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Introduction

For some years, the rapid advancement of high-power laser technology has enabled a paradigm
shift in particle acceleration research, transitioning from conventional radio-frequency accelerators
toward the emerging field of laser-driven plasma acceleration [1], [2], [3]. This new approach
exploits the extremely high energy densities achievable with femtosecond laser pulses, which
facilitate the generation of ultra-strong electromagnetic fields during their interaction with solid
targets [4]. These fields can accelerate particles to high energies over micrometre-scale
acceleration distances [5], [6]. Unlike conventional accelerators, where the maximum achievable
accelerating gradients are fundamentally linked to the vacuum breakdown within the accelerating
structures (typically a few tens of MV/m), laser-driven acceleration exploits plasma as the
acceleration medium. Being fully ionized, plasma can support field gradients exceeding several
TV/m. In this context, the strength and efficiency of the accelerating field are predominantly
governed by two factors: laser intensity and structural and material characteristics of the target.

Within this broader framework, the present thesis specifically addresses the advancement of solid
target engineering for optimized proton acceleration via femtosecond laser-plasma interactions.
The research focuses on the design, fabrication, and characterization of double-layer foam targets
(DLFTs), consisting of an ultra-low-density carbon foam layer deposited on a solid aluminium foil
substrate, alongside with the experimental validation of the target under femtosecond laser
irradiation, for proving protons acceleration capabilities. To rigorously evaluate the performance
of the proposed DLFTs, comparative studies were conducted using standard reference targets
consisting of bare aluminium foils. Experimental campaigns covered an extensive set of beam
intensities, from 102 W/cm? to over 1021 W/cm?, under both high-contrast and low-contrast
conditions (with a high intensity prepulse preceding the main pulse by tens of nanoseconds). The
coupling efficiency between the ultra-intense femtosecond laser pulses and the DLFTs was
investigated in detail, with clear evidence demonstrating that the DLFTs significantly enhance
proton acceleration compared to conventional foil targets.

The investigated topic, the advancement of structured targets for improving the particle
acceleration, is of high importance for high-power laser-plasma interactions and its applications:
compact particle accelerators, inertial confinement fusion, and medical therapies (e.g., proton
therapy). The development of optimized targets is currently one of the major impediments to the
practical implementation of laser-driven ion sources. Given the increasing accessibility of ultra-
intense laser facilities (e.g., EL1[7], [8], [9], RAL [10], Apollon [11], Phelix [12], CoReLS [13],
J-Karen [14], Bella [15] etc), there is a pressing need for target designs that are efficient for
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acceleration [16]. The double-layer foam targets developed and experimentally validated in this
thesis represent a state-of-the-art contribution to ongoing research efforts aimed to enhance laser-
driven proton acceleration for achieving higher proton energies, improved beam collimation, and
shot-to-shot reproducibility. The utilization of these targets offers several benefits, including their
cost-effectiveness and adaptability, making them suitable for a broad spectrum of experimental
conditions, such as variations in laser intensity and temporal contrast.

The general objective of the thesis is to design, fabricate, and characterize advanced solid targets
with enhanced performance for ultra-fast, femtosecond laser-based acceleration of protons, and to
experimentally validate their effectiveness using an extensive set of beam intensities and contrast
settings. This goal is addressed through a set of specific objectives, each directly corresponding to
the content of the thesis chapters.



Chapter 1

Theoretical Background

1.1. Laser-Matter Interaction for Particle Acceleration

1.1.1. Fundamentals of Laser-Plasma Interaction

To understand the essential parameters relevant to the interaction between a high-intensity focused
laser beam and a target, it is necessary to define and discuss fundamental plasma properties.

The concept of plasma is central to laser-plasma acceleration. The most well-known definitions of
plasma as ionized gas, comes from the one introducing the “plasma” term, I. Langmuir, 1928 who
described it as “containing balanced charges of ions and electrons” [17], [18]. A more “useful”
definition was provided by F. Chen [19] as a “quasineutral gas of charged and neutral particles
which exhibits collective behaviour”.

Before elaborating on the quasineutral property, it is important to introduce the concept of
temperature in plasmas, which relates directly to the kinetic energy of particles. In a gas at thermal
equilibrium, particles exhibit a Maxwellian velocity distribution, and their average kinetic energy
in a three-dimensional space is given by:

Eq =2 KyT (1.1)

Each degree of freedom contributes to the kinetic energy E,, = 1/2 KzT , where Ky =
1.38 x 10723] /K represents the Boltzmann’s constant while T represents the temperature.

The “quasineutral” properties referred in Chen’s definition comes from the fact that the plasma
shields out external electric potentials. Over sufficiently large volumes and time scales, a plasma
tends to maintain nearly zero net charge. However, at smaller scales, local charge imbalances can
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occur, giving rise to electric fields. The distance at which the plasma neutralises any distinct charge
is defined as the Debye length, Ap:

(1.2)

SOkBTe)l/z

nee?

Ap = (
with n, being electron density while T, represents electron temperature.

After this general introduction of the fundamental parameters in plasma, we can approach the
electrons behaviour in plasma under laser irradiation. In an energized plasma where the laser strips
electrons from the quasi-stationary ions, the quasi-neutrality is restored through an electric field.
This makes the electrons with density n, to oscillate with respect to the ions at a frequency called
plasma frequency (or Langmuir frequency)

1/2

wp = (e (1.3)

Eo¥mMe

where Lorentz factor y is defined as y = \/ 1/ (1 — v?/c?) with v being the electron velocity.

The laser matter interaction is greatly influenced by the plasma frequency. A high intensity laser
(even at intensity of about 10° W/cm? [20]) can ionize the targets surfaces generating a plasma.
The plasma starts to expand in vacuum producing a gradient of plasma density, which is associated
with a gradient of plasma frequency.

If at a certain layer within this plasma gradient the local plasma frequency wp exceeds the laser
frequency w;, the electrons are able to create electric currents that will screen the fields of the laser
EM wave [21]. Thus, the laser can no longer be transmitted and causes the incident beam to be
reflected by the plasma. Such plasmas are known “overdense” or “overcritical”. Assuming an
exponentially decaying of the amplitude of the laser wave, the laser can penetrate rapidly decaying
to over a very limited distance, known as the skin depth [; and defined as:

lg = — (1.4)
wi-w?

The lasers can propagate through the plasma only when w; > wp . Under these conditions, the
plasma is considered “undersense” or “undercritical”.

The case when w; = wp defines a density regime called critical plasma density, n.:

2
ne = —‘g“rZ;“’L (1.5)
At this density, the plasma's refractive index is
(4 wp\2
n=(1-2) (1.6)

If n, < n, the laser can propagate through the plasma, while for n, > n,, it is reflected.
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For large enough laser intensity, its electric field amplitude becomes so strong that it accelerates
electrons to relativistic speeds and the electrons' mass increases (as described by the Lorentz factor
¥ ) in turn lowering the plasma frequency, increasing the critical density, hence allowing laser
transmission through the plasma that was previously overdense. This regime is also called
relativistic transparency and is observed in experiments when very thin targets with a nm scale

size thickness are employed. The relativistic critical density nke'**ist ig then:
3 2
ivi EgMew
nEelatlvlst _ YEéoMewyp (1.7)

e2

1.1.2. Laser driven ion acceleration from solid targets

The dynamics of laser—solid coupling under ultra-intense irradiation is characterised by a complex
combination of electron heating mechanisms (whose relative contributions depend strongly on the
laser characteristics, focused beam intensity, incidence angle, polarisation state, but also on target
characteristics, material composition but also plasma scale length).

This mechanism (i.e. vacuum heating and j x B heating) enables efficient coupling of laser pulse
energy to hot relativistic electrons, which typically acquire average energies of several mega-
electronvolts (MeV). Due to their relatively long collisional mean free paths, which substantially
exceed the target thickness, they are capable of propagating through the target and reaching its rear
surface. There, their attempt to escape the target establishes a space-charge field, that drives the
acceleration of the ions on the back (rear) target surface [22].

This process results in the production of quasistatic electric fields in the plasma, with field
strengths reaching several GV/um, or equivalently, teravolts per meter (TV/m). These fields vastly
exceed the limits attainable by conventional radiofrequency-based acceleration technologies,
which are typically constrained to tens of megavolts per meter (MV/m) [21], [23]. Ions gain energy
in this field, originating from the ponderomotive potential. This leads to a rapid expulsion of ions,
which can acquire energies to about tens of MeV [24].

The acceleration mechanism driven by this charge separation field is known as Target Normal
Sheath Acceleration (TNSA).

Target Normal Sheath Acceleration

The Target Normal Sheath Acceleration (TNSA) mechanism is the most extensively studied and
experimentally validated approach for ion acceleration using high-intensity laser pulses [3], [22],
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[25], [26]. It relies on ions originating from hydrogen-rich contaminants naturally present on the
rear (non-irradiated) surface of micrometre-thick solid targets.

Solid Layer

Contaminants Layer
«— CHO

Preplasma

Figure 1.1. Schematic representation of the target normal sheath acceleration (TNSA) process.

When the leading edge of the laser pulse (pedestal or pre-pulses) interacts with the target front, a
plasma is formed. The main laser pulse then heats electrons to relativistic energies, enabling them
to propagate through the target bulk and, in some cases, escape from the rear surface into vacuum.
This escape leaves behind a net positive charge that establishes a strong electrostatic restoring
force. While lower-energy electrons are reflected within the target, the fastest electrons accumulate
at the rear surface, stabilizing a quasi-static Debye sheath [27]. Hot electrons are therefore the key
mediators, as their escape drives the formation of the sheath electric field, which in turn accelerates
the ions.

The accumulation of fast electrons at the back surface results in the stabilization of a quasi-static
electrostatic sheath, often referred to as a Debye sheath. The charge imbalance between the
population of hot electrons forming the Debye sheath and the positive ions on the target rear
surface, gives rise to an extremely strong electric field E, normal to the back surface of the target.
The magnitude of this sheath field usually reaches values of about 1012 V/ m and is sufficiently
strong to rapidly ionize atoms from the layer of contaminants on the target surface or, in some
cases, from within the target material itself. These ionized species are finally accelerated to high
energies. Since the contaminant layer consists mainly of adsorbed hydrocarbons and water vapour,
protons dominate the acceleration process. Their favourable charge-to-mass ratio and spatial
location at the sheath peak allow them to achieve the highest velocities.

Ion beams generated via TNSA exhibit broadband, exponentially decaying energy spectra with a
characteristic high-energy cut-off, a parameter commonly used to evaluate experimental
performance and TNSA efficiency [22].
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1.2. Experimental Methods and Diagnostics

1.2.1. Plasma Mirror and Laser Contrast

In laser systems reaching high power levels, most of the beam energy is typically confined to the
ultra-fast pulse duration of the main beam. However, a non-negligible fraction of the total energy
is temporally distributed outside the main peak, forming a background structure composed of a
low-intensity pedestal and distinct intensity modulations known as pre-pulses. These temporal
features are illustrated in Figure 1.2, which depicts a representative temporal intensity profile at
picoseconds timescale.

—— Laser Contrast
10° F T T T T T T

T o
107 Main Pulse 1
E e

1072 F 1
100 b Prepulses

Postpulses

104 f
107 |
10°
107 r
100 |
10°
oo ]
101 E :

-12 [ 1 1 1 1 1 1 1

-125 -100 -75 -50 -25 0 2% 50
t(ps)

u.)

Intensity (a.

Figure 1.2. Representative intensity contrast in picoseconds scale timeframe, for a high-power
laser, highlighting the main features of the spectrum: the main pulse, the pre-pulses, the post-
pulses and the laser pedestal.

The temporal contrast of a laser system is determined by the ratio of the peak intensity of the main
beam to the intensity of the background light, including both the pedestal and any pre-pulses.
Accurate optimisation and characterisation of the contrast are necessary for experiments involving
laser matter interaction for ion acceleration.

Pre-pulses preceding the main pulse are of particular concern, as they can induce significant pre-
expansion of the target. Low temporal contrast, corresponding to intense prepulses, can lead to the
formation of an extended preplasma with a scale length that can negatively impact the efficiency
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and quality of the ion acceleration process. High temporal contrast generally correlates with
improved experimental outcomes, particularly for mechanisms such as TNSA [28], [29], [30].
However, the influence of prepulses is not always detrimental. Under certain experimental
conditions, depending on the target structure and the dominant acceleration mechanism, preplasma
formation induced by controlled prepulses can enhance the acceleration process [31], [32].
Therefore, understanding and tailoring the temporal contrast of high-power laser pulses is
fundamental to the design and interpretation of such experiments.

Plasma Mirror

A widely adopted technique for enhancing the temporal contrast of high-power laser systems and
suppressing undesired prepulses is the implementation of a plasma mirror (PM). The plasma mirror
functions as an intensity-dependent optical element, typically based on an anti-reflective dielectric-
coated substrate. It exploits the nonlinear reflectivity of the surface: at low intensities (e.g., those
associated with the pedestal, or prepulses), the surface remains nearly transparent for the incident
radiation; however, when the intensity exceeds a critical threshold, typically reached by the main
pulse, the surface undergoes rapid ionization, forming a dense plasma that acts as a high-
reflectivity mirror. This mechanism allows the plasma mirror to suppress low-intensity
background components while efficiently reflecting the high-intensity main pulse toward the
target, significantly improving the temporal intensity contrast on target [33].

A schematic representation of a Plasma Mirror functioning principle is presented Figure 1.3.

Main Pulse

Prepulse

Plasma Mirror

1

Transmitted Prepulse

Reflected “Clean” Pulse
AR Glass

Figure 1.3. Schematic representation of a Plasma Mirror working principle

Beyond contrast enhancement, plasma mirrors also play a crucial role in attenuating back reflected
light from the interaction point [34], which is essential for protecting optical components,
including the final compressor gratings and amplification stages, from potential damage. A
geometrical model for plasma mirror alignment in high-power laser experiments.
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1.2.2. Plasma Imaging Diagnostics

Plasma imaging diagnostics are essential for understanding laser-driven plasma dynamics in
experiments with high-power lasers. Imaging the plasma produced by ultrashort laser pulses
focused into a solid target is an essential diagnostic technique. The shadowgraphy approach is a
robust, straightforward technique where a probe beam extracted from the main laser beam
illuminates from a side the plasma plume created by the focused laser as it ionises the solid target.

[35], [36], [37]. [lluminating the target from a side produces a shadow image of the interaction,
which is then recorded by a CCD camera. Accurate alignment of the pulsed main beam with the
probe beam is essential for the imaging process, requiring precise spatial and temporal
synchronisation between the two beams.

Figure 1.4. Shadowgraphy picture (or side view picture) of the Aluminium thin foil target at different
moments, A. 20 ps prior to interacting with the main laser pulse (i.e., -20 ps) and B. after (i.e., at +200
ps) interacting with the main laser pulse

1.2.3. Ion Diagnostics

Ion beam characterization in this work relied on three complementary diagnostic techniques: the
Thomson Parabola Spectrometer (TPS), Time-of-Flight (TOF), and Radiochromic Films (RCFs).
The TPS provides high-resolution, species-specific energy spectra by exploiting the distinct
deflections of ions in orthogonal electric and magnetic fields, producing characteristic parabolic
traces for each charge-to-mass ratio. TOF diagnostics enable real-time measurements of ion
energies, flux, and species composition by correlating ion arrival times with a reference photo-
peak signal from prompt electromagnetic emission. RCF stacks, based on the Bragg peak energy
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deposition, offer a robust and spatially resolved method to reconstruct proton spectra and beam
profiles, with optical density changes serving as a proxy for absorbed dose. Combined, these
diagnostics allow for both qualitative and quantitative assessment of the spectral, spatial, and
temporal features of laser-accelerated ion beams.
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Chapter 2

Targets for laser driven proton
acceleration based on TNSA

This chapter presents a comprehensive study reviewing the main results obtained in the field of
proton acceleration from solid targets, with the objective of identifying the most suitable target for
enhancing laser-driven proton acceleration via the Target Normal Sheath Acceleration (TNSA)
regime. The core content of this chapter has been extensively detailed in a scientific paper, in
which I am the first author [38].

The majority of early experiments have been performed with flat foil targets, with the dominant
acceleration mechanism identified as Target Normal Sheath Acceleration (TNSA). In this regime,
electrons accelerated by the incident high-intensity laser pulse traverse the target and create a
spatial charge very close to the backside of the target, resulting in the acceleration of protons and
ions [25]. The temperature of the escaping electrons resulting from the generated plasma has been
found to be a key parameter in this process.

TNSA remains the most widely used laser-driven ion acceleration mechanism, mainly due to its
high reproducibility and relative experimental simplicity. Due to its robustness and scalability, it
remains one of the most promising candidates for practical implementation in the next generation
of laser-driven proton acceleration applications.

In pursuit of a unified strategy to address these challenges, i.e. enhance electron heating, minimise
laser reflection and increase surface electron density, numerous target surface morphologies have
been proposed and investigated. Among these, the incorporation of nanostructures such as
nanospheres, nanorods, micropillars, low-density foams and surface-embedded gratings has shown
promise in improving the efficiency of laser-matter coupling. These structural modifications allow
for more efficient absorption of laser energy and improved generation of hot electrons, which are
critical for driving high gradient sheath fields.
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Aluminium is one of the most widely used materials for the fabrication of laser-driven proton
accelerator targets. Some of the first experimental results in this field were obtained using thin Al
films [39], [40], [41], [42].

Additional experiments have investigated the use of various metallic foils as target materials, but
there is no clear correlation between the type of metal and a systematic increase in proton energy.
However, the highest recorded energies from various metallic foils (except from Al foils),
approaching 60 MeV, - have been achieved using Mo, Au, Fe and SS targets (Mo, 58.5 MeV [43];
Au, 50 MeV [44]; Fe, 42 MeV [45];, SS, 40 MeV [46]).

One of the earliest significant results in laser-driven proton acceleration, which remained a
benchmark for several years, reported a maximum proton energy of 58 MeV obtained from a 100
um thick polystyrene (PS) foil target [4]. Other results included polystyrene (PS) foils [4], [5],
[47], [48], [49], [50], Mylar (polyethylene terephthalate) [39], [51], [52], [53], [54], [55], [56],
polymethylpentene (PMP) [44], Kapton [57], as well as other non-metallic substrates such as
silicon nitride (Si3Na4) [54], [55], [56], [57], [58], amorphous carbon [59] and chemical vapour
deposited (CVD) synthetic diamond [60]. In addition, results on more unconventional materials -
such as the liquid crystal- 8CB [61] and pure silicon substrates [62] - are included to highlight the
range of target materials being explored in the effort to optimize proton acceleration.

A comparative analysis of the different target configurations is presented in Figure 2.1, focusing
on a narrow laser pulse duration window, approximately 25 to 45 femtoseconds, with a fixed
central wavelength of 800 nm. The observed trends in maximum proton energies are consistent
with previous results, with the data naturally clustering into two distinct regimes based on laser
intensity, as shown in Figure 2.1

In the lower intensity regime (S 4x10' W/cm?), the cut-off energies remain relatively modest -
typically in the range of a few MeV - and show limited variation across different target
morphologies. Notable exceptions include a submicron aluminium foil, which yielded a proton
energy peak of 11 MeV under conditions of ultrahigh temporal contrast (10-'%) [63]. However, for
most targets in this intensity range, nanostructuring of the surface - via the incorporation of micro-
or nanospheres, nanowires or nanoholes - does not result in a significant increase in proton
acceleration.

Contrarily, in the higher intensity regime (25%10' W/cm?), a broader distribution of peak proton
energies is observed. The most prominent result is a 60 MeV cut-off obtained using a double-layer
target coated with a foam layer [64], followed by a 29 MeV cut-off from a similarly structured
foam target [65]. Interestingly, despite the improved microstructure, these values remain below
those obtained with selected aluminium foils, which reach up to 40 MeV [46], [66]. It is important
to note that all four of these high energy cases were achieved under conditions of high temporal
contrast, reaching up to 107!! for the foam-based targets.

Double-layered targets generally produce proton energies in the 10-20 MeV range, especially
when the thicknesses are in the micrometre range or below. However, improvements in laser

12
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contrast (from 10 to 107'%) do not appear to translate into significant performance gains in this
case.

When considering the influence of pulse duration (Figure 2.1) the foam-based targets that achieved
the highest energies were irradiated with ultrashort pulses of 30 fs, while their aluminum
counterparts were exposed to slightly longer pulses of 45 fs. Most of the nanostructured targets
were evaluated within an intermediate pulse duration range of 30-35 fs, suggesting that the optimal
conditions for maximum energy gain may depend not only on the target morphology and laser
intensity, but also on the fine tuning of the temporal characteristics of the driving pulse.

Different targets for narrow pulse duration range Laser beam
A contrast
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Figure 2.1. Maximum energy of protons accelerated from different target types: (A) vs. product
of laser intensity and squared laser wavelength 1A% and target thickness, and (B) vs. laser pulse
duration and target thickness. The targets are Al foils "Al" (40 MeV [46], [66], 11 MeV [63], 10
MeV[67], 4.8 MeV [68], 4.5 MeV [69], 4 MeV[28], [69], 0.6 MeV [28], dielectric and non-
metallic foils "D", i.e, Mylar (24 MeV [56], 9 MeV[54], 3.5 and 4.5 MeV [55], 2 MeV [52]),
Kapton (3.8 MeV[57]), SiN (13 MeV [54], 3 MeV [58]), liquid crystal (18 MeV [61]) and
amorphous carbon (17 MeV [59]), nano- and microstructured films "NSTR", i.e, nanowires (4.8
and 5.6 MeV [70]), nanoholes (6.7 MeV[71]), nanochannels (6 MeV [72]), nanospheres "NSP"
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(5, 7.5 and 8.6 MeV[73], 3.5 and 4.5 MeV [55], 3 and 3.6 MeV[58]), nanospheres on a double
layer target "NSP + DL" (31 MeV [56]), "foam" target (29 MeV [65]), foam with double layer
"foam + DL" (60 MeV [64]) and "gratings" (2.3 MeV [58]). The colour bar shows the laser
contrast for each data point. The contrast values are given in the above references, typically for
a few picoseconds or tens of picoseconds before the main pulse.

After analysing all these types of targets we propose that the most suitable target for the purpose
of enhancing the acceleration of the protons would be a double layer foam target (DLFT)
consisting of an ultra-low density layer on top of an Aluminium Layer. The low density structure
can lead to the formation of a controlled near-critical plasma layer on the illuminated side, allowing
the laser pulse to penetrate deeper into the target. This can favour an enhanced laser energy
absorption within a larger plasma volume and a more efficient heating of the electrons, improving
the conditions for ion acceleration [64], [65]. The Al layer is one of the most benchmarked
materials used for target fabrication.
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Chapter 3

Development of Double Layer Foam
Targets for Proton acceleration

As shown in the Chapter 2, a double-layer foam target (DLFT) consisting of an ultra-low-density
Carbon layer deposited on aluminium foil was identified as one of the most effective designs for
enhancing laser-driven proton acceleration. This chapter comprehensively explains the steps for
manufacturing and characterizing such structured targets.

3.1. Designing the targets for the experiment

For accelerating the protons in the TNSA regime I identified from multiple scientific studies[65]
[74] [64] that double-layer foam target (DLFT), consisting of an ultra-low density Carbon layer
deposited on Aluminium foils, is one of the most effective. The solid layer containing the Al foil
should have a thickness between hundreds of nanometers to few microns while the ultra-low
density Carbon layer should have a thickness in the order of microns to tens of microns and a
density in the range of 5 to 30 mg/cc.
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Figure 3.1. Schematic side-view representation of the designed DLFT, illustrating the ultra-low-

density carbon layer deposited to an Al substrate, mounted on the target supporting holders.

In the schematic representation of the DLFT presented in Figure 3.1., an ultra-low-density carbon
foam (density of a few mg/cc) is deposited onto a solid Al foil. The Al layer was used on the
backside of this target. The Al thickness ranges is 0.4, 0.8, 1.5, 3, 4.5, 6, 10 microns. The ultra-
thin layers 0.4 and 0.8 allow faster electron transport through the substrate, enabling the generation
of a strong sheath field at the rear surface with lower energy losses and the thicker one, from 1.5
to 10 microns, have a better structural stability. All these thicknesses are commonly used in laser-
plasma experiments with Al foils.

Carbon was used for the ultra-low density layer (Foam Layer), in the front side of the target,
because it has a low atomic number, Z which reduces energy losses due to Bremsstrahlung
radiation, ensuring that more of the laser energy is converted into heating electrons rather than
being emitted as X-rays. Carbon foams are highly porous with densities that can be adjusted within
a few to tens of mg/cc range.

3.2. Fabrication and Deposition Techniques

In order to develop such an ultra-low density carbon layer, the Pulse Lased Deposition (PLD)
technique was involved. PLD allows precise control over the thickness, density, and morphology
of the carbon layer and can lead to the formation of a C layer with a density in the range of mg/cc.
The production of ultra-low-density C layers or C foam using PLD relies on the aggregation of
ablated carbon clusters in a controlled gas environment. Carbon nanofoams are highly porous,
snow-like structures characterized by void fractions above 90%, composed of interconnected
carbon nanoparticles. These foams possess unique properties, such as high surface-to-volume
ratios, unusual electrical conductivity behaviour, and a mixture of sp1, sp2, and sp3 hybridization
states, making them attractive also for applications in catalysis, energy storage, and advanced
coatings. The growth mechanism of C foams in PLD depends on several key parameters, including
laser fluence, pulse duration, repetition rate, and background gas pressure. During ablation, carbon
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atoms and clusters are ejected from the target and undergo collisions with gas molecules in the
deposition chamber. These interactions influence the cooling and aggregation dynamics of carbon
species, promoting the formation of nanoparticle aggregates that eventually assemble into a three-
dimensional porous network[75], [76]. The presence of background gas is crucial in determining
foam morphology, as higher pressures lead to increased scattering and diffusion-limited
aggregation, resulting in a more porous and interconnected structure [77] [78], [79], [80]. Low
pressures favour ballistic transport and the formation of denser films, while higher pressures lead
to enhanced nanoparticle interactions, promoting the development of ultra-low density foams.

For the deposition of the Carbon Foam layer in the DLFT, two distinct PLD systems were
employed, each utilizing an excimer laser source with specific operational parameters. The first
system featured a KrF* excimer laser (COMPex Pro 205) with at a wavelength of 248 nm and a
full width at half maximum (FWHM) pulse duration of <25 ns. The laser operated at a repetition
rate between 10 Hz and 40 Hz, delivering pulses with an energy of approximately 320 mlJ,
monitored using a Coherent measurement system. The second system utilized an ArF excimer
laser with a wavelength of 193 nm, producing laser pulses with a duration of 25 ns at a repetition
rate of 40 Hz, each pulse delivering 500 mJ of energy.

In both setups, the laser pulses were focused onto a bulk graphite target within a controlled low-
pressure background gas environment. The deposition duration varied from 3 to 25 minutes. The
laser beam in each system was directed into the target at an incidence angle of 45 degrees. The
ablated material was ejected in a highly forward-directional manner, forming a narrow plasma
plume where the substrate was positioned. To optimize deposition conditions and achieve the
desired carbon foam properties, the target-to-substrate distance was adjusted between 5 cm and 7
cm in both cases.

Depositions were carried out in different background gases, specifically N2, or CH4 at pressures
ranging from 1 mbar to 10 mbar. These gases were found to increase collision frequency and
clustering effects, leading to the formation of highly porous carbon structures.

3.3. Characterisation

The first qualitative observation of the carbon foam layer integrated into the DLFT targets was
made immediately after the deposition process, upon removal of the sample holder from the PLD
chamber. It became instantly clear that the carbon foam had been deposited onto the designated
substrates, but also across the entire mask assembly, including the openings, screws, and
surrounding surfaces. Visually and texturally, the deposited material was similar to the fine, fluffy,
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loosely bound household dust that accumulates in corners. The structure appeared extremely
fragile, tending to detach upon minimal contact.

To conduct a detailed evaluation of the target properties, we used scanning electron microscopy
(SEM). SEM is a powerful technique that provides high-resolution imaging of surface
morphology and near-surface microstructure. This makes it ideally suited to analyse the
morphology, porosity and structural characteristics of the carbon foam.

e

Figure 3.2. Cross-sectional SEM images of a carbon foam layer deposited on a Si substrate
using PLD at 310 mJ, 20 Hz, in 2 mbar CH4 background gas for 5 minutes. (A) High-resolution
zoom showing local thickness variation and target morphology. (B) Lower-magnification image

displaying the overall thickness uniformity across a broader lateral area.

Figure 3.2. presents cross-sectional SEM images of a C foam layer deposited on a Si substrate,
taken at two different magnifications to highlight both local microstructural detail and overall
thickness uniformity. These images offer valuable insight into the morphology, porosity, and
thickness profile of the deposited foam, serving as strong visual evidence of its ultra-low-density
nature. In Figure 3.2.A., a higher-magnification view captures a localized region of the C foam,
clearly revealing the irregular topography characteristic of its porous structure. The foam thickness
varies from approximately 8.2 um to 9.5 um, indicating localized non-uniformity due to the
stochastic nature of plume dynamics during PLD. The surface of the foam exhibits a snowflake-
like morphology, composed of loosely packed carbon structures. This morphology is a distinct
feature of ultra-low-density C materials and differs considerably from that of compact or dense
amorphous carbon films, which typically present sharp, planar interfaces and smooth surfaces.

The compositional analysis of the carbon foam (C foam) targets was carried out using X-ray
Photoelectron Spectroscopy (XPS).
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Figure 3.3. XPS survey spectrum acquired from a foam deposited under 1 mbar of N2

Figure 3.3. presents an X-ray Photoelectron Spectroscopy (XPS) survey spectrum of a carbon foam
sample deposited under a nitrogen (N2) atmosphere at a pressure of 1 mbar. Due to the high surface
area of foam-like materials, a substantial amount of N> was adsorbed onto the surface, accounting
for approximately 16.3% of the detected signal. The N 1s peak, located at a binding energy of
399.2 eV, is attributed to molecular nitrogen adsorbed into the foam structure. Additionally,
exposure of the foam to ambient conditions led to the adsorption of oxygen (O:) and water (H20),
as evidenced by the presence of an O 1s peak at 532.1 eV, which corresponds to an oxygen content
of 7.6%. These findings suggest a high surface-to-volume ratio, characteristic of materials with a
high degree of porosity. When the deposition was conducted exclusively under a methane (CHa)
atmosphere, the XPS spectra showed only C 1s and O 1s peaks.

Non-Rutherford backscattering spectrometry (n-RBS) was employed to analyze the carbon foam
layers deposited on silicon (Si) substrates. The measurements were conducted under high vacuum
conditions (~107¢ mbar) using a 4.27 MeV He*" beam delivered by a 3 MV Tandetron accelerator,
with a duoplasmatron ion source. Backscattered alpha particles were detected by passivated ion-
implanted silicon detector, placed at a backscattering angle of 165° relative to the incident beam.
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Figure 3.4. N-RBS spectrum of a Carbon foam deposited on a Si substrate.
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Figure 3.4. displays a non—Rutherford Backscattering (n-RBS) measurement or nuclear resonance
elastic scattering of a carbon foam deposited on a Si substrate. The simulated spectrum yielded an
areal density of approximately: A, = 100 x 10> atoms/cm?.

Assuming a film thickness, t , of approximately 10 um, as determined from SEM cross-sectional
analysis, the mass density p of the carbon foam layer can be approximated by:

Ap _103x10%5 atoms cm™2

o m - 2x107% gatom™! = 20 mg/cc (3.1)

where A, is the areal density (atoms cm 2), obtained from the nRBS spectrum fitting, t is the

thickness of the C Foam, m, is the mass of a single carbon atom, given by m. = u./Ny4, with
pu = 12 g/mol (molar mass of Carbon) and N, = 6.022 x 10?* atoms/mol (Avogadro’s number).

Quantitative measurements of the C foam density were performed using a high-precision
microbalance. These gravimetric measurements indicate that the carbon foam density lies in the
range of 5 to 30 mg/cc, depending on deposition parameters such as background gas pressure and
deposition time. This density range is also in excellent agreement with the estimated density by
NRBS. This range is approximately two to three orders of magnitude lower than that of compact
amorphous carbon (~2.2 g/cm?®), confirming the formation of an extremely porous, ultra-low-
density structure.

The gravimetric procedure consisted of precisely weighing the Si substrate before and after the
deposition of the C foam. The mass difference corresponds to the net mass of the deposited foam.
In combination with the optical imaging to estimate the coated area and cross-sectional SEM
analysis to determine the foam thickness, an estimate of the foam volume was obtained. From the
measured mass and calculated volume, the average bulk density of the carbon foam layer was
derived.

These results are consistent with the estimated density from n-RBS measurements and with
morphological evidence observed in SEM cross-sectional images, which reveal a snowflake-like
microstructure composed of loosely connected carbon structures and high void volume fractions.
The low apparent density is further supported by XPS surface analysis, which shows significant
adsorption of oxygen and moisture from the ambient environment, characteristic behaviour of
high-surface-area materials. Together, the gravimetric, n-RBS, SEM, and XPS analyses provide
complementary insights that converge on the same conclusion: the carbon foam produced under
PLD conditions forms a highly porous, low-mass-density material, suitable for advanced laser—
plasma interaction.
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Chapter 4

Experimental testing of the DLFT

After we present a detailed methodology for fabricating the DLFT consisting of an ultra-low
density carbon layer on a thin foil Al substrate in Chapter 3, followed by a comprehensive
characterization of the targets, in this Chapter, experimental validation of the benefits of the
developed targes was investigated in a series of experiments.

4.1. Plasma plume imaging diagnostics at laser intensity of
10* W/em?

The experiment was done irradiating the DLFT with a femtosecond pulsed laser with milli-joule
(mJ) energy per pulse (with the Avesta Laser System) at ELI-NP. The targets’ properties were
evaluated through high-speed imaging of their interaction with the laser, focusing on the formation
and ejection of the plasma plume at the target surface. Comparisons with measurements using bare
Al foils under similar laser interactions revealed significant differences in plume generation,
highlighting the potential for improved ion acceleration.

In order to investigate the interaction dynamics and potential benefits of the carbon foam coatings,
we irradiated the DLFT and reference target of bare Al foils, with 70 fs laser pulses having sub-
millijoule energies (~750 wJ), focused to a 160 um spot and reaching peak intensities on the order
of 1013W /cm?. This intensity regime was selected to replicate the typical levels encountered in
the prepulses or on the pedestal of high-power laser systems used for laser-driven particle
acceleration. To investigate the spatial and temporal evolution of plasma plume emission, we
employed fast-framing optical diagnostics using an intensified CCD (ICCD) camera, positioned
perpendicular to the direction of plume expansion. The ICCD system was synchronized with the
laser source to capture a single time-resolved image for each laser shot.
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Carbon foam coatings were deposited by PLD in CHs at 1, 5, and 10 mbar. The deposition pressure
influences the resulting foam microstructure and density: lower pressures led to denser films, while
deposition at 10 mbar produced the most porous and spatially extended carbon networks,
indicative of the lowest mass density.

Under these irradiation conditions, the focused laser pulses initiated surface ablation of the carbon
foam or metallic substrate, followed by the ejection of a plasma plume. At this intensity and pulse
duration, the laser—matter interaction was predominantly driven by nonlinear processes such as
multiphoton ionization, with minimal thermal conduction due to the ultrashort pulse width.

AL (9ns)

C Foam 1 (9ns)

C Foam 2 (9ns)

oy

C Foam 3 (9ns)

Al (14ns)

C Foam 1 (14ns)

v

C Foam 2 (14ns)

C Foam 3 (14ns)

C Foam 1 (39ns)

C Foam 2 (39ns)

C Foam 3 (39ns)

Figure 4.1. ICCD images of plasma plume emission captured at three different time delays: 9 ns,

14 ns, and 39 ns—following the laser irradiation of bare aluminum foils (top row) and aluminum

foils coated with carbon foams deposited with different CH4 background gas conditions: C Foam
1 (1 mbar CHy) C Foam 2 (5 mbar CH4), and C Foam 3 (10 mbar CHy).

Figure 4.1. presents a comparative analysis of the plasma plume dynamics following laser
irradiation of DLFT. C Foam 1 refers to the sample deposited at 1 mbar CHs, C Foam 2
corresponds to 5 mbar CH4 and C Foam 3 was fabricated under 10 mbar CHa background gas
pressure. The images clearly demonstrate that, in all examined cases, the carbon foam-coated
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targets exhibit a more extensive and rapidly expanding plasma plume compared to the
conventional metallic targets.

At a temporal delay of 15 ns after the laser—target interaction, no detectable emission is observed
from the bare Al foil, indicating that the plasma produced is either too weak or has already
dissipated. In contrast, the target coated with C Foam 1 exhibits a well-developed, high-intensity
plume, expanding over several millimetres and emitting bright optical radiation. While C Foam 2
and C Foam 3 also generate visible plasma plumes, these appear significantly dimmer and less
extended than that produced by the denser C Foam 1.

This trend persists at longer delay times. At 40 ns post-irradiation, the bare Al foil no longer shows
any observable plume activity, while the carbon foam-coated targets continue to emit light and
expand outward into the vacuum. These observations strongly suggest that the carbon foam layer
enhances laser energy absorption, likely due to its porous structure, increased effective surface
area, and favorable absorption characteristics.

These results indicate that the porous carbon foam enhances laser absorption due to increased
surface area and favorable optical properties, sustaining plasma even at intensities typical of
prepulses (~10" W/cm?). Since such prepulses in CPA systems (~10?' W/cm? peak intensity,
contrast 1077-107%) can strongly affect subsequent Target Normal Sheath Acceleration (TNSA),
engineering foam density and thickness provides a means to control preplasma formation, promote
self-focusing of the main pulse, and improve ion acceleration performance.

DLFT with carbon coatings thus act as engineered preplasma generators, offering new control
parameters for optimizing laser—plasma interactions in high-intensity experiments.

4.2. Proton acceleration during the 1PW commissioning
campaign at ELI-NP

This subchapter presents the experimental campaign conducted at the Extreme Light Infrastructure
- Nuclear Physics (ELI-NP), during which double-layer foam targets (DLFTs) were successfully
irradiated. The two experiments described here were performed during the commissioning phase
of the 1 PW experimental area at ELI-NP. The first one aimed to evaluate the DLFT target
compatibility in High Power Laser System (experiments) and the initial acceleration performance
at sub-3 J laser energy, while the second one, conducted at full 1 PW power, focused on comparing
the ion acceleration efficiency of DLFTs against conventional bare Al foil targets.
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4.2.1. Proton acceleration at 10> W/cm? Intensity regime

The first experiment was conducted with arm A in C1 interaction chamber, where the laser was
focused directly on the DLFTs without the implementation of a plasma mirror between the off-
axis parabolic mirror (OAP) and the target. In the absence of the PM, the primary objective of this
preliminary DLFT irradiation was to assess the reliability of these novel targets safe use under
laser irradiation, particularly regarding back reflection risks and vacuum chamber contamination.

The p-polarized beam was focused at 45° incidence using an {/3.7 OAP. To limit BR intensity, the
laser energy was reduced to 2.7 J before the compressor (efficiency ~0.7), producing ~10%° W/cm?
on target within a 3.9 X 4.0 um FWHM focal spot. Targets consisted of DLFTs made of 7 um
carbon foam deposited on 1.5 um and 3 pm Al foils. The foam was confined to 250 pm-radius
discs (using a mask during the deposition) to minimize chamber contamination.

To determine contamination, the entire vacuum cycle was closely monitored and no anomalous
outgassing or particulate contamination was detected during the entire pumping phase. After
irradiation, detailed optical inspection of optical components (particularly the OAP), revealed no
visible damage or material deposition. The absence of any carbonaceous residue confirmed that
the structural integrity of the ultra-low density carbon layer had been maintained. These results
demonstrate that, under the conditions tested, DLFTs do not represent a significant contamination

risk to the optical infrastructure of the experimental setup.

Back-reflection was measured using a fast GaAs photodiode (30 ps rise time).
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Figure 4.2. Temporal profiles of back-reflected laser signals recorded via fast photodiode for
three target configurations: DLFT with 3 um Al + carbon foam (black squares), DLFT with
1.5 um Al + carbon foam (red circles), and bare 3 um Al foil (green triangles), (C) Full BR

signal traces, (D) Zoomed view of the BR peak.
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Figure 4.2.. shows that the DLFT with 3 um Al produced the strongest BR signal, followed by the
1.5 um DLFT, while the bare 3 um Al foil gave the lowest BR (three times smaller). This may
indicate that the carbon foam modifies preplasma conditions, maintaining a more uniform critical
surface at main-pulse arrival. Importantly, all BR levels remained below thresholds of concern for
the HPLS monitoring system, confirming safe operation.

A key result of the experimental campaign was the successful observation of proton acceleration
from DLFTs, measured using a radiochromic film (RCF) stack and a Thomson Parabola
Spectrometer (TPS).

The RCF stack comprised 19 layers (11 HD-V2 + 8 EBT3, from Gafchromic [81]). Localized
darkened features correspond to proton tracks, while diffuse uniform darkening is attributed to X-
rays.
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Figure 4.3. Enhanced contrast analysis on the RCF stack response for two double-layer foam
targets (DLFTs). The top row corresponds to the target with a 1.5 um Al foil + 7 um carbon foam
(Stack 9), while the bottom row corresponds to the 3 um Al + 7 um carbon foam target (Stack 4).

Each column represents a successive RCF layer, from front (left) to rear (right), showing the

spatially resolved proton dose.

Figure 4.3. shows the enhanced contrast response for two DLFTs: 1.5 pm Al + 7 um C foam (top
row, Stack 9) and 3 um Al + 7 um C foam (bottom row, Stack 4). In both cases, the first RCF
layers display a central, circular proton imprint surrounded by a diffuse halo from X-rays/electrons.
The signal weakens with depth, vanishing after the fourth layer, which corresponds to a proton
cut-off energy of ~5.5 MeV. Beyond this, only diffuse background remains, confirming proton
stopping.

The similar penetration depth, spatial profile, and intensity across the two stacks indicate nearly
identical acceleration conditions for both DLFT configurations.
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The TPS provided complementary spectral data, corroborating the RCF analysis.

Figure 4.4. presents proton spectra retrieved from calibrated image plates (IPs) using the Thomson
Parabola Spectrometer (TPS), expressed as proton number per unit energy and steradian versus
kinetic energy (MeV). Both spectra exhibit the exponential shape typical of TNSA.

Graph A corresponds to a DLFT made of 1.5 um Al + 7 um carbon foam, while Graph B shows
results for 3 um Al + 7 um foam. In both cases, the yield is modest (~10'° protons/sr), consistent
with the low laser energy delivered (<1 J on target). The slightly higher cutoff energy observed
with the 3 um Al foil is attributed to better rear-surface integrity, in agreement with the stronger
BR signal recorded for this configuration.
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Figure 4.4. Proton spectra retrieved from the raw data presented in the IP for the DLFT: A.
Spectra from Al 1.5 um + um C Foam. B. Spectra from Al 3 um + 7 um C Foam.

A discrepancy between proton cutoff energies measured by the TPS and those inferred from the
RCF stack likely arises from a misalignment between the ion emission axis and the RCF aperture,
which may have blocked the highest-energy protons before reaching the TPS pinhole.

4.2.2. Proton Acceleration at 2x10*! W/em? Laser Intensity

The second campaign using DLFTs was performed in the C3 interaction chamber of the E5 area
with arm B of the HPLS. The laser beam entered the chamber ~870 mm above the optical table
and was focused using the same {/3.7 OAP at 45° incidence. Wavefront correction was achieved
via adaptive optics (deformable mirror + wavefront sensor), yielding a focal spot of (3.9 +0.2) um
FWHM. The p-polarized beam impinged on the target at 25° + 1° relative to normal.
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To improve temporal contrast, a single plasma mirror (PM) was integrated into the beamline. The
PM, consisting of an AR-coated substrate with A/10 rms surface flatness, provided ~75%
reflectivity at full power, effectively suppressing pre-pulses and pedestal contributions.

Two DLFT configurations were irradiated:1.5 pm Al foil + 40 pm C foam and 3 pm Al foil + 90
um C foam. These thicker foam layers, compared to the first campaign, were designed to probe
enhanced coupling and modified laser—plasma interaction dynamics

The primary diagnostic for characterizing ion acceleration was the stack of RCF, identical in
configuration to that used in the first experiment. It was positioned at a distance of 25 mm behind
the rear surface of the targets, thereby enabling accurate detection of the ion beam’s angular
distribution and energy deposition profile.

Figure 4.5. Enhanced contrast analysis on the RCF stack response DLFT vs Al bare foil. The top
row corresponds to a 1.5 um Al bare foil target (Stack 108), while the bottom row corresponds to
the 1.5 um Al + 40 um carbon foam target (Stack 110). Each column represents a successive
RCF layer, from front (left) to rear (right), showing the spatially resolved proton dose.

Figure 4.5 compares enhanced-contrast RCF responses for a bare 1.5 um Al foil (Stack 108) and
a DLFT (1.5 um Al + 40 pm C foam, Stack 110). Successive layers reveal that protons from the
bare Al foil penetrated up to the 10th layer, corresponding to a cut-off energy of ~18.6 MeV. By
contrast, the DLFT signal extended only to the 6th layer, with a cut-off energy of ~9.7 MeV.
Beyond these layers, only diffuse X-ray/electron background was visible.

The beam divergence was also inferred in Figure 4.. by analysing the size and evolution of the
beam imprint across successive layers, with clear evidence on the lower divergence of the proton
beam accelerated from the DLFT.
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Figure 4.6. Divergence of the proton beam as a function of kinetic energy for Al vs DLFTs:
1.5 um Al (red) and 1.5pum Al + 40 um C foam (black).

Figure 4.6 provides a quantified analysis of the proton beam divergence as a function of kinetic
energy, comparing the divergence characteristics for the two target configurations: bare 1.5 um Al
foil and DLFT (1.5 pm Al + 40 um Carbon foam). The data clearly show that the proton beam
generated from this DLFT exhibits a significantly lower divergence across the entire energy
spectrum, indicating a more collimated beam profile compared to the beam accelerated from the
bare Al foil. At a kinetic energy of 7.5 MeV, the divergence angle for the DLFT is approximately
12°, versus ~19° for bare Al. This trend becomes even more pronounced at higher energy, for
DLFT at 9.7 MeV, the divergence narrowed further to ~6° (DLFT) compared to ~17.5° (bare Al).
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Figure 4.7. Enhanced contrast analysis on the RCF stack response DLFT VS Al bare foil. The
top row corresponds to a 3 um Al bare foil target, while the bottom row corresponds to the 3 um
Al + 90 um Carbon foam target. Each column represents a successive RCF layer, from front
(left) to rear (right), showing the spatially resolved proton dose

Figure 4.7. showed that for the bare 3 pm Al target, RCF layers revealed a spatially uniform proton
beam across all irradiated depths. The final localized signal appeared on the 12th layer,
corresponding to a cut-off energy of ~27.6 MeV. The apparent higher intensity on this layer arises
from the transition from HD-V2 (layers 1-11) to the more sensitive EBT-3 films (layers >12). By
the 13th layer, only diffuse background was observed, confirming full proton stopping.
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In contrast, the DLFT (3 um Al + 90 um C foam) produced localized proton imprints only up to
the 6th layer, corresponding to a cut-off energy of ~9.7 MeV. Beyond this depth, only diffuse
background signals were visible. The reduced proton energy is attributed to the thick foam layer:
although ultra-low density foams can enhance absorption and hot-electron generation, the 90 um
thickness likely introduced significant collisional losses and scattering, weakening the rear-side
sheath field required for efficient TNSA.

The clear discrepancy in proton energy suggests a reduced acceleration performance from the
DLFT configuration for this laser parameters. A likely explanation lies in the interaction of the
laser pulse with the ultra-low-density carbon foam, which is ionised into a near-critical plasma.
Because the foam layer is too thick (90 microns) it may also induce strong collisional losses and
scattering within the foam, reducing the energy of the hot electrons before they reach the rear side
diminishing the sheath field required for effective TNSA and consequently, the maximum energy
of the accelerated protons

In terms of divergence, Figure 4.8. shows the same trend as Figure 4..:
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Figure 4.8. Divergence of the proton beam as a function of kinetic energy for Al vs DLFTs: 3 Al
(red) and 3 umAl + 90 um C foam (black).

Figure 4.8. shows the divergence analysis, consistent with earlier results. The DLFT beam exhibits
lower divergence across the energy spectrum compared to the bare Al foil, confirming that while
DLFTs reduce maximum proton energy, they produce more collimated beams.

Consistent with the previous observations, the DLFT yields a proton beam with a significantly
lower divergence, indicating a more collimated acceleration compared to the bare Al foil. This
suggests that the DLFT configuration more effectively guides the fast electrons responsible for
sheath field generation, resulting in a narrower angular spread of the accelerated proton beam.

In terms of energy, bare Al foils yielded higher proton cut-off values (19-27 MeV), while DLFTs
typically reached only ~10 MeV. Despite this reduction, the enhanced collimation was observed
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for all foam thicknesses, pointing to modified electron transport in the near-critical plasma created
by ionized foams. However, when the foam layer was excessively thick, collisional losses reduced
the acceleration efficiency, both in proton number and maximum energy.

4.3. Enhanced proton acceleration with prepulse ionisation
at Gemini, RAL

This experiment was conducted with the Astra-Gemini laser system at the Rutherford Appleton
Laboratory (UK). The final amplifier delivered 17 + 1 J pulses, with ~75% compressor efficiency,
~50% double plasma mirror (DPM) reflectivity, and ~80% transmission through steering optics,
yielding an on-target energy of ~5.1 J. The beam was focused at normal incidence using an f/2
OAP, producing a 4.4 um FWHM focal spot. With ~25% of the energy confined to this spot, the
peak intensity reached ~2 x 10*° W/cm?

During the experimental campaign, an unexpected discrepancy was observed between the
anticipated and measured temporal contrast of the laser pulse. While the double plasma mirror
(DPM) system was expected to enhance the temporal contrast to the level of ~107'? up to time
delays of several hundred picoseconds, consistent with previous results [83] in situ measurements
within the interaction chamber revealed the presence of a highly intense prepulse, 40 nanoseconds
before the main pulse arrived. It was determined that the laser pre-pulse exhibited intensities of
10"'-10" W/cm? after passing through the DPM system. This level of intensity corresponds to a
prepulse with sufficient intensity to start ionising the low-density C foam layer prior to the arrival
of the main pulse.

The target used were the DLFTs, each comprising a 15 pm low-density C foam layer deposited on
Al foil substrates of varying thicknesses (0.4, 0.8, 1.5, 3, 6 and 10 um).

Ion diagnostics included two Thomson Parabola Spectrometers (TPS) at 0° and 5° to capture
angular dependence, and a Time-of-Flight (TOF) detector (pCVD diamond [84], 100 um thick,
100 V bias) positioned at 4° relative to the laser axis for complementary proton detection.
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Figure 4.9. Raw MCP images from the TPS at 0° relative to target normal. Top row: bare Al foils of
thickness 0.4, 0.8, 1.5, 3, 6, and 10 um. Bottom row: corresponding DLFTs with a 15 um carbon foam layer
deposited on Al substrates of identical thicknesses.

Figure 4.10. presents the corresponding proton spectra (logarithmic scale) from the MCP/TPS data.
For all substrate thicknesses (0.4—10 um), DLFTs (red circles) consistently show broader
distributions and higher apparent yields relative to bare Al foils (black squares). Although absolute
proton numbers could not be extracted due to the lack of MCP calibration, the relative comparisons
confirm superior acceleration with DLFTs.
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Figure 4.10. Comparative proton energy spectra from the MCP at 0° TPS. Subplots (A-F) show
logarithmic proton energy distributions (arbitrary units) for DLFTs (red circles) versus bare Al
foils (black squares) at substrate thicknesses of (4) 0.4 um, (B) 0.8 um, (C) 1.5 um, (D) 3 um, (E)
6 um, and (F) 10 um.

In all cases, the DLFTs exhibit both a broader energy distribution and a higher apparent proton
yield relative to their bare Al analogues. This supports the hypothesis that the addition of a low-
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density carbon foam layer enhances sheath field formation and sustains stronger accelerating fields

during proton acceleration.
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Figure 4.11. Comparison of ion energy spectra obtained via TOF diagnostics for DLFTs (red
circles) and bare Al foils (black squares) at different substrate thicknesses: (4) 0.4 um, (B) 0.8

um, and (C) 1.5 um.

Figure 4.11. presents the energy spectra of protons and ions obtained from the TOF measurements.
Although the total number of protons could not be quantitatively determined due to spectral
overlap with heavier ions, the cut-off energy of the proton was extracted. In all three cases, the
TOF-based spectra confirm the trends observed from the TPS diagnostics: the DLFTs

systematically yield higher proton cut-off energies than the corresponding bare Al foils.
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Conclusions

The work presented in this thesis has demonstrated the successful design, fabrication, and
experimental validation of double-layer foam targets (DLFTs) consisting of an ultra-low-density
carbon foam deposited on aluminium substrates, specifically for the purpose of enhancing laser-
driven proton acceleration. This general conclusion is supported by a sequence of intermediate
findings that address target conception, material development, detailed characterisation, and
systematic experimental testing under a variety of laser irradiation conditions.

At the conceptual stage, a comprehensive analysis of existing target types, including metallic foils,
dielectric structures, and engineered composites, revealed that the most suitable target for the
purpose of enhancing the acceleration of the protons would be a double layer foam target (DLFT)
consisting of an ultra-low density (5-30 mg/cc) C foam layer (thicknesses in the micron-to-tens-
of-micron range) on top of an Aluminium Layer (thicknesses from 0.4 to 10 um) . The low-density
structure should facilitate the formation of a controlled, near-critical plasma layer on the
illuminated surface. This enables the laser pulse to penetrate deeper into the target, enhancing
energy absorption within a larger plasma volume, which results in more efficient electron heating
and improved ion acceleration conditions.

The carbon foams were fabricated using Pulsed Laser Deposition (PLD). Optimal results were
achieved by using either N2 or CH4 as the background gas at a pressure of 1-10 mbar, which
enhanced clustering and porosity formation.

Characterisation through gravimetry, n-RBS, SEM, and XPS confirmed the intended ultra-low-
density (5-30 mg/cc), snowflake-like morphology, with typical void sizes of 1-5 um. Deposited
on solid aluminium layers, these DLFTs exhibited the structural and compositional features
required for laser—plasma interaction studies.

The experimental studies validated the behaviour of these targets under different irradiation
conditions. When exposed to femtosecond laser pulses with intensities around 10" W/cm?,
comparable to the prepulse or pedestal of high-power laser systems, the DLFTs produced plasma
plumes that were more intense, sustained, and spatially extended than those from bare aluminium
foils. ICCD imaging confirmed that the foams supported long-lived plasma emission,
demonstrating enhanced laser absorption and plasma coupling efficiency.

The first validation of DLFTs under high-power, high-intensity conditions was performed at ELI-
NP using one arm of the 1 PW High Power Laser System (HPLS) at lower energy (~3J) at an
intensity level of 102°W /cm?. The targets demonstrated excellent vacuum compatibility
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throughout the pumping cycle and irradiation, with no evidence of optical contamination,
particularly of the off-axis parabolic mirror. Back-reflection measurements indicated that DLFTs
with 3 pum aluminium substrates produced stronger signals than those with thinner 1.5 um
substrates and bare foils, but these remained within safe operational limits even without plasma
mirrors. Both target configurations (1.5 um and 3 pum Al with 7 pym foam) generated measurable
proton acceleration via the target normal sheath acceleration (TNSA) mechanism. Proton tracks
extended to the fourth layer of RCF stacks, corresponding to cut-off energies of ~5.5 MeV, while
spectra from the Thomson Parabola Spectrometer (TPS) suggested lower cut-off energies (~1.8
MeV) due to geometrical acceptance effects and possible misalignments.

In a subsequent experiment using the second arm of the HPLS at full power and 2 x 10*' W/cm?
intensity, two DLFTs (1.5 pm Al + 40 pm foam and 3 pm Al + 90 um foam) were compared with
bare aluminium foils of the same thickness. While the bare foils achieved higher maximum proton
energies (~18.6 MeV for 1.5 um and ~27.6 MeV for 3 um), the DLFTs produced more collimated
proton beams, with divergence angles reduced to ~6° compared to ~17° for bare foils. This
improved beam quality is attributed to the near-critical-density plasma formed in the foam, which
channels electron transport and generates a more localised sheath field. However, very thick foam
layers (40-90 um) were shown to reduce acceleration efficiency, likely due to electron scattering
and energy losses before reaching the rear surface.

The final experimental validation was performed at the Astra-Gemini laser system at the
Rutherford Appleton Laboratory. Despite employing a double plasma mirror (DPM), the system
exhibited a significant pre-pulse ~40 ns before the main pulse, with intensities of 10''-10'> W/cm?.
This pre-pulse was sufficient to pre-ionise the carbon foam layer of the DLFTs, which in turn
strongly enhanced the coupling efficiency of the subsequent main pulse. Across a wide range of
aluminium substrate thicknesses (0.4—10 um), the presence of the carbon foam consistently and
significantly improved proton acceleration compared to bare foils. DLFTs yielded higher cut-off
energies and greater proton fluxes as observed by both TPS and TOF diagnostics. Particularly
striking improvements were seen for very thin (0.4 and 0.8 pum) and very thick (6 and 10 pum)
substrates. For example, with 0.4 pm Al, DLFTs achieved cut-off energies of ~25 MeV compared
to ~8 MeV for bare foils, while for 10 um Al, DLFTs still produced protons up to ~14 MeV
whereas bare foils gave negligible signals.

Overall, these results demonstrate that DLFTs provide clear advantages under a range of
irradiation conditions. Although they do not always yield the highest maximum proton energies,
their ability to enhance laser absorption, sustain preplasma, reduce beam divergence, and exploit
the beneficial effects of pre-pulses establishes them as a robust and versatile target design for laser—
plasma interaction studies. The work presented here, from design to fabrication, characterisation,
and high-intensity laser irradiation, confirms the viability of DLFTs as engineered targets for
optimising laser-driven proton acceleration.
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