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Abstract

The development of high power laser facilities disclosed new re-
search opportunities. Among the potential fields, laser-based
accelerators stand out due to appealing features such as com-
pactness and cheapness with respect to traditional ones. In this

PhD work we dedicated our study to the promising ion acceleration tech-
nique represented by Target Normal Sheath Acceleration (TNSA) which
has been suggested for applications such as: radiotherapy, isotopes pro-
duction, fusion fast ignition schemes and proton imaging. However, much
improvements are still needed in order to gain a more robust mastery of the
technique. A proper knowledge of the influence of the many experimental
parameters on TNSA can arguably disclose the most efficient operating
conditions as well as outline strategies to further evolve the technique. In
particular, laser-induced electron heating is on of the fundamental physical
processes which ultimately determines TNSA. Despite its acknowledged
importance, at the state of the art it is much unexplored, also due to the
complex physics involved.
This PhD thesis is aimed at acquiring a greater insight of TNSA, with
a particular interest on the laser-plasma coupling that drives ion accel-
eration. The first part of this work dedicated on the data analysis of
two recent experimental campaigns, carried out in collaboration with the
GIST institute (South Korea), which allowed to understand the role of im-
portant experimental parameters on TNSA with both traditional flat foils
and novel multi-layered targets. The experimental conditions analyzed
also represented the core of our theoretical and numerical investigation.
In order to understand the physics of laser induced electron heating, we
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provided simple theoretical model in order to predict the hot electron tem-
perature resulting from the interaction of an ultra-intense (I>1018W/cm2),
ultra-short (tens of fs) laser pulse with a flat micrometric target, usu-
ally adopted in TNSA experiments. This study will be also extended to
the case of novel multi-layered targets which have recently proposed to
achieve an evolution of the acceleration technique. The analytical work is
supported by dedicated numerical simulations which represent a powerful
tool to investigate the rich physical system. Our results are then com-
bined with an existing model for TNSA to offer an evolution to the latter.
At this point the theoretical predictions will be tested against the ample
experimental data we analyzed in the first part of this PhD.
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Introduction

The advent of laser technology marked a crucial milestone in sci-
ence, providing a reliable source of monochromatic, coherent ra-
diation which proved to be an essential tool in a wide range of
applications. The development of Q-switch and Mode-locking

allowed to deliver the laser energy through short pulses, down to fem-
tosecond durations with Ti:Sapphire lasers, characterized by high peak
intensities that could exceed 1010W/cm2. Around 1970 the increase in
performances significantly slowed down. Indeed, large amplifications vol-
umes were required in order to avoid damages in the gain mediums. In
1985 the development of Chirped Pulse Amplification allowed to overcome
this limitation and marked the advent of Terawatt and, later, Petawatt
facilities worldwide. Such laser systems provide sources of electromag-
netic pulses, characterized by durations spacing from few femtoseconds to
picoseconds, focal spots of few µm2 which deliver energies from few mJs
to hundreds of J. As a result, these lasers can reach powers up to PW
and peak intensities greater than 1020W/cm2. These pulses are associated
to intense electromagnetic fields (∼ 1010 V/cm) which boost electrons
up to relativistic energies. In this scenario a material irradiated by such
beams is promptly ionized in the first laser cycles, turning into plasma
state. Ultra-intense laser-plasma interaction, characterized by a collection
of relativistic and non linear effects, not only represent a challenging and
novel branch of physics but it is also of utmost interest for its appealing
potential applications. Indeed, TW/PW laser systems can be exploited
to provide compact sources of secondary radiation. In the last decades,
laser-plasma interaction was exploited to produce bunches of energetic
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electrons (up to GeVs) as well as bursts of x and γ rays. Moreover, laser-
based ion accelerators proved to be reliable sources of highly collimated,
multi-MeV particles. These accelerators can also be used as an indirect
source of pulsed neutron beams through induced nuclear reactions such
as (γ, n) and (p,n). Besides, ultra-intense laser plasma interaction can
also be exploited to reproduce in controlled tabletop experiments physical
conditions similar (in terms of pressures, densities and temperatures) to
those of astrophysical objects, providing an essential tool to test theoret-
ical predictions.
Among the above described applications, in the present PhD work the
specific case of laser-driven ion acceleration is considered. This topic ac-
quired a significant interest in early 2000s due to three independent works
which measured multi-MeV protons after the interaction of short (∼ ps)
intense (> 1018W/cm2) pulses with micrometric thick foils (SLT). Ener-
getic ions were measured in the direction normal to the target and were
characterized by low divergence (≤ 20◦), ps beam duration, high number
of particles per bunch (∼ 1013) and a thermal spectrum with a high energy
cutoff. Such accelerators could provide compact and potentially cheaper
(with respect to traditional ones) sources of energetic ions which can find
application in radiotherapy, isotopes production, high resolution imaging,
electromagnetic field probing, material investigation and fast ignition in-
ertial fusion.
At the state of the art the so-called Target Normal Sheath Acceleration
(TNSA) mechanism is able to interpret most of experimental measure-
ments. In TNSA an ultra-intense laser irradiates a micrometric target,
the electromagnetic wave couples with the electrons, heating them to rel-
ativistic energies. These expand into the target due to their strong thermal
pressure and a charge separation is generated at the target surfaces. A
strong electrostatic field (up to TV/m), perpendicular to the solid-vacuum
interface, is set up and accelerates ions along its direction. In this frame-
work the most efficiently accelerated ions are protons or light ions coming
from the hydrocarbon impurities usually present at the surfaces. How-
ever, heavier ions as well as bulk ones can also be accelerated to relevant
energies.
Despite its appealing features, a much more robust control over TNSA is
still required for most of the above described applications. One example is
the broad spectrum of accelerated ions which is already exploited for tem-
poral resolved electromagnetic fields probing, some applications require a
monochromatic beam and, as a consequence, the TNSA spectrum must
be somehow tailored.
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In addition, TNSA offers a source of energetic ions with a tunable cut-off
energy. At the state of the art, however, an increase of performances is
desired in several scenarios.
A greater insight of the acceleration process as well as its optimization
can be achieved through experimental campaigns. Indeed, experiments
performed in the last decades proved strong dependencies of TNSA on
both laser and target parameters. It is widely accepted that laser in-
tensity is a fundamental quantity in laser induced ion acceleration, with
higher performances being expected with more intense beams. However,
other laser features such as the energy, focal spot, duration, polarization
and incidence angle, influence the physics of the interaction but are still
poorly surveyed by experiments. Indeed, at fixed laser intensity, different
combinations can lead to remarkably distinct results that must be studied
and controlled in order to outline the most efficient conditions.
A natural strategy in order to boost TNSA would be to use more intense
beams, nevertheless at the state of the art it is not trivial. Indeed, further
improvements are slowed down due to current limitations on the laser tech-
nology. However, in the next years the advent of multi-PW laser facilities
should allow to reach higher performances at the price of higher costs and
dimensions. As a consequence, some of the above presented appealing fea-
tures of laser-based accelerators (compactness and cheapness) are reduced.
Therefore, a parallel approach to the problem is to adopt advanced tar-
get configurations which provide competitive features at already available
laser facilities. Among the innovative solutions that have been proposed
in the latest years, an interesting concept is given by multi-layered targets
(MLT), formed by a foam layer deposited onto a solid substrate. The
basic principle of this novel strategy is to exploit an efficient laser plasma
coupling in the low density plasma formed in the foam to effectively boost
ion acceleration in an enhanced TNSA-like scenario.
As complement of the experimental activity, simplified analytical mod-
els can provide an invaluable tool to interpret and support experiments
as well as to guide future research. Theoretical descriptions are able to
capture the most fundamental traits of the physical process and, as a re-
sults, offer reliable predictions of the most important features of the ion
beam, given the initial conditions of both the laser and the target. In lat-
est years these models allowed to understand the role of many quantities
which affect the onset of TNSA, such as beam intensity, energy and target
thickness. Nonetheless, a lot of effort is still required to gain a sufficient
degree of knowledge even in the most investigated case of SLT. Further-
more, analytical modeling must be extended to novel targets concepts.
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At this point it must be highlighted how the intrinsic complexity of TNSA,
where ultra-intense electromagnetic radiation couples with charged parti-
cles to give rise to strongly non-linear effects and possibly plasma instabil-
ities, makes analytical models remarkably hard to be developed. In this
framework, numerical simulations are suitable tools to achieve a better un-
derstanding of the physical processes at play. These are able to reproduce
some of the most important aspects of plasma-physics by the numerical so-
lution of Maxwell-Vlasov equations. In particular, Particle In Cells (PIC)
codes are largely exploited in order to investigate TNSA and to support
both analytical and experimental works. PIC codes sample the whole
plasma into macro-particles whose dynamics are self-consistently deter-
mined by Maxwell equations. Numerical simulations are largely exploited
due to the fact that they can reliably reproduce the physical system and
thus predict the possible outcomes of experiments, which is appealing to
guide the activity. Moreover, they also allow to probe some features of
the fundamental physics of TNSA which are not directly accessible in ex-
periments (e.g. spatially and time resolved fields, particles phase spaces).
As a result, PIC simulations can naturally complement the theoretical
activity, providing a benchmark for the analytical models.

Motivations and Aim of the thesis

The fundamental goal of this work is to provide a theoretical description
of laser induced electron heating suitable for both SLTs and MLTs which
is supported by both numerical simulations and experimental results.
Indeed, the first part of my activity was dedicated to the data analysis
of two ample experimental campaigns performed in 2014 and 2015 which
tested SLTs and MLTs at different operating conditions. As far as SLTs
are considered, the investigation allowed to further extend the comprehen-
sion of the influence of laser properties (i.e. intensity and polarization)
on TNSA. Moreover, experiments regarding innovative MLTs proved the
feasibility of this enhanced acceleration scheme and suggested proper tar-
get configurations in order to maximize its efficiency. This analysis was
exploited in this PhD in order to test theoretical models, as will be later
discussed.
According to the TNSA scheme, the electron heating resulting from laser-
plasma coupling is a fundamental physical process which determines ion
acceleration. A fine control over this can arguably lead to an optimiza-
tion of the technique. Our work presents an improvement, with respect
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to existing literature, of the modeling of electron heating in scenarios
particularly relevant for ion acceleration. Several theoretical works have
addressed this issue, providing estimations of the electron temperature
as simple functions of the laser intensity. However, it is well known that,
even in the simplest case of SLTs, many other relevant parameters, such as
laser incidence angle and pulse polarization, deeply influence laser-plasma
coupling. Moreover, these simplified approaches are not suitable for novel
MLTs. In this work we aim to overcome these limitations, proposing a sim-
ple law to predict the electron temperature for SLTs irradiated in a wide
range of laser parameters. We also approach the modeling of the electron
heating for MLTs, additionally addressing the role of target nanostructure
in laser-plasma coupling. Our assumptions are supported by an extensive
2D and 3D numerical campaign at different laser and target configura-
tions. It is extremely challenging to obtain a direct experimental mea-
surement for a fs time resolved electron temperature. However, the latter
is a crucial parameter in many scenarios of intense laser-plasma interac-
tion, such as laser-plasma particle acceleration. Therefore, to benchmark
our models we relied on TNSA experimental data analyzed in the first
part of this PhD. Combing our estimations with an existing model for
ion acceleration, we compared its results with those obtained in the re-
cent experimental campaigns. These results are relevant for scenarios that
require efficient laser-plasma coupling (e.g. laser-driven ion acceleration,
studies on electron transport, etc.). Moreover, our proposed scaling laws
can allow to extend all TNSA analytical models which rely on estimations
of the electron temperature.

Structure of the thesis

The PhD thesis is organized as follows:

• Chapter 1. In the first thesis chapter we offer a brief outlook over
the evolution of laser technology with a particular emphasis on high
power laser facilities which provide beams suitable for ion accelera-
tion. We will then treat the crucial topic of relativistic laser-matter
interaction. Starting from a single particle approach we will intro-
duce the concept of ponderomotive force, a non-linear effect relevant
in this physical scenario. Ultra-intense laser beams can promptly
ionize matter, in this framework it is useful to provide some basics
of plasma physics. We finally introduce some of the most appealing
applications of ultra-intense laser-plasma interaction.
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• Chapter 2. The second chapter is dedicated to the main subject of
this PhD work, namely laser-induced ion acceleration. We describe
the state of the art regarding this topic, with a particular interest
on the most studied acceleration mechanism of TNSA, from the first
experimental observations to the description of a simplified physical
picture. At this regard, we then focus our attention into electron
heating, a physical phenomenon critical in ion acceleration. We pro-
vide a description of some of the most important mechanisms as well
as non-linear effects that can deeply influence laser-plasma interac-
tion. Finally, we present some advanced-TNSA strategies which can
arguably overcome current limitations of the technique.

• Chapter 3. This chapter is dedicated to the description of non-
experimental approaches to the study of TNSA. We review some of
the most relevant and used analytical models of TNSA which allow
the estimation of quantities of great interest such as the ion cut-off
energy. We then introduce numerical simulations which are largely
exploited in this work to support the theoretical activity as well as
to interpret experimental results. Finally, the objectives of this PhD
will be extensively discussed.

• Chapter 4. In the fourth chapter we describe the two experimen-
tal campaigns performed in 2014 and 2015 in collaboration with the
GIST institute in South Korea. A relevant part of this PhD was
dedicated on the data analysis of such experiments which allowed
to achieve a greater insight of TNSA with both flat foils and multi-
layered targets. We present the influence of several crucial experi-
mental parameters on laser induced ion acceleration, such as laser
intensity and polarization as well as different target configurations.
We also demonstrate how innovative foam attached targets can be
successfully exploited in order to enhance TNSA over a broad range
of laser intensities.
The large and controlled data set obtained was used to support the
theoretical and numerical activity as will be discussed in chapter 5.

• Chapter 5. In this chapter we study laser-plasma coupling, under
physical conditions suitable for ion acceleration with both SLTs and
MLTs, through a combined analytical and numerical approach. We
derive simple yet predictive scaling laws to predict the temperature
of laser-heated electrons over a wider collection of experimental pa-
rameters with respect to existing models. The theoretical work is
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supported by dedicated numerical aigns which led to a better com-
prehension of the physics beneath the process. Moreover, the electron
temperature was evaluated under different operating conditions and
these data were essential to calibrate our scaling laws. In order to
benchmark our results we finally combine the new laws for the elec-
tron temperature with an existing TNSA model comparing its results
with experiments in Chapter 4.

• Chapter 6. In the last chapter the conclusions of this PhD work will
be drawn. This also allows to outline the path for future research
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1
Intense laser-matter interaction

This first chapter offers an overview of an appealing topic of
both theoretical and experimental research: ultra-intense laser-
matter interaction.
At this purpose 1.1 overlooks the evolution of the laser tech-

nology from its first theorization to the recent advent of Petawatt laser
facilities. Section 1.2 covers the rich topic of ultra-intense laser-matter
interaction, from a single particle approach to a short overview of plasma
physics. Finally 1.3 presents some of the most appealing applications of
this fertile research field.

1.1 Introduction to high power laser technology

The first theoretical basis for the advent of the laser technology were given
by Albert Einstein in the well-known paper of 1917 “Zur Quantentheorie
der Strahlung” [1] that led to the construction of the first laser in 1960 [2].
Ever since, research interest on this technology grew at a tremendous rate
due to the possibility of generating electromagnetic pulses with unique
features: monochromaticity, high spatial and temporal coherence. More-
over, they proved to be a reliable source of short (down to fs) and intense
radiation (I>1020 W/cm2).
The early evolution of the laser technology was marked by two techniques
that enabled to increase the achievable intensity to over 1010 W/cm2:
Q-switch [3] and Mode-locking [4]. The first relies on a variable attenua-
tor inside the resonant cavity which allows to control its Quality factor.
The laser medium is pumped when the Q-factor is low (high losses per
roundtrip) preventing the lasing and, thus, enabling strong population in-
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Chapter 1. Intense laser-matter interaction

version. The Q-factor, is then, abruptly increased and the large amount
of energy stored in the gain medium is released in the form of an intense
laser pulse. Modelocking on the other hand relies on a fixed phase relation
between the longitudinal modes on the resonant cavity in order to gen-
erate, by the effect of interference, a train of high intensity short pulses
(down to fs duration).

Figure 1.1: Evolution of the laser technology

Laser intensity can be further enhanced through several amplification
stages. Indeed, an excited active medium (e.g. a doped optical fiber) in-
teracting with a laser can produce coherent radiation. However, at higher
intensities non-linear effects in the gain medium, such as self-focusing and
high-harmonic generation, become increasingly important [5]. The first,
in particular, leads to a strong amplification of the input laser beam to
intensities (> GW/cm2) beyond the damaging threshold of solid ampli-
fiers. This condition can be easily reached with ultra-short pulses (<ps)
and hampered the development of high power lasers, especially in fem-
tosecond class, for over a decade (see figure 1.1).
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1.1. Introduction to high power laser technology

Figure 1.2: Typical Chirped Pulse Amplification system

In 1985 it was firstly proposed a technique to overcome this limita-
tion: Chirped Pulse Amplification (CPA) [6]. In the typical CPA system
presented in figure 1.2 a short (<ns) laser pulse with low energy (∼ nJ)
is stretched to nanosecond length using a pair of gratings or an optical
fiber [7]. The basic principle of this technique is to obtain a frequency de-
pendent phase-shift which leads to a pulse stretch and a time-dependent
frequency. The so-called chirped pulse is up-chirped (figure 1.3) when the
low-frequencies travel ahead the higher ones, down-chirped in the opposite
case. The main advantage of pulse-stretching is that the output pulse is
characterized by a lower peak intensity which can prevent damages in the
gain mediums retaining the same energy of the input seed.
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Figure 1.3: Electric field of an up-chirped pulse, where the instantaneous frequency grows
with time.

As presented in figure 1.2, the laser beam travels through the amplifica-
tion stages, acquiring energies of the order of the J (or higher) and, finally,
is compressed back to a short duration, typically by optical gratings.
A further problem to be addressed, particularly relevant in high-power
laser facilities, are the intense pre-pulses in temporal scales of ps-ns before
the main beam. These pre-pulses, capable of matter ionization, are typi-
cally noxious in most experiments with thin or nanostructured targets and
must be attenuated. Plasma-mirrors [8] are usually optically transparent
solids which absorb or transmit most of the pre-pulse. This interaction
generates a dense plasma which acts like a mirror, reflecting the main
pulse. Double plasma mirror configurations can be adopted to reach high
contrasts above 1010 at the price of ∼ 50 % pulse energy depletion. CPA
marked a crucial milestone for the advent of high power laser facilities in
the last decades which can provide laser beams with power exceeding 100
TW, intensities above 1018 W/cm2 and energies on target up to 102 J in
sub ps durations.

1.1.1 High Power Laser Facilities

In ref. [9] are reviewed some of the most advanced high-power laser fa-
cilities (>100 TW) worldwide. Three main laser technologies proved to
be suitable for achieving such powers allowing ultra-short pulse durations
(<ps) combined with CPA: Ti:Sapphire [10], CO2 [11] and Nd-based [12]
lasers. The physical constraint on pulse duration is given by the well
known TimeâĂŞbandwidth Product of the pulse duration and the laser
bandwidth (∆τ ·∆ω). Due to the large bandwidth of Ti:Sapphire lasers,
this technology can provide pulses down to ∼ 10 fs, while Nd-based and
CO2 lower limits are set in the ∼ 100 fs and ∼ ps range, respectively.
Ultra-short durations are of extreme interest in laser-matter interaction,

12



1.2. Intense laser matter interaction

also including sub-micrometric and nanostructured targets, the main topic
of this work.
At the state of the art the outer reach for Ti:Sapphire and Nd-based laser
technology is represented by PW-class facilities [13, 14], while the CO2
systems approaching the 100 TW milestone [15].
High power beams, focused into few µm2, can deliver extreme intensities
(I>1020 W/cm2), with the current world record set at 2.2·1022 W/cm2 at
the 300 TW HERCULES laser facility [16].
In the latest years several ongoing projects are aimed at overcoming cur-
rent limitations of PW facilities, in order to break into the 10 PW range.
We here give some examples of recent projects which are predicted to be
operative in the short term (∼ 1-2 years). The PULSER laser system
at the GIST institute (South Korea) is being upgraded from the current
2 PW peak power to 4 PW and is planned to be operative by the end
of 2016 [17]. CLF-RAL facility has outlined an upgrade of VULCAN to
reach 10 PW [18]. At the state the first stage of the project has been
completed, including the Optical Parametric Chirped-pulse Amplification
(OPCA) system, also adopted in several high power laser facilities [19–22].
The European funded ELI-Beamlines facility [23] in the Czech Republic
is under construction and is expected to be operative in 2018. Its design
project promises two outstanding operation modes: a high energy mode
with a peak power of 10 PW with 1.5 kJ pulse energy delivered in 150
fs. The high intensity mode will provide up to 30 J laser pulses in 25 fs
duration, resulting in intensities on target above 1022 W/cm2. Finally,
the French user facility Apollon [24, 25] has the objective of creating a
laser beam with an extreme peak intensity (I > 1022 W/cm2), 150 J pulse
energy and 15 fs duration with 1 shot/minute repetition rate. Apollon is
expected to be the first laser to reach the peak power of 5 PW by the end
of 2016, with a release design of 10 PW.

1.2 Intense laser matter interaction

The fast development of the laser technology enabled the study of inter-
action of charged particles with high intensity fields. Despite being an
extensively studied topic over the last decades, it is still far from being
fully understood due to the extreme richness of the physics characterizing
this interaction regime. In this section, several key notions will be given
to the reader, starting from single particle interaction in 1.2.1. In 1.2.2
the concept of Ponderomotive force will be introduced, while 1.2.3 will
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be dedicated to presenting several laser-induced ionization mechanisms.
Finally in 1.2.4 laser-plasma interaction will be presented, as well as sev-
eral of the most important quantities relevant in this thesis. For a more
exhaustive description of the subject we recommend [26–28].

1.2.1 Single particle interaction

We here study the dynamic of a charged particle under the effect of a
monochromatic plane wave traveling in ẑ direction, described by the vector
potential (in vacuum):

A = A0Re
{
e−i(ωt−kz)

}
êxy,

E = −1
c

∂A
∂t
,

(1.1)

being ω and k the frequency and the wave vector. In the non-relativistic
limit, also ignoring the magnetic field, the particle motion is simply given
by oscillations along the electric field with a quiver velocity of:

v
c

= qE0

mωc
sin(ωt− kz) = qA0

mc2 sin(ωt− kz), (1.2)

where q and m are the charge and the mass of the particle respectively.
The solution suggests the definition of the dimensionless laser amplitude

a0 ≡
qA0

mc2 ≡
vq
c
, (1.3)

which represents a key quantity in intense laser-matter interaction, weight-
ing the importance of relativistic effects on the particle motion. From eq.
1.3 it follows that, for a0 � 1 relativistic corrections can be neglected,
while for a0 ≥ 1 a fully relativistic description must be considered. The
dimensionless vector potential can be also directly linked to the laser ir-
radiance via the modulus of the Poynting vector, using eq. 1.1:

Iλ2 = 1.37 · 1018a2
0

[
Wµm2

cm2

]
×

1, for linear polarization
2, for circular polarization.

(1.4)

To describe the fully relativistic motion of a charged particle interacting
with a monochromatic plane wave we start from the relativistic Lagragian
of the system:

L(r,v, t) = −mc2

√
1− v2

c2 + q

c
v ·A− qφ. (1.5)
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The equation of the motion can be found solving the Eulero-Lagrange
equation:

d

dt

∂L

∂v
= ∂L

∂r
. (1.6)

Leading to the well-known equation:

∂p
∂t

= q
(
E + v

c
×B

)
. (1.7)

We can define the canonical momentum P as it follows:

P = ∂L

∂v
= p + q

c
A, (1.8)

being p = γmv the relativistic linear momentum and γ = 1/
√

1− v2/c2

the Lorentz gamma factor.
The condition of monochromatic plane wave greatly simplifies the prob-
lem, allowing an analytical solution otherwise impossible to be retrieved
in the general case. This condition also implies the existence of invariant
quantities of the system. First of all, a plane wave depends only on the
spatial coordinate defining its propagation direction (we assumed to be ẑ).
The Lagrangian of the system is, thus, constant in the plane orthogonal
to k (x̂ŷ). ∂L/∂r⊥=0 leads to:

d

dt

∂L

∂v⊥
= d

dt
P⊥ = 0 −→ P⊥ = p⊥ + q

c
A⊥ = cost. (1.9)

Another invariant quantity follows from the assumption of plane wave
in vacuum. The vector potential must be then dependent only to the
coordinate τ = t − kz. We can then write the partial time derivative of
the Lagrangian ∂L

∂t
= −c∂L

∂z
. Using this relation with 1.6 and reminding

that for a plane wave in vacuum Az = 0, we obtain:

dE

dt
= c

∂L

∂z
= c

d

dt

∂L

∂vz
= c

dPz
dt

= c
d(pz + qAz)

dt
(1.10)

where E = Ek + mc2 is the particle total energy. It can be easily found
the second invariant of the system:

E − cpz = cost = mc2, (1.11)

if the motion of a charged particle initially at rest is considered, the actual
value of the constant must be equal to its rest energy mc2. Equation 1.11
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allows to obtain the following relation for the longitudinal component of
the linear momentum pz.

pz = mc(γ − 1). (1.12)

Combining this relation with the expression for the relativistic energy
E = γmc2 =

√
(mc2)2 + (pzc)2 + (p⊥c)2 we obtain a direct link between

the longitudinal and transverse component of the linear momentum.

2mpzc = p2
⊥ (1.13)

Defining these normalized quantities p̂ = p
mc

, a = eA
mc2 and assuming the

vector potential along ŷ axis, the linear momentum equation can now be
easily written:

p̂z = γ

c

dz

dt
= a2

2 .

p̂y = γ

c

dy

dt
= ay.

(1.14)

Combining eq. 1.13 with eq. 1.14 we obtain:

v̂z
c

= a2

2(1 + a2/2) .

v̂y
c

= ay
(1 + a2/2) .

(1.15)

We can solve the equation of motion in terms of τ = t− kz:z(τ) = ca2
0

a2
0+4 [τ + (2ω)−1sin(2ωτ)]

y(τ) = ca0
ω
sin(ωτ)

(1.16)

In figure 5.5 we report three representative trajectories at different field
amplitudes. If a� 1 the motion is given mostly by a traverse quiver and
the non relativistic limit is then retrieved. Non linear, relativistic effects
become relevant at higher intensities: if a � 1 the motion is dominated
by the longitudinal component. We highlight how, from eq. 1.16, the lon-
gitudinal motion is given by a constant-velocity drift vd = ca2

0
a2

0+4 coupled
with oscillations at 2ω.
If circular polarization is considered similar results can be obtained. The
main difference is the absence of the longitudinal oscillations and particles
move in an helicoidal trajectories.
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1.2. Intense laser matter interaction

Figure 1.4: Representative electron trajectories under different normalized field amplitudes:
a0 = 1 (blue), a0 = 0.5 (red) and a0 = 0.1 (orange)

A fundamental result of this analysis is to prove that, under ultra-intense
electromagnetic fields conditions, the longitudinal and transverse compo-
nents of charged particle motion are strictly linked due to the onset of
non-linear effects.

1.2.2 Ponderomotive force

Another non-linear effect crucial in laser-plasma interaction is known as
Ponderomotive force, experienced by a charged particle moving in an in-
homogeneous electromagnetic field. The exact solution can not be ana-
lytically found, however, a simple form of this force can be obtained in
the framework of a perturbative, non relativistic single particle interaction
with quasi-monochromatic electromagnetic field given by:E(r, t) = E0(r)cos(ωt− k · r)

∇E0
E0k � 1

(1.17)

The particle motion is simply given by the Lorentz force:

mr̈ = q
(
E + v

c
×B

)
(1.18)

this equation can be solved again, expanding the fields around the initial
particle position ri:

E(r) = E(ri) + (δr · ∇)E(ri) + o[δr2] (1.19)

where δr = r−ri. At the 0-th order the dynamic is a simple quiver motion
around the initial position:

r̈(0) = q

m
[E(ri)] (1.20)
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that can be solved retrieving the well known result:r
(0) = ri − vq

ω
cos(ωt− k · r)

ṙ(0) = −vqsin(ωt− k · r) = −vqsin(τ)
(1.21)

where vq is the already defined quiver velocity. If eq. 1.21 is subtracted to
eq. 1.18 and the result is linearized, we obtain this equation for the 1-st
order dynamics:

r̈(1) = − q

m

[(
δr(0) · ∇

)
E(ri) + ṙ(0)

c
×B

]
(1.22)

The magnetic field is determined by Faraday’s law:

− 1
c

∂B
∂t

= ∇× E→ B = c

ω
sin(τ)(∇× E0) + ck

ω
× E0cos(τ) (1.23)

If we use this relation with eq. 1.22 we finally find:

r̈(1) = −
(
q

mω

)2
[(E0·∇)E0cos

2(τ)+E0×(∇×E0)sin2(τ)+E0×(k×E0)sin(2τ)].
(1.24)

We remark how the perturbed particle motion is characterized by compo-
nents dependent to the non-uniformity of the electromagnetic field as well
as a longitudinal force at double the wave frequency (in accord with the
previous section results). In order to study the slowly varying part of the
motion, we time average eq. 1.24 during a field period. If we then exploit
vector identities we finally reach this important result:

mr̈ = −∇
(

q2

4mω2 |E0|2
)

= −∇Up = fp. (1.25)

The particle motion can be interpreted as perturbed by the effect of the
Ponderomotive potential Up and the related Ponderomotive force fp Pon-
deromotive force. These quantities are connected to the energy density
of the electromagnetic field or, more precisely, to the isotropic compo-
nent of the Maxwell stress tensor. The net effect of this force is to push
charged particles from high energy density regions to lower ones. Finally
we underline how the ponderomotive force is inversely proportional to the
particle mass, its action is thus more efficient with low mass particles such
as electrons than heavy ions.
We finally remark how a more refined derivation of the ponderomotive
force in a fully relativistic framework is provided in ref. [29].
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Figure 1.5: Schematic representation of the single particle ionization mechanisms. a) single
photon ionization b) multi-photon ionization (MPI) and c) tunnel ionization (TI)

1.2.3 Ionization of matter

The single particle approach is a very basic and useful starting point to
understand some crucial aspects of particle interactions with electromag-
netic field. However, this method displays clear limitations considering
that in most of experiments a large collection of atoms and molecules is
involved. These can be ionized by intense laser beams, leading to the cre-
ation of a population of free charge carriers which can mutually interact.
It is, indeed, worth to dedicate this section to briefly present some ba-
sic features of laser-induced ionization, starting from the simple case of
single-atom.
Atom ionization happens if an electron is promoted from its bound state
to a continuum free level. This can be either achieved by photo-electric
effect if a high-frequency photon is absorbed or multi-photon absorption
of lower frequency photons if sufficient intensity and, thus, photons are
provided (see figure 1.5). In this framework, it is necessary to define an
intense laser beam. In this context, the atomic intensity is defined as
the laser intensity at which the electric field of the laser beam matches
the binding electric field felt by the electron in the atom which can be
estimated by means of the Bhor electric field:

Ea = e

a2
b

' 5.1 · 109V/m (1.26)

where ab = }2

me2 is the Bohr radius. The atomic intensity is simply given
by this relation:

Ia = cE2
a

8π ' 3.5 · 1016W/cm2. (1.27)
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If IL > Ia almost complete target ionization is guaranteed. However, even
at lower laser intensity ionization can occur by either multi-photon (MPI)
or tunnel-ionization (TI). In the former an electron can be promoted to the
free state by multiple kicks given by low frequency photons. The emission
rate (Rn) due to this mechanism can be evaluated with a perturbative
theory:

Rn = σnIL (1.28)

where σn is the n-th photon emission cross section. Even thought σn de-
creases for high n, if enough laser intensity is provided (IL > 1010W/cm2)
this process can occur [30].
Matter ionization below the atomic intensity threshold can be achieved
via another mechanism, competitive with MPI: tunnel ionization(TI). A
basic assumption for MPI modeling is that the atomic binding potential
is not perturbed by the laser field which does not hold for high intensities.
As presented in fig. 1.5.b, if the electric field of the beam is sufficiently
strong, the potential felt by a bound electrons is bended, creating a well.
Electron may tunnel through this potential barrier, leading to atom ion-
ization.
The relative weights of MPI and TI mechanisms in atom ionization can
be estimated through the Keldysh parameter [31]:

γk ∼
√
Eion
Up

(1.29)

where Up is the ponderomotive potential defined in 1.25 and Eion is ioniza-
tion energy . If γk<1 (long wavelengths and strong fields) the ponderomo-
tive potential is strong enough to bend the binding potential and tunnel
ionization dominates over MPI, if γk > 1 the opposite holds.
Due to MPI and TI, complete atom ionization can occur at intensities
orders of magnitude lower than the atomic intensity (I ∼ 1014 W/cm2).
These mechanisms have been studied for a single atom-interaction but can
be still extended to low density material ionization. If solid-like density
targets are considered, multi-particle interactions must be taken into ac-
count leading to a complex and still fertile topic of research [32]. In partic-
ular, interaction of short pulses with solid targets leads to the generation of
a thin ionized layer at the vacuum-solid interface where the thermal equi-
librium is not established during the interaction. Non-equilibrium models
must be considered in order to estimate the ionization degree of the ma-
terial and have been presented elsewhere [33]. In conclusion, regardless
the ionization process taking place, in physical conditions relevant for our
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work (sub-picosecond, ultra-intense laser pulses), targets can be rightfully
expected to be fully ionized before the interaction with the lases pulse
peak intensity takes place.

1.2.4 Electromagnetic waves interaction with plasma

A plasma can be defined as the particular state of matter in which a sig-
nificant fraction of charge carriers is in an unbound state and collective
interactions overshadow binary ones.
Due to the purposes of this work, some basic but crucial quantities in
plasma physics will be here presented.
First of all, charged particles in a plasma are in an unbound state hav-
ing their dynamics governed by electromagnetic interactions. If a globally
neutral plasma is considered, its collective response acts to restore this
condition if a perturbation is applied. Indeed, charge separation effects
can be observed only under a well defined spatial scale. The electrostatic
potential generated by an external charge can be easily demonstrated be-
ing: 

φ(r) = q
r
e
− r
λD

λD =
(

4πe2∑
j

njZ
2
j

Tj

)−1/2 (1.30)

where q is the charge of the external particle, the j index refers to the j-th
particle population in the plasma and nj, Zj and Tj its density, atomic
number and temperature, respectively. 1 The Debye length λD is a quan-
tity of utmost importance in plasma physics as it states the distance over
which significant charge separation can occur.
This definition arises from the solution of a simplified electrostatic prob-
lem. In order to properly study the collective response of a plasma to
an electromagnetic wave the solution of the coupled system of Maxwell
and particle motion equations should be required. This, however can not
be achieved either analytically or numerically, the problem must be then
treated by statistical means. The most fundamental approach is given
by kinetic models which study the evolution of distribution functions of
plasma particles. This is achieved in the most general case coupling Boltz-
mann and Maxwell equations. Simplified approaches, given by Vlasov or
Fokker-Plank equations, are able to reduce some of the intrinsic com-
plexity of the collisional term in the Boltzmann equation by completely
neglecting this term (Vlasov) or considering small deflections collisions

1In this work we define “temperature” as the product of the actual temperature and the Boltzman
constant Kb, so that T ≡ KbT .
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(Fokker-Plank). As it will be later discussed, the Vlasov approach can be
extremely useful in the specific context of this PhD work.
A different approach is given by two fluid models, obtained by integration
of Boltzmann equations in the velocity space. The plasma can be pictured
as composed by two charged fluids, electrons and ions, which electromag-
netically interact. These models omit some important physical processes
but represent a fundamental starting point in many analytical works.
Indeed, the basic physical picture of a non-relativistic, linearized, cold (i.e.
thermal effects are not considered) two fluid plasma allows to define some
quantities of crucial importance. In such scenario the dispersion relation
can be written in this compact form:

ε

(
k2c2

ω2 − ε
)

= 0 (1.31)

where ε is the dielectric tensor which is, in our description, a scalar that
can be expressed as:

ε = 1− 4π
ω2

∑
j

q2
jn0j

mj

(1.32)

the j subscript refers to the j-th charged particles population in the plasma.
We can then define a fundamental quantity in laser-plasma interaction, the
plasma frequency of the j-th component which reads as follows:

ωpj =

√√√√4πq2
jn0j

mj

. (1.33)

The total plasma frequency ω2
p = ∑

j ω
2
pj can be approximated to the

electron component due to the higher charge over mass ratio with respect
to ions. The dielectric coefficient can be finally written as:

ε = 1−
ω2
p

ω2 ' 1−
ω2
pe

ω2 . (1.34)

If this relation is combined with 1.31 the expression for the longitudinal
(ω = ωpe) and the transverse modes can be found. In particular, the latter
can be expressed as:

ω2 = ω2
pe + k2c2. (1.35)

According to eq. 1.35, electromagnetic waves can propagate through the
plasma if their frequencies exceed ωpe. The propagation condition can be
also written in terms of the plasma density combining eq 1.35 with eq.
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1.33. The critical density is defined as the plasma density at which the
wave and the plasma frequencies are matched:

ncr = meω
2

4πe2 . (1.36)

If the electron density ne is greater than this value the plasma is over-
dense, electromagnetic waves are reflected back in a skin depth layer
(λsd = c/ωpe), typically in the order of tens of nanometers for solid den-
sity plasmas (ne � 100nc). On the other hand plasmas with ne < ncr are
called under-dense and laser pulses can propagate through their entire vol-
umes. Finally, the condition ne ∼ ncr define the near-critical zone. This
latter regime is a challenging topic of research, particularly interesting in
plasmas created by low density material irradiation (e.g. nanostructured
materials). Due to its relevance in this thesis work, a more detailed de-
scription of laser-plasma coupling will be provided in 2.1.3.
In the high intensity regime, non-linear relativistic effects must be taken
into account. We now present the impact of these in the framework of a
hydrodynamical description of a cold, non collisional relativistic plasma.
We start from the relativistic linear momentum balance equation of the
j-th population of the plasma:(

∂

∂t
+ uj · ∇

)
pj = qj

[
−1
c

∂A
∂t
−∇φ+ uj

c
× (∇×A)

]
(1.37)

Introducing these normalized quantities:
u
c

= û,
p
mc

= p̂,
qA
mc2 = a,

qφ

mc2 = φ̂ (1.38)

eq. 1.37 can be written in this compact form:
∂

∂t
(p̂− a)− û× [∇× (p̂− a)] = ∇φ−∇(γ − 1). (1.39)

If a fluid initially at rest is considered, eq. 1.39 can be separated in
perpendicular and parallel components with respect to the wave vector.p̂⊥ = a

1
c
∂
∂t
p̂‖ = ∇φ̂−∇(γ − 1)

(1.40)

with γ =
√

1 + p̂2
‖ + p̂2

⊥ '
√

1 + a2. We are here approximating the
Lorentz factor with the transverse quiver which holds for a weak non-
linearity. The ∇(γ − 1) term of system 1.40 can be associated to an
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effective force pushing longitudinally the plasma fluid in the form of:

fp = −mc2∇
(√

1− a2 − 1
)

= −∇Up. (1.41)

The relation just found is similar to the results of a single particle inter-
action in eq. 1.25.
If eq. 1.37 is linearized and coupled with Maxwell equations, the relativis-
tic correct formulation of eq. 1.35 is obtained:

ω2 =
ω2
pe

γ
+ k2c2 (1.42)

where γ =
√

1 + p2 + a2 is the Lorentz-factor and p is the normalized
plasma fluid momentum and a the normalized laser amplitude defined in
1.3. The definition of the critical density must also be modified:

ncr = γ
meω

2

4πe2 . (1.43)

If we finally study a plasma at rest and we time-average 1.43, in the high
intensity regime (a0 > 1) we can approximate the relation as:

ncr =
√

1 + a2
0/2

meω
2

4πe2 '
a0√

2
meω

2

4πe2 (1.44)

For high-intensity laser beams I > 1020W/cm2 the critical density can
grow several times due to relativistic effects. In such condition ultra-
intense radiation can still propagate in plasma densities defined as over-
dense at lower intensities. In conclusion, the longitudinal and transverse
plasma dynamics are tied by non-linear effects and the inhomogeneities
of electromagnetic fields lead to the generation of an effective force push-
ing charged particles to regions of lower radiation pressure. If a fully
non-linear description is considered the analysis gets even more complex,
i.e. the ponderomotive force may shape the density profile changing the
dispersion relation and thus affecting the propagation of the wave itself.

1.3 Potential applications

Ultra-intense laser interaction with plasmas is a fertile topic of both the-
oretical and experimental research. In this section we will cover some of
the most important applications regarding this field.
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Plasma Wake Acceleration (PWA)

One of the most challenging and promising application of laser-plasma
interaction is wake-field acceleration of charged particles, firstly proposed
in [34]. The basic principle of this technique is to excite plasma waves in
an under-dense plasma. These waves are associated to strong longitudinal
electric fields (GeV/cm) that can effectively accelerate charged particles.
Collective plasma modes can be excited with different seeds:
• The ponderomotive force associated to an intense laser field. This
mechanism is called Laser Wake-Field Acceleration (LWFA) and is
the most experimentally studied at the state of the art [35].

• Energetic electron or proton bunches. This mechanism is called
Plasma Wake-Field Acceleration (PWFA) and is promising for the
possibility to create longer and more stable plasma wakes [36].

• Other schemes such as Laser Beat-Wave Acceleration (LBWA). The
wake-field is excited by the beat-wave generated by two different laser
wavelengths [37]

Figure 1.6: Representation of electron plasma-wake acceleration. a) The excited plasma
waves grows steepening its profile until the wave-break occurs. Electrons in the white-water
(in analogy of wave-breaking of water waves) overcomes the plasma wave and are accelerated.
b) Electrons deform the plasma wave, starting to slow down and trapping more electrons c)
electrons reach the bottom of the wake and moves coherently with the phase velocity of the
wave (figure taken from [38]).

As pictured in figure 1.6, due to an external force the plasma wave can
grow, leading to strong electron oscillations and, when wave breaking oc-
curs, energetic trapped electrons (or ions) are expelled from the plasma.
These accelerators are potentially appealing for their compactness and
cheapness with respect to traditional ones. For instance 1 GeV electrons
have been accelerated at the Lawrence Berkeley National Laboratory with
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a centimeter-scale accelerator [39] while similar energies can be achieved
with traditional techniques with tens of meters long machines. The cur-
rent world record has been achieved in 2014 with a 40 fs long Ti:Sapphire
laser pulse, delivering up to 16 J to an under-dense wave-guided plasma
and producing electron bunches with energies up to 4.2 GeV [40].
In the latest years the outer reach of Plasma Wake electron Acceleration is
represented by multi-stages LWFA in which electrons bunches accelerated
by a plasma-wake are further boosted in followings wake-fields. This re-
search is aimed at providing energies comparable to regular accelerators,
although hundreds of stages are required in principle [41].
Another possible evolution of wake-field accelerators can be achieved with
ion-driven PWFA. Due to the higher energy and mass, proton bunches
can drive wake-fields over much longer plasma lengths than other drivers.
Reaching the TeV-electrons milestone would be of extreme interest in the
context of fundamental physics. Indeed a future electronâĂŞpositron col-
lider would have the potential for new physical research as well for the pre-
cise measurement of phenomena already discovered at the Large Hadron
Collider. The energies required, however, are not likely to be obtained
with linear accelerators or synchrotrons due to the required 10 km lengths
of the former and 100 km radii of the latter. A step forward could be made
with PWFA and is the aim of the recent AWAKE project at CERN [42].
Due to the higher inertia of ions most of the originally proposed schemes
ignored their possible motion. The technique should be indeed ineffec-
tive in ion acceleration. However, as presented in 1.2.1, when a0 > 1
electrons inertia effectively grows due to relativistic effects, eventually
becoming comparable with that of background ions. As suggested by Bu-
lanov et al. in [43] ion motion may become relevant for laser amplitudes
a0 >

√
mi/me ∼ 40 which can be achieved at intensities already available

(I>2.5 · 1021W/cm2). Accordingly to [44], ions can be accelerated by the
plasma wake to energies comparable or higher than electrons suitable for
different applications.

X-ray and photons sources

Electrons produced by PWA can be used as a compact source of sec-
ondary X-ray radiation due to bremsstrahlung effect [45]. In [46] the
authors proved the feasibility of PWA combined with oscillators in or-
der to generate visible synchrotron radiation. The emitted wavelength
scales with the energy of accelerated electrons and is characterized by
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a narrow-bandwidth spectra. Moreover the short duration of electron
bunches (∼ 10 fs) results in a very high peak brilliance of the order of
6.5 · 1016 photons/s/mrad2/mm2/0.1%bandwidth. These features make
them appealing and versatile sources of radiation from the infrared to X-
ray energies.
As a final remark, PWA-photons of energies exceeding 10 MeV have al-
ready proved suitable for nuclear physics applications such as (γ,n) [47]
and photo-fission [48].

Laboratory Astrophysics

Astrophysical research has traditionally been divided into observations
and theoretical modeling. A component missing was a benchmark tool to
test theories in an experimental controlled environment. Intense lasers al-
lowed to bring matter to such extreme conditions of both temperature (108

K) and density (up to 102 g/cm−3) and strong pressures (∼ Gbar), suit-
able for astrophysics. Regardless the gargantuan time and spatial scales,
astrophysical phenomena can be experimentally reproduced in laboratory
if similarity conditions among physical quantities are met [49]. Two main
types of similarities can be reproduced in laboratory. In sameness ex-
periments thermodynamical conditions (e.g. temperature and pressure)
identical to those of the astrophysical media must be reproduced. With
this approach the equation of state, emissivity, opacity, or other proper-
ties of the hot and dense material can be studied. For instance opacity
measurement of a controlled iron plasma were performed in the NOVA
laser facility at the Lawrence Livermore National Laboratory and these
results were of particular interest in radiative transfer modeling in astro-
physics [50]. In the similarity approach, astrophysical processes can be
reproduced in laboratory if the equations governing their evolutions retain
the same form if correctly rescaled [49]. With this method astrophysical
shock waves [51,52], magnetic recombination [53] and Rayleigh-Taylor in-
stabilities [54] can be successfully studied in a tabletop experiment.

Atto-second Pulses generation

Ultra-intense laser plasma interaction could allow the production of atto-
second pulses which could be of extreme interest in the framework of
ultra-fast measurements. One of the most studied mechanisms is called
Relativistic Oscillating Mirrors [55, 56]. The strong radiation pressure of
an ultra-intense fs laser pulse can drive relativistic oscillation of a plasma
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Figure 1.7: Attosecond pulse generation with Relativistic Oscillating Mirrors [55]

mirror. An electromagnetic wave interacting with a moving mirror experi-
ences a Doppler-shift which can rise its frequency up to a factor 4γ2 when
the phase match with the surface-oscillation is met [57]. As presented
in figure 1.7 an atto-second burst (or a train of burst, depending on the
seed pulse duration) can be obtained if a proper filtering of the pulse is
performed.

Laser induced ion acceleration

Intense electromagnetic fields and radiation pressures may induce strong
charge separations in irradiated plasmas and can be exploited to induce
ion acceleration. Indeed, laser-driven ion acceleration is an active research
topic, which has attracted significant theoretical and experimental efforts
in the last decades [58, 59]. Research activity in this field aims at pro-
viding compact ultra-short sources of high energy ions for a variety of
potential applications such as hadron-therapy [60], neutron and radionu-
clides production [61–63] and proton fast ignition [64]. Moreover, besides
these foreseen applications, laser-driven ion sources already find use in
experiments as a tool to investigate the time-resolved structure of electro-
magnetic fields [65].
The first investigated and observed mechanism is called Target Normal
Sheath Acceleration (TNSA) [66–68], presented in fig. 1.8. This accel-
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Figure 1.8: Artistic representation of laser induced ion acceleration resulting from the
interaction of an intense laser beam with a solid foil (image from [58]).

eration scheme stands out for its robustness [63, 69, 70] and for its far
less demanding experimental requirements. TNSA is arguably the most
natural acceleration scheme, to the point that, not infrequently, it must
be suppressed in order to observe other acceleration mechanisms such as
shock waves, as reported in [51].
In TNSA, a laser beam is focused into a typically flat solid target, creat-
ing a greatly over-dense (ne � 100nc) plasma. The laser induced electron
heating creates a population of hot electrons which expand through the
target. As they cross the rear surface a strong electrostatic field (TV/m)
is formed due to charge separation. This leads to the acceleration of ions
from the rear surface to energies exceeding tens of MeV [71] and character-
ized by an exponential-like spectrum. TNSA ions are typically originated
from hydrocarbon contaminants of the rear surface, but they can come
also from the bulk of the target or from a specifically prepared coating
layer [58,59].
Another acceleration scheme largely investigated is called Radiation Pres-
sure Acceleration (RPA). In order to discern RPA from TNSA electron
heating must be suppressed and this condition is typically achieved using
circularly polarized laser pulses at normal incidence [72]. This accelera-
tion mechanism relies on the charge separation at the front surface due to
the radiation pressure pushing electrons inside the target. A capacitor-like
charge distribution is formed, accelerating ions. The advantage of RPA
with respect to TNSA lies in the possibility to produce mono-energetic,
high energy ions which can be in principle more suitable for most of the
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Chapter 1. Intense laser-matter interaction

foreseen applications of laser-induced ion acceleration. However it is more
experimentally challenging, since higher intensities (I > 1022 W/cm2) are
required to provide enough radiation pressure to induce a strong charge
separation, moreover, RPA ion spectra is not straightforward to be iso-
lated from other competitive acceleration mechanism simultaneously tak-
ing place (like TNSA). It must be remarked how a recent work [73] proved
that, exploiting the relativistic self-focusing and pulse steepening in a
near-critical layer over a solid substrate, laser intensity could be enhanced,
enabling the experimental observation of RPA at lower beam intensities
(I ∼ 1020W/cm2) than traditional schemes. A more detailed description
of laser induced ion acceleration will be provided in the chapter 2.
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2
Laser induced ion acceleration

Since the first experimental observations of multi-MeV protons ac-
celerated by intense laser beams in early years 2000 [66–68], laser
induced ion acceleration has attracted significant experimental
and theoretical interest [58,59]. As anticipated in 1.3, laser-based

accelerators could be a compact source of high-energy, spatially and tem-
porally collimated ion beams. Due to these features, they are appealing
for a number of practical applications. At the state of the art, laser-driven
proton radiography already allowed to map electric and magnetic fields in
plasmas with very high spatial and temporal resolution [65]. Laser accel-
erated protons can be exploited as a source of beamed neutron [62, 63]
suitable for fast neutron radiography [74] and studies of impulsive dam-
age of matter [75]. Due to its compactness and cheapness with respect
to traditional techniques, a tabletop laser-induced accelerator could be of
extreme interest in hospitals for in-situ production of PET isotopes or
radio-pharmaceuticals [61]. Moreover, it could be exploited in Hadron-
therapy [60]. However, it must be remarked that major improvements
must be achieved. First of all, tunable 70-400 MeV/nucleon are required
in radiotherapy. Even thought the current record is approaching the de-
sired range (85 MeV protons were measured in [71]), the laser systems that
can provide such extreme laser conditions are still rare and not suitable
for “non research” applications. Besides, most of laser-induced accelera-
tion techniques produce a broad spectrum and with a small fraction of the
total charge accelerated to higher energies (E ∼ Emax). A post processing
of the beam would be required for most of the foreseen applications to
obtain a narrower energy distribution.
In this chapter we offer a review of laser-induced ion acceleration, start-
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Chapter 2. Laser induced ion acceleration

Figure 2.1: a) Schematic representation of Target Normal Sheath Acceleration (TNSA)
and Radiation Pressure Acceleration (RPA) (image from [58]). b) Typical ion spectrum of
TNSA-ions.

ing from the most studied and observed scheme called Target Normal
Sheath Acceleration (TNSA) in section 2.1. In section 2.2 we provided an
overview on emerging advanced TNSA techniques as well as alternative
acceleration mechanisms.

2.1 Target Normal Sheath Acceleration (TNSA)

The first ion acceleration mechanism introduced is called Target Normal
Sheath Acceleration (TNSA), proposed in 2001 by Wilks [76] to interpret
the measurements in [66–68]. At the state of the art, it is the most studied
and is the dominant acceleration scheme in experiments with intense lasers
1018 W/cm2<I<1021 W/cm2 interacting with micrometric (10−1-101 µm)
solid targets. This topic of research is the central core of this PhD work,
a detailed description is thus required. In subsection 2.1.1 we present the
most iconic features of TNSA, identified in all experiments, as well as
its most accepted parametric dependencies. The physical interpretation
acknowledged to be accurate on the description of the physics at play is
given in subsection 2.1.2. Finally, in 2.1.3 we provide a summary of laser
induced electron heating which is proved to be fundamental on the onset
on TNSA mechanism.

2.1.1 Experimental observations

In the typical TNSA experiment (fig. 2.1) an ultra-intense laser pulse is fo-
cused on a micrometric flat foil, usually at oblique incidence angle to avoid
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2.1. Target Normal Sheath Acceleration (TNSA)

back-reflections which could damage the system. The laser beam couples
with the formed plasma and induces the acceleration of ion bunches from
both the front irradiated surface and the rear one.
The accelerated ions are typically collected with stacks of radiochromic
films (RCF) or Thompson parabolae (TPS). The former are solid state
detectors which exploit induced modifications of the crystalline structure
to detect radiation. In particular, the polymerization results in a visible
chromatic change. With stacks of RCFs the beam divergence, spot charac-
terization and total accelerated charge can be sampled at different energies
and the total spectrum can be reconstructed by interpolation. Thompson
parabolae on the other hand use stationary electric and magnetic fields
to split trajectories of ions with different charge over mass ratios. The
signal can be then analyzed with a combination of CR39 films and CCD
cameras, obtaining the energy spectrum. The coupled system TPS-CCD
will be described with more detail in chapter 4.
The main advantage of RCF is that they offer an actual image of the ion
beam transverse section, moreover it is easier to determine their maximum
energy (the one related to the last impressed film). The major drawback
is that the real spectrum can be only sampled at specific energies and
different accelerated ion species can not be discriminated.
These diagnostics allow to detected accelerated ions, which can be mea-
sured from both the front [77–79] and the rear surface [80, 81]. How-
ever, better performances in terms of both energies and total accelerated
charge are usually achieved at the non-irradiated one. In agreement with
ref. [82], surfaces light-ions are more efficiently boosted than the bulk ones.
Indeed, authors measured a strong proton signal using gold foils which sig-
nificantly dropped after the removal of the hydrocarbons contaminants,
usually present at the surfaces. Early 2000 experiments observed highly
collimated ions (≤ 20◦ divergence angle) along the direction normal to
the rear surface which formed bunches characterized by a near-circular
spot, as seen in figure 2.2.a. Furthermore, all spectral analysis revealed
a quasi-exponential spectra characterized by a sharp high energy cut-off.
This is well shown in fig. 2.1, 2.2 and 2.4.b and is widely accepted to be
a trademark of this acceleration scheme.
In latest years a lot of experimental efforts have been spent to link tech-
nique performances (e.g. the cut-off energy) to laser features such as
intensity, energy, duration and spot size. A proper parametric scan is
however a non trivial task due to the fact that in actual experiments these
can not be varied independently.
The most natural strategy to investigate the role of the laser intensity,
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Figure 2.2: a) Typical ion traces on a stack of radiochromic films and the reconstructed
spectrum reported in [82]. b) Quasi-exponential spectra measured in TNSA experiments with
Thompson parabole

which is known to strongly influence ion acceleration, is to increase the
beam energy, keeping fixed durations and focal spots. In references [83,84]
a large collection of experimental results are reported. These have been
obtained in a broad spectrum of laser intensities with µm2 spot sizes and
pulse durations ranging from 40fs to ps.
As presented in figure 2.3.a, at high intensities (I>1017 W/cm2) and 300fs-
ps laser durations, the ion maximum energy scales as

√
Iλ2 (Iλ2 is laser

irradiance), proportional to the well known ponderomotive scaling used
to estimate the electron temperature that will be defined in section 2.1.3.
Under these conditions, up to 10 % of the laser beam energy can be con-
verted into fast ions. On the other hand, with shorter beams (tens of
fs) the scaling is more favorable, being proportional to Iλ2, while the en-
ergy transfer is less efficient (∼ 1%). The laser-to-ion energy conversion
efficiency is indeed one of the most relevant drawbacks of TNSA with mi-
crometric solid targets. To overcome this limitation, in the latest years
a lot of theoretical an experimental efforts have been focused on the op-
timization of TNSA in terms of both efficiency and maximum energies
achievable. Section 2.2 will cover some of the most recently proposed ad-
vances in TNSA.
Despite its unquestionable relevance in TNSA, the coupled laser intensity-
energy parametric scan offers only a partial view of the acceleration pro-
cess. Indeed, as seen in fig. 2.3.b, at a given laser power (or intensity)
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different results are expected with different pulse durations. As antici-
pated, this also reflects into a different scaling of the cut-off energy to the
laser power itself. We also remark that, despite higher performances, ∼
ps and 102 J laser systems offer low repetition rates (few shots per day)
and are extremely expensive. Indeed, shorter durations are more suitable
in scenarios where higher repetition rates (∼ Hz) are required.
In reference [85] a different path with respect to previous parametric cam-
paigns have been adopted. The laser energy was kept fixed at 150 J,
tuning the intensity by a fine control over the spot size (4-40 µm). Au-
thors showed how the latter parameter is important in TNSA over wide
conditions: higher maximum energies and total accelerated charge have
been obtained with larger spot sizes (40µm), compared to the same inten-
sity provided by more focused (8µm) and less energetic (3 J) beams.
Besides the above mentioned features, laser polarization as well as inci-
dence angle are known to influence laser-plasma coupling and this reflects
to TNSA performances [86–88]. As seen in figure 2.4.a, in experiments
with flat foils, better results are achieved in P polarization (P-pol). It
is generally accepted that this is due to the fact that in such interaction
regime the normal to the surface component of the electric field leads to an
efficient electron heating (see 2.1.3) and thus ion acceleration. This claim
is also supported by the fact that in P-pol higher energies are measured
at higher incidence angles (see figure 2.4.b).
It must be finally remarked that despite the efforts spent in the last decade
a more solid experimental base is required in order to have a clear knowl-
edge of actual parametric dependencies of TNSA. This would lead to a
better control over the technique and arguably to advances in laser driven
ion acceleration.

2.1.2 The acceleration scheme

The Target Normal Acceleration scheme in [76] provides a simple physical
picture that allows to explain most of the observed features of laser induced
ion acceleration with solid foils. Taking fig. 2.1.a as reference, an intense
laser beam interacts with the target ionizing its surface. The beam couples
with surface electrons heating them to energies up to MeVs. These so
called hot electrons are injected into the target and generate strong current
densities that can reach as high as jh = nhvh ' nhc ∼ 1012A/cm2, being
nh and vh the hot electron density and velocity.
This hot stream would generate strong electromagnetic fields that would
ultimately hold back the electron flow. This noxious phenomenon can be
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Figure 2.3: a) Proton cut off energy as a function of the laser irradiance, adapted from [83].
b) Scaling law of the maximum proton energy with the laser power and pulse duration (color
scale). Red squares refer to experimental results obtained at the Draco laser facilities. Filled
diamonds stand for experiments performed with Ti:sapphire lasers of around 1 J energy while
the open diamond represents a 5 J experiment at Janusp. The dotted diamonds show the
results of an energy scan applying up to 10 J on the target and at LULI. Finally, the open
circles are single shot results obtained at different Nd:glass laser facilities. (image from [89])

Figure 2.4: a) Proton spectra for P-,S- and C- polarizations are shown (from [86]). b)
Proton cut off energies at different incidence angles. The other laser parameters are kept fixed
and the laser beam was P polarized (from [87]).
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prevented if a neutralizing return current is provided. The latter can be
either be given by electrons in the conduction band in metals or by free
electrons if the target is sufficiently ionized (condition easily fulfilled in
laser-acceleration experiments). Typically only a small fraction of total
electrons interacts directly with the laser beam (few %), the hot electron
density is thus much lower than the back ground one (nh � nc). If we
combine this condition with the total flow neutralization (nhvh = ncvc) it
also follows that the return electrons are much less energetic that the hot
ones (vc � vh) and are thus called cold electrons. Within tens of fs after
the interaction electrons reach a quasi-equilibrium state, resulting in the
typical spectra reported in fig. 2.5: a cold background electron population
with a high energy maxwellian tail. In this work we define as “electron
temperature" (Th) the mean kinetic energy of the high-energy electrons.

Figure 2.5: Typical electron energy spectra obtained by numerical simulations. The distri-
bution is approximated by two superimposed Maxwellian curves characterized by two distinct
temperatures.

Laser-heated electrons travel through the target and eventually ex-
pand in vacuum by thermal effects. A strong electrostatic (up to TV/m)
field arises from the charge imbalance, holding most of escaping electrons
which can be also reflected back into the target and further interact with
the laser beam [90]. This sheath field is by construction peaked at the
target-vacuum interfaces, being to a good approximation normal to them.
A TV/m electrostatic field is able to ionize the target and is responsible of
the ion acceleration. Light ions on the surfaces are in the most favorable
position to be efficiently boosted.
The TNSA scheme is also able to explain the exponential spectrum with
an energy cut-off observed in most of experiments. The most relevant
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drawback of TNSA with traditional micrometric solid targets is the low
laser-to-ion energy conversion efficiency of 1-5 %. In the latest years a
lot of theoretical an experimental efforts have been focused into the op-
timization of TNSA in terms of both efficiency and maximum energies
achievable, section 2.2 will cover some of the proposed strategies.
In accord with the physical picture presented, TNSA can be divided in
four sub-processes of utmost importance: electron heating, electron trans-
port, sheath field generation and ion acceleration. In particular, a crucial
part of this work is dedicated to the study of the fundamental link be-
tween electron heating and ion acceleration. Indeed, the sheath field must
be strong enough to hold back hot electrons and can thus be determined
with:

eEs '
Th
Ls

(2.1)

where Th is the hot electron temperature and Ls the extension of the
electron cloud. The latter can be approximated with the electronic Debye
length

(
λDe =

√
Th

4πnhe2

)
, typically of the order of micrometers in TNSA

experiments. We can finally roughly estimate the energy acquired by an
ion in the sheath field as:

Eion ' ZeEsλD ∝ Th. (2.2)

Eq. 2.2 allows us to introduce the importance of the hot electron tem-
perature Th in TNSA. This quantity is still subject of major theoretical
and experimental discussions and is determined by the vast collection of
heating mechanisms that can take place at different laser and plasma pa-
rameters. In 2.1.3 we will cover some physical scenarios relevant in TNSA
experiments. It must be also remarked how electron density and diver-
gence [59] as well as target properties [91, 92] are also crucial in TNSA.
Finally we underline how the over-simplified model of Eq. 2.2 does not
capture most of the physics involved. A review of more advanced and
accurate theoretical models of TNSA is presented in chapter 3.

2.1.3 Electron heating

As anticipated in the 2.1.2, electron heating resulting from laser-plasma
coupling is a fundamental stage in TNSA, affecting its performances. A
better control and enhancement of this process would be of great interest
also in the framework of TNSA optimization. Unfortunately, despite being
an extensively studied topic, it is far from being sufficiently understood
due to the extreme richness of laser-plasma physics. It is however certain
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that different and possibly competing processes affect electron heating and
their relative weights depend on experimental conditions.
It is accepted that target density as well as laser intensity are specially
relevant to define different heating schemes. In particular, the critical
density introduced in Eq. 1.43 determines three interaction regimes: over
dense, under dense and near critical. We cover some of the main features
of laser-plasma coupling relevant in laser ion acceleration applications.

Over-dense plasmas

This interaction regime is the most relevant for the typical TNSA scheme.
Indeed, targets originally proposed for TNSA were flat foils which turn
into strongly over-dense (� 102 nc) plasmas when interacting with intense
laser beams. As demonstrated in section 1.2.4, electromagnetic waves can
not propagate in over dense target and are reflected back. The interac-
tion is thus confined in a small skin-layer (λsd = γc/ωpe) at the irradiated
surface. However, this is strictly true just in sharp edged plasmas. This
condition is not always fulfilled since the temporal envelope of the laser
beam may significantly alter the structure of the target [93]. Indeed, ac-
tual laser pulses exhibits complicated structures including pre-pulses and
pedestal components which ionize the target and form the so-called pre
plasma. The latter expands in vacuum at the sound speed cs =

√
γiTi+γeγe

mi
due to thermal pressure, assuming an exponential density profile. Its typi-
cal scale length L = csτL (τL is the pulse duration) is relevant if long pulse
durations (∼ ps) or low contrast laser pulses are considered.
In this framework intense electromagnetic waves can propagate through
the preplasma by relativistic transparency leading to a volumetric cou-
pling [94].
Different dissipative mechanisms can take place at different experimental
conditions, we here review some of the most relevant in TNSA with over-
dense flat targets.

Collisional Heating

Charged particles oscillating in the electromagnetic field can undergo
Coulomb collisions that may lead to a net energy depletion of the incident
pulse energy. However some of these interactions can be ignored: ion-to-
ion collisions occur on picosecond time scale and will not be considered in
this work while electron-to-electron ones lead to the thermalization of their
distribution function. In order to study the damping of an electromag-
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netic wave due to electron-ion collision we start from the non-relativistic
linear momentum balance equation of the electronic fluid:

ne

(
∂ve
∂t

+ ve · ∇ve
)

=

ne
e

me

(
E + ve

c
×B

)
− 1
me

∇P − ∂

∂t
neve

∣∣∣∣∣
ei,coll

(2.3)

the last term describes the evolution of the electron fluid momentum due
to electron-ion collisions. In first approximation we can express it as:

∂

∂t
neve

∣∣∣∣∣
ei,coll

= νeineve (2.4)

where νei is the collision frequency. If we linearize Eq. 2.3 we obtain:
∂ve
∂t

= − e

m
E− νeive (2.5)

Without loss of generality, we consider a harmonic perturbation and we
finally find:

ve = − ieE
m(ω + iνei)

(2.6)

The plasma current density can be easily expressed as:

J = −eneve =
iω2

pe

4π(ω + iνei)
E (2.7)

In a linear theory the current density J and the electric field E are linked
by the conductivity σ by Ohm’s law J = σE. We can then use Maxwell
equations to retrieve the dispersion relation:

ω2 = k2c2 + ω2
pe

(
1− iνei

ω

)
(2.8)

In Eq. 2.8 a damping term νei/ω is introduced. It is indeed fundamental
to estimate the collision frequency in order to evaluate the energy losses of
electromagnetic waves due to e-i collisions. However, νei depends on the
distribution functions of both ions and electrons and thus it is dependent
to the system evolution itself.
In the framework of a classical scattering theory this frequency can be
expressed as:

νei ' 4πZne
(eqi)2

m2
ev

3 lnΛ ∝ neT
−3/2
e lnΛ (2.9)
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Figure 2.6: Electron to ion collision frequency (νei) normalized to the wave frequency ν0 as
a function of the electron temperature.

where qi and Z are the ion charge and atomic number, ne is the electron
density. The Coulomb logarithm lnΛ takes into account the minimum and
maximum impact distances [95].

lnΛ = ln

(
bmax
bmin

)
= ln

(
λDeTe
qie

)
. (2.10)

We remind that λDe is the electronic Debye length already defined. In fig-
ure 2.6 is represented Eq. 2.6 as function of the electron temperature. As
the latter grows collisional heating becomes less effective. In typical exper-
iments with intense laser (I > 1018) the mean collision time (∝ 1/νei) is
order of magnitudes larger than the actual pulse duration. In this frame-
work non-collisional mechanisms must thus be taken into account.

Resonance absorption

Resonance absorption is a heating effect which can take place if a suf-
ficiently long under-dense pre plasma (L ≥ λL) is provided. As presented
in figure 2.7, the electromagnetic wave propagates through the pre plasma
and is reflected back as it reaches the electron density ne = nccos

2θ (θ is
the incidence angle). Most of the wave is then back-reflected except for a
small exponentially-evanescent component. If a component of the latter
oscillates along the direction of the density gradient (E ·∇ne 6= 0), plasma
waves at the critical density can be excited. These collective modes can
be consequently damped by collisions, Landau-damping or wave-breaking.
The analytical model described in [96, 97] was proven to be in good
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Figure 2.7: A plane wave interacting with an exponentially shaped pre plasma. The x̂
component of the electric field excites a plasma wave at the critical density which gives rise to
a strong electrostatic field Ex [26].

agreement to numerical simulations ( [97–99]) which reported a depen-
dence of the electron temperature to the laser irradiance scaling as: Te ∝
(Iλ2

L)0.3−0.4. This heating mechanism efficiently takes place with long
laser pulses (>ps) and long plasma gradients (> µm). However, numer-
ical results presented in [100] suggested how resonance absorption could
be relevant also at high laser intensity (I > 1018W/cm2) with longer laser
pulses and thinner pre plasmas.

Brunel Effect

Plasma waves can not be resonantly excited when the oscillation am-
plitude exceeds the pre plasma length (vosc/ω > L), a condition eas-
ily reached with ultra-intense short pulses interacting with flat targets.
Firstly discussed by Brunel in 1987 [101] and extensively studied in the
last decade [26, 102, 103], Brunel effect is one of the dominant heating
mechanisms in ultra intense laser interaction with micrometric plain solid
targets (SLT). The physical picture is rather straightforward: electrons
in the skin layer are extracted in the vacuum in the first quarter of the
laser cycle. Half of them (see [102]) fall back in the first half period due
to the electrostatic field generated by charge displacement against the
pulling force of the laser field. Most of the remaining electrons are ef-

42



2.1. Target Normal Sheath Acceleration (TNSA)

Figure 2.8: Schematic representation of the capacitor-like model used in the Brunel descrip-
tion.

fectively boosted and re-injected by the combined effect of the laser and
electrostatic field. Due to the vanishing electromagnetic field inside the
target, electrons cannot be further dragged back in the vacuum and this
leads to a net energy transfer. It is evident that a strong normal electric
field is required for an effective Brunel heating which is thus suppressed
at normal incidence and in S-polarization. The capacitor-like model rep-
resented in figure 2.8 assumes a charge sheet which oscillates by the effect
of the normal component of the laser electric field (magnetic fields are
not included). If we consider an electromagnetic wave interacting with a
perfectly reflecting flat surface the normal component of the electric field
will be:

E⊥ = 2ELsinθ (2.11)
where θ is the incidence angle. Electrons will be dragged into the vacuum
while the electrostatic field generated by charge separation matches E⊥.
In the framework of a moving capacitor plate, this relation will hold:

E = E⊥ = 4π3σe → σe = 2ELsinθ
4πe (2.12)

having defined σe = neδx as the surface charge density. If we assume that
electrons re-injected in the target at v = 2voscsinθ are lost as they cross
the surface, the absorption efficiency will be:

ηa = Iabs
IL

= 4
π
a0
sin3θ

cosθ
(2.13)

If the electron are assumed to be injected at the perpendicular quiver
velocity, the electron temperature can be estimated:

Te(Brunel) = mv2
oscsin

2(θ) ∝ Iλ2 (2.14)
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This relation however greatly overestimates the scaling of the electron
temperature to the laser intensity measured in experiments and in numer-
ical simulations [26].
If a relativistic description and a non perfect reflective foil are considered
we obtain this more general relation for the interaction efficiency:

ηa = 1
πa0

f
[(

1 + f 2a2
0sin

2θ
)1/2
− 1

]
sinθ

cosθ
(2.15)

where f is the field amplification factor (f = 2 for perfect reflection on a
flat surface). Eq. 2.15 will be discussed with more detail in chapter 5.

j×B heating

Another heating mechanism relevant with intense laser beams is described
by the j×B model [104–106]. Similarly to Brunel, electrons are directly
accelerated by an electromagnetic field incident on a sharp-edged solid
target. The basic difference is that the the driving force is given by the
oscillating component of the j×B force:

e
v
c
×B = e2∇xA

2(x)
4meγc2

(
1 + 1− ε2

1 + ε2 cos2ωt
)

(2.16)

where ε is the eccentricity of the elliptically polarized wave (ε = 0 linear
polarization ε = 1 circular polarization). The right hand side of Eq. 2.16
exhibits two terms: a secular and an oscillating component. The latter is
responsible in electron heating and is suppressed in circular polarization
(i.e. ε=1 in C-pol). Indeed, j×B is predicted to be negligible for circularly
polarized laser pulses. Moreover, since this heating effect is due to the
non-linear term of Lorentz force, it is expected to be dominant at higher
intensities (I > 1018 W/cm2).
If we recall results in Eq. 1.40, the longitudinal dynamics is influenced
by the ponderomotive potential. The net effect of this potential can be
associated to an effective temperature, given by:

Te = mc2(γ − 1) = mec
2
(√

1 + a2
0/2− 1

)
. (2.17)

This Ponderomotive scaling, firstly proposed by Wilks in [105] is a widely
used scaling law in laser-plasma interaction.

Other heating mechanisms
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In an overdense plasma the electric field decays over distances of the order
of the skin depth (Ls = c/ωpe), however, it can be still intense enough to
induce the electron quiver that can be damped by Coulomb collisions.
We define λTe = vTeω as the electron excursion distance in a laser period
due to the thermal velocity which can give an estimation of the distance
required to thermalize oscillations due to the electric field. At the begin-
ning of the laser-plasma interaction Ls � λTe, thus, the formed plasma
is locally thermalized. When the electron temperature rises, the collision
frequency νei drops and electrons can oscillate in the skin layer without
undergoing collisions. In this framework two interaction mechanisms can
be highlighted. If λTe � Ls oscillating electrons can escape the skin
layer leading to an energy transfer from the laser beam to the electronic
population. This physical phenomena is called Anomalous skin ef-
fect [107]. In the opposite limit λTe � Ls the electrons are trapped in
the skin depth, however, can be still accelerated by the ponderomotive
force or by the surface charge separation, this is called Sheath inverse
bremsstrahlung [108].

Under-dense and near-critical plasmas

Laser interaction with under-dense and near-critical plasmas covers an ex-
tremely vast and still unexplored topic of research. Low-density plasmas
can be typically created from gas-jets or low density material ionization.
Intense laser beams can propagate through their volumes, exciting differ-
ent collective modes and giving birth to complex non-linear effects that
can lead to efficient plasma heating. Collective waves can be induced by
the effect of the ponderomotive force as anticipated in 1.2.4: the pondero-
motive force couples with charge density fluctuations to effective pump
plasma waves.
A basic approach to the problem is to consider a relativistic, non colli-
sional, cold two fluids plasma. Indeed, a rich variety of physical phenom-
ena can be studied coupling the continuity equation, linear momentum
Eq. 1.37 and Maxwell relations.
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Figure 2.9: Relativistic and ponderomotive self focusing in an underdense plasma.

We here start from the Self focusing, a non-linear effect which, de-
spite not being a heating mechanism, is extremely relevant in plasma
physics [109–112]. Taking fig. 2.9 as reference, as an intense laser pulse
propagates into a plasma it modifies its refractive index, causing a higher
value in the center of the laser beam, where the laser intensity is peaked, in-
ducing a feedback loop that focuses the laser even more. In a plasma there
are three types of self-focusing: relativistic, ponderomotive and thermal.
The latter requires the hydrodynamical expansion of the plasma which
occurs on picosecond time scales. This last scenario will not be covered in
this work, since sub-picosecond laser pulses are studied. In the Relativis-
tic case, non linear effects shift the plasma frequency due to the higher
inertia of energetic electrons. This effectively modifies the plasma disper-
sion relation as stated in Eq. 1.42 and, consequently, its refractive index
(η = η(r)). The transverse variation of the refractive index (dη/dr < 0)
acts as an effective plasma lens leading to a higher laser peak intensity.
Self-focusing can also be induced by the effect of the transverse pondero-
motive force which pushes electrons away from the region where the laser
beam is more intense, therefore increasing the refractive index and induc-
ing a focusing effect. The Self focusing can lead to a growth of the laser
peak intensity of several orders of magnitude [113] which can further en-
hance heating effects.
Eq. 1.37 can be used to study the wakefield generation. As already
presented in section 1.3, the ponderomotive force associated to an intense
laser pulse can induce collective electron plasma waves. These oscillations
are related to strong longitudinal electrostatic fields that can be pumped
by the electromagnetic wave. The plasma waves eventually breaks, accel-
erating electrons in phase with it.
Besides these non linear effects, strong electromagnetic fields inside a low
density plasma can induce plasma instabilities. The basic principle is
straightforward: the laser beam may excite plasma waves, the pondero-
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motive force associated to the total field can further support the growth
of the perturbation leading to a feedback loop. The growing waves can
be eventually damped by collisions, Landau damping or, eventually, wave
breaking leading to a strong plasma heating.
In Raman instability an incident electromagnetic wave decays into scat-
tered electromagnetic and an electron plasma wave. The scattered beam
can further pump the plasma and induce the instability. This phenomena
can occur only if strict frequency and wave-vector matching conditions are
met: 

ω0 = ωs + ωpe

k0 = ks + kpe
ne ≤ nc/4

(2.18)

where ω0 − k0 and ωs − ks are the frequencies and wave vectors of the
incident and reflected wave respectively. The Two plasmon instabil-
ity shares the same basic principle, with the exception that in this case
the electromagnetic wave decays in two electron plasma waves which can
constructively interfere with themselves. This instability is particularly
relevant in cold plasmas with n ' nc/4. In these instabilities part of the
incident beam energy is transferred to plasma waves and, as they damp,
they heat the plasma. Electron plasma waves can exhibit extreme phase
velocities, thus Raman and two plasmon instabilities may trap electrons
and boost them to relativistic energies and can further heat the medium.
In Brillouin instability the incident wave decays into a scattered one
and an ion acoustic wave. As previous cases, matching conditions are
required: 

ω0 = ωs + ωac,i

k0 = ks + kac,i
ne ≤ nc

(2.19)

Due to the much lower frequencies of the acoustic waves with respect to
the electron plasma waves, the matching conditions are fulfilled at higher
plasma densities (n ' nc) with respect to Raman instability. Most of the
incident wave is scattered, this instability can be particularly noxious if a
spatially controlled laser absorption is required. Finally a relevant effect
to be presented is the Filamentation instability, it corresponds to the
growth of a local density perturbation in the plane orthogonal to the elec-
tromagnetic wave propagation axis. The physical picture is similar to the
one of the ponderomotive self focusing: if an initial charge density per-
turbation is provided the laser beam will be focused into the low-density
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Figure 2.10: The Ez component of the electric field and the ion density Ni (color map)
as a function of the spatial coordinates. Plasma channels and electromagnetic filaments are
evident [114].

regions. The ponderomotive force will further drill plasma channels which
consequently drive the laser beam [114, 115]. The net effect is the laser
beam splitting in smaller high intensity filaments as in fig. 2.10.
A fine control over collective modes excitations and laser energy deposition
is overwhelmingly challenging in actual experiments. This is especially
relevant in intense pulse interaction with near-critical plasmas generated
from nanostructured targets which might exhibit inhomogeneities on sub-
micrometric spatial scales. Indeed, matching conditions are reliant on the
local dispersion relation and, thus, inhomogeneities limit the region over
which collective modes can be resonantly excited. If we suppose that these
conditions are met in a given location, moving away from it will cause the
growth of a phase mismatch φ(r). The resonant coupling is broken if a
significant phase shift develops. The typical interaction scale (lint) can
be estimated as

∫ lint
0 φ(r)dr ∼ 1/2 and will be dependent on the plasma

inhomogeneities. In order to obtain an efficient coupling lint must be long
enough to support the collective mode in exam. This condition can be
hard to be fulfilled in nanostructured targets characterized by significant
variations of the local plasma density over short spatial scales (<µm).
Beside collective effects, electrons can also be efficiently boosted by the
direct effect of the electromagnetic wave [116].
In the Leading edge depletion an ultra-intense ultra-short laser pulse
can promptly accelerate electrons along its propagation direction to rel-
ativistic energies (p ∼ a2

0). As the laser beam propagates through the
target its group velocity decreases, electrons finally overcome the laser
beam depleting its energy [117,118].
The Transverse Ponderomotive Acceleration is a physical effect cou-
pled with the ponderomotive self focusing [119,120]. The transverse pon-
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deromotive force, not only creates plasma channels, but can also accelerate
electrons which are expelled from the plasma channel with energies com-
parable to the ponderomotive potential (p ∼ a0).
Despite being still an open topic of research in the plasma physics commu-
nity, it is widely accepted that near critical targets could greatly boost the
laser energy absorbed by the plasma [121,122] and thus could be promis-
ing for enhancing ion acceleration as it will be discussed in 2.2.1.
In conclusion we have shown several of the main physical effects that can
influence plasma heating and laser propagation under different experimen-
tal conditions. It must be remarked that due to the richness of the physics
involved this is still a challenging and fertile topic of research.

2.2 Evolution of laser induced ion acceleration

The first experimental observations of laser induced ion acceleration were
achieved using simple flat solid targets (SLT). In section 2 we highlighted
how most of potential applications would require better performances, in
particular, in terms of ion maximum energy and total accelerated parti-
cles. Reaching and overcoming the 100 MeV/nucleon milestone would be
of crucial importance especially in radiotherapy. Such energies could be
achieved in the framework of traditional TNSA, with multi-PW facilities.
However these structures are extremely expensive, still under develop-
ment and can not be expected to be used for mass-applications in the
short-medium time period. To overcome current limitations of the laser
technology, a great amount of theoretical as well as experimental effort
has been spent into the development of advanced TNSA schemes as well
as on the study of different laser-induced ion acceleration techniques.

2.2.1 Advanced TNSA

One of the main drawback of TNSA with SLTs is the rather low laser-to-ion
energy conversion efficiency (ηLi < 10%). A better laser-plasma coupling
would indeed guarantee better performances. In section 2 we showed how
in TNSA the laser directly heats electrons which convert part of their
energy to the accelerated ion population. If ultra-short laser pluses (<ps)
are considered, electron heating would occur on a different time scale than
ion dynamics. The two processes can be studied separately. We can define
the electron heating efficiency (ηLe) and electrons-to-ions (ηei) efficiency.
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Figure 2.11: Schematic representation of surface plasmon excitation. The dispersion rela-
tion shows the resonance condition, met with gratings targets at oblique incidence.

These will be naturally linked to the acceleration efficiency by:
ηLe = Eele

EL

ηei = Eion
Eele

ηLi = Eion
EL

= ηLe · ηei.
(2.20)

The acceleration efficiency can be, thus, enhanced either increasing the
laser-plasma coupling or the electrons-to-ions conversion. The latter how-
ever can naturally reach high values (up to 50%) and can not be straight-
forwardly controlled since it would require a proper manipulation of the
hot electron plasma flow and expansion.
The most natural solution to improve TNSA is given by a better laser-
plasma coupling. In agreement with recent numerical works [123, 124], a
considerable room for improvement in interaction optimization is achiev-
able. This is mostly due to the modest conversion efficiency ηLe (<20 %)
with traditional SLTs. The physical constraint for this quantity is given
by the low fraction of plasma electrons that can be heated with j × B
heating or Brunel effect.
A possible solution proposed in the latest years is to induce surface plas-
mons excitations [125], collective electron oscillation confined in a thin
layer in a metal-dielectric interface. However, it is well known that,
due to their dispersion relation, these superficial modes can not be ef-
ficiently pumped with a flat vacuum-target interface. As presented in
2.11, among the proposed strategies to overcome this hurdle, periodic
modulation of the target surface has proven suitable in ultra-intense laser
interactions [88,109,126].
In ref. [88] authors reported an increase of the accelerated proton max-
imum energy with respect to SLTs of a factor 2 at resonance incidence
angle.
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Figure 2.12: Enhanced TNSA with foam attached targets.

Nanostructured surface targets have been extensively studied. In recent
works, a nano-sphere layer [127, 128] and hollow micro-cones [129] over
solid substrates allowed better laser-plasma coupling and, as a conse-
quence, higher ions energies.
These techniques require an ultra-high laser contrast and short pulses du-
rations: long pulses (∼ ps) or intense pre-pulses (I > 1012W/cm2) can
blow-away the surface nanostructure before the interaction with the peak
of the laser beam takes place. Another advanced TNSA scheme exploits
multi-layered targets (MLT) to greatly enhance laser absorption. These
targets are composed by a low-density material (foam) deposited over a
micrometric flat foil and have been studied both numerically [123] and
experimentally [130]. These foams are characterized by a nanostructured
porous structure and turn into near-critical plasmas when fully ionized.
As seen in figure 2.12, the laser beam can travel through the foam volume
being reflected by the solid substrate. The combined volumetric and su-
perficial interaction (in the foam and in the substrate, respectively) leads
to an efficient laser absorption which can be exploited to effectively ac-
celerate ions if proper laser and target conditions are met. An important
part of this work is dedicated to this specific advanced-TNSA scheme, a
more detailed description will be given in chapters 4 and 5.
We finally present a different strategy to improve TNSA given by mass
limited targets: micrometric sized foils or micro-spheres [131–133]. Tradi-
tional TNSA foils can be considered as infinite slabs since their transverse
dimension (∼ mm) are typically orders of magnitude greater than the
distances traveled by electron interacting with the electromagnetic wave
(∼ µm). Mass limited targets, on the other hand, exploits hot electrons
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Figure 2.13: Monodimensional representation of the temporal evolution of RPA.

reflections at the lateral surfaces to create a denser electron cloud with re-
spect to SLT case. A higher electron density creates stronger electrostatic
fields and, thus, enhanced ion acceleration.

2.2.2 Other acceleration schemes

In this section several alternative acceleration schemes with respect to
TNSA will be briefly presented. The so called Radiation Pressure Ac-
celeration (RPA) is an acceleration mechanism which gained considerable
popularity in latest years. It exploits the direct effect of the ponderomo-
tive force to boost ions on the irradiated surface of a solid foil (see figure
2.1). RPA can be achieved at high laser intensity (I > 1022W/cm2) and
to be observed electron heating must be suppressed, otherwise TNSA ions
cover the RPA component of the accelerated spectrum. As presented in
section 2.1.3, electron heating with SLTs is dominated by Brunel effect and
j × B heating which can be strongly quenched using circularly polarized
(C-pol) laser pulses at normal incidence. As presented in figure 2.13.a, the
secular component of the ponderomotive force 1.25 pushes electrons into
the target leaving a charge depleted region. An electrostatic field rises
2.13.b to balance the radiation pressure inducing charge imbalance which
accelerates ion bunches as in figure 2.13.c. The electromagnetic wave can
further drill into the target and push the high density ion layer which is
modeled as a moving piston. In the approximation of elastic collision with
an infinite mass moving wall, ions can acquire up to 2 times its velocity.
This process is called Hole Boring RPA.
The drift velocity of the ion layer can be estimated balancing the radiation
pressure and the ion fluid linear momentum [58]. The maximum energy

52



2.2. Evolution of laser induced ion acceleration

achievable with RPA is thus given by:

Emax = 2mpc
2 Π
1 + 2

√
Π

Π = I

minic3

(2.21)

Numerical and theoretical works predict a narrower proton energy spec-
trum with respect to TNSA [134].
Hole Boring RPA scheme holds if the piston does not break through the
rear surface, condition easily fulfilled with micrometric targets. With thin-
ner targets (∼ 10 nm), the foil can be continuously accelerated by the
incoming laser beam. The acceleration scheme known as Ligh Sail RPA
can be pictured as a perfect reflecting mirror boosted by an intense laser
beam [135, 136]. This technique is extremely appealing since it could po-
tentially lead to extreme energy conversion and acceleration performances.
Despite the promising theoretical and numerical predictions an experimen-
tal observation of RPA is still challenging since, at available intensities
I < 1022W/cm2, parasitic TNSA effects overshadow RPA which should
be dominant at higher intensities. Hints of light sail RPA were recovered
in several experiments with 5-20 nm thick foils [137–139]. We finally re-
mark how a novel RPA concept have been proposed in [73], it exploits the
laser self focusing in a micrometric near critical layer formed by carbon
nanotubes in order to enhance the peak intensity of a C-pol laser beam by
a factor 10. This allows to increase the relative effect of RPA with respect
to TNSA, confirmed by the peculiar accelerated spectrum.
Another proposed acceleration mechanism is Collisionless shock accel-
eration (CSA) [140, 141] which exploits a laser-pressure induced electro-
static shock-wave in a low density plasma to accelerate ions. Similar to
hole-boring RPA, CSA promises a better scaling of the maximum energy
to the laser intensity with respect to TNSA and a narrow accelerated spec-
trum. The quasi-monoenergetic ∼ 20 (1% energy spread) MeV protons
measured in [142] have been attributed to the shock-waves induced into a
gas jet by a train of CO2 laser pulses, on the basis of numerical simulations
as well of the theoretical model.
Finally must be mentioned an emerging acceleration technique calledBreak
Out Afterburner (BOA), numerically studied in [143–145]. BOA takes
place in two phases. The first stage is traditional TNSA with solid foils
and electrons are heated by mechanisms presented in 2.1.3. As the elec-
tron population gains energy, it expands and the relativistic skin depth
(λSD = γc/ωpe) grows at the same time. If the target is sufficiently thin
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(tens of nm) it may experience relativistic transparency. In the second
phase of BOA the remaining part of the laser pulse penetrates into the
target, inducing a forward electron beam due to the ponderomotive force.
This beam is unstable to relativistic Buneman instability, which rapidly
converts the electron energy into ion energy. This mechanism should accel-
erate ions to much higher energies than traditional TNSA, however strong
experimental evidences of BOA are still lacking.
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3
Theoretical and numerical description of the

TNSA mechanism

Coherently with the previous chapter, most of the experimen-
tal activity regarding laser induced ion acceleration was per-
formed under operating conditions where TNSA is the domi-
nant scheme. In this framework, non experimental approaches

are indispensable to interpret and investigate its complex physics, strongly
dominated by non-linear effects. The basic purpose of these methods is to
provide reliable predictions of experimental results, a better control over
the technique and, arguably, lay the foundations for future researches.
At this regard, in this work we adopted a combined study given by:
• Analytical models are of extreme interest in order to unfold the
fundamental physics governing the system studied. TNSA theoretical
models usually split the whole process in sub-processes easier to be
modeled. Their main purpose is to identify the most relevant physical
mechanisms as well as to provide reliable scaling laws to estimate key
quantities (e.g. cut off energy, plasma temperature etc.) rather than
achieving a perfect accord with experiments.
• Numerical simulations are extraordinarily powerful tools to achieve
a better understanding of the physical processes at play. They pro-
vide information on quantities (e.g. phase space and fs-nm resolved
EM fields) not measurable in actual experiments. The objective of
numerical codes is to accurately reproduce the physical system, how-
ever, special care should be taken if a quantitative agreement with
experimental results is desired. The main drawback of this approach
is that numerical simulations can be computationally expensive (∼
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40k CPU hours for each 3D simulation performed in this work). The
total amount of CPU hours available sets a constraint over the total
number, maximum resolution, size and temporal duration of simula-
tions performed.

In this chapter we will cover the above mentioned approaches. In sec-
tion 3.1 we present some of the most studied TNSA analytical models with
a particular focus on the one which will be adopted in this work. In sec-
tion 3.2 we will describe some the most exploited numerical approaches, in
particular Particle In Cell codes (PIC) which are of key interest in plasma
physics. Finally, in section 3.3 we will list the open issues of TNSA which
are covered in this work.

3.1 Analytical modeling

In section 2.1 a simple model allowed to estimate the sheath field which
balanced the thermal pressure of hot electrons as well as the ion cut-off
energy Emax =' ZeEsλD ∝ Th. If Eq. 2.2 is coupled with Eq. 2.17 (the
ponderomotive scaling for the Th) we retrieve a dependence of Emax ∝ I0.5.
This scaling was also observed in several experimental works with long (∼
ps) laser pulses [59, 146, 147], nevertheless proved to be pessimistic with
shorter ones (∼ tens fs).
Indeed, even an extremely basic approach is able to provide useful in-
formation regarding the acceleration scheme. In the latest years much
more accurate analytical models have been proposed to gain a better un-
derstanding of the physical system. Consistently with the introduction
of this chapter, TNSA is an extremely complex process, for a theoretical
study several simplifications are thus required.
First of all, in order to tackle the problem it is useful to divide the mech-
anism into more fundamental sub-tasks: electron heating, electron trans-
port, sheath field generation and ion acceleration. In the framework of
sub-picosecond beams, laser-coupling occurs on a different time scale with
respect to ion acceleration which requires hundreds of fs to take place.
A reasonable choice is to focus the attention just on the modeling of the
sheath field, treating the first stages of TNSA as fixed boundary condi-
tions.
Analytical models, thus, deal with targets already in the plasma state
which can be divided in four main species. As seen in section 2.1.2, elec-
trons can be split into hot and cold ones. The former are directly heated
by the laser beam and characterized by much higher temperature than the
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Figure 3.1: Typical time scales of different classes of physical models.

latter Th � Tc. In most of cases relevant for laser-induced ion acceleration
just a small fraction of total electrons are directly boosted by the beam
so that their density is typically much lower than the cold background
(nh � nc). Ions on the other hand are usually divided between bulk and
surface ions. In accord with the TNSA scheme, surface ions are accel-
erated more efficiently than bulk ones and are usually composed of light
ions (Hydrogen and Carbon) contaminants.
A commonly adopted strategy is a 1D geometry to greatly reduce the
complexity of the system. The spatial coordinate considered is usually the
one defining the normal to the target, thus homogeneous in the transverse
plane. This assumption also rules magnetic effects out of the dissertation,
only the electrostatic response is considered.
Theoretical models can be divided in three main branches, defined by the
different time scales considered. Two time scales of utmost interest in
TNSA are given by the dynamics of hot electrons and background ions,
respectively. The former can be estimated with the inverse of the electron
plasma frequency τe,hot ∝ ω−1

pe ∼ 101 fs and is orders of magnitude smaller
than the latter (τi ∝ ω−1

pi ∼ ps). Due to this fact, the three families of
theoretical descriptions can be outlined:
• The fluid models consider the temporal evolution of both ions and
electrons and are reliable for time scales longer that the ion dynamics
t > τi (fig. 3.1). Their basic principle is to consider the plasma
expansion in vacuum: during this process a fraction of energy is
transferred from hot electrons to ions.

• A second approach models the sheath field in the early stages of
TNSA τe,hot < t < τi (fig. 3.1) and does not take into account its
temporal evolution due to the plasma expansion. In this framework
bulk ions are fixed into the target while surface ions are test particles
boosted by the electrostatic field, supported by the charge displace-
ment. In this work we will present a particular case given by quasi-
stationary models in which the electron cloud is neither influenced
by ions or evolves in time. This approach is particularly appealing
to describe the most energetic component of the ion spectra.
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• A final strategy is an hybrid one which describes similar time scales
as the quasi-stationary one but takes into account the motion of light
ions and the temporal evolution of the sheath field.

It is important to remark how all the here described models consider time
intervals greater that τe,hot, so that electrons can be safely assumed to
be in thermal equilibrium with a characteristic temperature Th. Most of
theoretical works model hot electrons with the Boltzmann relation:

ne = n0e
eφ(x,t)
Th . (3.1)

Moreover, semi-infinite plasmas are usually exploited and represent a good
approximation for targets much thicker than the typical penetration depth
of the sheath field inside the target (typically tens of nm). In this frame-
work, n0 is the unperturbed density inside the target (x → −∞). This
choice leads to an intrinsic limitation to theoretical models. The infinite
extension of the electron cloud (ne → 0 for x→∞) implies ions to be ac-
celerated over infinite distances, leading to the divergence of their energy
that is not compatible with the sharp cut-off measured in experiments.
To address this problem several solutions have been proposed, such as:

• Impose a finite acceleration time or acceleration distance for ions

• Consider plasmas with finite dimension. This limits the total energy
stored inside it and thus the energy acquirable by ions.

• Replace the Boltzmann relation with a cut-off in the electron spec-
trum.

In the following subsections we provide a more detailed description of some
of the most renowned models for each theoretical class.

3.1.1 Fluid models

A basic approach to the problem is to adopt a fluid description of the
plasma (thus neglecting kinetic effects) and taking into account only the
electrostatic problem. This system of equations is then considered:

∇E = 4π(Zni− ne)
∂nj
∂t

+ ∂
∂x

(njvj) = 0
∂vj
∂t

+ vj
∂vj
∂x

= qjE

mj
− ∇pj

njmj
+Ra

(3.2)
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where nj, vj, pj and qj are respectively the density, velocity, pressure and
charge of the j-th plasma population. The term Ra takes into account
the evolution of the fluid momentum due to collisions with other plasma
species.
Several assumptions are required in order to analytically solve this prob-
lem. In first place, as seen in section 2.1.3, the collisional term can be ig-
nored, as well as the ion pressure with respect to the electron one (Te � Ti
in most cases). Furthermore, for t� τe electron inertia can be neglected.
Electrons are assumed to be in thermal equilibrium and modeled with the
Boltzman relation.
Under these approximations the system to be solved reduces to:

neeE = −∇pe
∂ni
∂t

+ ∂
∂x

(nivi) = 0
∂vi
∂t

+ vi
∂vi
∂x

= ZeE
mi
.

(3.3)

The initial condition is a semi-infinite plasma slab (x<0) of density n0.
This set of equations provides the temporal evolution of the electrostatic
field, plasma density and, more importantly, the velocity of the plasma
fluid, required to estimate the ion spectrum. A basic approach to the
problem is to exploit the quasi neutral approximation ne ' Zni, valid
for length scales greater than the electron Debye length. If an isothermal
expansion of the electron cloud is considered, this system can be finally
analytically solved exploiting self similar solutions [96]. For t>0 a rarefac-
tion wave flows into vacuum and the density profile as well as the fluid
velocity can be retrieved.

vi = cs + x

t

n = n0e
− x
cst

(3.4)

where cs =
√

ZTe
mi

is the already defined ion sound velocity. This ap-
proach is particularly appealing to predict the accelerated ions spectra, as
proved by the good agreement with numerical simulations in [148]. This
model has, however major limitations resulting from the quasi-neutral ap-
proximation which breaks for sub-picosecond time scales, shorter than ion
dynamics, limiting the range of applicability of this model. Moreover, the
Boltzmann relation coupled with an isothermal expansion naturally leads
to a diverging ion velocity for x → ∞, thus can not be used to estimate
the TNSA cut-off energy without imposing a finite acceleration distance
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or time. The actual position and velocity of the ion front can be estimated
noticing that the quasi-neutrality approximation is no longer valid when
the density scale length (cst) equals the local Debye length. If we finally
assume that an ion can not overcome than the ion front, the maximum
velocity is:

vi,max(t) = 2csln(ωpit) (3.5)
which is still divergent. In [148] the authors exploited a Lagrangian code
to solve numerically the system of equations 3.3 within the approximation
of isothermal expansion of a semi-infinite plasma slab. The computed
maximum energy scaling law is:

Emax = 2ZThln2(τ +
√
τ + 1) (3.6)

with τ = ωpit/
√

2e. Despite being more accurate than the quasi neutral
model, this solution is still intrinsically divergent due to the isothermal
expansion and Boltzman distribution. We remark how the initial condition
(a semi-infinite slab) supports an isothermal expansion, due to the infinite
amount of energy stored in the electrons.
The strategy adopted by the authors to avoid the divergence of the cut-
off energy is to consider a finite acceleration time [146, 149] given by this
semi-empirical law:

tmax = 1.3τL + τoffset, (3.7)
τL being the pulse duration. An off set is added (78 fs) in order to cope
with the under-estimation of ion energies for ultra-short pulses (τL<150
fs).
The main issue of this solution is that an external constraint on the accel-
eration time is unphysical. To avoid this, a more realistic model has been
proposed by Mora which describes the adiabatic expansion of a thin foil
in vacuum [150].
The main difference with respect to the previous case is that a finite tar-
get is studied and electrons cool down as they expand with ions. The
hot electron temperature Th evolves in time in accord with the energy
conservation:

dEe
dt

= dEf
dt

+ dEi
dt

(3.8)

where Ee, Ef and Ei are the energies stored by electrons, fields and ions
respectively. This equation is coupled with 3.4 and the system is solved
with the Lagrangian code, obtaining this result for the ion maximum en-
ergy:

Emax = 2ZThln2
(

0.49 L

λDe
+ 5.4

)
(3.9)
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where L is the target thickness. The adiabatic expansion does not re-
quire the imposition a finite acceleration time due to the finite energy of
hot electrons in a thin slab. We finally remark how an intrinsic limit of
these approaches is that they do not distinguish between the different ion
species. The plasma expands as a whole, while it is generally accepted
that just surface ions are efficiently accelerated in TNSA.

3.1.2 Quasi stationary models

The quasi stationary approach is one of the simplest but yet predictive for
TNSA. In this scheme, a stationary electrostatic field is supported by the
charge displacement given by immobile bulk ions and the hot electronic
cloud. Surface ions, on the other hand, are treated as test particles, being
accelerated by the sheath field without perturbing the system. This ap-
proach is particularly suitable to evaluate the most energetic component
of the accelerated TNSA spectrum.
The theoretical model proposed in [151] retrieves the electrostatic poten-
tial from the solution of the monodimensional Poisson equation:

dφ2

d2x
= 4πρ

ρ =

ne, x>0
ne − Zni x<0

(3.10)

where ne and ni are the electron and ion density, respectively. As initial
condition a semi-infinite plasma slab is considered where bulk ions are
confined (x<0). Electrons, on the other hand, extend in vacuum (x>0).
In [151] the authors exploited the Boltzmann relation which, as we antic-
ipated, leads to the divergence of the electrostatic potential and, thus, of
the ion cut-off energy. To overcome this hurdle authors imposed a finite
electron cloud extension (l) so that ne(x> l)=0. In this framework the ion
maximum energy is given by:

Emax = ZThln
[
1 + tan2

(
l√

2λDh

)]
(3.11)

where Th and λDh are the hot electron temperature and the Debye length.
The l parameter can be evaluated through experimental fits but represent
a serious limit on the model since there is no self-consistent method to
support a finite acceleration distance within simple physical assumptions.
In reference [152] an alternative strategy is proposed. In the so called
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trapped electrons model the most energetic component of the hot electron
spectrum can escape the self-consistent electrostatic field and does not
contribute to ion acceleration. The hypothesis of two populations, given
by bound and free electrons, is supported by several experimental and nu-
merical works [153, 154] and allows to estimate a finite ion cut-off energy
without any unphysical constraint.
Under this assumption the Boltzmann relation cannot be used and a ki-
netic treatment is required. In [152] the Maxwell-Boltzman distribution
function was used to describe hot electrons, while the relativistic corrected
description in [155,156] exploits the Maxwell-JÃĳttner function:

fe(x, p) = ñ

2mecK2(ζ)e
−ζ
(
γ(p)− eφ(x)

mec2

)
, (3.12)

being ñ the normalization coefficient, ζ = mec
2/Th, K2 the modified Bessel

function of the second kind and γ =
√

1 + p2/mec2 the Lorentz gamma
factor.
The electron density responsible for ion acceleration can be self-consistently
found integrating 3.12 over energies satisfying the local bound condition:
eφ(x)− Ek < 0 (being Ek the kinetic energy).ne =

∫ pmax
0 f(x, p)dp = ñ I(ϕ(x),ζ)

ζK2(ζ) eϕ(x)

[γ(pmax)− 1]mec
2 = Thϕ

∗
(3.13)

where we defined:

ϕ ≡ eφ

mec2 , I [ϕ(x), ζ] ≡
∫ β(ϕ)

0
e−
√
ζ2−p2

dp, β(ζ, ϕ) ≡
√

(ϕ+ ζ)2 − ζ2.

(3.14)
Relation 3.13 coupled with the Poisson equation allows to evaluate the
spatial profile of the electrostatic potential which is peaked at the solid-
vacuum interface. The cut off energy of TNSA ions can be straightfor-
wardly evaluated as:

Emax = Zeφ(x = 0)Th = ZTh

[
ϕ∗ − 1 + β(ζ, ϕ∗)

I(ϕ∗, ζ)e(ζ+ϕ∗)

]
. (3.15)

We must remark how Eq. 3.15 depends only on two parameters: the hot
electron temperature Th and ϕ∗. The latter is the electrostatic potential
deep inside the target which determines the maximum energy of bound
electrons. These parameters determine the accuracy of the model, how-
ever, they are strictly dependent on the physical system studied and can
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not be straightforwardly measured in experiments. A basic approach to
obtain simple scaling laws is to combine the experimental results with an-
alytical and numerical models. As far as ϕ∗ is of concern, the most natural
strategy is to link the maximum bound electron energy to the energy of
the laser beam. At this regard, in reference [156] authors proposed a semi-
empirical law obtained fitting experimental results ϕ∗ = 4.8+0.8Log(EL).
A more advanced model, described in reference [90], takes into account
the effect of electron recirculation during the interaction with the laser
beam.

ϕ∗ + log
[
I(ϕ∗)
ζK2(ζ)

]
= log

[
ηD̃h

ñD 〈Ek〉V∞

]
+ log(Ep) (3.16)

where 〈Ek〉 is the mean kinetic energy of electron, D is the target thickness,
D̃h is the longitudinal extension of the electron cloud in a semi-infinite tar-
get (no recirculation) and V∞ its volume. The implicit Eq. 3.16 can be
solved and allows to predict the ion cut-off energy as a function of the
target thickness.
Besides ϕ∗ the other parameter to be estimated is the hot electron tem-
perature Th. As seen in section 2.1.3, Th is determined by laser induced
electron heating mechanisms, most of them still subject of major discus-
sion and theoretical research, and is further discussed in section 3.3.
The main advantage of the trapped electrons model with respect to other
approaches is that it offers a self consistent description of the TNSA field
which is naturally limited over a finite region and does not require further
limitations on ion dynamics (e.g. acceleration time or distance).

3.1.3 Hybrid models

Quasi stationary models are particularly suitable for evaluating the high-
est energies achievable by light ions, however they lack the description of
dynamical effects which can affect TNSA spectra. At this purpose several
hybrid models have been proposed in the effort to combine in a simple way
fluid and stationary approaches.
In this section we present two widely accepted descriptions: the layered
target description [157] and the moving sheath model [158].
In ref. [157] authors consider the evolution of a delta-like charge distri-
bution of light ions of surface charge Qi being accelerated by the self-
consistent sheath field. This model is meant to take into account the
temporal evolution of the electrostatic potential due to the motion of the
ion layer.
The Poisson equation is numerically solved using the Boltzmann relation
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for the electrons and assuming an immobile heavy ion bulk target (a more
refined model also takes into account heavy ions dynamics). The elec-
trostatic field at the layer position xL is found. Finally the median force
acting on the accelerated ions is computed and a scaling law for the ion
maximum energy is obtained:

Emax = ZiThf(q) (3.17)

with q = Qi
enH0λDh

being the normalized surface charge and f(q) the func-
tion:

f(q) = 3.44− 2.66ln(q)− 0.182ln2(q). (3.18)
This relation holds for 0.003 < q < 0.3, condition satisfied in TNSA
experiments.
In the moving sheath model [158] surface ions (usually light ions of the
contaminant layers) are treated as test particles being accelerated in the
electrostatic field which is found from the solution of the Poisson equation.
Bulk ions dynamics affect the temporal evolution of the sheath field and
is modeled with the thermal expansion model in ref. [148]. The TNSA
field is then numerically found as a function of the bulk ion front:

E(t) =
√

2Th
eλDh

e
(
eφ(t)
2Th

) [
1 + x− xs(t)

2λDh
e
(
eφ(t)
2Th

)]−1

(3.19)

where φs(t) is the electrostatic potential at the ion front (xs(t)).
The integration of the electrostatic field should give an estimation of the
cut-off energy, however, the Bolztmann distribution leads, once again, to
its divergence. In a similar way to [148] an external constraint on the
maximum acceleration time can be imposed in order to retrieve a finite
value for Emax.

3.2 Numerical approach

Despite the interest over analytical models, many heavily non linear phe-
nomena can not be treated with theoretical approaches unless by ex-
tremely simplified means. In this context, numerical simulations are largely
exploited in physics to support theory and to interpret experimental re-
sults. Over the last decades a collection of numerical tools has been de-
veloped, suitable in specific physical scenarios. In figure 3.2 the most
commonly used to model plasmas are presented, detailed descriptions are
provided in [26,159].
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Figure 3.2: Schematic representation of common numerical approaches (image adapted
from [26]).

Figure 3.3: Comparison between Vlasov and PIC results. The electron phase spaces are
taken in the exact same time frame and experimental conditions (image adapted from [160]).
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In interaction regimes explored in this work kinetic effects cannot be
ignored. Moreover, due to the high laser intensities simulated (I > 1019

W/cm2), in first approximation, the process of matter ionization can be
neglected as well as particle collisions. The fully ionized plasma can be
then well computed with Vlasov as well as Particle In Cell codes. Vlasov
codes solve the system given by relativistic Vlasov and Maxwell equations
for each particle species and they better resolve the actual evolution of
the distribution functions, as presented in figure 3.3. Despite being more
accurate, Vlasov codes are more computationally expensive, at the point
that in most of cases their requirements for 3D simulations exceed the
computational capabilities of high performance facilities worldwide.
In this work we relied on PIC simulation, at this purpose, in the following
section we provide a basic description of these codes.

3.2.1 Particle In Cell codes

Particle In Cell codes are somehow in between microscopic and kinetic
approaches. In reference [161] is provided an in depth discussion of the
relation between PIC and Vlasov codes and their reliability with respect
to the real plasma physics.
In the PIC approach, the actual distribution functions are sampled with
macro-particles carrying a fixed charge and mass, while the electromag-
netic fields are spatially sampled on a grid. The value of the Lorentz
force in each point of the simulated space is found by interpolation of
EM field on adjacent grid points. Macro particles are moved individu-
ally by the effect of the Lorentz force and their motion self-consistently
modifies the fields values accordingly to Maxwell equations. In figure 3.4
we offer a schematic representation of a single PIC time step. If we start
from the current deposition on the grid point two basic strategies can
be highlighted: energy conservation and charge conservation algorithms.
The former forces the energy conservation at the price of a non exact
charge conservation which may lead to unphysical effects. The Esirkepov
current algorithm, on the other hand, ensures the charge conservation.
This strategy is however more computationally expensive and it will be
not considered since the open source Particle-In-Cell code PICcante [162]
used in this work embraced the first approach.
As J are deposited on the simulation grid the macroparticles are moved
as in a lagrangian approach, the E field evolves of a full time step while B
field of half time period in accord with Maxwell equations. At this point
particle momenta are advanced of a full step and, finally the B field of the
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Figure 3.4: Basic principle of a single time step of a common Particle In Cell code.

Figure 3.5: Graphical visualization of PIC outputs. a) electron density after the interaction
of an intense laser beam with a foam attached target, b) phase space (px,x) of electrons from an
irradiated micrometric foil, c) representative trajectory of a surface electron from the previous
simulation.

remaining half. The integration method adopted is the well known leap
frog (see ref. [159] for more details) which provides a simple and accurate
tool to solve differential equations. As example, in the particle push rou-
tine positions and momenta evolutions are shifted of half a period and this
ensures an error that vanishes as ∆t → 0 as an O [(∆t)2]. This is a fair
tradeoff between more accurate but heavier algorithms (e.g. Runge-Kutta
4 O [(∆t)4]) or lighter but less accurate ones (e.g. Euler algorithm O [∆t])

3.2.2 Data analysis and derived quantities estimations

The binary output of PICcante numerical code used in this work is con-
verted in formats suitable to be read with scientific data analysis software
such as Origin and Gnuplot. In figure 3.5 several examples of PIC outputs
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Figure 3.6: a) Typical electron spectrum observed in laser interaction with flat solid targets.
The red line represent the linear fit performed. b) Time evolution of the E/EL of different
particle species in a TNSA PIC simulation. In black the total efficiency is shown.

are shown. Spatially and temporally resolved densities, phase spaces and
electromagnetic fields (not shown in figure) can be probed and results can
be directly compared to analytical models. Moreover as seen in fig. 3.5.c
particle trajectories can be extracted from the output files and these can
be of great aid in the interpretation of the physics simulated.
Finally, quantities such as the electron temperature or the interaction ef-
ficiency are extremely relevant in this work and are derived from direct
output of the numerical code. Nonetheless it is necessary to clarify the
procedure followed in this work. At the thermal equilibrium the electron
spectrum is proportional to eE/T and its temperature can be evaluated
straightforwardly. As illustrated in figure 3.6.a, we performed a linear
fit in a semi-logarithmic scale, the temperature is then the inverse of its
slope. This strategy holds only if the analyzed spectra exhibits quasi-
exponential behavior at least in certain energy intervals (if non complete
thermalization occurs). Fortunately this condition is easily fulfilled, since
in simulations performed in this work ion acceleration takes place on a lat-
ter temporal frame with respect to electron heating, thus electrons have
enough time to reach thermal equilibrium.
The interaction efficiency on the other hand was estimated by the ratio
of the total plasma energy (or the one of a specific population) and the
incident energy of the laser beam. Particularly relevant in this work is the
electron heating efficiency, evaluated in the time frame when the electron
energy reaches its peak, as in figure 3.6.b.

68



3.3. Open problems & objectives of this work

3.3 Open problems & objectives of this work

It is now useful to sum up some of the most relevant open problems re-
garding the control and optimization of TNSA from both analytical and
experimental point of views.
A better control over the technique can be achieved with a more satisfying
comprehension of the whole ion acceleration processes and how the vast
range of laser (e.g. intensity, polarization, incidence angle, pre-pulse) as
well as target (e.g composition, thickness, target design) parameters affect
TNSA. This would arguably lead to its optimization in terms of ion cut-
off energy, conversion efficiency and total accelerated charge, also with the
aim of providing laser-induced accelerators suitable for applications. In
order to properly fulfill this task, a combined experimental and analytical
approach must be adopted.
As seen in section 2.1.1, it is widely accepted that the laser parameters
play a major role in ion acceleration. Their actual contribution, however,
is still subject of discussion due to the fact that they cannot be indepen-
dently varied, preventing a proper separate study. An additional hurdle is
given by the fact that high power laser facilities do not always guarantee a
perfect reproducibility of experiments, leading to significant fluctuations
despite similar nominal conditions.
Even in the most investigated scenario of TNSA with micrometric solid
targets a satisfying experimental background has not been achieved yet.
Despite the fact that experimental works proved a strong influence of the
laser intensity and power on TNSA properties, the actual dependence is
still not globally acknowledged. As seen in section 2.1.1 a scaling law of the
ion maximum energy to the laser intensity is reported in all experiments.
It is, however, subject to significant variations between high energy-long
pulses (E∼ 100 J, τ ∼ ps) and low energy-short pulses (E∼ J, τ ∼ 10 fs),
being Emax ∝ I0.5 and Emax ∝ I, respectively.
Besides, it is well known that laser polarization and incidence angle play
a crucial role in electron heating and ion acceleration [87, 163], however
this topic is still inadequately covered. Indeed, the few and scattered ex-
perimental results cannot allow to draw a trend, expempli gratia, of the
effect of laser polarization at different intensities or incidence angles.
Coherently with section 2.1.2, electron heating is one of the fundamen-
tal sub-processes of TNSA. Indeed, a proper mastery of the laser plasma
coupling could lead to a more efficient ion acceleration. In particular, the
temperature of hot electrons (Th) is acknowledged to determine TNSA
properties (e.g. the cut-off energy). In accord with section 2.1.3, electron
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Figure 3.7: Electron temperature as a function of the laser irradiance Iλ2. Black squares
refer to experimental measurements of experiments involving fs laser pulses interacting with
micrometric solid targets (image from ref. [26]).

heating results from a large collection of different and possibly competing
mechanisms, most of them insufficiently surveyed. Due to the richness of
the physics at play and the technical difficulties of direct measurements of
Th, experiments may be particularly hard to be interpreted and may not
be sufficiently accurate if a specific electron population is to be probed
(e.g. the hot electrons confined at the interfaces).
Despite these issues, experimental measurements with micrometric flat
solid targets, typically used in conventional TNSA, reported a solid scaling
law of the electron temperature with respect to the laser irradiance (Iλ2).
Indeed, in fig. 3.7 a clear dependence to Iλ2 is evident, despite the wide
range of experimental parameters considered. In particular, at higher irra-
diances (Iλ2 > 1017 Wµm2/cm2) a scaling proportional to

√
Iλ2 is found.

This trend is also remarkably similar to the one of the ion maximum en-
ergy reported with long pulses and supports the assumption of an essential
connection between electron heating and ion acceleration. Nonetheless,
the experimental database does not offer any information regarding the
dependence of the electron temperature to other laser parameters. More-
over, previous studies can not be applied in context of advanced targets.
Consistently with section 2.2, innovative solutions were proposed in the
latest years to enhance the laser plasma coupling and, as a consequence,
ion acceleration. In this context, a proper investigation of TNSA through
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Figure 3.8: Proton cut-off energy measured with linearly polarized laser beam in different
high power laser facilities (we remand to ref. [164] for a better description). The red and the
black symbol refers to short (∼ 10 fs) and long (> 500 fs) pulses respectively. The connected
blue stars are referred to advanced acceleration techniques and are linked to benchmark results
with traditional targets.
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extensive and controlled experiments would be particularly appealing. As
seen in fig. 3.8, promising performances have already been achieved at
100 TW laser facilities worldwide. However most of these experiments are
one-shot observations at fixed conditions, parametric studies are still far
beyond the current state of the art.
Among the possible evolutions of TNSA, in this work we focused on the
foam attached targets presented in the section 2.2.1. The first experimen-
tal campaign was encouraging but still in a preliminary state [130,165] and
required a parametric study at higher laser intensities (I > 1019 W/cm2).
These multi layered targets could be of of great interest not only in the
framework of ion acceleration but also to probe laser interaction with near-
critical plasmas (resulting from foam ionization), a challenging and still
uncharted topic of research.
Along with the improvement of the experimental background a better
comprehension of the acceleration process is also of great importance. At
the state of the art the TNSA scheme can explain the most iconic features
of accelerated ions. Nevertheless, a deeper knowledge of the physical pro-
cess is still required to reach a greater control over the technique.
Analytical models presented in 3.1 proved good agreement with experi-
mental results, as also reported in [156]. They however suffer a rather
limited range of applicability, moreover, they need to be extended to ad-
vanced target designs. Taking Eq. 3.6, 3.9, 3.15 and 3.19 as references, we
highlight how all the models presented rely on quantities that must be esti-
mated by theoretical means or with semi-empirical approaches. Providing
more accurate scaling laws is a logical strategy to increase the capabilities
of current TNSA descriptions. In most of theoretical works, the temper-
ature of hot electrons Th is a fundamental quantity and is required to
predict the ion cut off energy . Many theoretical works of TNSA with
micrometric solid targets adopt the well known ponderomotive scaling in
Eq. 2.17 which is able to reproduce with a good agreement the depen-
dence of Th to the laser intensity seen in fig. 3.7. However, this approach
has some clear limitations: no polarization or incidence angle dependence,
which are known to be crucial for laser-plasma coupling [163] and cannot
be applied to new target designs. Besides the strong limitations high-
lighted, recent works [166–168] suggest that ponderomotive scaling can
significantly over-estimate Th at high laser intensities (I > 1019 W/cm2).
Clearly, an improvement of the estimation of Th would allow, not only to
extend the predicting capability of the quasi-stationary model, but also
to improve other theoretical descriptions.
This PhD work was carried out within The Micro and Nanostructured
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Materials Lab (NanoLab) group of Politecnico Di Milano and was aimed
at overcoming some of current issues of TNSA. In particular this work was
divided as it follows:
• Experimental activity: A consistent part of this work was de-
voted to the analysis of two recent experimental campaigns carried
out by the Nanolab group (Politecnico Di Milano) in collaboration
with the GIST institute (Gwangju, Republic of Korea). This activity
had a dual aim. First of all it allowed to demonstrate the feasibil-
ity of an enhanced TNSA with foam attached targets (MLT) with
respect to traditional micrometric foils (SLT). A parametric study
of the effect of laser intensity and polarization was carried out with
both target configurations: different designs targets were tested for
the first time in an extensive campaign at high laser intensities (I>
1019 W/cm2). These analysis also provided a solid and reliable ex-
perimental database which proved to be an invaluable tool to test
theoretical models under a wide range of parameters. In chapter 4
we provide a detailed description of some of the most remarkable
results observed in the experimental campaigns.
• Theoretical activity: in order to further extend the applicability
range and accuracy of current theoretical TNSA models, chapter 5
was dedicated to the theoretical study of electron heating with both
SLTs and MLTs. As far as traditional targets are of concern, our aim
was to provide a more accurate scaling law for the electron temper-
ature which could take into account some crucial parametric depen-
dencies (polarization and incidence angle) not considered by previous
models. With MLTs the task was harder since no reliable models were
available at the state of the art. At this purpose we performed a first
approach in order to understand the role of the laser intensity into
electron heating with foam attached targets.
• Numerical activity: as anticipated, numerical simulations could
provide powerful support to analytical approaches. Indeed, a large
numerical campaign was performed in order to probe the laser-plasma
coupling in conditions suitable for TNSA. Quantities such as the elec-
tron temperature and heating efficiency were estimated at different
laser intensities, polarizations and incidence angles using both micro-
metric foils and foam attached targets. These results, combined with
the analytical model guaranteed a solid scaling law which could pre-
dict the angular and polarization dependence of the electronic tem-
perature over an ample range of laser intensities, appealing for ion
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acceleration (I>1018 W/cm2). Our numerical activity was also aimed
at probing laser-plasma coupling with foam attached targets. An in-
tensity scan was performed at fixed laser and target configuration in
order to understand the enhancement in the electron heating in con-
ditions similar to those of the two experimental campaigns performed
in 2014 and 2015. This analysis also supported the simple theoretical
model and this combined strategy provided a reliable scaling law for
Th that could be applied to MLTs.

• Benchmarks: an interesting solution in order to test our numerical
and theoretical results was to combine these results with the quasi-
stationary model 3.1.2 to predict the experimental results analyzed
in chapter 4. The final outcome of this work was to prove that our
description could be more accurate than previous ones to interpret
laser induced electron heating.
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with solid and nanostructured targets

In agreement with section 3.3, experiments under controlled and re-
producible conditions are of ultimate priority to provide a reliable
experimental picture of the parametric dependencies of TNSA. This
is required, not only to achieve a greater understanding of tradi-

tional TNSA with micrometric solid targets (SLT), but also to test the
potentiality of innovative target designs such as foam attached targets
(MLT). Coherently with section 2.2.1, these foams can provide a near-
critical layer and it is generally acknowledged in the plasma physics com-
munity that such plasmas could greatly boost the laser energy absorbed
[115,121,122,169,170] and could be appealing to enhance ion acceleration.
This topic, however, remains quite unexplored in experiments owing essen-
tially to the technical difficulties of creating controllable and reproducible
low density plasmas (∼ 10 mg/cm3). These can be produced using differ-
ent techniques such as gas jets [171,172], preplasmas [93,94,173], chemical
depositions of foams [115, 174] and nanotubes [73, 175] or foams created
using pulsed laser deposition [165]. The latter, in particular, is proved
to be a reliable source of low density materials of controlled thickness,
density and composition which can be also deposited over virtually any
substrate. Foam created using Pulsed Laser Deposition (PLD) are char-
acterized by a porous structure composed by solid-density nano-particles
(d ∼ 10 - 20 nm) resulting in an average near-critical density on a micro-
metric scale. Advanced MLTs have been firstly analyzed in a numerical
campaign in ref. [123] which demonstrated how a near-critical plasma layer
on a solid substrate may strongly increase both the conversion efficiency
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and the electron heating, leading to an enhanced TNSA mechanism. In
particular, 2D and 3D numerical simulations highlighted the importance
of target parameters (e.g. foam thickness and density) to achieve the best
acceleration performances. A first experimental campaign was carried out
with the UHI100 laser system at the CEA Saclay center [130]. In that
explorative work two Aluminum SLTs of different thicknesses, 1.5 and 10
µm were adopted and their performances were compared to MLTs com-
posed by 12 and 24 µm C foams, deposited on Al substrates (1.5 and 10
µm, respectively). Carbon foams were characterized by an average den-
sity of 7±2 mg/cm3 which corresponded to a near critical density if fully
ionized (nc coincides to 5.7 mg/cm3 with 800 nm laser wavelength). Tar-
gets were irradiated at 10◦ incidence with laser beams in the 1016 − 1019

W/cm2 intensity range in both Low Contrast (108) and High Contrast
(1012) regime. In [130] the authors reported proton cutoff energies in the
MeVs range with an increase of a factor 2-3 at moderate intensities (I<1018

W/cm2) with respect to benchmark SLTs.
An important part of this PhD work was aimed at the analysis of exper-
imental results of TNSA obtained in the framework of an international
collaboration led by the Nanolab group in two campaigns in 2014 and
2015 at the PW-class laser facility APRI (GIST, Gwangju, Republic of
Korea). These experiments not only provided a solid database with tradi-
tional micrometric solid targets (SLT) in a wide range of laser intensities
0.5 ·1020 W/cm2<I<4.5 ·1020 W/cm2 and polarizations (P-,S- and C- pol)
but they also represented the first extensive work with innovative foam
attached targets (MLT) in the high intensity regime.
In the framework of this PhD thesis, these results were exploited to sup-
port our theoretical and numerical activities in both contexts of SLTs and
MLTs. In particular, in chapter 5 we used the here-presented data set
to benchmark the prediction of a new analytical model for the electron
temperature.
At this purpose, this chapter will be divided as follows. In section 4.1 we
illustrate the production and characterization techniques of foam attached
targets as well as the specifics of the targets used in the analyzed experi-
ments. Section 4.2 describes the experimental setup of the two campaigns
with a particular focus on the diagnostics adopted. Finally, 4.3 will be
dedicated to the presentation and discussion of the experimental results.
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4.1 Target production and characterization

A remarkable achievement of the numerical campaign in [123] was the
parametric study regarding the influence of the foam design on the ion
acceleration. In particular, the authors suggested that near critical foams
with a thickness ∼ 10 µm, coupled with sub micrometric substrates (≤ 1
µm) could provide the best laser-plasma coupling. In this framework, con-
trolled target production and characterization are of crucial importance
in order to fulfill ideal conditions for ion acceleration.
Foam attached targets discussed in this chapter were created by Nanolab
group using Pulsed Laser Deposition (PLD) technique. With a proper
tuning of the deposition parameters, PLD can also be exploited to grow a
porous material (foam) over virtually any solid substrate. In figure 4.1 a
typical apparatus of Pulsed Laser Deposition is shown. A laser beam is fo-
cused onto a target, the resulting ablated material creates a plasma plume
which is deposited on the substrate. Coherently with [165], nanopar-
ticles (∼ 10 nm) represent the elementary constituent of the deposited
film. These aggregate in sub micrometric compounds which determine
the target morphology. Under proper deposition conditions, PLD can be
exploited to create a void-rich layer, characterized by a mean density hun-
dreds of times lower those of graphite (∼ 10 mg/cm3).
Many experimental features such as laser pulse parameters, gas pressure
in the chamber, target temperature and composition influence the prop-
erties of the produced foam. As an example in figure 4.2 different foam
morphologies are presented as a function of the filling gas and its pressure
in the chamber.

In ref. [176] we provided a detailed description of deposition param-
eters adopted for target production, we here give just a brief summary.
A commercial Nd:YAG laser was used in second harmonic mode (wave-
length ∼ 512 nm) which provided a 7 ns pulse at 10 Hz repetition rate
with a fluence of 0.8 J/cm2. The ablated target was composed of pyrolotic
graphite resulting in a carbon foam growth over an Aluminum substrate.
Argon, which proved to be ideal to promote the aggregation of nanoclus-
ters, was chosen as filling gas in the chamber. In order to guarantee the
best conditions of foam homogeneity and uniformity over large deposition
areas (∼ mm2) the substrate was placed on a rotating stage, distant 46
mm from the graphite target.
The foam attached targets produced for the experimental campaigns were
characterized by a low density layer in the order of mg/cm3 (∼ nc) with
thicknesses in the 3-64 µm range, obtained tuning the deposition duration.
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Figure 4.1: Typical PLD configuration

To summarize, PLD proved to be a reliable and flexible tool for materials
deposition, which is also viable for the production of foams with tunable
properties.
Targets were characterized using a Scanning Electron Microscope (SEM)
to measure the foam thickness while the density has been evaluated using
data acquisitions obtained with Energy Dispersive X-ray Spectroscopy
(EDXS) technique. A detailed description of the novel characterization
technique adopted is provided in [177].

4.1.1 Targets

The aim of the two experimental campaigns was to explore the capabil-
ities of MLTs at different laser and target configurations using SLTs as
references. In the numerical work in ref. [123], the authors showed how
foam thickness as well as its density should determine ion properties. In
particular, best performances had to be expected with a near-critical foam
in the 10 µm range.
At this purpose, in 2014 different foam/substrate thicknesses and foam
densities were chosen in agreement with numerical results in [123]. For
each shot with foam-attached targets, experiments under the same laser
conditions with bare Al foils were performed for comparison. In 4.1 are
listed the targets used in the first experimental campaign.
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Figure 4.2: Foam morphology under different deposition conditions
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Substrate
composition

Substrate
thickness Foam Thickness Foam density

(ne/nc)
Al 0.75 µm 8,12,18,36 µm 1.2
Al 1.5 µm 12,18 µm 1.2
Al 0.75 µm 12 µm 4.3
Al 0.75, 1.5 µm X X

Table 4.1: Targets used in the 2014 campaign

The second campaign was planned as complement to the first one,
providing a parametric study with thinner foams, different substrate com-
positions and thicknesses, as reported in 4.2.

Substrate
composition

Substrate
thickness Foam Thickness Foam density

(ne/nc)
Al 0.75, 1.5 µm X X

Polymer 20 nm X X
Al 0.75 µm 3,5,8,10,12 µm 1.2
Al 1.5, 6.5 µm 8 µm 1.2
Cu 7 µm 8 µm 1.2

Polymer 20 nm 8,12,32,64 µm 1.2

Table 4.2: Targets used in the 2015 campaign

4.2 Experimental setup and diagnostics

The two experimental campaigns took place in September 2014 and July
2015 at the Gwangju Institute of Science and Technology (GIST) in Re-
public of Korea. The PULSER laser system is a PW-class laser, several
properties are listed in table 4.3 while a detailed description is provided
in [178,179].

Design value
Laser system Ti:Sapphire
Energy before compressor 38 J (2014), 45 J (2015)
Peak Intensity (W/cm2) 4.5 · 1020 (2014), 7 · 1020 (2015)
Laser Constrast 10−12 at 500 ps, 10−10 at 50 ps
Pulse Duration 30 fs
Focal Diameter 5 µm
Repetition Rate 0.1 Hz

Table 4.3: PULSER I laser specifics

In fig. 4.3 a schematic representation of the interaction chamber is
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provided. The energy delivered by the laser beam before the compressor
was 38 J in 2014 and 45 J in 2015, 25 % of this energy was lost in the
compressor stage. A double plasma mirror ensured beam contrast of 3 ·
10−11 6 ps before the main pulse with a 50 % energy depletion. Due to
the geometry of the system, the laser beam on target was S-polarized.
However, Half-wave or quarter-wave plates allowed, to provide P- and
C- polarizations at the price of an additional 18 % and 13 % energy loss,
respectively. As final outcome, few Joules on target were delivered by a 30
fs laser pulse characterized by a circular focal spot of 5 µm diameter which
contained 22% of the total beam energy. As reported in the scheme in fig.
4.3 the laser pulse is focused on the target and, finally, the accelerated ion
signal is recorded by multiple Thompson Parabolae.

4.2.1 Spectrometer: Thompson Parabola

Thompson Parabolae (TPS) were chosen as the main diagnostics to com-
pare the performances of foam-attached targets with Aluminum foils in
terms of both maximum ion energy and spectrum. As presented in fig.
4.4, TPS rely on stationary electric (30-40 kV/mm) and magnetic (∼ 0.45
T) fields in order to separate particles with different charge over mass
ratios and energies. Since the accelerated ions energies are typically or-
ders of magnitude under their rest masses, relativistic corrections can
be neglected and the acceleration due to EM fields is simply given by
a = q

m

(
E + v

c
×B

)
. If we then consider a particle moving in the ẑ direc-

tion with E and B lying in the x̂ŷ plane, their total x and y displacements
with respect to the propagation axis will be:δx = A q

mv2

δy = B q
mv

(4.1)

where A and B are dependent to experimental parameter (flight path
and EM fields) reported in fig. 4.4. In accord with equation 4.1, charged
particles with equal q/m ratio but different energies draw a parabolic trace
in the x̂ŷ plane. Deflected particles are then collected by detectors such as
CR-39 films, Image Plates (IP) or Micro Channel Plates (MCP). In MCP
detectors, the ion signal is converted and amplified into electrons which
retain the same spatial structure of the former beam. These electrons
impress a phosphor screen, the image then is recorded by a CCD camera
(see fig. 4.4). The main advantage of the coupled system of MCP and
CCD is that it allows an active data collection, particularly suitable for
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Figure 4.3: Schematic representation of the experimental setup adopted in Korea in 2015.
In the 2014 campaign the two front side TPS were missing.
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measurements at high repetitions rates. Finally, the parabolic traces in
fig. 4.4 were analyzed with the software Tiarra which allowed to extract
the ion spectra. The main drawback of this diagnostic system is that
the absolute calibration is not straightforward to be obtained, mostly due
to the strongly non-linear response of MCPs. A latter experiment using
a slotted nuclear track detector, CR-39, installed in front of the MCP
allowed to calibrate the system.

Figure 4.4: Configuration of the Thompson Parabola Spectrometer adopted in the 2014
experimental campaign

4.2.2 2014 experimental campaign

The aim of the first experimental campaign conducted in 2014 was to
explore the capabilities of MLTs with respect to traditional SLTs. The
incidence angle was kept fixed (30◦), the pulse intensity was tuned in the
range 0.5·1020 W/cm2<I<4.5·1020 W/cm2 with a corresponding energy on
target of 1-7.5 J. Another innovative aspect of this experimental campaign
was a systematic study of the effect of laser polarization in the context of
TNSA with both SLTs and MLTs.
To analyze accelerated ion spectra two TPS were adopted. The first TPS
was placed along the axis normal to the rear surface and captured most of
the ion signal due to the normal emission of TNSA ions. The second TPS
collected ions accelerated along the laser propagation direction to record
possible non-normal emissions which could have been relevant with foam-
attached targets.
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Finally three imaging plates spectrometers were placed in the chamber to
capture electron spectra. Since the chamber could only be opened once
in a day, each spectrometer could be used for a single shot acquisition.
In addition, magnetic fields were too weak to capture the most energetic
component of the electronic spectra. For these reasons, only qualitative
information regarding the different electron heating in SLTs and MLTs
could be obtained and a proper estimation of the electron temperature
could not be performed.

4.2.3 2015 experimental campaign

The 2015 campaign setup was similar to the previous one. Two different
incidence angles were tested: 30◦ and 2.5◦ (defined from here on “normal
incidence"). A recent upgrade increased the pulse energy from 38 to 45 J.
Two more TPS were adopted and placed in the front side, normal to the
surface and along the reflected laser propagation direction. Using foam
attached targets all 4 TPS collected accelerated ions but the strongest
signal, accordingly to a TNSA scheme, was always measured by the one
placed normal to the rear surface.
In this campaign the effect of pulse duration on the acceleration process
was also studied. This was possible adjusting the gratings distances in
the compression stage of CPA (see chapter 1.1). We remind how a non-
optimal compression leads to a chirped pulse. This, not only modifies the
temporal duration, but also determines which spectral component of the
laser beam interacts first with the target. To the best of our knowledge
this interaction regime has never been approached experimentally or nu-
merically.
In the 2015 campaign the configuration of the TPS spectrometers was
slightly changed with the aim of increasing the signal-to-noise ratio. The
diameters of collimators placed at the entrance of the TPS were lowered
from 0.37 mm to 0.28 mm in order to reduce the thickness of the parabolic
traces. The resolution of the CCD cameras was improved from 51 to 156
pixel/mm2. Also the MCP was upgraded, increasing its sensitivity by a
factor 16.
However these changes paradoxically lowered the signal-to-noise ratio.
The smaller collimators enabled less particles to enter in the spectrom-
eter and the increase of the resolution of the CCD cameras increased the
impact of statistical fluctuations and thus statistical noise. Unfortunately,
the higher noise covered the low intensity component of the ion spectra
which is also, due to TNSA exponential behavior, the most energetic one.
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As a consequence, we could not quantitatively compare 2014 and 2015
results since lower cut-off energies were recorded in the latter campaign
under similar experimental conditions. Nonetheless, 2015 experiments
still provided useful information regarding the qualitative dependencies of
TNSA with both SLTs and MLTs.

4.3 Experimental results

We here report the results of the two experimental campaigns carried out
at PULSER laser facilities. Due to the issues presented in 4.2.3, we could
not perform a full analysis on the 2015 campaign we thus present the
more solid results. One of the main goals of the experimental campaigns
was to prove that MLTs could enhance TNSA in the high laser intensity
regime (I > 1019 W/cm2) and to find optimum target configurations for
ion acceleration.

4.3.1 Evidences of enhanced-TNSA

The first and crucial part of our analysis was aimed at supporting our hy-
potheses of foam-enhanced TNSA. In the parallel and independent study
in [73], despite similar experimental conditions to those of our campaigns
(in terms of both target used and laser parameters), the authors reported
a significant difference in the accelerated ions spectra with respect to tra-
ditional TNSA.
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Figure 4.5: Maximum ion energy as function of the foam thickness. The results refer to
a 0.75 µm thick SLT and a MLTs composed of 0.75 µm thick Al foils covered with 3âĂŞ36
µm thick foams irradiated for the maximum laser intensities. a) Representative ion spectra
obtained at the highest intensity explored in 2014 (I = 4.5 · 1020 W/cm2) for SLT (black line)
and MLT with 8 µm (red line), 12 µm (green line) and 18 µm (blue line) thick foams. b)
Epmax is reported as a function of the laser intensity in S polarization for SLT (black circles)
and MLT with 8 µm (red squares), 12 µm (green triangles) and 36 µm (blue diamonds) thick
foams. c) 2014 results: Epmax and ECmax are shown as function of the foam thickness for S-
(blue squares), P- (red triangles) and C- (black circles) polarization. d) 2015 results: Epmax
is shown as a function of the foam thickness for P- (red triangles) at 30◦ incidence angle and
C- (black circles) polarization at normal incidence.

In figure 4.5.a we report typical spectra recorded in our campaigns. A
quasi exponential decrease with a high energy cut-off was observed in all
conditions explored in our work in both MLT and SLT cases. Moreover,
as clearly seen in figure 4.5.a, a remarkable increase in both the cut-off
energies and total accelerated charge with respect to Aluminum SLTs was
measured.
Consistently with section 2.1.1, TNSA ions are strongly collimated along
the direction normal to the target. To support our claim of enhanced-
TNSA, we expected ions to be collected mostly by the TPS placed in this
direction (TPS2 and TPS4 in fig. 4.4). Indeed, as presented in fig. 4.6, the
TPS placed on the rear side along the laser propagation direction (TPS1)
reported no detectable signal with SLTs, while a feeble one, just above
the statistical noise, was captured in several shots with MLTs. On the
other hand, clear parabolic traces were recorded in all experiments with
the normal to the surface TPS (TPS2).
In conclusion, the exponential spectra with a high energy cut-off and the
good collimation of accelerated ions along the normal direction made us
conclude that our experiments could be interpreted in the framework of a
foam-enhanced TNSA mechanism.
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Figure 4.6: Typical parabolic traces recorded with TPS in the 2014 campaign. On the left
ions collected by the TPS normal to the rear surface are shown, on the right measurements
from the TPS placed at 30◦ with respect to the rear normal (image obtained with a higher
magnification). a) MLT composed by 12 µm foam 1.2 nc on a 0.75 µm Al substrate, b) SLT
0.75 µm Al.

4.3.2 Role of foam thickness

A first parameter of utmost relevance in ion acceleration with MLTs is the
foam thickness. With thicker ones a large fraction of the laser energy is lost
to heat electrons that are too distant from the rear surface to efficiently
contribute to the charge displacement at the non-irradiated surface and,
thus, to ion acceleration. In contrast, with thinner foams only a modest
increase in the laser absorption with respect with SLTs is to be expected.
A tradeoff between these two regimes was predicted. Nonetheless, the nu-
merical study presented in [123] suggested an optimum thickness of 8-10
µm. Using these results as a guideline for the experimental work, foams
were grown in a thickness (and density) range compatible with the cited
work. The first experimental campaign explored foam thicknesses ranging
from 8 to 36 µm with bare Al targets as benchmarks. In 2015 thinner
foams were tested (3-5µm) to further extend the analysis. In fig. 4.5.a
typical spectra recorded by the normal to the rear surface TPS are pre-
sented. As seen in 4.3.1, all the measured spectra are consistent with an
enhanced TNSA scheme. Moreover, the cut-off energy as well as the total
accelerated charge are strongly dependent to the foam thickness. The for-
mer dependence is well shown in fig. 4.5.b, where the proton maximum
energy is plotted as a function of the laser intensity for different target
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Figure 4.7: Maximum ion energy as a function of the foam thickness. The results refer to
a 0.75 µm thick SLT and a MLTs composed of 0.75 µm thick Al foils covered with 3âĂŞ36 µm
thick foams irradiated for the maximum laser intensities. a) 2014 results: Epmax and ECmax
are shown as a function of the foam thickness for S- (blue squares), P- (red triangles) and
C- (black circles) polarization. b) 2015 results: Epmax is shown as a function of the foam
thickness for P- (red triangles) at 30◦ incidence angle and C- (black circles) polarization at
normal incidence.

configurations. These results refer to S-polarization, however, qualita-
tively similar ones were also reported in P- and C-pol. An enhancement
of the performances with the 8 and 12 µm MLTs with respect to SLTs was
systematically observed in the whole intensity range.
In this work, not only we proved how under suitable conditions MLTs can
outperform SLTs but we also identified an optimum foam thickness which
enhanced the proton maximum energy, in agreement with numerical pre-
dictions in [123]. In figure 4.7.a and 4.7.b the proton maximum ion energy
(and Carbon) is reported as a function of the foam thickness. The 8µm
foam guaranteed the best ion acceleration in both campaigns, also in dif-
ferent laser conditions (P-pol at 30◦ and C-pol at normal incidence). In
2014 protons with energies up to 33 MeV were measured at the highest
intensity with 8 µm foam MLTs, while benchmark SLTs top performances
in the same conditions were around 22 MeV. A near-constant gain factor
Ep
max(MLT )/Ep

max(SLT ) ∼ 1.5 was observed at all laser intensities in P-
polarization. It must be however remarked how considering the 8µm foam
the best target for TNSA would be a rushed conclusion. Indeed, the thin-
ner foams used in 2015 (3-5 µm) were less homogeneous and less uniform
than the thicker ones and this could have led to worse performances.
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As anticipated, we noticed how MLTs can also boost the total accelerated
charge (NMLT or NSLT , depending on the target design). An enhance-
ment of the number of high energy protons (Ep>8 MeV) per solid angle
unit (sr−1) was measured with 8 and 12 µm foams. For the first target
NMLT ∼ 3.4 · 1010 sr−1, while it decreased to ∼ 1.2 · 1010 sr−1 with the 12
µm foam. An interesting fact is that NMLT for the 18µm foam (1.7 · 1010

sr−1)) was found to be about four times higher than the SLT case (3.9·1010

sr−1), despite having roughly the same maximum energies.
These enhancements were also greatly dependent to the laser polarization
and will be further discussed in the following section.

4.3.3 Role of the laser polarization

Another important aspect of our experimental activity was a proper study
of the effect of laser polarization in laser driven ion acceleration. As an-
ticipated, this parameter was known to be remarkably relevant in laser-
plasma coupling, however very few experimental works addressed this
problem properly.
In our work we investigated the effect of three laser polarizations (P-,S-
and C-pol) on TNSA with both SLTs and MLTs in a wide range of laser in-
tensities. In figure 4.8 we present the comparison of the proton maximum
energy between 8µm foam MLTs and SLTs at different laser polarizations
and intensities.
First of all, in all our cases of study, an almost linear dependence on the
laser intensity was found. This was already observed in literature with
SLTs and fs laser durations but this is the first time it was reported with
advanced MLTs. This also supports the claim made in section 4.3.1 of an
enhanced TNSA regime.
As expected, laser polarization deeply influences TNSA with SLTs, due
to the different heating mechanisms active. As explained in section 2.1.3,
the best laser-plasma coupling is achieved with P polarization due the
combined effect of j×B heating and Brunel effect, leading to higher pro-
ton energies. At high intensities (I > 1019 W/cm2) j × B (active in P-
and S-, suppressed in C-pol) proves to be more efficient than Brunel effect
(present in P- and C-pol) and explains why more energetic ions have been
collected in S-pol with respect to C-pol.
In contrast with the SLTs case, with MLTs laser polarization seems to not
affect ion acceleration. This is an interesting aspect since it allows the re-
laxation of an experimental parameter. We supposed that such behavior
is due to the nanostructure of the foam layer: an irregular surface leads

89



Chapter 4. Data analysis of ion acceleration experiments with solid and
nanostructured targets

Figure 4.8: Role of the laser polarization. Epmax is reported as a function of the laser
intensity for the 0.75 µm SLT (dashed lines) and MLT with 8 µm foam (full lines) in P
polarization (red), S polarization (blue) and C polarization (black)

to multiple-random incidence angles which tends to smooth polarization
effects.

In agreement with section 4.3.2, we observed a noticeable increase of
high energies protons with MLTs which was deeply influenced, not only by
foam composition as in 4.3.2, but also by the laser polarization. In table
4.4 the gain factors NMLT/NSLT , using 8 µm foam MLTs, are reported for
P-, S- and C-polarization at different energy intervals. We remark how
the polarization dependence of this ratio is related to the strong influence
of this parameter on SLTs spectra. As anticipated, MLTs ions are weakly
influenced by laser polarization. Even in the worst case scenario of P-pol,
an increase of about 60% in the total number of protons in the energy
interval 8-10 MeV was found. We also reported a variation of the proton
temperature (estimated by an exponential fit of the high energy part of
the spectra), being 5.1, 4.9 and 7 MeV for S-, P- and C-pol for MLTs and
2, 2.7 and 0.8 MeV for SLTs.

4.3.4 Role of substrate thickness and foam density

It is well known from literature [90,163] that TNSA performances rely on
the solid substrate thickness. Indeed, thinner foils could massively am-
plify both ions maximum energies and total number, especially in high
laser contrast regimes. However, thicker targets (∼ 1-10 µm) would be
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Energy interval
MeV

NMLT /NSLT

P-pol
NMLT /NSLT

S-pol
NMLT /NSLT

C-pol
8-10 7.1 1.6 7.9

8-Ep
max 8.7 1.7 20.5

14-16 12.9 1.8 X
14-Ep

max 22.4 2.7 X

Table 4.4: Ratio between the accelerated charge with foam-attached targets (NMLT )
and the same quantity with SLT (NSLT ) under the same laser intensity for different
polarizations and energy intervals considered. These results were obtained in the 2014
campaign at the highest intensity achievable in each polarization.

easier to handle in actual experiments and possibly cheaper than sub-
micrometric ones.
In fig. 4.9 we report preliminary results obtained in the 2014 campaign.
The proton cut-off energy is plotted as a function of the laser intensity (in
S-pol) for five different target configurations. Three MLTs were tested:
two composed by a near-critical (∼ 1.2nc), 12 µm thick foam over two
different Al substrates 0.75 and 1.5 µm thick, respectively, and a third
characterized by a higher foam density (∼ 4.3nc) on the thinner 0.75 µm
substrate. Results with MLTs were benchmarked against Al targets 0.75
and 1.5 µm thick.
In agreement with results in literature, the thicker SLTs was characterized
by lower performances. On the other hand, the 2014 exploratory study
reported no significant differences between MLTs with different substrates.
At this purpose in 2015 a more extensive study has been carried out. In
figure 4.10.a we present several results obtained with a wider range of
substrates. Several aspects must be highlighted. First of all, comparable
cut-off energies of ∼ 15 MeV were measured with MLTs with a thick foil
of 12 µm and 0.75 µm SLTs. This aspect is interesting due to the fact that
thick substrates are particularly suitable, due to their higher mechanical
robustness, for applications which require high repetitions rates.
Unfortunately no data with thick SLTs were available for a proper com-
parison with MLTs. Nonetheless, we adopted the theoretical model in
section 3.1.2, combined with ref. [90] to estimate the proton cut-off en-
ergy at different foil thicknesses. With a 12 µm bare Al target energies not
exceeding 5 MeV are to be expected, less than a third of the experimental
measurements with MLTs. In fig. 4.10.b we combined experimental results
in [136], which refer to an experimental campaign at the PULSER laser
facility (i.e. similar laser conditions) with flat foils of different thicknesses
(10nm-100nm), with our measurements in S polarization and similar laser

91



Chapter 4. Data analysis of ion acceleration experiments with solid and
nanostructured targets

Figure 4.9: Role of Al foil thickness, foam density and laser intensity. Results refer to
0.75 µm and 1.5 µm thick SLT (red open squares and blue open triangles, respectively); MLT
composed of 12 µm thick near-critical foams and Al foils with a thickness of 0.75 µm (red
squares) and 1.5 µm (blue triangles); MLT composed of 12 µm thick foam with density n ∼ 4nc
and Al foil with the thickness 0.75 µm (half-filled squares). Epmax is reported as a function of
the laser intensity for S-polarization.

intensity (∼ 3.3 · 1020W/cm2). These are compared with theoretical pre-
dictions of the quasi stationary model in [90]. Indeed the good agreement
seen in fig. 4.10.b proves the reliability of analytical estimations in fig.
4.10.a.
As a final remark, in the 2014 campaign we also performed several shots
with MLTs with different foam densities of 1.2nc and 4.3 nc. In this first
test we observed no variations between the two targets (see fig. 4.9). These
shots were performed at laser intensities in the interval 1.7 ·1020−4.3 ·1020

W/cm2 which correspond to values of a0 ≥ 9. In such conditions both
foams were relativistic transparent to the laser beam, this could be a pos-
sible explanation for the similar experimental results obtained.

4.3.5 Role of the gratings distance

In the 2015 experimental campaign an exploratory attempt to investigate
the effect of the pulse duration in ion acceleration with both SLTs and
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Figure 4.10: Role of solid substrate. a) Results refer to 0.75 µm SLT and MLT composed of
8 µm foam over a 0.75-12 µm substrate. Experimental results with MLT, Epmax as a function
of the substrate thickness are reported (black line). As reference results with 0.75 µm SLT are
shown (red) as well as a theoretical prediction of Epmax at higher thicknesses. b) Comparison
between theoretical predictions (red) with the TNSA model in [90] and experimental results
(black) reported in [136] (circled) combined with the ones in fig. 4.9. These results were ob-
tained in the same laser facilities under similar experimental conditions: same pulse duration,
intensity (∼ 3.3 · 1020W/cm2) and focal spot, in S polarization. The different incidence angles
(7◦ and 30◦, respectively) should not significantly influence Epmax.

.

MLTs was made. To tune the pulse length the gratings used in the CPA
stage were moved from their optimum chirp position (0 µm). The pulse
duration was then tuned between 30 and 150 fs, keeping the energy on
target fixed and, thus, lowering the peak intensity. This also changes
the frequency components of the electric field that interact first with the
target (high frequencies with a positive displacement), this could cause
possible asymmetries of measurements between positive and negative dis-
placements.
In figure 4.11 we present the maximum ion energy as a function of the
gratings displacement in C-pol at normal incidence and P-pol at 30◦. It
is worth to highlight how, using MLTs, the highest energies were recorded
with a non perfect-chirp in both polarizations. A possible explanation is
that, if the relativistic transparency condition is fulfilled (n < γnc), the
volumetric heating could be more efficient with a longer pulse.
As seen in section 2.1.3, interaction with SLTs should be strongly ham-
pered at lower intensities and worse ion acceleration with longer pulses was
thus expected. However, quasi constant cut-off energies around 15 MeV
were measured with SLTs in P-pol at 30◦ incidence angle. Furthermore,
in C pol at normal incidence the highest energy with SLTs was recorded
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Figure 4.11: Role of gratings distance. Epmax is presented as a function of the gratings
distance using 0.75 µm thick SLT (black line) and 8 µm thick foam MLT (red line) for a)
P-polarization at 30◦ incidence angle and b) C-polarization at normal incidence

with a down-chirped pulse given by a -400 µm gratings displacement.
It must be remarked how, due to the low number of shots and the poor
pulse characterization as a function of the gratings displacement, these are
just preliminary results and conclusions can not be drawn yet. Nonethe-
less, it is worth to highlight that this campaign opens a new possible
strategy to increase laser plasma coupling with a proper pulse tailoring.
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5
Advances in TNSA theory

In chapter 3 we offered an overview of the major TNSA theoretical
models. We also highlighted how all of them require the estimation
of quantities, such as the hot electron temperature Th and density,
extremely difficult to be directly measured in experiments, in order

to predict quantities relevant for ion acceleration (e.g. the cut-off energy).
Most of these works take Th as input parameter. Consistently with section
2.1.3, Th is determined by laser induced electron heating which is a natural
consequence of ultra intense laser-plasma coupling. Due to the vastness of
the topic, we focused on interaction scenarios relevant for TNSA. The aim
of this chapter is to suggest simple and predictive scaling laws for Th with
both solid foils (SLT) in section 5.2 and foam attached targets (MLT) in
section 5.3. These, not only will provide a more solid physical interpreta-
tion of the electron heating with respect to existing models, but will be
also combined with a well known TNSA analytical model to estimate the
maximum energy
Coherently with 3.3, the ponderomotive scaling Th[MeV ] = 0.511·(

√
1 + a2

0/2−
1) [105] is widely adopted in the context of intense laser interaction with
SLT and is able to reproduce the dependence of Th reported by sev-
eral experimental measurements. This scaling, however, does not include
laser polarization and incidence angle, which are known to heavily affect
the efficiency of the two main heating mechanisms in this physical sce-
nario: Brunel effect and j × B heating. Moreover, it predicts electron
temperatures significantly higher than those reported in recent numeri-
cal works [166–168]. To overcome these limitations, in section 5.2.1 we
propose a simple model for Th as a function of pulse intensity, polariza-

95



Chapter 5. Advances in TNSA theory

tion and angle of incidence. In section 5.2.2 we support and complete the
theoretical model with an extensive 2D and 3D numerical campaign. An
interesting and natural approach in order to test our results is to combine
our scaling with the quasi-stationary model in [155] to increase its predict-
ing capabilities. Therefore, in section 5.2.3 we benchmark the theoretical
estimations against the recent experimental results presented in chapter
4.
As described in section 2.2.1 an intrinsic limit of TNSA with SLTs is the
low interaction efficiency (≤ 20%) which also limits the electron heating
and, as a consequence, ion acceleration. Coherently, in chapter 4 we ex-
plored an interesting solution to enhance TNSA with MLTs. Despite being
still poorly studied theoretically, it is acknowledged that ion acceleration
with these targets relies on an efficient volumetric interaction in the low
density layer (see [115,121,122,169,170,180,181]) which naturally boosts
the electron heating and, as a consequence the sheath field supported at
the solid-vacuum interface. As seen in section 4.3, a significant enhance-
ment of both total accelerated charge and maximum ion energy can be
achieved with MLTs with respect to SLTs. In this thesis we propose a
first attempt to model the electron temperature in these challenging con-
ditions. In order to restrict our investigation we focus on laser and target
parameters comparable to those of sections 4.1.1 and 4.2. With a similar
approach to the case of SLTs, in section 5.3.1 we propose a scaling law
for Th and supported such model with the numerical results presented in
5.3.2. We will finally test the results of our scaling with enhanched TNSA
experimental results reported in section 4.3.

5.1 Numerical setup

To support the theoretical analysis, we performed an extensive 2D and
3D numerical campaign with the open source Particle-In-Cell code pic-
cante [162]. The numerical activity was carried out at the HPC BG/Q
machine FERMI (CINECA, Bologna, Italy).
The high computational cost of 3D PIC simulations (easily exceeding 40k
CPU hours each) prevented a proper parametric scan. Due to this fact
in this work we mostly relied on 2D simulations, exploiting 3D to address
several specific cases.
In this chapter we present results obtained with 0.5 µm thick solid tar-
gets with a charge over mass ratio Z/A = 1/3 (e.g. Al9+), a density of
ne = 80nc in 2D and ne = 40nc in 3D. The lower density in the 3D setup
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allowed to reduce the CPU hours required for each simulation. This choice
was supported by several convergence tests in 2D which proved no sub-
stantial differences in laser absorption between ne=80 nc and ne=40 nc.
A thin H+ contaminant layer (lcont = 50 nm, ncont = 9nc Z/A = 1) was
placed at the rear side of the target. Along with this target configuration,
in this work we assessed the role of the target thickness in the electron
heating thought several 2D simulation with a 20 µm thick target with the
same composition above described.
The laser pulse was Gaussian shaped in the transverse direction with sin2

temporal envelope, characterized by a pulse duration (intensity FWHM)
of 25 fs, a waist of 3 µm and a wavelength of 0.8 µm. The peak intensity
was varied in the range of 4.8 · 1018 - 4.8 · 1020 W/cm2, which corresponds
to a normalized laser amplitude a0 =

√
Iλ2

1.37·1018 ∼ 1.5 - 15, well within the
capabilities of present facilities [9].
The effect of the laser polarization in the laser plasma coupling was inves-
tigated through a vast 2D parametric scan (more than 60 2D simulations
were performed) in P a C polarization at different incidence angles (0-
15-30-45-60◦) and intensities. It is well known that significant differences
between 2D and 3D simulations can be expected. Moreover, a 2D Carte-
sian geometry is not suitable to reproduce S polarized beams, due to the
fact that the system is homogenous in the plane where the electric field
lies. To address these issues we performed several 3D simulations in S po-
larization at a fixed laser intensity (a0=10) with 0-30-45◦ incidence angles
as well as several benchmark in C and P polarization.
The spatial resolution in the 2D campaign was ∆x = c/2ωp and ∆y =
c/1.5ωp evaluating ωp for the dense foil. In 3D simulations we adopted
a “moving window” configuration combined with a stretched grid in y-z
axis with a constant resolution in the interaction volume of ∆x = ∆y =
∆z = c/ωp. The resolution was safely lowered in 3D due to the fact that
benchmark 2D simulations reported no significant differences between the
two setups (less than 5 % on ion maximum energy).
The solid layer was sampled with 81 macro-electrons per cell and 9 macro-
ions in 2D, while in 3D 42 macro-electrons were used. The contaminant
layer contained 9 macro-electrons and 9 macro-ions per cell for both 2D
and 3D simulations.
Simulations were stopped at 170 fs (60 λ/c), since most of the ion accel-
eration processes in 3D has taken place at this point ( dEmax(ions)

dt·Emax(ions) < 1%
per laser period). In 2D simulations charged particles are actually infi-
nite wires, thus their electrostatic potential is ∝ −ln(r), which leads to a

97



Chapter 5. Advances in TNSA theory

slower saturation. However, dEmax(ions)
dt·Emax(ions) is still less than < 5% per laser

period.

5.2 Flat solid targets

The aim of this section is to construct an effective description of the hot
electron temperature arising from the interaction between ultra-intense
(I>1018 W/cm2) beams and micrometric (≥ 0.5 µm) solid foils. Even
though this topic was extensively studied in the last decades (see section
2.1.3), relevant open issues are still to be addressed. As anticipated, j×B
heating and Brunel effect are generally accepted to be the dominant mech-
anisms in these conditions. However actual proofs of these two schemes
are still debatable. Moreover, as explained in section 3.3, a scaling law
that could properly predict the contribution of each effect is still lacking.

5.2.1 Theoretical description

In this section we propose a simple relation for the electron temperature
which is given by two contributions weighted by two coefficients, so that:
Th = C1Tj×B +C2TBrunel. For the j×B term we start from the well known
ponderomotive scaling:

Tj×B[MeV] = 0.511 ·
√1 + a2

0
2 − 1

 . (5.1)

We thus made the assumption that j×B heating is not dependent to the
incidence angle and that is well described by the ponderomotive scaling.
As far as the Brunel term is of concern, no scaling laws for Th, which could
be applied in a fully relativistic regime, have been proposed. However, the
simple model presented in [26] allows to estimate the interaction efficiency(
ηb = I(absorbed)

I(incident)

)
as:

ηb = 1
πa0

f

(1 + f 2a
2
0

2 sin2 θ

)1/2

− 1
 tan θ, (5.2)

f is the field amplification factor due to the reflection of the electromag-
netic wave at the target surface. In general f depends on the absorption
efficiency, being f = 1 +

√
1− η. However in all cases treated in this

section the absorption efficiency is quite low (η < 20%) thus f can be
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safely approximated as if the pulse reflection was perfect (f > 1.9). We
can estimate Brunel contribution as TBrunel ∝ Elaser · ηb/Ne, where Ne

is the total number of electrons interacting with the laser beam. This
quantity should be proportional to the typical penetration length of elec-
tromagnetic fields in dense plasmas, given by the relativistic skin depth
λsd = c/ωpe ·

√
1 + a2

0/2. We then obtain this expression for the Brunel
term:

TBrunel[MeV] ∝ 0.511 ·
√1 + f 2a

2
0

2 · sin
2 θ − 1

 · tan θ (5.3)

In Eq. 5.3 a factor F = a0/
√

1 + a2
0/2 should appear. However, even for

modest laser intensities (a0 > 3) this term approaches a constant.
Combining Eq.5.1 and Eq.5.3, we propose the following scaling law for Th
which is able to take into account both j×B and Brunel effect:

Th[MeV] = C1(a0, pol, lfoil) · 0.511 ·
√1 + a2

0
2 − 1

+

C2(a0, pol, lfoil) · 0.511 ·
√1 + f 2a

2
0

2 · sin
2 θ − 1

 · tan θ

(5.4)

where C1(a0, pol, lfoil) and C2(a0, pol, lfoil) are the weights of j×B heating
and Brunel effect respectively, depending in principle on the laser polariza-
tion, intensity and target thickness. However, we assume to have included
most of the dependence on the laser intensity and incidence angle explic-
itly in Eq. 5.4 and, thus, we expect C1 and C2 to be quasi-constant with
respect to a0. Our model can be adopted to estimate the electron temper-
ature if the two coefficients are provided. Nonetheless, the relative weights
of the two heating effects depend on aspects of laser-plasma coupling not
included in our model which can not be easily assessed with a simple an-
alytical approach. We therefore developed dedicated PIC simulations in
order to obtain reliable estimations of the C1 and C2 coefficients. In ad-
dition, numerical simulations can allow to provide evidences, required to
properly use our model, to check whether the j × B heating and Brunel
effect dominate over other heating schemes in experiments with flat foils
irradiated by high intensity (I>1018 W/cm2) lasers.
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5.2.2 Numerical investigation

We performed a numerical parametric scan at different laser intensities,
polarizations and incidence angles with a micrometric (0.5 µm) solid foil.
As anticipated the aim of this investigation is to support our theoretical
model, in particular, it is of crucial importance to achieve a proper esti-
mation of the C1 and C2. The electron temperature will be extracted from
a large set of 2D and 3D PIC simulation and Eq. 5.4 will be used to fit
these results with the two coefficients as free parameters. At this regard, it
must be remarked that the simulation dimensionality is likely to influence
numerical results, with a 3D simulation being obviously more represen-
tative of the actual physical process. However a parametric scan using
3D PIC simulations would have cost a massive amount of CPU hours and
could not be performed. Nonetheless, from the the comparison of few but
representative 2D and 3D results, we noticed that electron temperature
ratio R = Th(2D)/Th(3D) was weakly dependent to parameters such as
intensity and incidence angle (less than 10% in our cases), but somehow
sensible to the laser polarization, being R(P pol) ∼ 1.5 and R(C pol) ∼ 1.
We thus assumed that P and C-pol 3D temperatures (and thus C1 and
C2) could be estimated in all conditions not directly simulated through
Th(2D)/R. In fig. 5.1 we present a typical 2D simulation: the electron den-
sity is shown paired with the electromagnetic energy density at different
stages of TNSA. The electron spectra were analyzed after the interaction
with the laser beam (fig. 5.1.c-d), considering only trapped particles inside
the target and in a Debye length at the interfaces. In fig. 5.2.a we report
representative output observed in our simulations at different incidence
angles and polarizations. It must be noticed how electrons total number,
mean and maximum energies are deeply influenced by laser conditions, the
best coupling being achieved in P polarization at high incidence angles.
A key hypothesis to obtain Eq. 5.3 was the direct proportionality between
the electron temperature and the heating efficiency. At this purpose, these
quantities were extracted at different experimental conditions (as seen in
section 3.2.2) and their scaling laws to laser parameters were compared.
In fig. 5.2.b a typical result is reported: for low incidence angles θ ≤ 45◦
our assumption holds. On the other hand, at higher values the propor-
tionality is broken, thus, our models fails to describe this specific scenario.
In fig 5.3 Th is shown for the three laser polarizations as a function of the
incidence angle in a broad range of laser intensities. A clear trend with
respect to beam parameters was found and proved to be compatible with
Eq. 5.3. In this scheme, at normal incidence the electron heating is caused
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Figure 5.1: Numerical simulations with SLT. The electron density (a,c,e) and the
electromagnetic energy density (b,d,f) are reported at three different temporal frames:
the beginning of laser-plasma interaction (12 fs, shown in a,b), the instant when the
electron energy reaches its peak (50 fs, shown in c,d) and the onset of ion acceleration
(110 fs, shown in e,f).

101



Chapter 5. Advances in TNSA theory

Figure 5.2: a) Samples of electron spectra obtained at fixed laser intensity (a0 =
10) with P polarized laser pulses at 45◦ (red) and normal (black) incidence and C
polarization at 45◦ (blue) and normal (green) incidence. b) Electron temperature (blue)
and electron heating efficiency (black) as a function of the laser incidence angle using
a P polarizared beam with a0 = 10.

by j×B heating only. The temperature growth at higher incidence angles
can be attributed to the increasing component of the normal to the surface
electric field (in P and C pol) ∼ E0sin(θ). This simple physical picture
is also consistent with the 3D results in S polarization which reported no
significant variations on Th with respect to the the incidence angle. It is
worth to stress that, in agreement with recent works [166–168], our results
confirm that the ponderomotive scaling largely overestimates the electron
temperature (e.g. Tpond(a0 = 10) = 3.1MeV ) in all our cases of study.
In this work we also performed a few tests to approach the study of the
influence of target thickness on electron heating. In agreement with sec-
tion 2.1.2, as hot electrons cross the non irradiated surface a sheath field
generates which can back reflect them into the target. If the target is
sufficiently thin (depending on the pulse duration) these electrons can
further interact with the laser, gaining more energy. In our simulations
we adopted two different target configurations: 0.5 µm target (thin), thick
enough to suppress relativistic transparency (which can take place when
the relativistic skin depth exceeds the actual thickness of the target) at
all explored intensities, and a 20 µm one (thick), still suitable for laser
induced ion acceleration experiments. In the former case each electron
is predicted to interact multiple times with the laser beam, while in the
latter case the traveling time of a relativistic electron in a full round trip
through the target is greater than the actual pulse duration. In fig. 5.4
we report two representative electron spectra. It is worth to highlight how
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Figure 5.3: Electron temperature for an irradiated plain solid target (lfoil = 0.5µm,
ne(2D) = 80nc, ne(3D) = 40nc) as a function of the incidence angle at different laser
intensities: a) P polarization b) C polarization c) 3D results.

Figure 5.4: Electron spectra observed in simulations with a 0.5µm (red) and 20 µm
(black) thick SLT. These results refer to the exact temporal frame and laser conditions.
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the electron temperature decrease was less than 20% despite a 27 times
thicker target.
Numerical simulations also allow to track particle trajectories, which can
provide useful insights on the physical processes at play. Fig. 5.5.a and
5.5.b show some representative electron trajectories for both targets. In
the thin case, in fig. 5.5.a, electrons are reflected multiple times in the
target while in the thick case they travel freely into the plasma as they are
injected by the laser. The stronger confinement of electrons in the thin
target with respect to the thick one is evident, leading to a denser electron
cloud and thus to a more efficient ion acceleration, which is compatible
with the theoretical description in [90] and in agreement with experimental
results in fig. 4.10.b.

Figure 5.5: Trajectories of 3 test electrons (colored lines) with energy above 3 MeV
after the interaction with a laser beam of a0 = 10 at 45◦ incidence with a) 0.5 µ
m thick target and b) 20 µm. The magnetic field component Bz (red and blue color
scale) and electric field (black vectors) are taken at the injection time. The black dots
represent all the electrons with an energy above 3 MeV. c) Electron density along the
laser propagation axis at normal (upper figure) and 45◦ incidence angle (lower figure).

Electron recirculation leads to random re-injections, making trajecto-
ries hard to interpret. Thus, some features of the interaction can be seen
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more clearly in the thick target. Fig. 5.5.a and 5.5.b show that electrons
undergo i) small normal oscillations near the surface ii) extraction in vac-
uum over distances of the order of the Debye length iii) a strong kick along
the incidence angle iv) injection in the target.
As seen in fig. 5.5.b electron bunches can freely propagate through the
20 µm target. In fig. 5.5.c we show the hot electron density along the
propagation axis calculated integrating electrons in the orthogonal plane
with energies ≥ Th. The upper graph shows electron bunches injected at
2ω with a spatial envelope similar to that of the pulse, which is a clear
signature of j × B heating. In the lower graph, electrons are injected at
2ω, but it is evident that higher peaks appear with a frequency equal to
ω which can be directly linked to the Brunel effect.
Numerical results obtained in this campaign allowed us to support our
claim of combined heating effect. Moreover, the wide and controlled nu-
merical dataset was exploited to obtain C1 and C2 coefficients of Eq. 5.4
which could not be otherwise easily evaluated with theoretical methods.

Figure 5.6: a) Comparison between the electron temperature observed in simulations
(black squares) at different incidence angles using a P polarized beam (a0 = 10) and
the numerical fit with Eq. 5.4 (red line). b-c) C1(2D) and C2(2D) coefficients as a
function of the laser intensity for: a) P polarization, b) C polarization.

For each simulated laser intensity, a fit of Th was performed, using Eq.
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5.4 as the fit function and leaving C1 and C2 as free parameters. As shown
in fig. 5.6.a, a very good agreement was found in all our cases of study.
In fig. 5.6.b, 5.6.c the two coefficients are shown as a function of the
laser intensity. They are nearly constant for normalized laser intensities
exceeding a0 = 3. This confirms that our model includes most of the laser
intensity dependency explicitly. At low intensity, an implicit dependence
on the laser intensity in C2 appears. In this condition (I < 1019 W/cm2)
other heating mechanisms are expected to become relevant, as reviewed
in section 2.1.3. Indeed, our combined heating model does not include
all the physical processes at play. Based on these results we consider the
following estimates to be reliable for a0 > 3 intensities, achievable with
sub 100 TW laser facilities:

P C
C1(2D) 0.33 0.1
C2(2D) 0.06 0.16

Table 5.1: 2D numerical coefficients for SLT for P and C polarization

3D simulations provide the best estimation for the electron temperature
and are essential for S polarization. We thus selected a few representative
cases for C and P polarization and observed that, as previously mentioned,
the ratio R[P pol] = Th(2D)/Th(3D) = 1.5 and R[C pol] = 1 are weakly
dependent on laser parameters. To obtain reliable estimation for Th(3D),
we estimate C1,2(3D) coefficients as C1,2(2D)/R. As far as S polarization
is concerned, since no dependence on the angle of incidence is observed
C2 = 0. At 0◦ incidence S and P polarization are indistinguishable, then
C1(P ) = C1(S). This procedure leads to:

P S C
C1(3D) 0.22 0.22 0.1
C2(3D) 0.04 0 0.16

Table 5.2: 3D numerical coefficients for SLT for the three polarizations

Experiments would be the most natural solution in order to test our
scaling law. Nonetheless, in agreement with section 3.3 it is extremely
challenging to obtain a fs-resolved direct measurement of electron tem-
perature. Therefore, to benchmark our model we relied on experimental
data of the cut-off energy of laser-driven accelerated ions in chapter 4. As
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anticipated at the beginning of this chapter, we compared them with the
theoretical predictions of the TNSA model in [155] obtained with our new
scaling law.

5.2.3 Benchmark of theoretical estimation and experimental re-
sults

Eq. 5.4 can be combined with the values given in tab. 5.2 and ion acceler-
ation models to provide more accurate predictions as well as adding new
features regarding hot electron physics not included in previous descrip-
tions. In the specific case reviewed in section 3.1.2 the ion cut-off energy
can be evaluated through:

Emax = Zeφ(x = 0)Th = ZTh

[
ϕ∗ − 1 + β(ζ, ϕ∗)

I(ϕ∗, ζ)e(ζ+ϕ∗)

]
, (5.5)

we remind how ϕ∗ was obtained fitting several experimental data, assum-
ing the ponderomotive scaling for Th. However, in all our cases of study
Th < Tpond. Indeed, ϕ∗ must be changed accordingly in order to be com-
patible with the new scaling law. It can be achieved noticing that, at
normal incidence in P- and S- polarization, Eq. 5.4 and the ponderomo-
tive scaling differ just for a constant factor. However, estimations with
the two scaling laws must lead to the same result:

0.511 ·
(√

1 + a2
0/2− 1

) [
ϕ∗old − 1 + β(ζ, ϕ∗old)

I(ϕ∗old, ζ)e(ζ+ϕ∗
old)

]
=

C1 · 0.511 ·
(√

1 + a2
0/2− 1

) [
ϕ∗new − 1 + β(ζ, ϕ∗new)

I(ϕ∗new, ζ)e(ζ+ϕ∗
new)

]
,

(5.6)

where ϕ∗new and ϕ∗old are the values of ϕ∗ with the new scaling law and the
ponderomotive one, respectively. Eq. 5.6 is numerically solved and the
computed value of ϕ∗new will be then used under experimental conditions
(laser polarization and incidence angle) not taken into account by the old
ponderomotive scaling.
To test our results we used our expression of Th with C1 and C2 in table 5.2,
combined with Eq. 5.5 and compared its predictions with experimental
results with SLTs reported in fig. 4.8.
In fig. 5.7.a the comparison in P polarization revealed that predictions
with our scaling law are closer to experimental data than those obtained
with the ponderomotive scaling. As far as results for S polarization are
of concern (fig. 5.7.b), no further improvements have been made since in
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Figure 5.7: Comparison between experimental results in section 4.3 (black squares)
and the quasi-stationary analytical model using the ponderomotive scaling (blue trian-
gles) and the scaling 5.4 (red circles) for: a) P polarization, b) S polarization and c)
C polarization.

S polarization Eq. 5.4 retains the same expression of the old law (C2=0).
This was expected since j×B is the main heating mechanism active and
was already described by ponderomotive scaling up to a constant factor
“absorbed" in ϕ∗. Finally, in C polarization j × B heating is suppressed
(C1 = 0.1), the ponderomotive scaling greatly overestimates the actual
temperature and, as a consequence the proton cutoff energies. On the
other hand our model, which takes into account both heating mechanisms,
allows to have a good prediction even in this case.
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5.3 Foam-attached targets

In agreement with section 2.2.1, novel foam attached targets rely on the
efficient laser-plasma energy coupling in the near-critical plasma, formed
in the low density layer, to boost ion acceleration. Experimental obser-
vations in section 4.3.1 were coherent with our hypothesis of enhanced
TNSA. The natural approach adopted in this section to extend TNSA
theoretical descriptions to MLTs is through a suitable scaling law for the
electron temperature which could take into account the different inter-
action mechanism. In this framework, dedicated numerical simulations,
aimed at interpreting the experiments in chapter 4, were exploited not
only to probe the laser-plasma coupling in this still unexplored regime
but also to support our theoretical description, analogously to section 5.2.

5.3.1 Theoretical description

As a starting point for our work we assume that electrons which drive
enhanced TNSA in MLTs experiments are heated by a pronderomotive
driven mechanism which was also observed in other numerical and theo-
retical works [116, 119, 120]. In this scenario we propose a simple scaling
for Th:

Th[MeV] = C3 · Tpond + C4 = C3 · 0.511 ·
(√

1 + a2
0/2− 1

)
+ C4, (5.7)

where the two C3 and C4 coefficients depend in principle on both laser
and target properties. Indeed, it must be stressed that experimental
parameters surely affect electron heating in a near-critical and possibly
nanostructured plasma, and their actual impact is still almost completely
unexplored. Nonetheless, in this first approach to the problem we decided
to limit our study to the dependence on the laser intensity alone, keeping
other parameters fixed. As a result the two coefficients will be derived
with an approach analogous to the one presented in section 5.2 which can
be applied only under similar conditions to those simulated.
We exploit PIC simulations in order to both study laser-plasma interac-
tion with foam attached targets and to provide the two coefficients C3
and C4 that are required to properly use Eq. 5.7 in the analytical model
in [90,155] used in this thesis.
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5.3.2 Electron temperature analysis

We here present the results of a numerical campaign aimed at studying
electron heating with MLTs. As anticipated, this first survey consists in
a parametric scan over the laser intensity alone. Target composition as
well as other beam parameters were chosen comparable to those of chapter
4 and were kept fixed. As described in 4.1, foams grown with PLD are
characterized by a complex structure: nanoparticles (∼ 10-40nm) form
micrometric aggregates as reported in [165]. These materials exhibit an
average density of few mg/cm3, hundreds of times lower that pyrolitic
graphite (∼ 2 g/cm3). Since nanoparticles are at the solid density, most
of the foam volume is empty and the filling factor (the fraction of the total
foam volume occupied by actual material) is as low as ∼ 3-5·10−3.
The first issue to be addressed is indeed how to properly model the foam
layer. In most of literature works low density plasmas are simulated with a
uniform density layer, thus neglecting their nanostructure. This strategy
is reliable to describe experiments with gas jets [170,182] or possibly with
low density materials formed by arrays of nanotubes, much smaller than
the laser wavelength [73]. A homogeneous plasma can also be considered
a good approximation if the pre-pulse is intense enough to ionize the ma-
terial and blow away its nanostructure.
Coherently with section 4.2, experiments in Korea were performed in a
high-contrast regime (3 · 10−11). As a consequence, the foam morphology
can be assumed to be still mostly intact at the arrival of the main pulse
and can actually affect the laser-plasma coupling (see [183]). As a first
approach, we compared the results of numerical simulations with two dif-
ferent types of foam: a homogeneous plasma with Z/A = 1/2 (e.g. C6+)
at the critical density (1 nc) and a nanostructured foam consisting in a
spatially random collection of 10 nm over-dense (100 nc) spheres, with an
average density of 1 nc in its volume. Both foams were 8µm thick, in order
to match the best case scenario in experiments (see section 4.3.2).
In fig. 5.8 and 5.9 we present the electron density and the ẑ compo-
nent of the magnetic field at different temporal frames. Regardless the
foam structure, the interaction with both targets is essentially identical.
The laser penetrates the low density layer and is reflected back by the
over-dense plasma. It must also be remarked how the electron density
in both cases is rather uniform after the interaction with the laser pulse
(see fig. 5.8.e and 5.9.e). Moreover, the interaction with MLTs leads to
a different production of hot electrons with respect to SLTs, in terms of
both spectrum and spatial distribution. Two populations can be identi-
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a) b)

c) d)

e) f)

Figure 5.8: Numerical simulations with MLT composed by the uniform foam over
a 0.5 µm substrate. The electron density (a,c,e) and Bz (b,d,f) are reported at three
different temporal frames: the beginning of laser interaction with the foam layer (12
fs, shown in a,b), the instant before the reflection of the beam by the solid foil (50 fs,
shown in c,d) and end of laser interaction (110 fs, shown in e,f).
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a)

f)

d)

b)

e)

c)

Figure 5.9: Numerical simulations with MLT composed by the nanostructured foam
over a 0.5 µm substrate. The electron density (a,c,e) and Bz (b,d,f) are reported at
three different temporal frames: the beginning of laser interaction with the foam layer
(12 fs, shown in a,b), the instant before the reflection of the beam by the solid foil (50
fs, shown in c,d) and end of laser interaction (110 fs, shown in e,f).

112



5.3. Foam-attached targets

fied: electrons trapped inside the target and high energy bunches that
promptly escape (the emi-circular packets in fig. 5.8.e and 5.9.e).

TNSA sheath field

TNSA sheath field

a) b)

Electron bunches 
front

Figure 5.10: The normal to the surface component of the electric field in the same
experimental condition of 5.8 at: a) 80 fs and b) 110 fs. The dashed red lines refer to
the profile of the sheath field typically observed in numerical simulations of TNSA with
flat foils.

In fig. 5.10 we show Ex during two phases of ion acceleration. Electrons
trapped at the solid-vacuum interface generate the TNSA-like component
of the electrostatic field which decays over few λ in the vacuum. On the
other hand the escaping electrons are responsible of the “quasi constant”
profile in fig. 5.10.a which quickly fades away during the ion acceleration
(see 5.10.b). A simple 3D expanding capacitor model predicts that this
component should vanish rapidly (Ex ∝ 1/(ct)2), and thus it does not
contribute efficiently to the ion acceleration process.
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Figure 5.11: a) Temporal evolution of Eele/EL(%) for homogeneous and nanostruc-
tured MLT (black and red, respectively) and SLT (blue). b) Electron spectra obtained
under the same condition as a). The dashed lines refer to the spectra of all electrons
in simulation, the straight lines to those of trapped electrons.

In fig. 5.11.a we report the fraction of the laser beam energy absorbed
by the electrons in the three target designs: MLT homogeneous/nanos-
tructured and SLT. The presence of a near critical layer over the solid
foil boosts the electron heating efficiency from ∼ 10% in the SLT case
to over 55% with MLTs which is also in agreement with numerical re-
sults in literature [123]. Furthermore, it must be remarked how the foam
nanostructure leads to a slightly lower heating efficiency with respect to
the homogeneous case. This could be due to the fact that a portion of
the laser beam is lost in the Coulomb explosion of the nano-spheres. The
enhanced heating efficiency achieved with MLTs naturally leads to a more
energetic electron spectra, as seen in fig. 5.11.b. A clear increase of both
total number and energy is observed with both types of MLT with re-
spect to SLT. However, this enhancement effect is strongly reduced when
only electrons trapped inside the target (and in a Debye length at the
solid-vacuum interface) are considered. Coherently with previous consid-
erations and with the trapped electrons model in [155], we assume that
only these electrons can effectively drive TNSA.
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Figure 5.12: Trapped electrons temperature at 30◦ incidence for homogeneous foam
(black), nanostructured foam (blue), solid targets (red)

Fig. 5.12 shows trapped electron temperatures with homogeneous
foam, nanostructured foam and SLT at different laser intensities, com-
parable to those of section 4.2. Both MLT targets exhibit an enhanced
heating with respect to SLT. We remark that the nanostructure reduces
the temperature with respect to the homogeneous case which is a direct
consequence of the lower coupling of the laser beam with the electronic
population, as seen in fig. 5.11.a.
With an approach analogous to that of section 5.2.2, we used 5.7 to fit
the intensity dependence of electron temperatures observed in simulations.
We here provide the resulting C3 and C4 coefficients:

homogeneous foam nanostructured foam
C3 0.48 0.48
C4 0.42 0

Table 5.3: 2D numerical coefficients for nanostrucured and homogeneous MLT

As anticipated at the beginning of this section, C3 and C4 depend
in principle on a vast set of experimental parameters. For instance, the
dependence of the ion cut-off energy on the foam thickness and density
reported in [123] should also be observed in the electron heating and, thus,
on the electron temperature. Nonetheless, our results confirm a scaling of
Th to the laser intensity ∝

√
I which is compatible with a ponderomotive-

like mechanism, already suggested by previous works [116,119,120].
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5.3.3 Benchmark of theoretical estimation and experimental re-
sults

In this section we present a first attempt to extend the quasi stationary
model [155] to MLT configurations. Consistently with section 5.2, this is
accomplished through Eq. 5.7 with the C3 and C4 previously provided,
comparing analytical estimations with experiments.

Figure 5.13: Comparison between experimental results in section 4.3 (black) and the
analytical predictions using 5.7 for homogeneous foam (blue) and nanostructured (red).

Fig. 5.13 presents experimental results in section 4.3, obtained focusing
a P polarized laser beam at 30◦ incidence on the best MLTs tested (lfoam
= 8 µm, nfoam = 1.2nc and Al 0.75 µm substrate) as well as the theoret-
ical prediction of the quasi-stationary model combined with Eq. 5.7. It
is worth to point out that, while using C3 and C4 for the homogeneous
foam leads to an over-estimation of the ion maximum energy, a very good
agreement with experimental data is found with the coefficients referring
to the nanostructured case.
This is still an early result but suggests that ion acceleration with MLTs
can be described through simplified TNSA analytical approaches, com-
bined with scaling laws suitable for the different interaction regimes. The
simulations also highlight the importance of the target nanostructure in
the laser-plasma coupling. Further parametric analysis will be required
in order to better clarify the role of laser (incidence and polarization)
and target parameters (foam density, thickness) in electron heating with
complex targets, with a particular focus on more realistic nanostructured
foams (e.g. using diffusion limit aggregation, as in ref [183]).
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6
Conclusions and future perspectives

The present PhD thesis was dedicated to a comprehensive study
of Target Normal Sheath Acceleration (TNSA), not only with
traditional solid targets (SLT), but also with the innovative con-
cept of foam-attached targets (MLT). At the state of the art,

TNSA is by far the most robust and observed acceleration scheme in ex-
periments. Besides a rather simple physical interpretation, TNSA is still
far from reaching an adequate degree of control and optimization, due to
richness and complexity of the physics involved. The acceleration process
can be divided into several sub-steps, among them, the electron heating
holds a primary position since it determines the energy acquired by the
plasma and, as a consequence, sets an upper limit on the ion conversion
efficiency. In section 2.1.3, a concise review outlined how different experi-
mental conditions may lead to different coupling mechanisms which result
into a more or less efficient electron heating. Even though laser-plasma in-
teraction is an active topic of research, in specific regimes it is still largely
unexplored. In chapter 3 we also outlined how all theoretical descriptions
include the electron temperature as a building block. The latter is one
of the quantities which characterize the hot electron population which,
in agreement with the TNSA scheme, drives the ion acceleration. Up to
date, the largely used ponderomotive scaling law shows clear limitations,
not taking into account the role of a number of parameters which are ex-
perimentally known to significantly influence the laser plasma coupling.
As a natural consequence, this limitation reflects into TNSA analytical
models which adopt such scaling law, that will thus neglect some relevant
physical aspects. Moreover, a ponderomotive scaling also needs justifica-
tions to be applied to advanced target configurations which had recently
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attracted significant interest.
The best solution to tackle all the outlined open issues is through a theoret-
ical approach supported by experimental data and numerical simulations.
As seen in chapter 4, the analysis of two recent experimental campaigns
allowed to gain a deeper insight of TNSA. We list some of the main results
here:

• This analysis allowed to obtain a robust experimental database of
laser-ion acceleration with flat solid target (SLT), clarifying the role
of laser polarization over a wide range of laser intensities. Through
a large set of measurements we confirmed that laser polarization is
indeed a crucial parameter to be controlled in order to achieve an
efficient ion acceleration. Protons with energies up to 22 MeV were
measured in P polarization while S and C polarizations reached as far
as 17 and 10 MeV, respectively. Furthermore, significant differences
in the total accelerated charge between the three polarizations were
reported. Even thought these results were qualitatively expected,
this dedicated study greatly improved the quantitative knowledge of
this laser feature in TNSA.

• The comparison between experiments with both SLTs and novel MLTs
(described in section 4.1) supported our claim of TNSA, enhanced by
a more efficient laser absorption in the foam layer. Indeed, the ac-
celerated ion spectra with MLT reproduces all TNSA features, with
a remarkable improvement with respect to traditional targets under
suitable experimental conditions.

• The analysis of TNSA with different MLT configurations demon-
strated a significant dependence of the properties of the ion beam
to the foam thickness which was predicted by a previous numerical
campaign [123]. Cut-off energies above 30 MeVs were reported with
the best MLT tested (8 µm, ∼ nc foam), to be compared to the 22
MeV with SLTs in P pol.

• We did not report any significant sensitivity to the laser polariza-
tion of the cut-off energy and total accelerated charge with MLTs.
This could be a direct consequence of the deeply different interaction
mechanism with respect to SLTs.

• A minor decrease of the cut-off energy in MLTs with thick substrates
(up to 12 µm), to be compared to the strong thickness dependence
of TNSA with SLTs, also reported in many literature works. Thicker
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substrates could be appealing for their higher mechanical robustness
which is suitable for applications requiring high repetition rates.

Besides the intrinsic interest in the above presented results, the ex-
perimental analysis was exploited in this work to support the theoretical
activity described in chapter 5. In particular, in this PhD we focused our
attention on the study of laser induced electron heating. A better under-
standing of this process could be of great importance in scenarios where
an efficient laser-plasma coupling is required. In the specific case of this
work, the study was aimed at laser interaction with both SLTs and MLTs.
As far as SLTs are of concern, we combined Brunel effect and j×B heating.
We thus provided a simple scaling law that overcomes some limitations of
the ponderomotive scaling. Our claim of a combined heating is supported
by an extensive 3D and 2D numerical campaign. Simulations suggest also
that ponderomotive scaling may strongly overestimate the electron tem-
perature which is in line with recent works [166–168]. In order to test
our scaling law, we combined it with the quasi-stationary TNSA model
presented in section 3.1.2. The comparison with the experimental results
shows a better agreement with respect to predictions relying on the pon-
deromotive scaling.
In this work we also approached laser interaction with MLTs. Further-
more, as a first attempt to address the possible influence of the foam
morphology, we compared two different configurations of MTLs: an ho-
mogeneous foam and a nanostructured one, respectively. In both cases,
the strongly enhanced electron heating efficiency, with respect to SLTs,
naturally led to a higher electron temperature. A strong indication from
simulations is that only electrons trapped in the target and in a Debye
length at the vacuum-target interface significantly contribute to the ion
acceleration. Moreover, the preliminary test of two foam morphologies
suggests that the target nanostructure can play a significant role in elec-
tron heating. Furthermore, we remark how numerical results were coher-
ent with a ponderomotive-like scaling to the laser intensity, enhanced by
the presence of the foam layer, also suggested in previous literature works.
Finally, the good agreement between model predictions and experimental
results is a first but promising step towards the study of laser absorption
with MLT.
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6.1 Future perspectives

This discussion naturally leads to some appealing perspective of the present
work. The two experimental campaigns disclosed new opportunities for
future research. More target designs as well as laser parameters can be
addressed in forthcoming studies. Following the footsteps of the 2015
campaign, experiments with thinner and more uniform foams (≤ 8 µm)
will be performed. Moreover, different combinations of foam densities and
thicknesses could provide a more efficient acceleration at given laser con-
ditions and must be therefore investigated. A further exploration of the
effect of laser parameters on TNSA with MLT is also of great interest.
The linear dependence of the cut-off energy observed could be confirmed
in experiments at higher intensity. Moreover, they are required to sustain
the proposal of the MLT concept over SLTs in a more ample interaction
regime.
The influence of the laser energy on laser induced ion acceleration is still
object of discussion, even in the SLT case, and demands a dedicated study.
Furthermore, the few experimental measurements at different pulse dura-
tions (and chirp) in section 4.3.5 provided non-trivial results. Nonetheless
a further investigation could be appealing in order to outline a new and
possibly efficient strategy for ion acceleration. As a final remark, TNSA
experiments with SLTs are usually performed with high contrast lasers,
in order to prevent the pre-pulses from damaging the target. In most of
works, plasma mirrors are exploited to suppress this undesired compo-
nent of the beam, at the price of losing up to 50% of its energy. On the
other hand, MLTs should be able, in principle, to perform well even at
low contrast. In this scenario, the foam layer should absorb the pre-pulse,
preventing damages on the substrate. This is particularly interesting since
it allows to avoid the significant laser energy loss caused by the plasma
mirrors.
Experiments, aimed at clarifying the above mentioned open points, are al-
ready planned in collaboration with Helmholtz-Zentrum Dresden-Rossendorf
(HZDR, Germany).
As far as the numerical work is considered, a more extensive scan, also
exploiting realistic 3D geometries, could support and guide the suggested
experimental investigations. New target designs can be easily tested over
a wide range of laser features. It must be however remarked how some
specific scenarios require a particular care. As an example, the long time
scales of pre-pulses (from ps to few ns) can not be reproduced with PIC
simulations due to the immense amount of CPU hours that would be re-
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quired. A possible solution could be obtained using hydrodynamical codes
to reproduce the plasma expansion due to the interaction with the pre-
pulse and then use the expanded plasma configuration as input for the
PIC simulation of the interaction with the main beam.
Numerical simulations can be also aimed at a deeper study of the electron
heating. It must be also included a proper investigation of the influence
of the foam morphology in the production of hot electrons with MLTs. As
suggested in this work, it could be of great relevance and at the sate of
the art is still poorly surveyed. Indeed, more realistic foam designs (as
seen in [183])could provide a more accurate insight of laser coupling with
MLTs and a deeper knowledge of this complex interaction regime.
The numerical analysis can also inspire the development of more theo-
retically robust models, required to better disclose the dominant physical
mechanisms. Scaling laws for the electron temperature, predictive in a
more ample range of experimental conditions, are particularly requested
in the case of MLTs. As seen in this PhD, these are also essential to
extend analytical description of TNSA with advanced targets which can
interpret, predict and also guide future research.
We finally suggest a possible parallel applications of MLTs. Indeed, these
could also be exploited as a source of short (tens of fs) electron bursts.
Indeed, in the numerical part of this PhD we suggested how the highly
energetic bunches of escaping electrons do not contribute to ion accelera-
tion. If the targets are properly designed to enhance this emission instead
of focusing on ion acceleration, these electrons could be exploited in ap-
plications such as ultra-fast electron imaging.
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