while at the same time being cleaner then chemical processes, as no
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byproducts are generated and the original material composition is gener-
ally retained in the nanostructure—but the greater complexity has thus far
hindered their widespread application. One exception could be ultrasound-
based techniques, if not for the fact that they most commonly incdode-
chemistry making it an hybrid technique: the extreme pressure and temper-
ature conditions in the nebulized material are exploited to drive usually in-
accessible chemical reaction and produce uncommon nanostructures [145].
Physical based techniques, such as those based on sputtering or laser abla-
tion, are instead common in the production of nanoparticles [146, 147]: the
different processes lead to material removal from a target, and the concurrent
or subsequent formation of nanoparticles that can be collected on a substrate.

Figure 3.5: Schematic representation of the main components of a Pulsed Laser Deposition
(PLD) setup.

These techniques could be particularly relevant for nanoparticle-assem-
bled foam production, and indeed low-density carbon nanofoams were rst
obtained through Pulsed Laser Deposition (PLD) [134]. In greater detalil,
PLD is a physical vapour deposition technique, in which a pulsed laser is fo-
cused on atarget inside a vacuum chamber. The ablation process—discussed
with more detail in Section 1.2—leads to the emission of atomic and ionic
species as well as cluster and nanopatrticles, forming the plasma plume. The
energetic ablates species can then travel toward the substrate, in a back-
ground atmosphere or in vacuum, leading to Im formation. Figure 3.5
shows a schematic of the PLD experimental setup. The main well recognized
advantage of PLD is the technique great versatility, resulting from its many
tunable parameters and their interplay: laser wavelength, intensity, uence,
pulse duration, repetition rate, background gas composition and pressure,
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target and substrate material, target to substrate distance can all be varied,
each with its own effect on the deposition process and in turn material struc-
ture and properties. All three step of the process, namely the ablation phase,
the propagation of the ablated species in the background atmosphere, and
nally Im growth on the substrate can be in uenced by the PLD parame-
ters. As a few relevant examples, the laser wavelength de nes the photon
energy, therefore a lower wavelength is generally required to successfully
ablate high band gap materials. The laser uence de nes the amount of
deposited energy per unit area, and is strongly related to the ablation rate
and the ablated species energy [21]. The presence of a background gas can
slow the ablated species through collision, favouring aggregation and allow-
ing porous Im production [133]. The substrate surface structure and its
temperature can in uence Im growth and crystalline phase. Thanks to its
exibility, PLD is exploited to produce a multitude of different classes of
material—from compact Ims to porous foams and nanostructured materi-
als [148]—uwith thin Ims and coatings being the most technologically ma-
ture (and commercially exploited) application [149]. Most commonly PLD
systems employ nanosecond-duration laser based either on Nd:YAG (funda-
mental wavelength 1064 nm and second harmonic 532 nm) or excimer gases
(UV, around 200 nm), with pulse energy of a few Joules and operating u-
ences in the order of some J/&f21]. The repetition rate goes from 10 Hz

for Nd:YAG up to 1 kHz for excimer lasers.

Considering the synthesis of carbon nanofoams, unconventional depo-
sition conditions were exploited in the rst works by Rode and coworkers
to obtain carbon nanofoam materials with high gpnding fraction: high
uence (120 J/cr), 120 ns pulse duration, high argon pressure' (28)
and high repetition rate (10 kHz) [134, 150]. Later works exploited more
conventional PLD conditions (0.8 J/épb ns pulses, 10 Hz) to obtain car-
bon nanofoams with quite similar properties, beside the low&rceptent
and predominance of nanocrystalline graphite [133]. By changing the back-
ground gas and its pressure (1-1000 Pa of helium or argon) carbon nanos-
tructured Ims with densities from 1000 down to 1 mg/&mvere obtained
through PLD, showing the technique versatility (in Figure 3.6a the density
evolution is shown).

Considering its importance in light of material properties and morphol-
ogy control, it is worthwhile to enter in some detail regarding nanofoam
growth dynamics in PLD: the process can be well described by a snowfall-
like aggregation model, in which ablated species are slowed to a diffusive
regime, aggregate while in ight and nally are deposited on the substrate
growing the nanofoam [151]. The ablated species, chiey in the form of
neutral atoms and ions [152] can rst aggregate into nanoparticles with di-
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(@ (b)

Figure 3.6: (a) Average density evolution of carbon nanofoams and nanostructured Ims
from 1 to 1000 Pa of argon (in black) or helium (in red). Missing data at high pressure is
due to substrate partial coverage (from [133]); (b) Typical fractal aggregate composing
carbon nanofoams, obtained with a short deposition of just 10 laser shots (adapted
from [151]).

mension in the order of 10 nm [133] thanks to the interaction with the
background gas—which favours plume con nement and in-plume interac-
tions. The nanoparticles thus formed can themselves be slowed until they
reach a diffusive regime, as indicated by an ablation plume shorter than
the target-to-substrate distance. The process gives rise to micrometric frac-
tal aggregates with fractal dimensi@n close to 1.8, typical of diffusion-
limited cluster-cluster aggregation [153]. In the theory of fractal aggregate
formation, one main distinction is between cluster-cluster aggregation mod-
els—typical when a high number of particles are free to move in a cer-
tain region of space, such is the case for PLD at high background pres-
sure—and particle-by-particle growth—simpler situation in which the ag-
gregate growth happens by addition of a single particle at a time. This last
case can be found in PLD under low gas pressure conditions, where the
ablated species are not ef ciently slowed and travel linear trajectories, grow-
ing the more compact and directional structures characteristic of ballistic
aggregation dynamics. A second highly important element in determining
the aggregate fractal structure is the growth limiting factor: upon reaching
the aggregate, if the nanoparticle sticking probability is high the process
is diffusion-limited, leading to more open structures and lower fractal di-
mension; on the contrary, a near-zero sticking probability is the hallmark of
reaction-limited aggregation, giving rise to more compact aggregates (thus
characterized by a higher fractal dimension) [154].

Coming back to diffusion-limited cluster-cluster aggregated carbon nano-
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foams, Figure 3.6b depicts a characteristic aggregate, as deposited on the
substrate after 10 laser shots. Overall, the nanofoam structure is the ensem-
ble of all the aggregates deposited on the substrate one after the other. A
consequence of the snowfall-like aggregation model is that the main param-
eter de ning aggregate size is the aggregation timescale, which has been
shown to be dominated by the shot-to-shot time (and thus the laser repetition
rate): the shockwave generated from the subsequent laser pulse pushes the
aggregates toward the substrate, acting as a hard upper limit on the aggrega-
tion time [151].

3.3 Laser-matter interaction with micro and nanostructured ma-
terials

As is clear from the discussion in Chapter 2, the enhancement of laser-
matter interaction and ef cient energy transfer is of fundamental impor-
tance in all the foreseen applications, whether the aim is to achieve net
positive energy gains in nuclear fusion [81], obtain accelerated ion beam
properties of medical relevance [50] or realize a compact tabletop laser-
driven accelerator [136]. Among the different explored approaches, micro-
and nano-structured materials have gathered considerable scienti ¢ inter-
est in recent years—most notably in the eld of laser-driven particle ac-
celeration [76, 79, 136, 155] and to a lesser extent inertial con nement fu-
sion [156—159]—owing to the multiple favourable properties that can be ex-
ploited in the eld of laser-matter and laser-plasma interaction. Notably,
their high surface area and porosity permits laser propagation, leading to
a more ef cient volumetric interaction. At the same time, thanks to the
exibility enabled by their varied morphologies, they are among the few
classes of solid (albeit porous) materials able to reach near-critical densi-
ties, in the order of a few mg/cinthe most relevant examples are micro-
and nano-structured foams with a substantial void fraction, that are ionized
and originate a near-density plasma after interaction with the laser rising
edge or prepulse. As anticipated in Section 1.2, laser-plasma interaction is
strongly enhanced under these conditions, allowing an ef cient energy trans-
fer between laser photons and material electrons, along with other bene cial
effects such as self-focusing of the laser pulse in the near-critical plasma.
Indeed, conversion ef ciency and maximum proton energy enhancements
were demonstrated by exploiting laser interaction with near-critical plas-
mas—created through secondary long duration pulses [70] or proper pre-
pulse control [160].

In the context of nanostructured targets, it should speci cally be noted
the high relevance of laser pulse properties (contrast, intensity, pulse dura-
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tion) in guiding the evolution of laser-nanostructure interaction processes,
also in respect to the timescales of material ionization and plasma expan-
sion [136,161]. And connected to this, the in uence that material properties
(down to the nanoscale morphology) can have on the process. Considering
a high intensity laser interacting with a nanostructured material, one may
expect fast ionization, plasma formation and limited memory of the orig-
inal morphology in the plasma density distribution (i.e. nearly complete
homogenization). Indeed it is possible to estimate the nanostructure disgre-
gation timescale, taking into account both hydrody@amic expansion (char-
acteristic velocity equal to the ion sound spegd ZT =m;, where

= 5=3is the adiabatic index of a monoatomic gas) and Coulomb explo-
sion (if all electrons are ejected, the velocity of a single ion originally in the
nanop&rticle can be estimated!gsR thanks to energy conservation, where
l'vi = 4Z 2e?nj=m; is the ion plasma frequency). Considering a light ele-
ment such as carbod (= 6, A = 12) and reasonable values for the remain-
ing parametersTi = 100 keV, ne = 200n,.), both velocities are in the order
of 1-10 um/ps, resulting in a timescale ofLl00 fs for nanoscale structures
of 10 nm separated by characteristic void sizes bfum [136]. Being the
timescale longer or comparable with the duration of ultrafast high-intensity
laser pulses, it is in fact possible for the speci ¢ nanostructure morphology
to have an effect on laser-matter interaction.

The effect was demonstrated through Particle In Cell (PRT) and 3D
simulations of homogeneous, foam-like, ordered nanowires and random nano-
wires plasmas, in a range of plasma density and laser intensity combina-
tions [136, 161]. In Figure 3.7 the main ndings are shown: under strongly
interacting conditions (i.e. relativistically near-opaque plasmas) all nanos-
tructures showed a substantial enhancement in laser energy absorption if
compared to the homogeneous case (e.g. 80% against 20% total energy
absorption forag = 5, ng = 3n¢). This is re ected in higher energy ab-
sorption by electrons (as expected) but also by ions, due to the electric elds
generated by the Coulomb explosion process. At the same time, signi -
cant differences between each nanostructure can be found in the hot electron
energy spectra, particularly in the number of electrons accelerated up to rel-
ativistic energies and the angular distribution of accelerated electrons and
ions. The interconnection with the interaction regime was also clearly ev-
idenced: due to relativistic self-induced transparency (described in Section
1.2) the same plasma density can become transparent for higher laser in-
tensities, transitioning from a strongly interacting near-critical plasma to a
mostly transparent one, where total absorption is low, but the nanostructure

1pIC are numerical method allowing a self-consistent kinetic description of plasma dynamics and electromag-
netic elds, extensively exploited to model laser-plasma interaction [162].
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Figure 3.7: Main results of 2D and 3D PIC simulations on a variety of nanostructures,
showing the improvement in energy absorption ef ciency under a variety of conditions
and the in uence of the speci ¢ nanostructure [136].

enhancement is mostly retained.

Further evidence supporting the effectiveness of nanostructured materi-
als in laser matter interaction applications, even outside the concept of near-
critical materials, are the many ion acceleration experiments in which tar-
get nanostructuring was successfully exploited. One example is polystyrene
nanospheres coated targets [76], where 60% enhancement in proton cutoff
energy and 5-fold increase in the number of > 1 MeV protons was demon-
strated. Interestingly, the nanoparticle dimension was shown to have a sig-
ni cant role in the effectiveness of the enhancement, with 532 nm nanopar-
ticles giving the best results (compared to the 800 nm laser wavelength).
This is further proof of the nanostructure properties importance, and was
attributed to the increased surface area available for laser-matter interaction
along with collective interaction between electrons belonging to neighboring
spheres and the laser eld. A second example are target surface modi ca-
tions like laser induced periodic surface structures (LIPSS) [163], able to
enhance laser absorption ef ciency in a range of different plasma conditions
(e.g. also higher intensity conditions and no plasma mirror for prepulse elim-
ination). In fact, nanostructured targets were always able to increase laser
energy absorption into hot electron, but this was not always re ected in en-
hanced proton acceleration: it was suggested that the improvement occurred
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only in non-optimal laser-target conditions, such as too low intensities, tar-
get thickness or poor laser temporal shape. Indeed, nanostructured targets
can serve as a powerful tool to relax the requirement on the laser-target con-
guration, limiting the negative repercussions on the process performance.

@ (b)

Figure 3.8: Experimental ion spectra showing the enhancement in proton and carbon ion
energies exploiting near-critical DLTs. (a) carbon ions (solid lines) and protons (dotted
lines) from carbon nanotube foam (CNF) targets (from [155]); (b) proton energy spectra
from bare Al targets (dashed lines) and carbon nanofoam DLTs (solid lines) in different
polarization conditions (s-, p- and c- in blue, red and black respectively, corresponding
electron energy spectra are shown in the inset [164]).

The most common and successful approach, as could be expected, is
the combination of the two, that is nanostructured targets of near-critical
density. In the framework of ion acceleration, the target con guration is
known as DLT (Double Layer Target) [], in which the nanostructured low
density layer facing the laser is combined with a conventional thin solid
foil. Through this approach, clear improvements in ion acceleration per-
formances were demonstrated: 5 um carbon nanotube foams on thin nano-
metric diamond-like carbon foils led to almost tripling the carbon ion ener-
gies (Figure 3.8a), attributed to the relativistic self-focusing and pulse front
steepening induced in the near-critical density layer [155]. The experiment
was speci cally aimed at the radiation pressure acceleration regime (RPA),
exploiting circularly polarized pulses to suppress TNSA, thus con rming
the robustness of the approach in acceleration regimes beyond TNSA. Anal-
ogous results were obtained with carbon nanofoam-based DLTs on micro-
metric Al foils [79,164], with signi cant enhancements in accelerated proton
energies as shown in Figure 3.8b. Another compelling nding is the polar-
ization independence induced by the presence of the foam layer, along with
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the absence of detrimental effects if the aluminum foil thickness is changed
(even doubled), all con rmations of the greater robustness of the DLT ap-
proach.

Foam materials—mainly in the form of chemically synthesised polymeric
microstructured foams—have also been investigated in the eld of inertial
con nement fusion. The rst applications were actually not related to the
foam advantageous laser-matter interaction properties: rather, they were ex-
ploited as an internal capsule scaffold permeated with liquid DT, allowing
better hotspot control if compared with standard DT ice, or to mimic the
behaviour of the DT ice without cryogenic requirements [159, 165]. Their
applications as laser-facing components in ICF have also been studied, both
for the indirect drive con guration, through the use of foam-lined hohlraums,
and direct drive approach, with foam ablators directly on the capsule external
surface. In the rst case, the enhanced X-ray generation of foam materials
can be exploited, such as with gold foams [158], together with decreased fuel
capsule preheating, despite experiments on the NIF wit®sraerogels did
not show improvements in implosion symmetry with the chosen foam con-
ditions [166]. In the second case, the foam material can enhance the conver-
sion of laser energy to shock wave energy [157], and even more importantly
smooth the laser inhomogeneities and reduce the growth rate of Rayleigh-
Taylor instabilities, thanks to the higher ablation velocity and longer plasma
density scale length. These effects were observed in both hydrodynamic
simulations [156, 167] and experiments [156]. The foam that give the best
results for ICF applications are moderately overdense (in contrast with the
near-critical or slightly undercritical foams of laser driven ion acceleration),
due to the higher laser energy, duration and different overall goal: this is an
example of how the aim and laser system in uence the desired properties in
foams and nanostructured materials for laser-matter interaction applications.
Despite the promising results, the approach shows a lower maturity if com-
pared with laser-driven ion acceleration—in no small part consequence of
the very limited number of facilities operating laser relevant for ICF experi-
ments, together with the higher complexity and more stringent requirements
of ICF—warranting further study.

Similar consideration can be made for the eld of proton boron fusion,
were in order to promote more fusion reactions (and thus accelerate a high
number of alpha particle) picosecond or nanosecond duration lasers are pre-
ferred. Even more than for ICF, the application of nanostructured or near-
critical material is not common, also due to the low maturity of the eld.
Some explored possibilities include creation of a boron and hydrogen plasma
with long nanosecond lasers [99] and the use of polymeric Ims on solid
boron nitride targets to provide hydrogen [105], but without the specic
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aim of increase laser-matter interaction thanks to nanostructuring. There-
fore, further investigation in the application of advanced target concepts to
proton-boron fusion is of clear interest—also taking into account their suc-

cess in other laser-matter interaction applications.
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CHAPTER

Thesis goals and methods

After having delineated the framework and literature on which this work is
based, in this Chapter the objectives of the PhD thesis work are discussed
(Section 4.1), together with the chosen methods of nanomaterial production,
ns-PLD and fs-PLD (in Section 4.2) and the characterization techniques ex-
ploited (Section 4.3): Scanning Electron Microscopy (SEM), Energy Dis-
persive X-ray Spectroscopy (EDXS) and Raman spectroscopy. Lastly, the
laser facilities exploited in the laser-matter interaction experimental cam-
paigns performed in the framework of this thesis work will be introduced in
Section 4.4.

4.1 Thesis objectives and personal contribution

In light of the framework delineated in the previous Chapters, the general ob-
jective of this thesis work is to investigate low-density nanostructured mate-
rials for laser-matter interaction applications, from their production through
ns-PLD and fs-PLD to their subsequent characterization, optimization and
application in high-intensity laser-driven experimental campaigns.

In order to do so, the rst step is an in-depth investigation into nanofoam
production through PLD, with the aim to determine how the macroscopic
material properties are related to nanoscale morphology, and how they are
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in uenced by the main deposition parameters governing the aggregation pro-
cess. The comparison between ns-PLD and fs-PLD can be particularly help-
ful in giving insight into the underlying mechanisms of nanoparticle aggre-
gation and foam growth, also leveraging the more established knowledge of
carbon nanofoam production through ns-PLD in order to study fs-PLD. This
is one of the reasons why carbon was chosen for this rst investigation, to-
gether with its low atomic mass (facilitating the production of near-critical
density foams) and previous ion acceleration experiments already con rm-
ing its ef cacy. In this work, described in Chapter 5, my contribution focused
on foam production and most of the characterization and data analysis. Still
toward the same aim, the analysis is then expanded to different elements
in Chapter 6, exploiting the exibility of the fs-PLD technique. Similarly

to how the comparison between ns-PLD and fs-PLD of the same element
can be exploited to draw insights on the deposition process, the study of the
synthesis of nanofoams of different elements through fs-PLD can give indi-
cations on how the material properties interact with deposition parameters
to determine the properties of the nanofoam. For this reason the investi-
gated materials were chosen to span a variety of material properties (density,
metallic character, melting temperature etc.) giving precedence to those with
signi cant applicative interest (e.g. gold, boron). | personally performed the
nanofoam depositions, characterizations and subsequent data analysis.

The results of the in-depth investigation into the PLD technique and nano-
foam production were then put to use toward the last aim: the design and
production of nanofoam-based targets, and their test in application-oriented
laser-driven experimental campaigns. The rst one, addressed in Chapter
7, is performed in collaboration with CLPU (Centro de Laseres Pulsados
in Salamanca), on the petawatt-class laser Vega 3. In the framework of
laser-driven particle acceleration, the campaign is aimed at investigating pro-
ton and secondary neutron generation by exploiting Double Layer Targets
(DLTs), composed by freestanding thin substrates produced by magnetron
sputtering on which carbon nanofoam is deposited through ns-PLD. Beside
participation in the experimental campaign and assisting in data collection,
my main contribution was related to nanofoam production and post-mortem
analysis of the targets.

The potential application of carbon nanofoams as ablator in ICF, de-
scribed in Chapter 8, is investigated in collaboration with ENEA Frascati,
hosting the high energy nanosecond duration ABC laser. First, in the frame-
work of the master thesis of Vittorio Ciardiello [168], exploratory hydrody-
namic simulations are performed, with the aim to de ne the optimal foam
parameters. Carbon nanofoam produced through ns-PLD and fs-PLD are
considered: | handled nanofoam production and characterization, and col-
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laborated to the integration of the nanofoam structure into the hydrodynamic
code MULTI-FM. According to the simulation results, | collaborated to the
design and production of the carbon nanofoam targets with ns-PLD, exper-
imental activity performed in the framework of another master thesis work
(Maria Sole Galli De Magistris [169]). | also participated in the high-energy
laser-driven experimental campaign and the subsequent data analysis phase,
focusing on the post-irradiation target analysis.

Lastly, in the framework of proton-boron fusion research, the univer-
sal character of fs-PLD is leveraged to produce hydrogen-enriched boron
nanofoam targets, with the aim to increase the alpha particle yield if com-
pared to a simple solid target. The investigation, reported in Chapter 9,
is performed in the framework of a master thesis work (Alessandro Mi-
lani [170]) and in collaboration with the research group of the TARANIS
laser. | was in charge of target production and characterization for the exper-
iment, and participated to the high-intensity laser-matter interaction experi-
mental campaign at the TARANIS laser.

4.2 Nanosecond and femtosecond Pulsed Laser Deposition

The foundation of the research activity performed in this thesis work, dealing
with nanofoams and nanostructured material production, is the Pulsed Laser
Deposition (PLD) technique. As previously described in Chapter 3, it is
a physical vapour deposition technique exploiting a pulsed laser to ablate
material from a target, in the form of atoms, ions or clusters. The ablated
species can travel in a controlled background atmosphere, and grow a Im
on a substrate placed in front of the target.

Most commonly, nanosecond duration lasers pulses are exploited, that
cause atoms and ion emission through heating and vaporization processes.
The ns-PLD system exploited in this work is based on a Q-switched Nd: YAG
laser (frequency doubled to= 532 nm), with 5-7 ns pulse duration, 10 Hz
repetition rate and 1 J maximum pulse energy. As introduced in Chapter
1, the predominant laser-matter interaction processes can signi cantly dif-
fer depending on pulse duration, and indeed considering femtosecond dura-
tion pulses leads to the strong reduction of thermal effects and a predomi-
nantly electronic ablation mechanism. Particularly relevant for the produc-
tion of nanoparticle-assembled nanostructured materials is the direct syn-
thesis of nanoparticles, with the potential for an improved nanostructure
control. Moreover, the speci city of each ablation mechanism results in
a signi cant enhancement in the total available parameter space—and thus
greater exibility in nanomaterial synthesis—if both techniques are consid-
ered. The temporal evolution of the ablation phenomena and the resulting
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plasma plume in the two case are shown in Figure 4.1, as an indication of
the differences in ablated species properties and thus behaviour (such as en-
ergetics and angular distribution) in ns-PLD and fs-PLD.

(@) (b)

Figure 4.1: (a) Qualitative comparison of the timescale of nanosecond and femtosecond ab-
lation processes and (b) two-dimensional image of laser-produced plasma (LPP) plumes
for the two regimes, as captured by an ICCD (gated intensi ed camera, wavelength
range 350-900 nm, 2 ps integration time). The self-emitted light intensity is shown by
color code from white to blue (from [171]).

The fs-PLD system at Politecnico di Milano, installed as a part of the
ERC ENSURE project [172] nanced by the European Union, consists of
a vacuum chamber coupled with a commercial ultrashort laser (Coherent
Astrella). The laser is based on the chirped pulse ampli cation technique,
allowing 80 fs pulses with 5 mJ maximum energy at a repetition rate of 1
kHz. The laser medium is a Ti:Sapphire crystal, with a central wavelength of
800 nm. In both cases, the laser is focused on the PLD target at 45° incidence
through suitable lenses, allowing variation of the uence and intensity by
changing the laser spot size.

4.3 Nanofoam characterization techniques

Considering the aims of this thesis work, the most important characterization
is related to the morphological analysis of the nanostructured produced, from
the micro to the nanoscale. Scanning Electron Microscopy (SEM), thanks to
its high resolution and exible magni cation, is especially suited for that
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purpose. A scheme of a typical SEM is shown in Figure 4.2: the electrons
produced from a lament (through thermionic effect) are collimated and fo-
cused on the sample, and can be collected after the interaction to reconstruct
the sample morphological features. Two main detectors are exploited for
electron microscopy: one for the backscattered electrons, placed near the
electron source (close to the target normal) and one for secondary electrons,
at higher angles.

Figure 4.2: Schematic representation of all components of a scanning electron microscope
(from [173]).

Both are useful since they provide different physical information: sec-
ondary electrons, emitted due to the inelastic scattering of SEM electrons
with the target electrons, have low energy, therefore they can escape the ma-
terial only if they are close to the surface. The secondary electron image is
thus a faithful representation of the surface morphology of the sample, with
depth perception due to shadowing effects. On the contrary, the backscat-
tered electrons are the original SEM electrons undergoing elastic collisions,
which depend on the atomic number, therefore they can give qualitative indi-
cations on the sample composition. It should be noted that only conductive
material can be characterized by SEM, since insulating ones retain the elec-
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trons on the sample surface and charge it, leading to unwanted de ections of
any subsequent electron.

In this thesis work, a Zeiss Supra 40 eld emission scanning electron
microscope is exploited, with accelerating voltage ranging from 5 to 30 KV.

Compositional analysis is almost as important as morphological inves-
tigation for this thesis work, in order to determine eventual contaminants
present in the material and—even more importantly—checking the compo-
sition of multielemental Ims. This can be done by exploiting the SEM
electrons to perform Energy Dispersive X-ray Spectroscopy (EDXS) analy-
ses, by adding a proper X-ray detector and readout system to the SEM setup.
The technique is based on the emission of characteristic X-rays after the ex-
citation and de-excitation of atomic transitions, stimulated by the incoming
SEM electrons. By exploiting proper models, a quantitative estimation of
sample composition is possible, since the X-ray intensity is proportional to
the concentration of the speci ¢ element (under the hypothesis of homoge-
neously distributed samples).

SEM and EDXS together can also be exploited to determine one of the
most relevant macroscopic property related to laser-plasma interaction, that
is the average density of the nanostructured Im: cross section SEM mea-
surements can be exploited to measure the geometrical thickness, while EDXS
can give quantitative information on the Im mass thickness: by measuring
the X-ray intensity of both Im and substrate, along with a proper model of
the electron transport and X-rays emission, the mass thickness of the Im
can be evaluated (EDDIE method, described in detail in [174]). With inde-
pendent knowledge of geometrical and mass thickness, the average material
density is simply their ratio.

Finally, information on the bonding structure is also quite relevant in re-
lation to material properties, speci cally for the case of carbon nanofoams,
due to the many carbon hybridization states. These properties can be probed
through vibrational spectroscopy, such as Raman spectroscopy, giving com-
plementary insight if compared with the previous characterization techniques:
monochromatic laser photons are exploited to interact inelastically with the
target material, and speci cally with its vibrational states, leading to mea-
surable shifts in the photons energy. This probes the material properties at
the atomic and nanometric level, which is indeed complementary with the
SEM morphological analysis.

4.4 Introduction to the laser facilities of this thesis work

One of the main points of interest pertaining to this thesis work is related to
the experimental test of the produced nanostructured materials under quite
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different laser parameters, and thus laser-matter interaction conditions. As
explained in Chapter 2, depending on the target application, the requirements
on laser systems may differ: highly energetic nanosecond pulses are needed
to drive capsule compression in ICF, while short high-intensity femtosecond
pulses can create the highest elds and ef ciently accelerate ions. At the
same time, investigating the behaviour of nanostructured materials interact-
ing with such a variety of laser systems can allow a deeper understanding
into the effects of the nanostructure over laser-matter interaction, also in re-
lation to the laser pulse properties.

The rstlaser system, exploited in the experimental campaign for particle
acceleration described in Chapter 7, is the VEGA 3 laser at CLPU (Centro
de Laseres Pulsados) [175], Salamanca, Spain. It is a Petawatt-class laser,
based on Ti:Sapphire technology: thanks to Chirped Pulse Ampli cation
(CPA) and multiple ampli cation stages, it is able to provide 30 fs pulses
with 30 J per pulse at = 800 nm, and up to 1 Hz repetition rate. Ultrahigh
intensities up to 18 W/cn¥ can be reached, depending on the focalization
conditions, with a high contrast ratio 6f 10 2.

At the opposite side of the spectrum the ABC laser is found, part of the
ENEA Frascati laboratories [176] near Rome, Italy. The laser design in-
cludes two counterpropagating identical beams, and was designed and built
with the aim to investigate laser-driven material compression in conditions
relevant for ICF. It is based on Nd:glass-phosphate active media, and able to
deliver two 3 nm pulses (FWHM) of 100 J each at 1054 nm in nominal con-
ditions. Intensities in the order of 810 W/cn? can be achieved. Due
to the longer pulse duration—itself in the nanosecond range—and the lower
peak intensity, the contrast ratio is a parameter not generally considered for
long pulse lasers. This is the laser exploited in the investigation of carbon
nanofoams as ICF ablator materials in Chapter 8.

Lastly, the TARANIS laser system [177,178] of Queen's University Bel-
fast (UK) can be thought as a middle ground between the two previous op-
tions. Itis also based on a CPA scheme, but exploits a hybrid Ti:Sapphire-
Nd:glass system, respectively for the oscillator/ rst ampli cation and for the
main ampli cation stages. Energies up to 20 J per pulse can be achieved,
with tunable pulse duration in the hundreds of femtoseconds/picosecond
range, leading to a 20 TW peak power. The central wavelength is 1053
nm, and ultrahigh intensities in excess of1@W=cn? are within the laser
capabilities (depending on pulse duration and focalization conditions). The
TARANIS laser system is not optimized for high-contrast operation, pre-
senting a 1.5 ns pedestal with a contrast rati® of 10 /. The experiment
regarding proton-boron fusion in nanostructured targets is performed on this
laser, as described in Chapter 9.
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CHAPTER

Carbon nanofoam production through
ns-PLD and fs-PLD

In this rst result Chapter, the investigation on carbon nanofoams and nanos-
tructured Ims production through PLD is performed, considering both the
established ns-PLD technique and the innovative fs-PLD. The effect of the
main deposition parameters is investigated: the laser uence, the background
gas pressure in the chamber and the pulse duration (nanoseconds or fem-
toseconds). Considering the nanofoam aggregation mechanism, for which
fractal aggregate are formed while in ight, it is of particular interest to in-
vestigate the early Im growth stages, to characterize the aggregates and the
variation of their properties as a function of the aforementioned process pa-
rameters. 30 seconds depositions are performed with these aims, and the
results reported and discussed in Section 5.1. In Section 5.2, the analysis is
expanded to fully grown nanofoam (10 minutes deposition time), exploring
their morphology at different spatial scales, also in relation to the aggre-
gate properties. Section 5.3 is dedicated to the investigation of the carbon
bonding structure, complementary to the morphological investigation and
useful in support of the previous results. Finally, the nanofoams average
density is characterized in Section 5.4, exploiting the previous analysis to
propose a model to link the nanofoam density with the corresponding ag-
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gregate properties. The results of this investigation have been published in
the Applied Surface Sciengeurnal with the title “Pulsed laser deposition of
carbon nanofoam” [179].

In order to draw meaningful comparisons between ns- and fs-PLD, both
the uence and the average laser power delivered on target are kept constant.
Since the repetition rate is one hundred times greater for fs-PLD (1 kHz
against 10 Hz) the pulse energy was reduced accordingly to compensate. The
same uence is kept by changing the spot area, which has to be 100 times
lower in fs-PLD. The uence is varied from 180 to 520 mJfc(apot size is
8 mm for ns-PLD and 0.8 mm for fs-PLD, along with a laser energy of 130 to
520 mJ for the former and 1.3 to 3.9 mJ for the latter) leading to an average
power of 1.3 to 3.9 W. The laser intensities reached—about?1/cn?
for fs-PLD and 106-10° W/cn? for ns-PLD—re ect the differences in pulse
duration, moderated by the higher energy per pulse of the nanosecond laser.
Argon was chosen as background gas due to its inert properties, along with
the higher atomic mass compared to most common alternatives (e.g. helium)
providing a greater ef ciency in slowing down the ablated species. Vacuum
conditions (< 102 Pa) up to 300 Pa are investigated. The target to substrate
distance is kept constant at 7 cm, and (100) single-crystal silicon wafers are
employed as substrates throughout the whole deposition campaign.

5.1 Fractal aggregate analysis

In the SEM micrographs of Figure 5.1, the effect of the background argon
pressure on the fractal aggregates is shown, from 25 to 200 Pa. In vacuum
conditions (not shown) no aggregates nor nanoparticles were visible. Start-
ing from 25 Pa, single nanopatrticles are present, while aggregates start to
appear at 50 Pa for both ns- and fs-PLD. With increasing pressure, the ag-
gregates gradually increase in size, most notably for fs-PLD. Despite these
similarities, a signi cant difference between the two techniques is shown
in the higher magni cation bottom panels of gure 5.1: between 50 and
100 Pa in fs-PLD there is the coexistence of larger micrometric aggregates
with a background of smaller aggregates/single nanoparticles, tens or hun-
dreds of nanometers in dimension. As above, the aggregate size increases
with pressure, and interestingly for 200 Pa only the larger micrometric ag-
gregates survive. Therefore, in contrast to the single aggregate population
typical of ns-PLD, a double population is a characteristic feature of fs-PLD
at intermediate pressures. A potential interpretation of the general pressure

1For the case of ns-PLD, 720 mJ/énis also investigated, corresponding to 520 mJ. Due to the limitation to 5
mJ per pulse for the femtosecond laser, the corresponding point for fs-PLD cannot be included, as it would require
5.2mJd.
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