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Introduction: scientific context
and state of the art

The curiosity to explore and investigate nature is the driving force for de-
velopment both in science and in technology. In particular, the particle
accelerator field has attracted, since the early twentieth century, a great in-
terest for both scientists and engineers.
The need to accelerate particles (ions, electrons) to higher and higher ener-
gies, has lead to a progressive evolution and increase in dimensions of particle
accelerators, such as the Large Hadron Collider (LHC) [60, 211] (see figure
1).

Figure 1: Large Hadron Collider (LHC), figure reported from [211].

The Large Hadron Collider (LHC) is considered, nowadays, one of the world’s
most advanced and most powerful synchrotron. It is located in Geneva, at
the border between France and Switzerland and it is an underground 27 kilo-
meter ring of superconductive magnets with a huge number of accelerating
structures to boost and accelerate the energy of the protons up to 7 TeV and
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reach a center of mass energy of 14 TeV.
Over the last decades, new possibilities and new scenarios in terms of par-
ticle acceleration have been opened up by the advent of high intense (I >
1018W/cm2) laser systems. High intense laser pulses are capable of generat-
ing a high intense electric field in the plasma of the order of TV/m, about
three orders of magnitude higher than typical values of RF-based conven-
tional accelerators within short distances (few µm).
Furthermore, in conventional acceleration, the particle sources, the acceler-
ating structures and the focusing elements have a key role. In laser driven
particle acceleration [113, 50], similarly, the laser parameters (energy, power,
pulse duration, polarisation, contrast), the target features (shape [185], struc-
tures [124, 14], thickness[66], material[183]) and the type of mechanisms gen-
erated by their interaction are the fundamental elements.
This thesis work deals with laser driven proton sources. At current, laser
driven protons have reached experimentally maximum energies of 100 MeV.
These compact and energetic proton sources have boosted a strong interest
both in diagnostics and applications.
The particle acceleration from laser-plasma interactions is a very complex
phenomenon due to the inherently involved non-linear laser plasma interac-
tions. Therefore, suitable instrumentation for the diagnostics of laser accel-
erated proton beams is vital for increasing the knowledge of the acceleration
mechanism itself. As such, the development and the improvement of charge
particle diagnostics are essential.
Laser proton beams have unique characteristics, such as (1) a high charge
(1013 particles/shot), (2) a short bunch duration (ps at the source), (3) high
laminarity and (4) extreme broad energy spectrum. Proton sources have the
Bragg peak, i.e they deposit most of their energy at the end of their path
during their travel inside matter. These features have stimulated interest in
a wide variety of applications, in fields like bio-medicine (tumor treatment,
PET, radiography), warm dense matter, hybrid acceleration schemes, mate-
rial science, cultural heritage (CH), etc.
However, laser driven proton beam parameters, such as the large energy
spread (∼ 100 %) and the high divergence can obstacle their use for appli-
cations. Hence, coupling them with conventional accelerator devices, such
as dipoles, quadrupoles, etc has considered a valuable option for tailoring
(shaping, transporting, selection, focusing) these beams for the obtainment
of reliable and stable sources for applications.
The work presented in this thesis is developed within the current state of
the art, both in terms of laser driven proton diagnostics and applications.
The properties of these proton sources are the input parameters for the de-
sign of a dedicated transport beamline for applications, as well as the final
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targets towards the improvement of laser-driven proton diagnostics, which
allow a better knowledge of the complexity of the laser-plasma interactions,
that drives laser generated proton acceleration.

Object of the thesis and outline
The aim of this doctoral thesis is to study the transport and the manipula-
tion of laser driven proton beams for both diagnostics and applications.
This work is mainly separated into two parts: (1) a theoretical study of a
new spectrometer for laser ion diagnostics and (2) a detailed study of a laser
Particle Induced X-Ray Emission (PIXE) beamline for material science ap-
plications.
It also includes part of the experimental results related to my participation
in August 2016 in the TITAN experimental campaign in Livermore, Califor-
nia, and my participation in the first trimester of 2020 in the experimental
campaign at Extreme Light infrastructure Attosecond Light Pulse Source
(ELI-ALPS) research center in Szeged, Hungary.
A better knowledge of the source of the laser-generated protons is translated
in being able to “control” and increase the understanding of the evolution of
the acceleration process at the beginning, whereas developing a customized
transport beamline is translated in increasing the “control” of the final pro-
ton parameters required for a specific application.
The thesis is structured as follows:

• Chapter 1 introduces the theoretical background of high-intensity
laser-plasma interactions, from ionization processes, single-electron dy-
namics, laser propagation and absorption in plasmas to the main con-
cepts of laser-driven proton acceleration. We focus our attention on
the target normal sheath acceleration (TNSA) mechanism. We also
describe the main TNSA proton beams properties, core of this thesis;

• Chapter 2 describes laser driven ion beam diagnostics. We compare
several detection (diagnostics) systems, emphasizing similarities and
differences in order to portray the current state of the art in this field.
In this chapter, the details of my contribution for papers I and II are
reported;

• Chapter 3 deals with the first experimental observation of low en-
ergy (few MeV) laser driven ion beams at ELI-ALPS research center in
Szeged, Hungary. They have been accelerated, using in a single shot
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mode, the SYLOS Experimental Alignment (SEA) laser (multi-TW-
ultra-short milli-joule laser system) hosted by the ELI-ALPS facility.
We describe the experimental setup and part of the data analysis re-
sults, which is a work in progress;

• Chapter 4 discusses the theoretical study of a novel type of spec-
trometer, that aims at investigating the possibility of enhancing the
detectable proton and ion energy, compared to existing spectrometer
combinations. We describe in detail the methodology and the different
schemes that have been implemented. We study the replacement of the
constant dipole field of a conventional Thomson parabola spectrometer
(TPS) with different not homogeneous field profiles. By not homoge-
neous field we indicate quadrupoles, octupoles and high order magnetic
elements. We consider also the contribution of laser generated sources
that include proton and carbon ions. The obtained results are the sub-
ject of paper V (manuscript under preparation). We show a possible
scaling law that compares the different magnetic orders vs the minimum
detectable proton energy. In the end, we summarize and emphasize the
limits and advantages of the proposed spectrometer designs;

• Chapter 5 provides an introduction of different proposals for manipu-
lating the laser-generated proton beams downstream the laser-plasma
interaction point using conventional accelerator devices, implementing
the so-called hybrid beamlines or post acceleration schemes. Mag-
netic passive chicanes that act as energy selectors (ES), RF cavities,
quadrupoles, etc have been coupled with laser-driven proton sources
for adapting and customizing them for a specific application;

• Chapter 6 deals with the detailed numerical study of the design of
a compact and versatile laser-driven proton hybrid beamline, imple-
mentable for different types of applications in material science, e.g. the
one described in paper III. They include also the Particle Induced X-
ray Emission (PIXE). PIXE is a sophisticated nuclear technique that
allows retrieving chemical and quantitative information about the ele-
ments that are present on cultural heritage (CH) samples. We describe
in detail the context of the study and the numerical tools that have been
used in order to compare, in terms of proton features, the performance
of a laser-driven hybrid beamline with the typical parameters of con-
ventional facilities for PIXE spectroscopy. The proposed laser driven
proton hybrid beamline schemes are composed of an energy selector
(ES), that allows selecting proton energies of 1, 3, 5 MeV (typical pro-
ton energies used in conventional PIXE), reaching a final energy spread
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of ∼ 10 %. They also include the addition of the permanent quadrupole
magnets (PQMs) that follow the ES, with the aim of obtaining feasi-
bility in final transverse spot sizes, i.e beam vertical dimension from
less than 1 mm up to cm scale. The obtained results are subject of pa-
per IV and provide useful guidelines for designing and optimizing the
elements of a laser-PIXE proton beamline for improving and further
investigating the use of laser-generated proton sources for applications.

Finally, we summarize the achieved results, giving an outlook towards the
future prospects of this work.
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Chapter 1

Proton acceleration driven by
laser-plasma interaction

This chapter aims at providing an overview of the steps that characterize
the acceleration schemes, that are used in laser driven proton acceleration
(LDPA) [113, 176]. We, first, briefly report the main laser driven proton
experiments [18, 45, 73, 107, 119] that represent the milestones toward the
understanding and the use of these compact and high energetic laser ion
(proton) sources [18, 45, 73, 107, 119].
Then, we summarize the fundamentals of high intensity short pulse laser-
matter interactions and present basic concepts associated to laser-driven pro-
ton acceleration.
Several schemes have been studied, including the target normal sheath ac-
celeration (TNSA) [188, 216] (see section 1.3.1), radiation pressure accel-
eration (RPA) [115, 153, 167, 59], breakout afterburner [219], collisionless
shockwave acceleration[62, 62, 82, 186] and magnetic vortex acceleration
(MVA)[29, 143, 185].
Theoretical and numerical investigations suggest also that, for the next gen-
eration of lasers with high intensities (I > 1022W/cm2), other alternative
hybrid acceleration mechanisms will allow potentially achieving ion energies
in the GeV range [58, 162]. Here, we focus our attention on the TNSA, which
is relevant for this thesis work.
At the end of the chapter, in section 1.4 we list and describe the TNSA
laser driven proton beams features. These properties are important, both for
diagnostics (see chapter 2 and 4) and applications (see chapter 6).
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Chapter 1. Proton acceleration driven by laser-plasma interaction

1.1 Laser driven proton acceleration

1.1.1 History and state of the art
Starting from the realization of the laser in 1960 [118], great developments
[193, 140] have been done in laser technology and allowed studies at ever-
increasing intensities.
For a long time, the main limit in terms of focused laser intensity was given
by the damage threshold of the optical components of laser systems. This
bottleneck was overcome with the breakthrough invention of the key tech-
nique of [191] Chirped Pulse Amplification (CPA) (1985) by professors Ger-
ard Mourou and Donna Strickland (Physics Nobel prize 2018). After that,
there was an unstoppable progress in high power laser technology [51].
As it is shown in the figure 1.1, this technique consists mainly of three steps.
The initial short pulse is first stretched in time, e.g. by the use of pair of
gratings (see figure 1.1) in order to be broadened and lower the peak power,
then it is amplified, and then recompressed. For further details regarding
CPA, we refer to [72, 105, 191].

Figure 1.1: The three main steps of Chirped Pulse Amplification (CPA). The
figure comes from [215].

This technique enables the possibility to deliver energies ranging from mJ up
kJ order while having a pulse duration from picosecond (10−12 s) to femtosec-
ond scale (10−15 s) and reach peak powers of several TW (1012) up to PW
(1015) scale. As it is known, an intensity of 1024 W/cm2 [72] is required for
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Chapter 1. Proton acceleration driven by laser-plasma interaction

the direct acceleration of ions by the laser field. Thus, the currently achiev-
able laser intensities (1022 W/cm2) [51] allow the generation of laser driven
ions as a consequence of the laser energy transfer to the electrons and then
to the ions (see section 1.2.5).
Guverich et al. [80, 79] have investigated the problem of the expansion of
the plasma in vacuum and have derived first scaling laws for accelerated ions
spectra of different masses and charges. Gitomer et al. [73] were among the
firsts, that collected the data related to the energetic laser driven ion sources
for a wide range of laser wavelengths, energies and pulse lengths in order to
better understand the acceleration of the particles driven by high intensity
laser-plasma interactions.
Gitomer et al. included also the experimental evidence of laser generated
proton (light ions) beams, observed between the late 1970s and early 1980s,
at Los Alamos National Laboratory (LANL) in the USA [18].
During these experiments performed at the Gemini CO2 laser facility, long
pulse (< 1 ns) and not so high intensity (1015 W/cm2) laser pulses were used
for the interaction with targets consisted of carbon, titanium and tantalum
wire (250 µm) and polyethylene (CH2) films.
They [18] used as diagnostics a Thomson parabola (TP) coupled with cel-
lulose nitrate film particle detectors. Although the features of the obtained
ions, e.g maximum proton energy was of the order of few hundreds of keV
with a maximum value of ∼ 0.56 MeV, were not so remarkable, these re-
sults encouraged studies about the proportion between the temperature of
the “hot electrons” and the maximum ion/proton energy reachable driven
by laser-plasma interactions, as well as studies about the influence of the
presence of hydrogen contamination on the carbon ion acceleration[73, 18].
In 2000, almost simultaneously three different papers were published respec-
tively by Clark[45], Maksimchuck[119]and Krushelnick [107], reporting new
evidences of laser generated proton beams, using similar types of targets and
laser parameters.
The protons beams detected in these experiments are considered the first
ones having beam-like properties because of the high numbers of particles,
short pulse and multi-MeV energies observed.
Clark [45] et al. used the VULCAN laser at Rutherford Appleton Laboratory
(UK), that reached intensities of 5· 1019 W · cm−2 on 125 µm thick aluminum
target.
A “sandwich” of several pieces of RadioChromic films (RCF) and CR-39
plastic detectors have been used as diagnostics. The ion signal on the CR-39
exhibited a ring pattern with decreasing diameter for increasing ion energy
up to 17.6 MeV. Hence, they assumed that the relationship between the
energy of the emitted protons and the angle at which they are emitted is
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Chapter 1. Proton acceleration driven by laser-plasma interaction

caused by large azimuthal magnetic fields (line-averaged field of few tens of
MG have been observed) [45]) within the solid target material that develops
and persists during the few picoseconds after the laser pulse, i.e the source
of the energetic protons is originated from the front surface of the target and
then they are bent by large magnetic fields which exist inside the target.
Krushelnick [107] et al., using similar laser and target parameters, managed
to obtain proton energies of 30 MeV at the VULCAN laser facility (laser
energy ∼ 50 J at a wavelength of 1.053 µm, laser pulse between 0.9-1.2 ps).
They observed up to 1012 protons (> 2 MeV) driven by the interaction with
aluminum foil targets of a thickness of 125 µm, implementing as detectors
CR-39-RCF stacks. They deduced, similarly to Clark et al. [45], according
to nuclear activation and track detectors measurements, that the protons are
originated from the front surface of the target surface, are bent by large mag-
netic fields that exist in the plasma, which are generated by a laser-produced
beam of fast electrons.
Maksimchuck [119] et al. focused a 10 TW laser (4J, 400 fs, λ ∼ 1.054 µm)
with intensity 5·1019 W· cm−2, on aluminum targets of 3 to 25 µm, observing
proton beams of about 1.5 MeV. To compare the ion emission in the forward
(through the thin film) and backward (through the laser), two CR-39 detec-
tors with sets of Mylar filters, were placed both in front and in the back of
the target. The high energy proton emission recorded on the CR-39 at the
rear back of the target, made them consider that the protons, which appears
from impurities on the front side of the target, are accelerated over a region
extending into the target and exit out the backside in a direction normal to
the target surface.
Laser accelerated proton beams of significantly better properties were ob-
served in experiments [188] in Lawrence Livermore National Laboratory’s
(LLNL) Nova Petawatt laser system in Livermore, California (USA). The
petawatt and picosecond laser system of I ∼ 3 ·1020 W/cm2 irradiated tar-
gets such as gold, Ti, aluminum and CH targets.
The detection system of this experiment [188], included only RCFs. Later on,
a magnetic spectrometer (see chapter 2) was added in order to distinguish
electrons and protons. Furthermore, direct evidence that the beam is protons
rather than ions species was obtained from the observation of nuclear reac-
tions. In the figure 1.2 extracted from [188], autoradiographic imagines of the
V48 activation in the Ti foils shows a one to one correspondence to the RCFs
images recorded on the same shot, confirming that RCFs were irradiated
by the proton beam. A Boltzmann-like spectrum has been measured and a
proton cut-off energy of ∼ 58 MeV has been reached[188]. They interpreted
the generation of the proton beam as a planar electrostatic acceleration by a
dynamic Debye sheath formed at the rear target surface by hot electrons.
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Figure 1.2: RCF images recorded from the interaction of a normal incidence
445 J shot on 100 µm CH from the Ti nuclear activation: Ti foil autoradio-
graphs are reported on the top row, while RCF images are reported in the
middle row. The plots show the comparison between Monte Carlo modeling
(bottom left) of the RCF detector response in krads cm2 per proton normally
incident in the film layers and the nuclear activation response (bottom right)
of the Ti layers to protons through the successive filter layers of the detector.
The figure is extracted from [188].

Murakami [141] et al. irradiated with the 50 TW GEKKO MII laser (25 J,
λ ∼ 1.054 µm, 0.45 ps, peak intensity of 5· 1018 W · cm−2) plastic foils with
thickness of 5-10 µm. The obtained proton bunches had energies between 8
and 10 MeV and the experiment results suggested that the energetic protons
are dragged away from the rear surface, where the hot electron formed a
virtual cathode. Thus, they deduced similar conclusions as [188] (rear back
proton acceleration) mostly due to the ring structure observed on the CR-39
film stacks preceded by tantalum filters.
These experiments[45, 119, 141, 188, 107] opened up a debate regarding the
origin of the laser-driven proton sources. Allen et al. [5] have reported the
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observation of laser driven proton beams from the back and the front side of
the target. They irradiated Au foils with a 100-TW, 100 fs laser at inten-
sities greater than 1020 W · cm−2, producing proton beams with maximum
energy greater than 9 MeV and a number of protons of ∼1011. They removed
the contaminants on the targets by means of an Ar-ion sputter gun. They
repeated the experiment, using different targets: Au foil, Au foil with the
removal of contaminants on the front surface (laser-interaction side) and Au
foil with the removal of contaminants on the back surface. The detected
proton beams, measured with RCF film stacks, have been compared. No
effects have been observed for the removal from the front surface, whereas
the back contaminants removals reduced the total yield of 1% compared to
the case of Au foil without any removing contamination. Thus, their results
were consistent with back-surface acceleration mechanisms[5].
Later on, Fuch et. al [67] confirmed the same experimental results of [5].
They presented the first and quantitative comparison between Front Surface
Acceleration (FSA) and Rear Surface Acceleration (RSA) proton beams un-
der identical laser conditions. The obtained spectra, using RCF stacks and
nuclear activation techniques, showed that the quality of the ion beams from
the back dominates compared to the front surface. The RSA produces higher
energy particles with smaller divergence, higher efficiency compared to FSA.
Furthermore, Fuchs et al. explained that the ring patterns observed by Clark
et at. [45] (FSA) and Murakami et al [141] (RSA) arose most from saturation
effects and artificial response in the CR-39 at high proton fluences and it is
not a signature of high-energy protons. Therefore, the differences observed
were misinterpreted [67, 9].
Despite the numerous efforts in optimizing target and laser conditions the
maximum achievable laser driven proton energy was 58 MeV for almost a
decade [188, 50]. In 2016, Wagner et al, [209] reached a newly maximum
proton energy value of ∼ 85 MeV. In this case, laser driven proton accelera-
tion has been investigated with micrometer and sub-micrometer thick plastic
targets and relatively long (∼ 0.5 ps) laser pulse with high energy (∼ 200 J)
obtained from a combined Ti:sapphire Nd:glass laser system, the Petawatt
High Energy Laser for heavy Ion eXperiments (PHELIX) [209] in Darm-
stadt, Germany. These laser pulses were focused on the target surface under
different angles of incidence from 0◦ to 30◦ (tilted target as it was done in
ref. [67]) using an f/1.7 focusing parabola. The diagnostics were RCFs in
a stack configuration. Furthermore, copper and nickel foils have been used
as intermediate layers in the stack for nuclear activation measurements, as
reported in [78]. The direction of the accelerated beam allows discriminat-
ing the different acceleration mechanisms. In this case, the center of the
imprint of the beam on the RCF stacks corresponded to the target normal
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direction, which is an indication of the TNSA mechanism. The maximum
proton energy observed was 50% more than before [188]. They ascribed this
improvement to the reduction of the shot-shot aberrations of the laser beam
that led to a higher actual intensity. Their results, hence, are coherent with
the previous findings[188].
Nowadays, the maximum proton energy experimentally observed is near 100
MeV. This value has been detected with RCF stacks and it is theoretically
associated to a new hybrid laser driven transparency-enhanced hybrid accel-
eration scheme, as reported in [90].
In conclusion, the initial misunderstanding regarding the origin of laser pro-
ton source acceleration has been gradually solved with simultaneous front-
back detection experiments[5, 67].
Numerous scaling laws have established consolidated dependencies between
laser intensity, laser energy, laser pulse duration and maximum achievable
proton energy [25, 114, 113] (see section 1.4).
At current, the common directions for improvements in LDPA are target
engineering optimization, e.g. nano-structured targets, that will be briefly
discussed in section 1.3.2, ultra thin foils [159], the use of mass-limited targets
(target with transverse dimension that is of the same order of the laser focus
(10-20 µm)) [184], cryogenic hydrogen micro-jets [183, 104], nanowires[161],
low density foams[155, 161, 21], the enhancement in laser temporal con-
trast and intensity [209] and the investigation of “new” acceleration schemes
[90, 128, 219, 153].

1.2 Basic concepts associated to laser driven
ion acceleration

The physics of ultra-intense laser-matter interactions is a very complex topic,
that has been widely studied. In this section, we aim at providing a brief
summary of the fundamentals of high intensity short pulse laser-matter in-
teractions, relevant for laser-driven proton acceleration.
We refer for a more complete and exhaustive description of these topics, to
recent reviews and books reported in [72, 105, 38, 75, 50].

1.2.1 Ionization of matter
The first step related to LDPA is the ionization. The ionization physics in-
cludes multiple processes, such as multi-photo ionization [72]. When a laser
pulse with sufficiently high intensity interacts with a material it ionizes the
atoms and the molecules, creating a global quasi-neutral plasma that consists
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of positive ions and electrons. A plasma is a state of matter in which a major
fraction of the atoms has been ionized, it is globally neutral and it can be
subjected to collective effects (see section 1.2.4).
The needed laser intensity depends on how strong is the bound of the elec-
trons to the atoms and it strongly depends on the target material. However,
with the high intensity laser used in LDPA, the ionization process that mainly
occurs is named barrier suppression [72]. The Coulomb potential barrier of
the atom or ion that bounds the electrons is suppressed by the strong laser
electric field.
The laser intensity that allows this suppression is the appearance intensity
[72]:

Iapp = cε3
0π

2E4
ion

2Z2e6 (1.1)

where c is the speed of light, ε0 is the permittivity of free space, Eion is the
ionization energy of the atom/ion, e is the charge of the electron and Z is the
charge state of the created ion.
In the majority of the LDPA experiments, the main laser pulse is preceded by
pre-pulses, and can have a pedestal, a radiation coming from the amplified
spontaneous emission (ASE) of the active mediums or by the leakages in
the CPA chain. The ratio between the pre and main pulse intensity is the
contrast ratio and its value is usually of the order of 10−6. Therefore, the
main laser pulse is preceded by a pedestal, that can be sufficient to ionize
the target and create the plasma.

1.2.2 A single electron in an electromagnetic wave
Before describing the main parameters that characterize the laser-plasma
interaction, it is useful to have an insight into the motion of a single electron
in a laser field.
The dimensionless laser amplitude a0, which is the ratio of electron quiver
velocity to the speed of light, allows to quantify when the laser is considered
to be relativistically intense and it is defined as[72]:

a0 = vosc

c
= eEL

mecωL

(1.2)

where EL is the peak electric field and ωL is the frequency of the laser.
The dimensionless parameter a0 =

√
Iλ2/1.37× 1018 where I is expressed

in W cm−2 units and λ is expressed in µm. Thus, it can be seen that the
relativistic regime is reached when a0 ∼ 1, e.g I ∼ 1.38× 1018 Wcm−2 and λ
∼ 1 µm.
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The motion of a single electron, in an electromagnetic (EM) field (e.g the
laser field), is subjected to the Lorentz Force:

d~p

dt
= d(γm~v)

dt
= −e( ~E + ~v × ~B) (1.3)

where e is the charge of the electron, ~E is the electric field, ~v is the velocity
of the particle, ~B is the magnetic field, γ = (1+ p2/m2c2)1/2 is the Lorentz
factor.
We can consider as an example for describing it, an elliptically polarized
plane wave, that travels in the positive x-direction. In this case, the vector
potential has only y and z contributions that depend on the phase of the
wave, the dimensionless amplitude a0 and the polarization[72].
According to the energy and momentum conservation [72], we can derive the
relationship between the parallel px and perpendicular momenta p⊥, that is
px = (1− α2 + p2

⊥)/2 α, where α = γ -px is a constant of motion.
In the laboratory frame, the electron is initially at rest before the EM wave
(laser pulse) arrives and the constant α is equal to 1[72]. Thus, the elec-
tron lab-frame trajectories for an EM field propagating along x and linearly
polarized along the y axis are:

x = a2
0

4 (φ+ 1
2 sin(2φ)) (1.4)

y = a0 sin(φ) (1.5)

z = 0 (1.6)

where φ= kLx− ωLt [204]. From these solutions, we can see that the longi-
tudinal motion in x (the laser propagation direction), caused by the ~v × ~B
has a linear term in time (see eq. 1.4) in addition to the oscillatory term,
which scales quadratically with a0, whereas the transverse motion in y is only
oscillatory and linearly proportional to a0 [96].
In the lab rest frame, as it is shown in figure 1.3 (A), the electrons oscillate
due to the electric field of the laser. They have an oscillation frequency equal
to that of the laser field and moves in the laser propagation direction. In the
presence of the EM wave, the electron starts immediately to drift with an
average momentum pD= a2

0/4 and correspondent velocity [72]:

vdrift

c
= a2

0
4 + a2

0
(1.7)
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Figure 1.3: For laser wavelength λ = 1 µm, the three values of a0 correspond
approximately to intensities of 1017, 1018, 1019 W/cm2 respectively. (A)
Electron trajectories for linearly polarized EM plane wave in the x-direction
in the lab rest frame; (B) characteristic “8 shaped” electron trajectories in
the average rest frame. Figures reported from [72].

The drift depends on the normalized amplitude a0. For the average rest
frame, this movement is translated in the characteristic “8 shaped” trajectory
in the x-y plane, as illustrated in figure 1.3 (B). This means that, for small a0,
the motion is initially oscillatory, while for large a0, it acquires a longitudinal
component as the field grows [157, 72].
However, as reported in [72], the electron energy, after the passage of the EM
field (laser) is the same as before the EM field arrival, i.e the free electron
cannot gain energy from the laser. This happens only in the case of a single
electron in vacuum, while in a more realistic case scenario, the spatial profile
of the laser pulse needs to be taken into account. Therefore, we will introduce
the ponderomotive force.

1.2.3 Ponderomotive force
A real laser pulse cannot be described with a plane wave because it is finite
in space and time and it has a fast varying intensity envelope i.e a strong
radial intensity gradient.
As illustrated in figure 1.4, we consider as a starting point a not-relativistic
electron positioned on the laser axis (x direction), where the laser field has the
strongest value. During one half of the laser field oscillation, it experiences a
strong transverse force, that pushes it away from the original position (laser
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axis), as well as a drift due to v ×B component.
In a plane wave with no spatial profile, the electron would return to its initial
position, with no energy gain (Theorem of Woodward [72]). In the case of
the laser pulse, instead, the restoring force that the electron experiences due
to the spatial intensity beam profile, in the second half of the laser field
oscillation, is weaker compared to the first half. Hence, the electron does not
return to the initial point at the end of the laser cycle and as result, it has
an energy gain. The force acting on the electron and average over the laser
period moves the electron towards a region of lower laser intensity. This force
is named the ponderomotive force.

Figure 1.4: Schematic view of the ponderomotive force. A not relativistic
electron (big blue dot in the picture) is initially near the center of the laser
axis (x-axis). It experiences a transverse force (displacement) due to a spa-
tially varying laser intensity profile. The laser electric field varies in the
y-direction and in time. The figure comes from [72].

The ponderomotive force, in the not relativistic case (v � c), is defined as
the gradient of the time-averaged ponderomotive potential Φpond [72]:

Fpond = −∇Φpond = − e2

4meω2∇E2 (1.8)

However, as soon as the transverse velocity approaches c, with increasing
intensity, not only the spatial intensity distribution, but also the relativistic
motion in the laser field contributes.
The time averaged ponderomotive force, for a linearly polarized laser, in the
relativistic regime, becomes [72]:

Fpond = −mc2∇
√

1 + a2
0

2 (1.9)

The laser magnetic component becomes not negligible for relativistic veloc-
ities, i.e. the electron has two components perpendicular and parallel with
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respect to the laser propagation’s direction. Details of these calculations can
be found in ref. [72].
Once we described the interaction of laser pulse with a single electron and the
target ionization, we consider the interaction of laser beam with a plasma.

1.2.4 Key parameters of laser-plasma interactions
The physics processes involved in laser-plasma interactions are quite complex,
but useful information can be retrieved by considering the interaction of a
laser beam propagating in a plasma and the plasma key parameters [38, 96].
The Debye length is the characteristic length of a charge screening in plasma
and it is defined as:

λD =
(
ε0kBTe

nee2

)1/2

(1.10)

where kB is the Boltzmann constant, Te is the electron temperature and the
ne is the electron density.
The Debye length is the shielding distance over which mobile charge carriers
(e.g. electrons) screen out electric fields in plasmas. In a system with di-
mension Lsystem, outside of a volume of radius equal to the Debye length λD,
whenever any external fields or local charge concentration are introduced,
the created electric fields are shielded, i.e λD � Lsystem.
Another important aspect is the collective nature/behaviour of the plasma.
The number ND of particles in the “Debye Sphere” is calculated as [38, 44].

ND = n
4
3λ

3
Dπ (1.11)

For ND � 1 the thermal motion of the particles is more relevant and cou-
pling among the particles is eventually weak, i.e. the greater the number
of particles within the Debye sphere, the less probable the collisional effects.
For ND � 1, the coupling between the particles is strong and the trajectories
are strongly affected by the near neighbour interaction.
The propagation of an electromagnetic wave in plasma can be derived, us-
ing the Maxwell equations, under the assumption of small amplitude plane
waves, colds electron-ions and not relativistic effects, i.e the following disper-
sion relationship is obtained [38, 72]:

ωL
2 = ωp

2 + k2c2 (1.12)

where ωL is the frequency of the laser, while ωp is the electron plasma fre-
quency and it is defined as:

ωp =
√

nee2

ε0γme

(1.13)
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where ne is the plasma electron density and γ is the cycle averaged relativistic
factor given by [38]:

γ =
√

1 + a2
0/2 (1.14)

Furthermore, the eq. 1.12 can be also written as:

ω2
L −

nee
2

ε0γme

= k2c2 (1.15)

From equations 1.12 and 1.15 it can be seen that the laser cannot propagate
when the plasma frequency ωp exceeds the laser frequency ωL. i.e the plasma
is opaque to the laser light[96].
The electron density at which the transition between opaque to transparent
occurs, i.e. ωp= ωL is known as critical density nc and it is expressed as:

nc = ω2
Lε0γme

e2 (1.16)

The critical density discriminates two kinds of plasmas: the underdense
plasma when ne< nc and the overdense plasma when ne> nc [72]. The
region for which ne=nc is the critical surface. In this part, the laser light
is both reflected and absorbed (see section 1.2.5). However, an evanescent
component of the wave, penetrates the plasma beyond the critical surface
into the overdense region. The characteristic length from the critical surface
to where the laser electric field (evanescent component) has dropped to 1/e
is called the skin depth ls and is proportional to:

ls ∝
c

ωp

(1.17)

Another quantity has to be introduced in order to fully characterize this
type of interaction: the plasma scale length L. When the leading edge of an
intense laser pulse interacts with a solid target in vacuum, it ionizes it. This
generates a plasma, that starts to expand, creating a density gradient.
The plasma scale length L is defined as[38]:

L = csτL ≈ 3
√

Te

[keV]

√
Z

A

(
τL

[fs]

)
Ȧ (1.18)

where τL is the laser pulse duration, cs is ion sound velocity defined as [38]:

cs =
√
ZTekB

mi

(1.19)
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Te is the temperature of the electrons, Z and A are the charge and the mass
number of the plasma ions. The scale length is commonly used as a measure
of the plasma steepness. The steepness and the electron density of the plasma
allow to distinguish the dominant processes of laser absorption[96], that are
described in the following section.

1.2.5 Electron heating mechanisms
The direct laser driven acceleration is not accessible with the currently avail-
able laser intensity[72]. Thus, the energy of the laser is transferred to the
electrons in a plasma by means of different heating/absorption mechanisms.
They are classified in collisional and collisionless absorption mechanisms.
When the laser intensities were low (less than 1014 W/cm2) compared to
today’s standards (1018 W/cm2 − 1020 W/cm2) collisional processes were
prevalent. According to the current laser intensities, collisionless processes
are considered the main laser light absorption mechanisms. They include
resonance absorption, Brunel heating and relativistic ~j × ~B heating. In the
following, we will describe them and their differences.

Collisional absorption

The laser light absorption mechanisms can be discriminated by the collision-
less ones, introducing the collision ion-electrons frequency, that is given by
[106] :

νei ≈ 3 · 10−6 ln ΛneZ

T
3/2
e

(1.20)

where ne is the electron density in cm−3 units, while Te is expressed in eV.
As it is clearly visible, high density plasmas, i.e high Z, even on a sub-
picosecond timescale, at low temperatures are mainly characterized by colli-
sional processes. They include also the inverse Bremsstrahlung.
The inverse Bremsstrahlung radiation is the radiation produced when an elec-
tron is de-accelerated by charged particles. An electron is accelerated by the
laser field because of the transfer of energy from the laser photons to the
electrons. However, as mentioned before, the increasing laser intensities and
higher electron temperatures have made the collisional absorption processes
more and more ineffective. Thus, for short and intense laser pulses, colli-
sional absorption is, in general, less predominant with respect to collisionless
absorption mechanisms.
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Resonance Absorption

The most known collisionless absorption mechanism is the resonant absorp-
tion, which is illustrated in figure 1.5. It is relevant for laser intensities
between 1014 W/cm2 and 1017 W/cm2, short pulses and steep (L/λ ≤ 1)
plasma gradients. At higher intensities, the resonant absorption mechanism
is still present, but it is not the dominant absorption process.

Figure 1.5: The illustration of resonance absorption mechanism: The laser
(p-polarized) is propagating through a density gradient. As soon as the laser
reaches the density of nc cos2(θL), a plasma wave is resonantly excited in the
over-dense plasma. Figure reported from [203].

The resonance absorption occurs when the laser pulse has an incidence angle
θL with respect to the target normal axis [151] and is p-polarized, i.e the
laser light is directed in the incident plane. The laser pulse first propagates
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through the plasma density gradient, which is underdense. The laser pulse
is initially deflected and then eventually reflected, as it is shown in the figure
1.5, reaching the electron density value [106]:

ne = nc cos2(θL) (1.21)

The evanescent electric field component, which is normal to the target, due
to the p-polarization, can tunnel into the plasma up and resonantly excites
an electron plasma wave at the critical surface at the plasma frequency ωp.
The energy is transferred from the laser pulse to the plasma, by dumping
this wave, e.g. trapping of the particle or with the wave breaking [106, 217].
This results in a fast electron population that is injected into the target at
the laser frequency.

Vacuum heating or Brunel heating

The main difference between the resonance absorption and the Brunel heat-
ing or not-so resonant absorption is given by the steepness of the plasma
gradient[72].
The electrons are initially pulled out into the vacuum by the electric field
component orientated normally to the plasma boundary (p-polarization) in
one half-cycle of the laser field. In this scenario, the plasma is overdense, i.e
the laser can penetrate up to the skin depth (see section 1.2.4).
As the laser field changes sign (in the other half-cycle of the laser field), the
electrons that have been accelerated beyond the critical surface, are rejected
back to the plasma but they are screened from the laser field itself. Therefore,
they can continue to travel the plasma, propagate normally to the target and
transfer the energy to the plasma by collisions. Since the laser pulse repeats
this process every cycle, electron bunches are accelerated into the target at
the frequency of the incident laser pulse ωL.

Relativistic ~j × ~B heating

For high intensity laser pulse ( I > 1018 Wcm−2) and short pulses, another
electron heating mechanism is the relativistic ~j × ~B heating [106]. It relies
on the magnetic force component v×B of the Lorentz equation, i.e it is very
effective for an angle of incidence of the laser near or at the target normal,
while for the previous absorption mechanisms the laser is p-polarization and
has an oblique angle of incidence.
The heating mechanism is due to the nonlinear oscillation components driven
by the magnetic force, that provide oscillatory motion of the electrons. For
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linearly polarized laser pulse, the ponderomotive force term is expressed as
[106]:

fp = −m4
∂v2

l (x)
∂x

[1− cos(2ωLt)] (1.22)

where ωL is the laser frequency and vl is the electron quiver velocity[106].
The first term is related to the density gradient of the electrons in the for-
ward direction, while the second term, due to ~j × ~B components, causes the
longitudinal oscillations of the electrons at twice the laser frequency along
the direction of the laser propagation.
However, the oscillation term of eq. 1.22 is suppressed for circular polar-
ization laser light because of the absence of the oscillatory components in
the longitudinal electron motion. This aspect is favourable for a specific
acceleration mechanism, known as Radiation Pressure acceleration (RPA)
[115, 153, 167].

1.3 Laser driven proton acceleration
In LDPA, numerous have been the acceleration scenarios have been inten-
sively studied and investigated, using a great variety of laser and target
parameters.
Nowadays, the majority of the LDPA experiments are performed with laser
intensities between 1018 W/cm2 to 1020 W/cm2 i.e a0 (eq. 1.2)> 1, laser
energies between few mJ up to hundreds of Joules, laser pulses from few tens
of fs up to ps and target (typically metallic foils) with a thickness that goes
from few nm up to few µm.
The energetic ions observed as a consequence of the laser-plasma interactions.
The plasma fields are created due to the laser heated electrons. Plasma elec-
trons mediate the forces of laser fields on ions by generating quasi-static
electric fields which arise from local charge separations. These quasi-static
fields are responsible for the ions acceleration [72].
The laser energy can be efficiently transferred to the plasma electrons by
various mechanisms (see subsection 1.2.5) leading to different ion acceler-
ation regimes [72]. The most studied schemes in laser driven ion accel-
eration include the target normal sheath acceleration (TNSA) [188, 216],
breakout afterburner (BOA) [219], radiation pressure acceleration (RPA)
[59, 167, 153, 115] to name a few. In the next section, we will describe in
detail the TNSA [216, 188, 136], that is the acceleration mechanism relevant
for the topics of this work.
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1.3.1 Target normal sheath acceleration (TNSA)
When a laser with intensities between 1018 W/cm2 to 1020 W/cm2, pulses
from few tens of fs up to ps interacts with the foil target of few µm, atoms
on the front side are already ionized by the leading edge pulse (see section
1.2.1) and form an expanding plasma, as illustrated in figure 1.6. When the
main pulse reaches the plasma, it is partially absorbed at the plasma critical
surface (i.e. surface with density at which laser and plasma frequencies are
the same), heating up the surface electrons to energies of several MeV.

Figure 1.6: The illustration of the steps of the Target Normal Sheath Accel-
eration (TNSA) scheme. Figure extracted from [96].

There is not a dominant heating absorption process, but according to the
angle of incidence between the laser and the target, one mechanism can be
favourable compared to the others, e.g a normal angle of incidence favours
more the relativistic ~j× ~B heating respect to the resonance absorption and/or
the Brunel heating (see section 1.2.5).
The plasma electrons are the mediators for the laser energy because the heavy
masses of the protons impede their direct acceleration by the laser field.
The target thickness, in this case, plays an important role because it must
be thick enough so that the back surface remains unperturbed by the laser
pre-pulse and thin enough so that the electrons manage to cross it. These
energetic electrons manage to cross the target and eventually leave it at the
back surface, creating a strong charge separation electric field Es between
the positive ionized target and the set-up electron sheath.
The extension of this field is given by the Debye length of the hot electrons:

λD =
√
ε0kBTh

e2nh

(1.23)

it scales as Es ∼ kBTh/eλD (typically few µm), and it has an intensity of the
order of TV/m.
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This field is considered quasi-static because the electrons are continuously
pulled back into the target by the field and replaced by re-circulation of the
hot electrons from the front side.
The generated ions (both carbon ions and protons) are pulled off from the
target and accelerated normally to it due to the quasi-static electric field.
Thus, the name of this acceleration mechanism is Target Normal Sheath
Acceleration (TNSA). The proton and ion beams come from the hydrogen
layers of the contaminants, ever-present on the targets, due to the vacuum
imperfection condition and the vacuum pump oil.
There are several models that have been studied for analyzing this accelera-
tion scheme. We briefly report a few of them, including the assumptions and
the theoretical results.
Wilks et al. [216] assume that the electrons from the front side are directly
transported to the back of the target surface.
However, the fluid model of Mora [136] is considered the most accurate and
studied for the TNSA scheme. It assumes that the electron temperature fol-
lows a Boltzmann distribution and that the cold ions are at rest. Starting
from a set of fluids equations (i.e Poisson’s equation, the equation of motion
and continuity equation), the ion position and velocity can be deduced. The
final ion position and velocity are given by:

zf = 2
√

2eNλD[τ ln(τ +
√
τ 2 + 1)−

√
τ 2 + 1 + 1] (1.24)

vf = 2cs ln(τ +
√
τ 2 + 1) (1.25)

where τ= ωpta/
√

2eN and ta is the acceleration time.
The maximum energy, estimated using this model, is expressed as:

E = 2ZTe(ln τ +
√
τ 2 + 1)2 (1.26)

where E indicates the ion energy, Z is the ion charge number, Te is the
electron temperature. Furthermore, the exponential decrease in the energy
spectrum (Number of particles per MeV) is calculated as:

dN

dE
= ( nicsta√

2ZTeE
)exp(− 2E

ZTe

) (1.27)

where ni is the ion density, cs is the ion sound velocity (see subsection 1.2.4).
However, this model showed an overestimation of the maximum energy cut-
off for long pulse duration laser compared to the experimental results. This
is probably due to the need of a proper hot electron temperature estimation
and the approximation of quasi plasma neutrality (qnion ' ne) [44]. Hence,
other models and approaches have been investigated.
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Starting from eq. 1.24 and 1.25 it is possible to deduce that, when ta → ∞
i.e vf →∞, we obtain not physical results. An upper limit must be imposed
to ta. The obvious choice is ta equal to the laser pulse duration τL. However,
Fuch et al [67] have proved that for laser intensities greater than 3 ·1019

W/cm2, the acceleration time ta can be approximated to:

ta ' 1.3τL (1.28)

Scheiber et. al. [175] have proposed the “quasi-static” field approach, that
takes into account the surface charge created by the hot electrons on the rear
back of the target. It also assumes that the electron bunch length is equal to
cτL at the rear side of the target and they spread transversely over a circle
area with radius rsheath [176]:

rsheath = rL + l tan(θ/2) (1.29)

where rL is the laser focal spot radius, l is the thickness of the target and θ
is the expansion cone angle.
Furthermore, the average electron density at the back (n(e,0)) becomes:

n(e,0) = Ne

cτLπr2
sheath

(1.30)

where Ne is the electron density and Ne ≈ ηEL/ kBTe, where Te is the
electron temperature, EL is the laser energy, while η indicates the conversion
efficiency (laser-target interaction).
The ions energy εion, in this case, can be expressed as:

εion = qi2mc2(ηPL

PR

) 1
2 (1.31)

where PL is the laser power and PR ' 8.17 GW is the relativistic power.
This model is suitable for describing experiments with laser intensities be-
tween 1018 W/cm2 and 1019 W/cm2. These model results provide useful
guidelines for introducing the TNSA proton beams properties.

1.3.2 Targets engineering design for LDPA optimiza-
tion

This short description regarding the field of the target engineering optimiza-
tion aims at offering an insight on one of the “direction”, i.e the design and
the application of sophisticated manufacturing techniques [104, 70, 123] that
is followed in LDPA for improving the final proton features.

43



Chapter 1. Proton acceleration driven by laser-plasma interaction

In the following, I will discuss some nanostructured engineering targets, that
have been studied during my PhD activities [123, 205, 206].
Many efforts [155, 123] have been done in order to increase the laser-to tar-
get absorption, which is strongly related to the increase both in mean energy
and number of the ”hot” electrons, responsible for the proton acceleration
process.
Margarone[123] et al, were among the first, that experimentally implemented
nanostructured thin plastic foils as targets. They [123] showed that the ir-
radiation of a 100 TW femtosecond laser on a target with an addition of a
monolayer of polystyrene nanospheres on the front side, can lead (optimum
spheres’ diameter of 535 nm [123]) to an enhancement in both final maximum
proton energy and proton numbers (charge).
The enhancement in proton cut off, observed experimentally using time of
flight (TOF) and Thomson Parabola (TP) measurements, was about 60% for
a proton beam with a maximum energy of the order of 4.7 MeV, as well as
the improvement in total proton number of the order of 5 times for proton
energy above 1 MeV[123].
According to this, they deduced that the presence of the nanostructured par-
ticles can act as a shield for the incident laser and it offers the possibility to
heat a larger surface, i.e the irradiation of a high number of particles. It is
also assumed that the optimum laser-to target absorption (collective motion
of the electrons) can be reached when the spheres’ diameter is larger or com-
parable with the half of the laser wavelength ([192]).
The experimental evidence that we observed in [205, 206], show that an en-
hancement in maximum proton energy and proton numbers can be achieved
by depositing on the target surfaces, different types of nanoparticles, such
as silver, gold, aluminium compared to the planar cases (conventionally gold
or aluminium solid foils). We have mainly attributed these results to the
different electron density given by the heterogeneity of the target materials.
It was pointed out that, not only the spheres’ diameter [123, 192] of the
nanoparticles, but also the gap between them can provide an improvement
in maximum energy of the generated proton beams because the gaps’ space
parameter favours the transition through the target bulk of the hot electrons.
More details regarding the spectra measurements are reported in chapter 2.

1.4 TNSA ion (protons) beams properties
We describe in details the properties of the TNSA (see section 1.3.1) ion
beams.
One of the first problems of the TNSA ion beams is the origin of their ac-
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celeration. Some measurements proved that the acceleration of the ions can
come from the front side [45, 119, 144], others proved that they can be ac-
celerated from the rear side of the target [188, 116, 86] (see section 1.1.1).
Both protons and carbon ions are ever-present contaminants on the target
surface. As reported in [188], the dominant species in the TNSA mecha-
nism are the protons, because of their high charge-to-mass ratio and the
low ionization potential of the hydrogen. By this, we mean that they are
accelerated first and more efficiently compared to the ions. However, the ac-
celeration of the heavy ions can be favoured, compared to the protons, with
other techniques, such as removal of the contaminant on the targets before
laser irradiation [88, 87] or by using an ion gun [5].
We also list and analyze the following features of generated TNSA protons,
i.e. the proton sources parameters, that are:

• Energy spectrum

• Beam divergence

• Beam emittance and laminarity

• Proton source size

All these properties have been subject of different theoretical studies [136]
and experiments[47, 24], that are summarized in the following.

1.4.1 Energy spectrum
One of the most important features in LDPA is the proton spectrum, i.e.
numbers of protons dN/dE for a certain energy within a certain energy in-
terval dE. In some cases, the normalization to the solid angle within the
protons are generated, is taken into consideration. In this case, the spectra
units become number of protons/MeV/ster.
Proton spectra can be measured with different types of detectors, such as Ra-
dio chromic films (RCF) [89], Thomson parabola spectrometers (TPS)[198],
Image plates (IP) [134], CR-39[69], etc. A detailed description of them is
presented in chapter 2.
TNSA proton spectra have a typical Maxwellian energy distribution, as it is
shown in figure 1.7.
The use of the following fitting formula allows an estimation of the average
temperature of the beam:

dN

dE
= N0e

− 2E
kBT (1.32)
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Figure 1.7: Typical TNSA spectrum. Proton energy spectra measured, using
as source the Jupiter Laser facility (λ ∼ 1064 µm, intensity I ∼ 1020 W/cm2

Energy E ∼ 250 J, laser pulse ∼ 700 fs). Figure reported from [180].

where N0 is the fitting parameter related to the initial hot electron density,
T is the initial hot electron temperature and E is the proton energy.
From the proton spectra reported in [180], we can deduce the important
features that make laser driven proton beams attractable candidates for ap-
plications.
They are characterized by a broad energy spectrum, that usually goes from
a few keV up to few tens of MeV. The spectrum has a maximum energy cut-
off. The maximum proton energy observed experimentally is 100 MeV, as
reported in [90]. The high number of particles (∼ 1013 particles/shot) corre-
sponds to high charge (nC) and high current (kA) per bunch. Furthermore,
the proton bunch length is of the same scale as the laser pulse duration (see
section 1.3.1).
There have been also numerous parametric studies and experiments in which
proton spectra features in terms of maximum energy cutoff and particle num-
bers have been investigated and linked to the laser (e.g. intensity and pulse
duration) and targets parameters (see section 1.3.2).
Different scaling laws for proton energies as a function of irradiance and in
correlation with the pulse duration have been obtained by Borghesi et al.
[23], comparing and collecting many experiments results with a wide variety
of laser systems. They assumed that the maximum proton energy scaled
varies with the target thickness and with the laser pulse intensity I, increas-
ing roughly as

√
I for laser pulse duration in the range 300 fs–1 ps, and as I

for a shorter laser system. More details related to these parametric studies of
the dependence of the maximum proton energy achievable, respect to laser
pulse duration, irradiance[113, 23], energy [66], power, the influence of laser
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prepulse [99] and target thickness can be found in the ref. [50] and references
therein.

1.4.2 Beam divergence
The second proton source parameter, that we consider, is the beam diver-
gence. The typical divergence of the generated laser driven proton beams
depends on the shape of the accelerating electric shield that guides them
(see section 1.3.1).
Romagnani et al. [168] were among the first that measured in a pump-probe
experiment, this shape. The observed shape has a Gaussian distribution in
the transverse direction, as shown in figure 1.8.

Figure 1.8: (A) The illustration shows the divergence of the TNSA acceler-
ated protons for different energies ( E1 > E2 >E3). (B) An example measure-
ment of the TNSA proton energy vs divergence half angle (energy-divergence
dependence of a laser driven proton beam). Figure extracted from [159].

Due to this, the protons from the center are accelerated more than the ones
located on the sides. Hence, the ion (proton) front has a Gaussian shape.
The protons accelerated along the normal direction of the ion front, i.e in
the central part of the sheath field, are accelerated with a smaller divergence
compared to others. As a consequence, the divergence of the proton beam is
a function of the proton energy (see figure 1.8).
The effect of the beam divergence of a typical TNSA proton spectra [77, 121]
in a laser driven hybrid beamline for cultural heritage applications will be
also discussed in the simulation results of chapter 6.
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1.4.3 Beam emittance and laminarity
The laser driven proton beams, accelerated at the rear part of the target,
have also good property in terms of laminarity.
In general, a flow is considered laminar if the streamlines are parallel and do
not overlap with each other, while flow is considered turbulent in the oppo-
site case, i.e the streamlines cross multiple times [165].

Figure 1.9: The figures (a)-(b) show the grooved target details and the cor-
responding RCF detection. Figure reported from [47].

The main difference between long pulse, moderate intensity lasers and short
pulse, ultra-intense lasers experiments is attributed to the fact that the lat-
ter can produce short bunches of fast electrons. These electrons can form
a dense sheath on the unperturbed rear surface because they can propagate
through thick targets without much energy loss. Hence, the accelerating field
is higher than on the front surface where there is the direct interaction with
the laser and the acceleration is also more laminar since the process starts
from a cold unperturbed surface[9].
In the case of the laser driven proton beams, the use of grooved targets ir-
radiated by high intense laser has been investigated[47]. Small details of the
target surface on a µm scale have been distinguished on the detector (RCF
stacks) (see figure 1.9).
This indicates that it is possible to find a good correspondence point to point
between a proton coming from the grooved target and the detector, i.e the
proton trajectories do not overlap and the proton beam is highly laminar.
The laminarity of a beam is closely linked to the concept of emittance. The
area occupied in the phase-space by a beam is used to describe the quality
of a beam. This quantity is called geometrical emittance and it is usually
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indicated as εx in the phase space (x-x’), εy in the phase space (y-y’) and εz

in the phase space (z-z’). In a Cartesian system (x-y-z), if z axis indicates
the propagation direction, the emittance is called longitudinal one, while on
the x and y, it is called transverse.
The transverse emittance is evaluated, using the source size and the angle
of emission of the proton beam [165]. It is correlated with the laminarity of
the proton beam, i.e the smaller is the transverse emittance, the higher is
the laminarity of the beam. In ref. [47], a measurement of the transverse
emittance for laser proton beam of 10 MeV is presented. Its value is less than
0.004 mm mrad, which is almost 100 times better than that of conventional
RF-based accelerators.
For the longitudinal emittance, the longitudinal phase space is usually re-
ferred to an ideal particle, named synchronous particle [165]. Hence, the
coordinates z’ are replaced by the energy relative to the synchronous particle
and z by the phase or distance relative to the synchronous particle. The area,
therefore, is measured in eV·s. In ref [47], an estimation of the longitudinal
emittance is also investigated and its value is ∼ 10−4 eV·s.
The concept of beam emittance reported in this section will be furthermore
explained in chapter 6, where the evolution in the phase-space of a laser
driven proton beam along a transport beamline will be investigated.

1.4.4 Proton source size
Cowan et al [47] were the first that, through the laser irradiation of a target
with equally spaced grooves on the back surface and using as detector RCF
stacks, retrieve information about the spot size from where laser generated
protons are originated (see figure 1.9).
Moreover, due to the stopping power of the RCF stack (see chapter 2), they
were able to distinguish the spot sizes for different proton energies.
For example, if the grooves are spaced by a distance of 3.6 µm, as reported
in [47] and on the RCF 10 groves are detected, then the proton spot size is
∼ 36 µm.
Roth et. al [171], used as well the same grooved target of ref [47]. They also
found, in their experiments, using laser intensities between 1018 W/cm2 and
1020 W/cm2 and pulse duration of the order of ∼ ps, that the size of ion
sources is energy dependent [171, 47] and it is of the order of few hundreds
of µm for target thickness that goes from few µm up to 100 µm.
A second technique for measuring the ion source size is to use a metallic
mesh, placed between the target and the detector, as it is was done in refs.
[24, 67].
Borghesi et al, [24] have performed measurements of the magnification of a
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Figure 1.10: The figures (a)-(b) are collected, using RCF diagnostics and
show the shadow of grid meshes (period: 31 µm, line width: 10 µm, line
thickness: 5 µm) impressed in the proton beam profile, with the grid placed,
respectively, at 0.6 and 1 mm from the Al foil producing the protons. Figure
extracted from [24].

mesh, using RCF as diagnostics. We reported in figure 1.10 the images of the
RCF placed at 23.8 mm from the Al foil, irradiated with the VULCAN laser
(λ ∼ 1054 µm, 1 ps, energy up to 100 J, laser intensity of ∼ 7 1019 W/cm2)
The magnification expected for a point-projection imaging scheme is the ratio
between the source-to-detector distance and the source-to-object distance.
From the proton source size measurements, they [24] found out that there
was an overestimation between the expected magnification and the measured
one. These differences can be explained if the magnification is estimated
for protons originated from a virtual point source located not at the target
surface, but at hundreds of µm in front of it.
From the source size measurements [47, 24, 171] reported, it has been seen
that the protons do not stem out from a single point of the target surface
but from a surface. The protons are also laminar, i.e correlation between
angle and transverse position. This implies that protons are accelerated as
if they would come from a virtual point source (VPS). In [24], the size of the
VPS has been calculated using numerical codes [24] and it was of ∼ 80 µm,
located few hundreds of µm in front of the target.
Different measurement systems for estimating the VPS, using a copper mesh
[67] or a knife-edge configuration [177] have been also performed and values
for the proton virtual source of the order of few tens of µm, situated a few
µm behind the target, have been calculated.
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1.5 Summary and conclusions
In this chapter, we summarized the basic concepts regarding the laser-plasma
interactions, that enables the generation of laser driven proton beams.
In section 1.1.1, we reported the main experimental results, that represent
important steps for the investigation of laser driven proton sources.
We introduced and described the main parameters for defining the plasma be-
haviour under the irradiation of high intense laser system (I > 1018 W/cm2).
Furthermore, we briefly explained the electron heating mechanisms, that
characterize the laser-plasma interaction, e.g. vacuum heating and relativis-
tic ~j × ~B heating.
They play an important role in laser driven proton acceleration, as well as
the target features (see section 1.3.2). Then, we focused our attention on the
TNSA scheme.
In section 1.4, we listed and described the TNSA proton beam properties,
that represent the core of this work.
Their features are the starting point in the development of a hybrid beamline
for applications (see chapter 6), as well the objectives towards the improve-
ment of the laser driven proton diagnostics (see chapter 4), which allows
a better understanding of the complexity of the laser-plasma interactions,
which guide the ion (proton) acceleration.
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Laser driven ion diagnostics

Multi-MeV laser driven ion beams [90, 113] contain different variety of ion
species and ion charges.
In the last decades, numerous have been the techniques and the charged par-
ticle diagnostics [22] that have been adapted, studied, developed and tested
in order to diagnose and better understand the mechanisms of laser driven
ion acceleration discussed in chapter 1.
In this chapter, we aim at providing an overview of the most commonly used
laser driven ion beam diagnostics [22].
Thomson Parabola spectrometer (TPS)[198, 166], Radio Chromic Films [89,
150] (RCFs), Image Plates (IP)[134, 121], Columbia Resin #39 (CR-39)
[69, 63], nuclear activation [188], fast scintillators coupled to a CCD or a
photo multiplier tube (PMT) [22], Micro-channel plates (MCP) [213] cou-
pled to a phosphor screen and CCD, time of flight spectrometers[131, 182]
belong to the current state of the art for the detection and the characteriza-
tion of laser driven ion beams.
In the following sections, we describe in detail the characteristics of RCFs,
IPs, CR-39, MCPs, emphasizing for each of them advantages and disadvan-
tages. These measurement detectors have been used in this thesis work.
Most of these diagnostics don’t provide the measurements’ results online, be-
cause they are passive detectors [22]. By this, we mean that they don’t allow
to characterize the beams in a direct way and they need post-processing that,
in some cases, is very complex, such as that for the CR-39 (see section 2.6).
We describe also in detail the Thomson parabola spectrometer (TPS) [198]
relevant for the purpose of the study of chapter 4.
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2.1 Charged particle diagnostics: context and
state of the art

Nowadays, there is a great variety of charge particle detectors/diagnostics
[22] used for recording high energy laser driven ion beams.
Among them, there are the RCFs [69, 89] and the Thomson Parabola Spec-
trometer (TPS) [198, 1]. The TPS is usually coupled with one or more types
of measuring instruments (detectors), such as:

• Micro channel plates (MCP);

• Image plates (IP);

• CR-39 (polyallyl diglycol carbonate);

The use of these diagnostics is not mutually exclusive, therefore, it is possible
that combinations or sequences of them are implemented together in the same
experimental setup, for example, for calibration purposes [95, 128].

2.2 RadioChromic Films (RCFs)
Radiochromic films (RCFs) [89] are multilayered dosimetry films, that were
originally designed for medical applications [146] and are sensitive to differ-
ent types of radiations (electrons, photons, protons). However, in the last
few years, they have become as well valuable detectors for laser driven pro-
ton acceleration[89, 150]. They enable the measurements of the spatial and
spectral characteristics of the beams [89].
There is a great variety of RCFs with different structures and different sen-
sibility regarding the incident particles. They are made out of one or two
active layers laminated between polyester film substrates and they are typi-
cally GAFCHROMIC EBT-type, MD-type, HV-type, as shown in figure 2.1.
When the monomer contained in the active layer is exposed to ionizing ra-
diation, it undergoes a polymerization and forms a dye of colour of darker
blue or darker green, according to the batch of RCF used.
The GAFCHROMIC EBT2 types, for example, are characterized by a trans-
parent substrate (the unexposed colour is transparent) and upon radiation,
they appear blue, while in the latest version of RCFs, such as HD-v2 and
EBT3, the substrate is blue-absorbing (the unexposed colour is yellow)[40],
and upon radiation, they appear green.
The darkening of the RCFs is proportional to the dose the films are exposed
to. After the exposure to the radiation, the RCFs can be read out using many
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Figure 2.1: The structures of most used GafChromic RCF models: EBT-2,
EBT-3, MD-V3 and HD-V2. Figure adapted from [54].

techniques and procedures or even simply using a flatbed color scanner in
transmission mode [53].
However, different types of calibration measurements with a well defined dose
are needed beforehand in order to obtain the correspondence between optical
density (OD) and absorbed dose.
During my research activities, I collaborated on the first published calibra-
tion curve (OD vs Dose) of the RCF HD-v2 type. As reported in [40], the
main goals of this work were two: (1) investigate and retrieve the calibration
curves OD vs Dose for the RCF types EBT3 and HDv2 and test the variation
of the response function utilizing different types of scanners; (2) provide an
absolute calibration of EPSON 2450 scanner, using commercially available
absorptive neutral density filters.
The EBT3 and HDv2 films have been calibrated, irradiating them with 10
MeV photons with know doses at the Stanford Medical LINAC[40]. After
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that, the transmission of the films was measured in terms of optical density,
scanning them using three different EPSON Precision 2450 scanners, three
independent EPSON V750 scanners and two independent EPSON 11000XL
scanners, both in the RGB channel and in gray-scale modes.
The scanners were located both in North America and Europe. Therefore,
the first films scans have been performed more than 48 hours after the irradia-
tion, time after which no variation over time of the film response, when stored
in an appropriate envelope (not exposed to light), are observed [127, 117].
The net OD is calculated as ODnet=-log(signalfilm/signalfilm not exposed) , for
each batch. This enables to take into account that they have been scanned
in different moments and also to remove from the OD of the irradiated film
the background accumulated overtime.

Figure 2.2: The Optical density versus deposited dose is shown for irradiated
RCF EBT3 (a) and irradiated RCF HDv2 (b). On the top of the figures, the
different types of used scanners are indicated. Both are scanned in grayscale.
The yellow width of the fitting functions is not associated with quantitative
values, but it is only represented for illustration purposes. Figure extracted
from [40].

I have contributed to the curve calculations OD vs Dose related to the scan-
ning measurements, that have been performed in North America in order to
obtain the calibration fitting functions. They have been evaluated both in
RGB channels and in grayscale. We reported as an example one the results,
related to the scanning of both the EBT3 and HDv2 in grayscale. The fig-
ure 2.2 shows the optical density (OD) versus deposited dose with the fitting
functions, whose detailed equations are indicated in ref. [40]. It was observed
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that the variations of the response curves between the various models of the
scanners are only of few percent.
In ref. [40], further details regarding the scanning in RGB channels are de-
scribed. In particular, the green channel of the scans in RGB of both types
of film shows, as in the case of the grayscale, that the OD measurements
remain consistent with a variation of 16%, while the red and blue channels
present more variations according to the type of used scanner.
In conclusion, in this case, it was found, that according to the needs of the
use of the RCFs, the calibration curve of both the EBT3 and HDv2 may need
to be done for the type of used scanner.
However, in the same ref [40], the optical density of know absorptive neutral
density glass filter scanned in black and white has been provided, using one
of the types of the scanner, the model EPSON2450. These calibration curves
are useful because they allow any user to convert the same film calibration
curve to any other scanner, using the same set of filters.

2.2.1 RCFs in stacks
RCFs are used in stacks and are considered suitable diagnostic for laser driven
proton beams[89, 150]. As the protons travel inside the stacks, they deposit
most of their energy at a given depth, i.e. the Bragg peak (see figure 2.2.1).
Much energetic are the protons, the more they penetrate inside the RCF
stack.
This property enables to obtain information regarding the spatial profile of
the beams or/and to reconstruct the energy spectrum, at discrete intervals
because each layer of RCF stack corresponds to a specific energy component
of the total beam.
They are usually wrapped in an aluminium foil (see figure 2.2.1) in order to
stop the heavy ions and to prevent their exposure to the light and/or some
debris coming from the laser. This is also needed because RCF films are
sensitive to the sunlight.
Usually, the stack can be composed of different type of RCFs and the first one
can have high sensitivity (such as HD-v2, that has one single active layer)
compared to the others in order to increase the lower detectable energy, as
shown in figure 2.2.1.
The deposited dose of the protons can be calculated by resolving the equation
of the stopping power, that depends on the incident energy, the material com-
position and the distance that the particles crossed inside the stacks. This
is done typically with the software Stopping and Range of Ions in Matter
(SRIM) [223].
The first step in order to retrieve the proton energy spectra is to calculate the
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Figure 2.3: (a) Illustration of a typical stack of RCF irradiated by a proton
beam and shielded by an Al foil (b) RCF stack with energy response due
to the Bragg peaks, energy response vs energy deposited. Figures reported
from [221].

deposited energy of the protons for the different active layers located within
the RCFs. It is necessary to know, therefore, the correspondence between
the OD and the energy dose that the protons deposit in each element that
composes the stack.
As described before, it is possible, according to the batches of used RCF, to
have the calibration curves. This can be provided by the supplier [121, 9] or
using the procedure described in the previous section[40].
Then, it is possible to convert the full deposited dose in energy, considering
that the RCFs are near-tissue equivalent dosimetric films, i.e. their density
is similar to the density of human body ρ ∼ 1.3 g/cm3.
The full deposited energy can be calculated as E= ρ dl

∑N
i=1 (Di Ai), where

dl is the depth given by the thickness of the active layer, while Di and Ai

indicate the dose and the area of the pixel i respectively (resolution at which
we scanned the films). At this point, we can plot the different energies con-
tained in the RCFs and have the dependency between the deposited energy
and the film numbers. This plot has a trend similar to the proton spectra.
However, for a more accurate estimation of it, we want to obtain dN/dE i.e
the number of incident protons on the RCF, for a specific proton energy and
within a certain energy interval dE.
This can be done, using a ”posteriori” approach, such as the one described in
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[121, 9]. The initial quasi- Boltzmann distribution that characterizes typical
proton spectra [136] is simulated and then compared with the measured data
(for each film that composes the RCFs stacks, we can calculate the deposited
energy).
This iteration procedure is repeated, tuning the important spectral param-
eters of the distribution, i.e. the temperature of the hot electron and the
cutoff in order to find the best fit with the measured data.
In this way, we can take into account how much energy one proton with cer-
tain incident energy deposits in each film. This approach, therefore, provides
the correct correspondence of the numbers of protons vs energy.
Alternatively, it is possible to obtain the corresponding number of protons
per MeV (Nprot)[203], assuming that the protons stop in the layer where they
deposit all their energy and neglecting the higher energy protons contribu-
tions. This number can be calculated as:

Nprot = εtot

εBraggδε
(2.1)

where εBragg is the Bragg peak energy of the considered RCF, while δε is the
energy width of the layer, considering, in the RCF stacks, the proton stopped
at the front of the active layer and the one stopped at the back.
In conclusion, RCFs are a useful tool for retrieving information regarding
laser driven proton beams. However, for the upcoming high repetition rate
high intense laser systems, RCF stacks don’t represent a valid option because
they need to be replaced for every measurement and can be used only once.

2.3 Thomson parabola spectrometer (TPS)
The Thomson Parabola Spectrometer (TPS) is considered one of the most
used and reliable charge particle detectors[198].
In figure 2.4, we illustrate a sketch of a typical Thomson parabola structure[2].
It consists of : 1) a pinhole, that has a typical size of few tens of µm [95, 94];
2) a bending magnet[84, 165] for dispersing the particles in the direction per-
pendicular to the magnetic field according to their velocities, 3) a capacitor
plate with field strengths (suitable to avoid breakdown or discharge) and that
allow discriminating the particles’ species and 4) Ion Detector (e.g., Micro
Channel Plate (MCP), phosphor screen with CCD camera [95, 2]) (see figure
2.4).
In figure 2.4, we also introduce the reference system: the z axis represents
the propagation direction (beam axis), both the magnetic field and electric
field are directed on the x axis. The two fields are therefore parallel to each
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Figure 2.4: Thomson parabola spectrometer structure. It consists of a pin-
hole, a dipole, an electric field and an ion detector. Figure adapted from
[2].

other and normal to the propagation direction.
The initial ion beam passes through the pinhole, then it is dispersed by the
magnetic field, according to the particles’ velocity due to the Lorentz’s force.
The static electric field, instead, allows to discriminate the multi-species par-
ticles of the source, according to ratio between charge and mass (q/m).
We report the main equations of the particles’ motion, considering the mag-
netic and electric sections of a Thomson parabola spectrometer separated by
the distance Ldis and use the reference system, illustrated in figure 2.4.
We refer for more details to appendix A in which we present all the calcula-
tion’ steps.
The particle’s motion (see figure 2.4), can be expressed by the following
equations:

x = −qET
2
E

2m0
+ Ldet tan(β)

y = v0

ω

{
1− cos

[
arcsin

(
Lmagnω

v0

)]
+ 1

}
+Dtot tan

[
arcsin

(
Lmagnω

v0

)]
;

z = Lmagn + Ldis + Lel + Ldet;
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where q, m0, v0 are respectively the charge, the mass and the velocity of the
ions (protons or carbon ions), E is the electric field value, B is the magnetic
field, Lmagn, Ldis, Lel and Ldet are respectively the length of the magnetic
field, the distance between the electric and magnetic sections, the length of
the electric field and the distance between the electric field and the detec-
tor screen, ω is the ratio between qB and m0, i.e ω=qB/m0, TE is the time
related to the particle’s motion inside the electric section which is linked to
the time of the particle’s motion inside the magnetic field TB, by:

TE = Lel

v0 cos(ωTB) ;

TB = 1
ω

arcsin(Lmagnω
v0

)
(2.2)

Furthermore, tan(β) allows us to take into account the drift between the
electric field and the detector and can be calculated as tan(β)= qELel

m0(v0 cos(ωTB))2 .
The before mentioned equations can be expressed, using the small angle
approximation and considering, as it is conventionally done, the magnetic
and electric field in the same section.
The particles’ deflections due to the electric field is directed on x, while the
particles’ deflection due to the magnetic fields is on y :

x = qEL2
el

2m0v2
0

+ qELdetLel

m0v2
0

; (2.3)

y =
qBL2

magn

2m0v0
+ qBLmagnDmagn

m0v0
(2.4)

For not relativistic speeds (v << c), the kinetic energy Ekin is introduced
and the previous equations 2.3 and 2.4 are further simplified. Hence, it is
possible to obtain the commonly used equations:

x = qELel

2Ekin

(Lel/2 + Ldet) ; (2.5)

y = qBLmagn√
2m0Ekin

(Lmagn/2 +Dmagn) (2.6)

These equations allow us to calculate the particle (ion) traces as follows:

y2 = q

m0

B2

E

L2
magn (Lmagn/2 +Dmagn)2

Lel (Lel/2 + Ldet)
x (2.7)

According to the parameters of the TP and the particle species, the particle
(ion) traces correspond to different parabolas (different charge/mass) on the
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detector screen.
In the next section, we describe the different contributions for calculating
the energy resolution of a TPS, whose details are relevant for chapter 4.

2.3.1 Thomson Parabola energy resolution
The main contributions for calculating the energy resolution of a TPS for a
specific trace (protons or carbon ions) are geometrical. They are given by the
drift length (Ldet in figure 4.1), by the pinhole size and by the properties of the
magnetic field, i.e. the strength B and length Lmagn along the propagation
direction (in our case z axis).
The intrinsic energy resolution ∆Ekin/Ekin, in the not relativistic case, can
be estimated as reported in [97]. In this case, it is obtained by calculating
the energy range covered by the beam spot on the detector divided by its
center energy:

∆Ekin

Ekin

= 2s
y(1− ( s

2y
)2)2 ≈

2s
y

(2.8)

where s indicates the ion beam spot size on the detector and y is given by
the equation 2.7. Its value depends on the pinhole size, the distance between
the ion source and the pinhole and the distance between the pinhole and the
detector [97].
The magnification of the particle source on the detector screen and the result-
ing spot size s are given by the ratio between the distance pinhole-to-detector
L1 (Dtot in figure 4.1) and the distance between the source-pinhole L2, the
diameter of the pinhole d and the source size x. Hence, the spot size s is
calculated as:

s = d+ L2

L1
(d+ x) (2.9)

These distances are related to the geometry of the experimental setup, and
in most of the cases, because d � x, the equation 2.9 can be simplified to s
≈ d(1+ L2/L1), where the ratio L2/L1 indicates the magnification.
As it is known, the increase of both the strength and the length of the
magnetic field increases the resolution, providing a higher dispersion (better
separation between the particle energies), increasing the size of the pinhole
d, instead, decreases the resolution because this is translated in an increase
of the ion beam spot size on the detector screen.
It is possible to decrease the size of the pinhole and increase the drift Ldet,
but this can lead to a decrease in the ion flux. Therefore, usually, the increase
of the resolution is mostly related to the features of the magnetic field, as
discussed in the following references [97, 103, 194].
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Regarding the electric section of the TPS, instead, the uncertainties are re-
lated to the separation of the traces of the ions (q/m) that belong to different
species. We report the formula of the merging energy Em of two neighbour
ion signals having the charge qi , from ref. [98]:

Em = qiELel(DE + 0.5Lel)
sRQ

(2.10)

where RQ = Q1 +Q2/Q1 −Q2 where Q1 = q1/m1 > Q2 [98]. It is clear from
the equation 2.10, that, in this case, the energy merging of two ion species
is related to the electric field parameters (length and strength), the drift is
to the detector DE and the pinhole size s. According to equation 2.10, three
different options can be considered in order to increase the resolution: (1)
increase the length of the electric field [36], (2) increase the strength of the
electric field and (3) increase the drift DE.
There have been in the last decades, numerous research groups[36, 81, 1], that
have modified the original TPS, starting from the considerations mentioned
before. The context and state of the art regarding the TPS modifications
will be further presented, in detail, in chapter 4 that deals with a novel
spectrometer for laser ion diagnostics.
TPS are usually employed with numerous types of detectors, such as image
plates (IPs) [134], CR-39[94], MCP[213] and/or combinations of them[121,
95, 128], whose features will be reported and summarized in the following
sections.
Although some of them allow obtaining a raw ion spectrum, starting from the
signal of the detector, an absolute calibration is needed in order to retrieve
in a proper way the proton and ion spectra, such as was described in the case
of the RCFs (see section 2.2.1).

2.4 Micro Channel Plate (MCP)
The micro-channel plates (MCP)[213] are closely linked to an electron multi-
plier. They are sensitive to many types of radiation (photons, electrons and
ions).
They are matrices of thin glass capillaries with diameter from 4 to 25 µm ,
fused and sliced into thin plates, with typical thickness from few hundreds
of microns up to few tens of millimeters [22]. A scheme of the structure of a
MCP is illustrated in figure 2.5.
A primary charged particle or photon can interact with the channel wall,
generating secondary electrons. The number of the secondary electrons is
amplified in subsequent collisions with the channel wall, while drifting in an
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Figure 2.5: Image of the structure of a micro channel plates. Figure extracted
from [22].

electric field applied between the front and the back sides of the MCP (see
figure 2.5). The final electron charge that exits the back of the surface of the
MCP, is drifted to a phosphor screen, where the electrons are converted to
photons, which are collected by a camera system.
Many factors such as the thickness of the plates, the angle between the chan-
nel axis and MCP surface (typically between 4◦ to 12◦ [22]), the value of the
drift of the electric field and the channel coating material, contribute to the
overall amplification in a single channel of one plate.
The spatial resolution of a single plate mainly depends on the capillary di-
ameter, which has a size of a few µm.
MCP can be used, due to their sensitivity, for the detection of different types
of particles and/or photons. In a laser driven ion experiment, they are usu-
ally implemented with magnetic and electric spectrometers, such as TPS, in
order both to allow to distinguish the desired ion signals compared to un-
wanted ones, as well as to avoid the saturation of the detector.
An adequate calibration is needed for the ion counting with an MCP detector.
Calibration measurements can be done with conventional particle accelera-
tors, such as it was done for the RCFs calibration, described in section 2.2.
Otherwise, the comparison of the MCP signal with a known calibrated de-
tector, such as slotted CR-39 [95, 128], can be used. We describe, in the
following sections, the details of the calibration method in which slotted CR-
39 is used in combination with an MCP plate. The main advantage of the
MCPs is that, compared to the other passive detectors, they allow ion online
measurements of the ion, without post-processing.
Therefore, they are considered suitable for high repetition rate systems. How-
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ever, they are sensitive to electromagnetic noises, more expensive and require
high vacuum conditions (10−6-10−7 mbar).

2.5 Image plates
Image plate detectors were originally developed and used as diagnostics for
X-ray medical imaging systems [134]. However, within the last decades, they
have become a useful diagnostic, usually implemented after a magnetic spec-
trometer in LDIA [205, 9, 121].

Figure 2.6: Picture of the scan of an image plates, located after a mag-
netic spectrometer. In this case, it is clearly visible the sign of the slit that
represents the reference point and the trace of the proton deflected by the
magnetic field. Figure reported from [205].

They are sensitive to a broad range of radiations, such as UV, ions, electrons,
gamma rays, etc. They are usually reusable detectors commercially available
by Fuji-film and are categorized as BAS-SR (high resolution), BAS-MS (high
sensitivity) and BAS-TR (used also for tritium 3H detection) [134].
They are film-like radiation image sensors, that have, as active component
phosphor crystalline BaFBr:Eu2+, coated onto a support layer. They work,
absorbing the energy of the incident radiation (X-rays or charged particles)
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and exciting electrons of the Europium (active layer) into the metastable
state.
The latent and stored energy can be retrieved by photo stimulating the
metastable excited state using a scanning laser beam at a visible wavelength.
This is done using commercial scanners, typically designed for medical pur-
poses.
The energy released by the photo-stimulation is emitted in form of light that
is collected and amplified by a photo-multiplier and converted to an electric
signal which is then digitized, leading to a photo-stimulated luminescence
value (PSL) for each pixel. IPs have a good spatial resolution, usually set by
the scanning system used for the PSL, that it is typically 25 µm and 50 µm
per pixel.
When all the metastable states decay, the signal disappears. Thus, one
disadvantage is their fading time after which information loss can happen.
Hence, it is important to scan them after the exposure within few tens of
minutes[121, 96, 9].
This also means that they can be reused after erasing the signal. This is usu-
ally done by scanning them multiple times or exposing them to a uniform,
intense visible light.
Another advantage is their insensitivity to EM noise. They also are also
versatile as radiation detectors because of their sensitivity to a wide range
of emissions (X-rays, electrons and ions). As a consequence, they can be
used in combination with numerous diagnostics, such as X-ray spectroscopy
[16] or a TPS spectrometer[121]. For example, the use of BAS-TR type as
a detector for X-ray spectroscopy is described in detail in chapter 6, which
deals with the applications of laser driven proton beam for cultural heritage
[16].
However, this sensitivity can be also seen as a disadvantage because in some
cases it makes it difficult to distinguish the signal of interest and they are
also sensitive to the ambient light, such as in the case of the RCFs.
In figure 2.6 it is reported a scanned image of an IP BAS-TR type, used
as diagnostic and implemented, after a magnetic spectrometer in the exper-
iment of ref. [205].
As previously described for the case of the RCF films (see section 2.2.1), a
calibration procedure is needed in order to obtain the final energy spectra,
i.e final correspondence between the number of protons/MeV vs energy. I
participated in the elaboration of a Matlab routine code described in ref.
[205] for the BAS-TR IPs calibration.
The PSL information stored in the IPs is obtained, using the following for-
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mula, starting from the raw data (QL):

PSL = ( p

100)2 4000
s

105(GV2bits
− 0.5) (2.11)

where s, which indicates sensitivity and p, which indicates pixel size, both
depend on the scanner features. We can also convert the pixel information
in µm, taking into account the spatial resolution of the scanner, which typi-
cally is few tens of µm. After this step, for calibrating the dispersion of the
magnetic spectrometer, multiple shots on the target, that was 15 µm of gold
[205], were taken, putting different low energy cutoff filters (i.e Al plates of
varying thickness ranging from few tens of µm up to 1 mm) directly in front
of the IPs.

Figure 2.7: Fit of the analytical calculations (see eq. A.24) for the magnetic
spectrometer.

We can choose the thickness of the filters, using the SRIM program [223] or
tables in which the energy cutoff values are recorded according to the dif-
ferent types of radiation [9](in this case protons). In the experiment of ref.
[205], we choose Al filters of thickness of 15 µm, 77.5 µm and 253 µm for
stopping respectively ∼ 1 MeV, 3 MeV and 6 MeV. This enables to determine
the position on the IP of the lowest energy protons.
Comparing these positions with the analytical formula of proton deflection
proton in the magnetic field and knowing the features of the experimental
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setup (see equation A.24), that are Lmagn ∼ 0.071 m, Ldis ∼ 0.04 m and
B=0.64 T, it is possible to retrieve the correspondence between the position
of the signal on the IP and the incident proton energy, i.e. the disper-
sion curve of the spectrometer, as reported in figure 2.7. Then, we use the
spatial resolution conversion for the pixels and the interpolation with the
dispersion curve of the magnetic spectrometer to find the correspondence
between PSL and energy (horizontal calibration). We measured two final
spectra dN/MeV/ster (proton/MeV/ster) vs E(MeV), using the calibration
curve (see figure 2.7), the fitting functions of ref. [121] and the solid an-
gle, that has been calculated according to the geometry of the experimental
setup. More details can be found in ref. [205].
The next step is to find the correspondence between the signal on the IP and
numbers of protons (vertical calibration). This is usually done, using differ-
ent fitting functions, such as the ones reported in ref. [121], in which other
types of detectors (RCF) have been used as reference (see section 2.2.1).

Figure 2.8: Proton spectra obtained by the interaction of 230 J, 700 fs Jupiter
laser with 15 µm gold target (black) and 15 µm aluminum target (red).
Energy cutoff is around 52 MeV for Al and 55 MeV for Au, similar to what
is reported at Trident, a laser that has a comparable scale in terms of energy
per pulse and pulse duration[64]. Figure re-adapted from [205].
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The fitting function FIT(E)= PSL(E)/number of protons (E) is then derived,
in this case, for the proton energy range between 5 and 20 MeV [121]. The
IP calibration curve can be obtained for various particle sources. They al-
low to correlate a PSL value to the particle number N for a given energy E
(PSL/N=f(E)) and enable to obtain the final particle spectra.
We reproduced the same spectra results, that we published in ref. [205],
obtained from the described spectra analysis. We measured two final spec-
tra dN/MeV/ster (proton/MeV/ster) vs E(MeV), using the calibration curve
(see figure 2.7), the fitting functions of ref. [121] and the solid angle, that has
been calculated according to the geometry of the experimental setup. More
details can be found in ref. [205].
Proton spectra obtained with 15 µm gold target (black) and 15 µm aluminum
target (red) using the Jupiter laser with the energy of 230 J per shot with a
pulse duration of 700 fs are shown in figure 2.8.

2.6 CR-39
CR-39 (i.e Columbia Resin #39) or polyallyl diglycol carbonate, is a plastic
polymer with chemical formula C12H18O7. It is widely used as a solid-state
nuclear track detector and it is typically employed after the TPS, in com-
bination with other detectors such as microchannel plates [95, 128] and/or
Image plate [121, 134].
CR-39 has the advantage, compared to the other detectors, to be insensi-
tive to X-rays, photons and electrons, therefore, it allows the detection of
different types of ions, including protons and heavy ions. CR-39 is also not
affected by electromagnetic pulses.
It is usually manufactured with a thickness of 1 mm, which is sufficient to
detect protons up to 10-11 MeV and carbon ions up to 15 MeV [223]. Above
the aforementioned energies, it becomes transparent, respectively to protons
and carbon ions.
CR-39 provides single particle detection through the latent tracks left on the
plastic material because of the interaction with the incident ions, that break
the molecular structures and damage the plates. After the beam irradiation,
the latent tracks in CR-39 are revealed through an etching procedure in a
caustic alkaline solution, which is typically sodium hydroxide (Na-OH).
During this etching process, the damaged parts dissolve faster than the unaf-
fected surrounding material, making accessible the single particle information
in observable pits[63].
CR-39 has to be carefully exposed to the etching for the appropriate time
in order to avoid over etched and/or exposition, where the single ion impact
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(pitch) cannot be counted anymore. The limit factor is given by the pit den-
sity, that if it is too high can compromise the detection, creating overlapping
or if it is too low, it impedes to distinguish the signal from the background.
After the etching procedure, ion tracks can be read out by an optical micro-
scope. The microscope allows to scan the CR-39 in a defined area with the
chosen magnification (see figure 2.9).

Figure 2.9: Microscopic images of the ion traces with magnification 20x have
been used for detecting (a) protons with energy 2.5 MeV and (b) ions with
energy 7.5 MeV. The distance between the white dashed line is equivalent
to the pinhole size. The inset images have a magnification of 100x. Figure
reported from [94].

The zoomed microscope images allow to distinguish the different types of
species based on the geometry of the pits (dimension and shape) and the
particle energy as well as to count the absolute number of particles that in-
teract with the plate.
As an example of CR-39 analysis, we reported the experimental results of
ref.[94], in which a methodological approach for characterizing the track for-
mation on the surfaces of CR-39, has been used. Further details are presented
in ref. [94].
In figure 2.9, microscope images (20x magnification) of protons with energy
2.5 MeV and carbon C6+ with energy 7.5 MeV are shown[94]. The details
of the insets clearly show the difference between the size of the pits of the
proton, that is ∼ 2µm, with respect to the size of the pits of the carbon ions
C6+, that is around ∼ 18µm.
Furthermore, the use of Atomic Force Microscopy (AFM), instead of an opti-
cal microscope, has been also proposed for a more precise and high accurate
analysis of the tracks [100].
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Despite its insensitivity to electrons and photons, CR-39 can be used only
once. Therefore it needs to be replaced for new measurements and doesn’t
provide real-time measurement. It needs a complex and elaborated post-
processing (in some cases multiple etching is needed for ions stopped deeply
in the CR-39). For all the mentioned reasons, they are not easily usable for
a day-by-day ion characterization, as well as not suitable for laser systems
with high repetition rates.

2.7 Absolute calibration for MCP assembly
with a TPS

The absolute calibration of the detectors is important for characterizing the
laser driven ion spectra.
In this section, we describe the absolute calibration procedure of a detection
system, that includes an MCP, used in combination with a TPS and slotted
CR-39 [95].
The calibration curve, similarly to the IPs, has been found, starting from
the parabola ion traces detected simultaneously on the MCP and CR-39.
The signal recorded by the CCD camera in the region between the stripes of
the CR-39 was compared with the number of particles counted on the CR-39
stripes after the etching procedure. Furthermore, the relative calibration was
done by considering the correlation between the CCD integrated counts and
the numbers of particles on the adjacent CR-39 stripes, assuming that they
belong to the same ion traces.
The energy calibration of the segmented ion traces, thus, was elaborated
using Matlab routines and using the features of the experimental setup (ge-
ometry). Hence, the calibration factors have been obtained by dividing the
MCP fitting function curves to the ones of the CR-39.
Their values can be applied to the sum of the pixel values across the ion
traces for every energy to produce an absolute number of particles, using a
procedure similar to the one of the IPs (see section 2.5). By knowing the
experimental setup it is possible to calculate the value of the solid angle, i.e
produce the calibrated spectrum in number of particle/ MeV steradian.
We report, as an example of this calibration procedure, the details of the
first experiment, in which this assembly has been implemented [95].
The laser driven ion sources were generated using the Ti: Sa laser beam of
the Center for Relativistic Laser Science (CoReLS) [220, 95] that has laser
energy of ∼ 14 J, laser pulse 30 fs. The laser pulse was focused with an off-
axis parabola f/3 onto Al targets with thickness 0.4 µm with the intensity of
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∼ 2 × 1020 W/cm2 and angle of incidence of 30◦ to the target normal. The
scheme of the experimental setup is shown in figure 2.10, reported from [95].

Figure 2.10: Experimental setup scheme: the distance between the elements
that compose the detection system is in cm units. It includes a TPS as-
sembled with an MCP detector and slotted CR-39. Figure extracted from
[95].

We focus our attention on the detection system. It is composed of a TPS
with an ion pinhole of size 100 µm, a magnetic field of B= (0.9 ± 0.1 T)
and an electric field of 22 kV/cm. The length of the magnetic field is 5 cm,
while the length of the electric field is 10 cm. The two fields are separated
by a distance of 1.5 cm. The drift between the exit from the electric field
to the detector is 18.4 cm. The MCP detector is coupled with a phosphor
screen and imaged onto the CCD camera. As it can be seen from figure 2.10,
slotted CR-39 plates in double or single layer configuration were installed in
front of the MCP.
For calibration purposes, the comparison was between three consecutive shots
for the CR-39 and one shot for the MCP, due to the use of a small pinhole
(high TPS resolution) that can reduce the numbers of observable particles.
In this experiment, the proton calibration was of particular interest in the
energy range between 10 and 12.3 MeV, because the stopping range of the
protons [223] with Eprot > 10 MeV is larger than the thickness of the CR-39
plate.
Most of the low energy protons Eprot < 4 MeV are stopped by the first CR-39
plate, while in the energy range between 10 MeV < Eprot < 12.3 MeV, the
use of two CR-39 plates was used. In detail, the formation of pits of equal
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amounts was observed on the rear of the first CR-39 and the front of the sec-
ond CR-39 plate. This result indicated that, although the first layer is not
able to stop the protons, the energy deposited is still enough for creating the
pits on the second CR-39. Furthermore, particles that create the pits on the
first CR-39 are slowed down and are fully stopped in the second CR-39 layer.
Therefore, in this transition between the CR-39 plates, each proton creates
a pit in both of the CR-39 layers. Hence, for the calibration procedure, the
protons that are slowed down due to the passage inside the CR-39 cannot
be assigned to the MCP calibration at high energies. However, they can be
used as confirmation of the counts of the particles, i.e. calibration in that
particular interval.
For the higher proton energy range Eprot > 18 MeV the CR-39 becomes
transparent to the signal, while the MCP detector, although the thickness
of the detector is smaller than the stopping power of the particles (0.6 mm),
recorded a sufficient signal for this particular part of the spectra.
In ref. [95] a good agreement between the experimental data with a theoret-
ical model of ref. [160] has been found for the calibration factors.
This allowed measuring the response of the MCP (counts/particles) both for
protons with an energy range between 2 MeV and 17.8 MeV and for the car-
bon ions with an energy range between 5 and 58 MeV [95].
The limit of this calibration procedure is given by the stopping power of the
particles (protons or ions) that can be larger than the thickness of the detec-
tors. However, it is possible to overcome it and extend the analyzed energy
range, using e.g multiple CR-39 stacks.
Recently, the same calibration procedure of MCP assembly with TPS and
slotted CR-39 of ref. [160, 95] has been used for carbon 6+. In this case, [128],
the response of the MCP was measured for absolute numbers per steradians
for carbons up to 21 MeV/nucleon, i.e 252 MeV.

2.8 Summary and conclusions
In this chapter, we summarized the main features of the widely used laser
driven ion beam diagnostics.
In the different sections, we reported the structure, the advantages and the
disadvantages and described the use of RCFs, MCP, CR-39, TPS and IPs in
LDPA. Some of them can be used in a stack arrangement, such as RCFs and
CR-39, or, for example, in the case of IP and CR-39, in combination with a
TPS.
In these experiments, most of these detectors are passive and need post-
processing procedures, after breaking the vacuum condition. Furthermore,
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in some cases, they have to be replaced for each measurement. The MCPs
are considered, instead, the most favorable detectors for the upcoming high
repetition rate high intensity laser systems, because they can provide real-
time measurements.
Absolute calibration curve has been derived, using IP coupled with a mag-
netic spectrometer (see section 2.5), as well as using the assembly MCP,
slotted CR-39 with TPS (see section 2.7).
My contributions for papers I and II are reported in sections 2.2 and 2.5, em-
phasizing the RCF and IP calibration measurements. At current, calibration
for these detectors exists up to few tens of MeV for the protons [95, 121] or
heavy ions[95, 128].
We also described in detail the features and the equations of the particles’
motion inside a TPS, because they provide useful indications for the model
system, presented in chapter 4, in which the design and the optimization of
a novel spectrometer have been studied and proposed.
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Chapter 3

Ion acceleration driven by
multi-TW-few-cycles laser
pulses

The chapter deals with the details and the measurements performed during
an experimental campaign, in which low energy laser driven ion accelerated
beams have been observed. By low energy ion beams, in this case, we in-
dicate laser driven ion beams with a maximum energy of a few hundreds of
keV.
The possibility to generate such beams with TW-milli-joule-ultra-short lasers
and with increasing repetition rate (even up to kHz range) have boosted
a great deal of attention in many applications, such as precise energy-loss
measurements in plasmas[37], taking advantage of the stopping power of
the protons, that have the Bragg peak (see chapter 2), diagnostic for cul-
tural heritage (CH) [16, 17, 154], potential laser driven isotope generation
for positron emission tomography (PET)[49], injectors for conventional ac-
celerator machines, e.g the Laser Ion Generation, Handling and Transport
(LIGHT) collaboration[71] or the high intensity proton injector for the In-
ternational accelerator Facility for Antiproton and Ion Research (FAIR) [19]
that have been both installed at GSI. Sequences of solenoids and RF cavity
that compose laser driven transport beamline and post-acceleration schemes,
that will be detailed presented in chapter 5, allow delivering bright and in-
tense proton bunches in the sub-nanosecond scale for investigating proton
imaging applications[93] and manipulate, inject and post-accelerate a few
MeV laser proton beams into LINAC to increase their energies up to a few
tens of MeV [7, 8, 19].
It has stimulated interest in the production of short neutron bursts driven
by laser accelerated light ions, i.e. compact laser neutron sources[101], and
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a novel concept for the design of a neutron source for a laser-based transmu-
tator [110]. The combined use of thin target, single or few-cycle laser pulses
(Coherent Acceleration of Ion by Laser (CAIL) Scheme), as reported in [222],
has been proposed and can represent an efficient way to improve the laser
energy to deuterium energy conversion (interaction laser-deuterated targets)
that is translated in efficient generation of neutrons (few MeV) with the
accelerated deuterons via deuterium-deuterium (DD) fusion. Hence, a high
yield of neutron generation can be potentially obtained with ultra-short-high-
repetition rate-low energy laser systems[110].
However, the upcoming generation of high repetition rate TW (or even PW)
laser systems brings new challenges in terms of the target design. Several
types of solutions, including liquid targets [138], rotating tape [129, 149] and
cryogenic targets [104] have been implemented.
Morrison et al.[138], recently, have used liquid targets and have measured
for the first time the acceleration of ≤2 MeV protons at kHz repetition rate
with a sub-TW milli-joule laser.
During this experimental campaign, the laser driven ion acceleration has
been investigated in the same low energy range of Morrison et al.[138]. It
is a pilot experiment of a neutron generation project for laser-transmutator.
For more details we refer to [110, 222]. The laser driven ion beams have been
generated, using in a single-shot mode, the SYLOS Experimental Alignment
(SEA) laser (few-cycle laser system), hosted by ELI-ALPS facility [212]. It
can provide a maximum of 42 mJ pulse energy and sub-13 fs pulse duration at
a repetition rate, either in a single shot or 10 Hz repetition rate.[202, 26, 190].
This chapter is organized as follows: first, we describe the experimental setup
(see section 3.1), including a brief description of the Off-Axis Parabola (OAP)
alignment procedure and the imaging systems, both for the focal spot size
and the target surface. In the experiment method (see section 3.2), we mea-
sure the focal spot size and derive the laser peak intensity. Furthermore, we
describe the diagnostics used for proton detection and show one of the proton
spectra obtained. In the end, we summarize the obtained results, taking into
account that the experiment data analysis is still ongoing.

3.1 Experimental setup
The experiment has been performed, using the SEA laser, installed at ELI-
ALPS research center, Szeged (Hungary) [202, 212]. The experimental ar-
rangement is illustrated in figure 3.1 with a photograph of the setup in figure
3.2.
The input laser pulse has the following parameters: p-polarization, duration

75



Chapter 3. Ion acceleration driven by multi-TW-few-cycles laser pulses

of 11 fs, central wavelength 850 nm, max 36 mJ and a beam profile that
is super-Gaussian of order 6 of 5 cm diameter FWHM. More details can be
found in ref. [202].

Figure 3.1: Experimental setup in the interaction chamber. The red thick
lines represent the laser beam path and the yellow ones represent the imaging
systems, both for the focus and the target.

The laser was operated in single-shot mode, achieved by means of a fast me-
chanical shutter, located inside the laser (the laser amplification stage). The
beam is focused with an off-axis parabolic mirror (OAP) with an angle of
22.5 degrees and a focal distance of 15 cm ( f/2.5) on targets such as Alu-
minium (Al), Carbon (C), Diamond-like Carbon (DLC) and plastic foil (CH)
from few nm up to maximum 9 µm.
The red lines of figure 3.1 represent the laser path. The incoming beam is
reflected by the first mirror (M1) to the second one (M2) and then directed
to the OAP which focuses it.
Upon the interaction of the intense laser pulse with the air, the ionization
process happens and the plasma is generated (see section 1.2.1).
The main nonlinear effect of interest, in this case, is self phase modulation
(SPM), which broadens the spectrum. In the case of perfect alignment, SPM
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Figure 3.2: Picture of the experimental setup. The red lines represent the
laser path, the blue lines represent the target illumination and the yellow
lines represent the imaging system.

will lead to the generation of white light that can be visible on a screen. If
now the OAP is misaligned, the intensity distribution will be distorted by
aberrations. In our case, this distortion manifests by the appearance of a
blue and red circle on the screen. When these two circles are made to be
concentric by tweaking the parabola, the aberrations are minimized and the
different wavelengths are properly superposed.[55]. Therefore, the OAP is
properly aligned.
The laser focal spot is then monitored in the far-field on an 8 bit CCD camera
(Manta Camera)[210], using an imaging system as illustrated by the yellow
lines of figure 3.2. We find the proper focal plane position by scanning the
image plane, that corresponds to the smallest and brightest laser focal spot
image on the CCD. Taking advantage of the same imaging system [187], the
target is positioned by using a HeNe laser and a beam splitter. The tar-
get surface is illuminated, as illustrated by the blue lines of figure 3.2. The
backside reflection of the target surface is monitored on the CCD camera to
be in the same image plane as to the focal plane position [187]. Hence, the
focal and target imaging systems, allow us to obtain the best laser-target
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interaction condition to generate low energy laser driven ion beams.
A Thomson parabola spectrometer (TPS) assembly with an MCP and slotted
CR-39 is implemented [95, 128]. More details on it are presented in section
3.2.2, while in the next section, we measure the focal spot size and the laser
peak intensity.

3.2 Experimental method

3.2.1 Measurement of the focal spot and intensity
In this section, we evaluate the laser focal spot size, starting from one of
the CCD focus images in vacuum condition. An image of the focal spot
is presented in figure 3.3. This measurement plays an important role in
characterizing the focused beam and optimization of the OAP alignment.

Figure 3.3: Focal spot image recorded in vacuum condition and centered on
zero. Both the x and y axes are in µm units.

The background signal has been calculated, taking as reference a part of
figure 3.3, in which the main signal is absent. After that, we normalized it,
as it can be seen from the color bar. The x and y axis are converted from
pixel to µm, according to the camera specification (1 pixel = 4.65 µm) and
the magnification of the imaging system, that is ∼50 (see figure 3.2).
After the background subtraction and the normalization, we take both the
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x and the y lineouts. The obtained curves are fitted with a Gaussian beam
profile in order to measure the Full Width at Half Maximum (FWHM) focal
spot size.
The parametric expression used for the fit Gaussian beam profile is[55]:

y(x) = a+ be−2 ln 2 (x−c)2

d2 (3.1)

The comparison between the Gaussian fit and the x lineout is shown in figure
3.4.

Figure 3.4: Fit of the x lineout with a Gaussian curve. The x axis is µm
unity, while the y axis is in arbitrary units (arb. units).

.

The black line of figure 3.4 is the x lineout, while the dashed red line is
the Gaussian fitting function. The fitting parameters a, b, c, d allow us to
retrieve information about the amplitude, the offset and the FWHM.
Hence, the focal spot size is around ∼ 5.19 µm, as can be seen from figure 3.4.
The same value has been obtained with the y lineout of figure 3.3, thereby
only x lineout is shown for reference. The Rayleigh range is around 30 µm.
The focal spot size value for a Gaussian beam can be used to estimate the
peak laser intensity achievable, according to the following[55]:

I0 ≈
2 · El

A · τ
(3.2)
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where El is the laser energy, τ is the laser pulse duration and A is the surface
calculated as A = π · (d/2)2, where d is the focal spot size.
In order to properly evaluate the laser peak intensity, we consider different
circles, i.e different areas, as references for our calculations, as shown in figure
3.5. This analysis provides us an indication of the uncertainties related to
the laser intensity.
The intensity values on the right-hand side plot of figure 3.5 are calculated,
keeping constant El, τl and A. Furthermore, they show that the intensity
value decrease linearly, increasing the detectable area, i.e circle size.
This trend is due to a percentage value, estimated as the ratio between the
area above the FWHM, compared to the total area evaluated for different
areas. The percentage values are then, used in eq. 3.2, assuming that El=36
mJ, τ= 11 fs and A = π · (d/2)2, where d= 5.19 µm.
Ideally, the maximum laser intensity peak value is I= 2.1 · 1019 W/cm2,
replacing the laser energy, the laser pulse duration, and area values in eq.
3.2.

Figure 3.5: Correspondence between the different reference circles and the
intensity measurements.

.

However, there are multiple factors, such as the effective detector area, the
background signal, the dynamic range of the detector itself, that intrinsically
are involved in measurement procedures. We mainly want to emphasize, in
this case, the uncertainties related to the unknown “a priori” correct detection
area.

3.2.2 Proton spectrum
In this section, we describe the detection system and report one of the laser
proton spectra, measured during the low energy ion acceleration (LEIA) ex-
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perimental campaign.

Figure 3.6: Scheme of the TPS used during the LEIA experimental campaign.
It has the combination of both fields in a single region, and the use of a CR-39
detector for vertical calibration of the spectrometer.

.

A scheme of the detection system is presented in figure 3.6. As diagnostics,
a Thomson Parabola spectrometer [36, 85, 198] (see chapter 2 and appendix
A) for measuring the ions’ energies has been used. The particles’ energies
have been detected with the assembly TP, slotted CR-39, MCP of a diameter
of 8 cm, phosphor screen, and a CCD camera. This particular combination
has been described in chapter 2.
The detection system has a pinhole with a size of 200 µm, magnetic and
electric fields that are combined and have length Lel = Lmagn= 5 cm. The
magnetic field is B ≈ 0.27 T, while the electric field E = 2.61 kV/cm. The
distance between the pinhole and the entrance to the TPS is Ldis= 26 cm,
whereas the distance between the laser (source) and the pinhole is 58 cm.
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The MCP and slotted CR-39 are represented in figure 3.6 by two grey rect-
angles. The distance between the TPS and the detectors is Ldet=8.8 cm.
The features of the detection system (e.g magnetic, electric field, etc..), that
compose the TPS, determine the ions’ traces on the detector.
The laser ion beams have been generated, using different types of targets
such Al, C, DLC and CH with thickness, that goes from a few nm up to 9
µm.
We report one of the laser driven proton beam spectrum in figure 3.7. It was
obtained in a single shot with laser energy of 36 mJ, pulse duration of 11 fs
and an aluminum foil with a thickness of 9 µm.

Figure 3.7: Proton energy spectrum; The x axis is in keV unity, while the y
axis is in arbitrary units. The typical decreasing trend of laser driven proton
beams is shown.

The calibration method used for the proton spectra of figure 3.7 has been
explained in chapter 2. The proton spectrum is measured in arbitrary units
(arb. units) and has only the horizontal calibration related to the geometry
of the experimental setup (see figure 3.6). The vertical calibration is cal-
culated, using the correspondence of the numbers of particles between the
MCP and the slotted CR-39 [95] and is a work in progress.
The proton spectrum has the typical decreasing trend of laser proton beams
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and provides us an indication of the maximum proton energy cut-off achiev-
able (few hundreds of keV), using a milli-joule short-pulse laser system, such
as the ELI-ALPS SEA laser[212, 202].

3.3 Summary and conclusions
In a nutshell, this experimental campaign represents a realistic case scenario,
in which the theoretical background reported in chapter 1 have been inves-
tigated, using the diagnostics discussed in chapter 2.
We first described the experimental setup, including the details of the OAP
alignment, the target and focus imaging systems. Then, we summarized in
section 3.2.1, the experimental method used for the estimation of both the
focal spot size and the laser peak intensity. Their values are respectively:
focal spot size d= 5.19 µm and maximum achievable laser peak intensity I=
2.11 · 1019 W/cm2. As mentioned previously, many aspects need to be con-
sidered for laser peak intensity estimation. The analysis presented in section
3.2.1 highlighted the uncertainties related to the detection area.
It was a successful pilot experiment campaign in which optimum laser-target
interaction conditions have been found, enabling the generation, detection
and measurements of proton and ion spectra. The proton spectrum, re-
ported in section 3.2.2, has an energy of the order of a few hundreds of keV.
They were generated by the interaction of the SEA (multi-TW ultra-short
milli joule) laser with a thin aluminum foil of a few µm. It represents a
sample of the complete data analysis, that needs to be completed.
These experimental results represent the starting points in the investigation
of a new concept for the design of a neutron source for a laser-based transmu-
tator. The use of single or few-cycle laser pulses, such as the one of the SEA
laser [202, 212], in combination with ultra-thin targets (CAIL Scheme[222])
can be, in the future, an alternative and valuable way to enhance the laser
energy to deuterium energy conversion (interaction laser-deuterated targets).
This, as consequence, can improve efficiently the generation of neutrons (few
MeV) with the accelerated deuterons via Deuterium-deuterium (DD) fusion.
Thus, ultra-short high repetition rate-low energy laser system can potentially
allow obtaining a high yield of neutron generation [110, 222].
Furthermore, the experimental conditions (geometry, distances and details of
the detection system) of section 3.2.2, are also useful for the theoretical study
of the next chapter, which will take as a reference, a typical experimental
setup, similar to the one presented in this chapter. The detected low energy
proton range is of particular interest for a manifold of applications, including
the ones in cultural heritage that will be described in chapter 6.
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Chapter 4

Theoretical study of a new
spectrometer design for laser
driven ion acceleration

The possibility of producing beams of multi-species charged particles with
energies of hundreds of MeV [90, 113] through the use of high intense (I>1022

W/cm2) laser systems has made imperative to develop diagnostic systems for
comprehensive characterization of plasma processes, their dynamics and evo-
lution in this new unexplored interaction regime.
Such new regimes can pose some limitations e.g. for the Thomson parabola
spectrometer (TPS)[198] as originally designed.
In the last few years, there have been numerous research groups [2] that have
modified TP design, introducing variations both in the magnetic [194, 4] and
electric sections[36, 81] in order to increase the achievable proton spectral
information (energy range between a few keV up to 100 MeV) with respect
to a conventional TPS.
In this chapter, we describe the study and the optimization of a new spec-
trometer design, in which we propose the replacement of the dipole with
different not homogeneous magnetic profiles. The aim of this TP modifica-
tion is to investigate the possibility of enlarging the energy dynamic range
currently detectable (mainly for protons) and potentially the energy resolu-
tion.
We, initially, briefly summarize in section 4.1 the context of our study and
main results regarding the TPS modifications, that have been designed and
implemented [2, 36, 194].
We describe the numerical simulations, chosen as methodology for the spec-
trometer design in section 4.2.2. We verify their consistency and reliability,
reproducing, comparing and using, as reference, existing diagnostics’ combi-
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nations, such as the one reported in [95].
In section 4.4, we present and illustrate our results, in which we analyze the
effect of the replacement of the dipole with a quadrupole, that is the first
considered not homogeneous magnetic field profile. We investigate the tun-
ing of its parameters for two different proton energy range scenarios: (1) low
energy range, i.e from few keV up to 100 MeV; (2) high energy protons. i.e
from few tens of MeV up to hundreds of MeV.
Furthermore, we have studied our spectrometer design, including also the
carbon ions contributions (see section 4.4.3). In conclusion, we summarize
the advantages as well as the limitations of our approach, analyzing the
replacement of a dipole with different not homogeneous magnetic profiles,
including the quadrupole.

4.1 Context and state of the art
Thomson parabolas are considered suitable diagnostics for characterizing
multi-species laser driven ion beams (see chapter 2). However, there are
some drawbacks, that can inhibit their use for experiments.
In general, the main ones are : (1) the ion pinhole, which is usually located at
the front of the TPS because it does not allow to obtain any spatial informa-
tion regarding the ion beam (2) the traces of ion species that have the same
Z/A can overlap on the detector screen, impeding a correct analysis and (3)
the separation of the ion species that have very high energies (with different
or same Z/A). Indeed, if they are not strongly dispersed by the magnetic
field, they are difficult to be distinguished and properly resolved. There have
been several modifications of the TPS designs [36, 81, 194, 103] in order to
tackle the before mentioned issues.
The first limitation has been discussed and investigated, trying different ap-
proaches, e.g. increasing the solid angle of detection by utilizing magnetic
spectrometers with large acceptance angles [97] or, in some cases, the pin-
hole was substituted by a horizontal slit [97, 39] or multiple pinhole arrays
[196, 195].
The second problem is particularly relevant for studies in which the devel-
opment of compact laser driven neutron sources [1, 101], such as the ones
described in chapter 3, is involved and the discrimination between the deu-
terium D+ and the potential overlapping traces of C6+ and O8+ is relevant.
For this particular problem, the use of the stepped differential filtering tech-
nique has been proposed [3] and experimentally tested [100, 108].
The third issue is related to the traces of different species that can overlap or
cannot be distinguished due to their high energies, although they have dif-
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ferent Z/A. As it is known, the traces of two different species tend to merge
together, when the width of the traces, which mainly depends on the pinhole
size, becomes larger than the separation between them [2, 98] (see chapter
2).
In this case, the choices in order to increase the separation of the ion traces are
three: (1) increase the electric field (2) increase the distance from the detec-
tor, placing it further away [98, 200] (3) increase the length of the electrodes
or change their geometries [36, 81]. All of them have some limits. The in-
crease of the electric field values can cause the electric breakdown/discharge.
The increase of the length of the electrodes strengthens the electric field as
well as the possibility that the low energy particles interact with the plate of
the electrodes, impeding their detection. Therefore, a wedge configuration
in which the tilt of one of the plates of the electric field [36] or the use of
the trapezoidal shape for the detector [81] have been tested and considered
as possible solutions.
All of these aspects do not need to be taken into account separately, thus,
also combinations of multiple pinhole arrays, modification of both the mag-
netic and electric sections have been assembled together and experimentally
proved [103, 194].
We focus our attention on the modification of the magnetic section of a TPS,
as it will be described in the following sections. Up to current, for example,
the substitution of a standard H design of a magnetic dipole with C shape
magnetic Halbach structures [194] or the use of variable gap permanent mag-
nets [103] have been used. Both of these changes aimed at mitigating the
fringe effects and increasing the detectable energy dynamic range.

4.2 The study of a new spectrometer design
with not homogeneous magnetic field

4.2.1 Methodology and content of the study
The scheme of the proposed spectrometer design is illustrated in figure 4.1.
It is composed of a pinhole, a magnetic section, that is is schematized as a
cylinder, an electric section and an ion detector, e.g MCP.
We aim at studying the effect of the replacement of the dipole, which is char-
acterized by a constant field with different not homogeneous profiles, shown
in figure 4.1, both in terms of minimum detectable energy on the detector
(energy dynamic range) and in terms of energy resolution.
In the reference system, the z axis represents the direction of propagation of
the particles, while the magnetic field acts on the transverse plane x− y and
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Figure 4.1: Structure of the proposed design spectrometer, that it is com-
posed of an ion pinhole, a magnetic section, that it is depicted as a cylinder,
an electric field and an ion detector (MCP). The constant dipole field is
replaced by different not homogeneous magnetic field profiles.

the electric field is directed on the x axis.
We assume that the particles do not enter at the center of the magnetic ele-
ment, but they are injected with a horizontal shift y=r0 equal to the aperture
of the magnetic element r0, as is illustrated in figure 4.1. This allows to bet-
ter disperse the high energy particles, that experience a stronger magnetic
field.
By not homogeneous field we indicate a magnetic field, such as quadrupole or
sextupoles. The magnetic profile, in these cases, scales linearly (i.e quadrupole)
or quadratically (i.e sextupole) with the off-axis displacement (y/x) with re-
spect to the direction of propagation (z) (see figure 4.1).
Thus, the magnetic field profile can be expressed with the following equa-
tions: 

Bx(y) = −Grad ∗ yn;
By(x) = Grad ∗ xn;
Bz = 0;

(4.1)

where Grad indicates the gradient and n is an index. The change of the
gradient value allows tuning the strength of the magnetic field, whereas the
change of the index n enables to distinguish the considered magnetic field
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profiles. Hence, we can simulate and easily modify the magnetic sections,
varying the values of Grad and n.
We chose as detector a rectangular screen (e.g MCP [213]) with a maximum
y dimension of 8 cm (the dispersion axis). Thus, the minimum displacement
detectable on the y axis is located at 8 cm.
We can vary the distance Ldet (see figure 4.1) between the spectrometer
design and the detector screen in order to fix the maximum measurable value
on the detector at a distance of 1 cm from the zero (reference point). This
requirement can avoid spectral information losses. After specifying the initial
assumptions and the goal of the numerical simulations, we describe in the
following the model system.

4.2.2 Description of the model system
The model system, chosen as methodology, solves the Newton equation of
motion of the particles (in our case protons and ions). We, first consider
a Thomson Parabola spectrometer (TPS), that is a sequence of a magnetic
and electric fields. [198, 166]:

d~p

dt
= q( ~E + ~v × ~B) (4.2)

We implement a second-order Runge-Kutta (RK) numerical method [34] as
solver. The model allows us to vary the particles’ features in terms of mass,
charge and energy parameters (velocities) and also to choose their initial po-
sitions (coordinates).
We consider as input point sources of protons and carbon ions with low di-
vergence. Thus, the particle-particle interactions and the space charge effects
can be safely neglected.
Furthermore, the range of proton energies of our interest does not include
relativistic effects (few hundreds of MeV � 1 GeV).
We solve the particles’ equation of motion and track their passage through
the elements that compose the spectrometer (a TP or the spectrometer de-
sign) up to their arrival to the detector screen (see figure 4.1).
These input initial conditions permits, because of both the point particle
sources and the shift y=r0 respect to the original propagation axis (z), to se-
lect a specific portion of the magnetic field, almost constant Bx(y), i.e By(x)
contribution does not affect the particles’ motion.
As a consequence of these approximations, the point sources of protons/ions
are deflected by the contribution of the Bx(y) field. Therefore, the magnetic
field and the electric field are parallel and directed on the x axis. The de-
flection due to the magnetic field is on the y axis, while the one due to the
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electric field contribution is on the x axis (see figure 4.1).
We are aware that these initial conditions represent an ideal case scenario.
However, the typical geometries of experimental setups, such as the ones de-
scribed in chapter 2 and in chapter 3, can show that it can be possible to
reproduce them physically by locating our system (TP or our design) suffi-
ciently far from the particles’ generation sources.
In these examples, the ion pinholes used are respectively 100 µm and 200
µm, the distance source-pinhole are respectively 20 cm and 58 cm, i.e the
estimated beam divergent is less than half of a mrad and the solid angles are
approximately 10−5 and 10−8 srd. This proves that the proton/ion beam had
very low divergence, i. e the particle sources can assume a point source-like
behaviour and our initial conditions can be close to realistic cases. However,
in chapter 6, the effect of the beam divergence of a typical TNSA proton
spectrum in a laser driven hybrid beamline for applications will be also dis-
cussed, considering a distance between the laser-source and entrance of the
transport beamline of less than 10 cm.
As first step, we validate our model system in the following section. After
that, we will present the results of the different sets of simulations.

4.3 Results

4.3.1 Validation of the model system
We have reported in chapter 2 the details of the experiment setup in which
the combination of the TP spectrometer coupled with an MCP and a slotted
CR39 have been studied and investigated [95].
We briefly summarize the main parameters, both in terms of the energy of
the particles as well as the detection system in order to reproduce the same
conditions for the numerical simulations.
The total length of the experimental setup is ∼ 50 cm (see figure 2.10). In
this case, the Thomson parabola is composed by the sequence of a magnetic
field with length Lmagn = 5 cm and magnetic field strength B= 0.9 T and an
electric field with length Lel = 10 cm and electric field E=22 kV/cm separated
by a distance of 1.5 cm. Furthermore, the distance between the TP and the
detector is Ldet = 18.4 cm.
The detected proton energy [95] ranges from 2 up to 17.8 MeV, while for the
carbon ions, the detected energy ranges from 5 MeV up to 58 MeV.
In detail, in figure 4.2, we compared the traces of the MCP response with
our simulations’ ions traces.
As it can be seen, in figure 4.2 (A), we identify the zero or reference point,
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Figure 4.2: On the left hand-side, one of the experimental results of ref.
[95] is reported, while on the right hand-side the comparison between the
experimental results and our simulation results is shown.
For both the figures, the electric deflection is measured in cm and is on the
x axis, while the magnetic deflection, also measured in cm units, is on the y
axis.

while in figure 4.2 (B) we show the comparison. The theoretical results
coincide well with the experimental ones. This example validates our model
system and proves the good consistency with experimental results.
After the comparison, we describe the different sets of simulations, taking
as a benchmark a conventional Thomson parabola design, composed of a
sequence of a magnetic field of 0.9 T with a length of 10 cm and an electric
field of E = 12 kV/cm with a length of 5 cm, separated by a distance of 1
cm.

4.4 Enhancing dynamic range with not linear
magnetic field

4.4.1 The replacement of a dipole with a quadrupole
for low protons energy range

In this section, we composed our spectrometer structure, investigating the
replacement of the dipole with a quadrupole for the magnetic section.
The parameters that, in general, describe a quadrupole structure, are: (1)
bore radius that, can go from few mm [174, 57] up to few cm [197] ; (2) the
quadrupole gradient G (currently the maximum achievable gradient is of the
order of 500 T/m [145, 125]) and (3) the length Lquad.
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As it is known, in a quadrupole, the gradient Grad can be calculated as the
ratio between the magnetic field (B) and the bore radius (r0), i.e. Grad =
B/r0 [214]. Therefore, considering an initial magnetic field B = B0= 0.9 T
(taken as reference) and a bore radius r0 =2.2 cm, it is possible to evaluate
the correspondent gradient (see equation 4.1).
We use as input a proton source with an energy range that goes from 0.5
MeV up to 100 MeV (see color bar on the right hand side of figure 4.3(A)).
These energy values represent a realistic case scenario because currently the
maximum achievable laser driven proton energy detected is 100 MeV [90].

Figure 4.3: (A) The comparison between the dipole case with B0= 0.9 T,
Lmagn= 10 cm and the quadrupole case with the same length Lquad = Lmagn

and same initial magnetic field that corresponds to gradient Gquad= 45 T/m.
On the x axis the electric deflection is measured in m (in logarithmic scale),
while on the y axis the magnetic deflection is in m (in linear scale). The color
bar on the right hand side represents the correspondent energy range (from
a few keV up to 100 MeV). (B) The comparison between the two energy
resolutions, calculated, according to the formula 4.3 for the dipole and the
quadrupole.

We apply, for both the cases of the quadrupole and the dipole, a static and
constant electric field E0 = 12 kV/cm with a length of 5 cm. Furthermore,
the magnetic and electric fields are separated by a distance (indicated as
Ldis in figure 4.1) of 1 cm and the distance between the exit from the electric
field to the detector (indicated as Ldet in figure 4.1) is 5 cm. We consider
as detector a screen of y dimension of 8 cm (see detector line in the figure
4.3(A)).
The dipole parameters are B0= 0.9 T, Lmagn= 10 cm. The quadrupole
parameters are, for consistency, length Lquad = Lmagn, Gradient G=45 T/m,
i.e magnetic field B0=0.9 T and bore radius r0=2.2 cm.
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In the comparison between the quadrupole and the dipole in figure 4.3 (A),
it is clearly visible by the arrows, that join respectively the energies of 1, 2,
3, 4, 5, 6 MeV, that, respect to the detector limit (8 cm), the low energy
range of protons are collected back on the detector screen in the case of the
quadrupole, i.e there is an increase in spectral information.
Furthermore, for a more complete analysis, we estimate the energy resolution.
The uncertainties of the ion position on a detector can limit the energy
resolution of a conventional TPS[139]. If the projection of the ion pinhole
on the detector screen has a size, that we can indicate as δR, the energy
resolution is function of the displacement of the particles from the zero point
(see figure 4.2).
This distance can be calculated as R=

√
x2(E) + y2(E) for z = z0 (our

propagation axis), therefore the energy resolution can be retrieved, using the
following formula:

δEres = δE

δR
δRp (4.3)

where δRp depends on the size of the pinhole, that it is typically 50-100µm
[95]. In our case, we use δRp=100 µm as reference. We evaluate the resolu-
tion of both the cases and we show their comparison on the right hand side
of the figure 4.3.
The overall energy resolution for the total analyzed energy range, i.e. from
a few keV up to 100 MeV, slightly decreases, as it can be seen in the figure
4.3(A). In particular, we highlight in the inset of figure 4.3(B) the energy
resolution in the range between 0.5 up to 6 MeV, which corresponds to the
same range of energy shown by the arrows. The difference is of the orders of
few tens of keV. The overall energy resolution values go from a few keV up
to less than half MeV.
The results of figure 4.3 prove that it is possible to enlarge the detectable
energy dynamic range at the cost of losing few tens of keV in energy reso-
lution. In the next section, we further investigate the comparison between
the dipole and the quadrupole cases in order to verify if this improvement is
scalable to a high proton energy range.

4.4.2 The replacement of a dipole with a quadrupole
for high protons energy range

We explore, in detail, the tuning of the quadrupole parameters, compared to
the dipole with the aim of studying the effect of this replacement for a high
energy range of a point source of both proton and carbon ion beams (see
section 4.4.3).
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We vary both the parameters of dipole and quadrupole in order to use as
input a proton source with an energy range that goes from MeV up to few
hundreds of MeV (see the color bar of figure 4.4 (A)).
For all the cases, we have applied the same electric field contribution E0 =
12 kV/cm with a length of 5 cm, as it was done before. For consistency, we
have the same length Lquad = Lmagn = 10 cm.
Furthermore, we have still kept fixed at 1 cm the distance from the zero
(reference point) to the maximum detectable energy on the detector screen
(dimension = 8 cm). The distance between the electric field and magnetic
field is 1 cm for both of the cases. After introducing the initial assumptions,
we run different sets of simulations in order to optimize the quadrupole pa-
rameters.

Figure 4.4: (A) The comparison between the dipole case with B0= 1.9 T,
Lmagn= 10 cm and the quadrupole case with the same length Lquad = Lmagn

and same initial magnetic field that corresponds to gradient Gquad= 100 T/m.
On the x axis the electric deflection is measured in m (in logarithmic scale),
while on the y axis the magnetic deflection is in m (in linear scale). The color
bar on the right hand side represents the correspondent energy range (from a
few keV up hundreds of MeV). (B) The comparison between the two energy
resolutions, calculated, according to the formula 4.3 for the dipole and the
quadrupole.

As mentioned before, while in the case of the dipole, the maximum feasible
magnetic field achievable is 1.4 T, in the case of the quadrupole, the maxi-
mum achievable gradient is of the order of 500 T/m. Thus, we change the
parameters in order to explore the effect of a stronger gradient demanded by
the increase of the proton energy range of interest.
The optimized quadrupole parameters are gradient G= 100 T/m, bore ra-
dius=1.9 cm and magnetic field at the tips B0 =1.9 T.
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We modify, accordingly, the dipole magnetic field, that becomes B0 = 1.9 T.
For the first comparison, illustrated in figure 4.4(A), the drift between the
detector and the spectrometer Ldet ( see figure 4.1) has the same value of 11
cm to keep at 1 cm from the zero our reference point.
The theoretical results show that the overlap between the quadrupole and
the dipole with B0 = 1.9 T, has the same trend observed for the low energy
range (see figure 4.3 (A)).
In detail, the arrows that join, in this case, the energies 10, 20, 30, 40, 60,
80, 100 MeV show the same behaviour of figure 4.3(A). Furthermore, the
comparison of the energy resolutions (calculated, using the equation 4.3) is
illustrated in figure 4.4 (B). This difference is very small and of the order of
a few keV. Hence, it is possible, to increase the energy dynamic range of the
detected protons, substituting the dipole with a quadrupole.
However, we are aware that a dipole design with such an high magnetic field
is challenging. We, therefore, further add in figure 4.5 (A) the comparison
between the quadrupole case with a more realistic case scenario, represented
by a dipole with B0= 0.9 T.

Figure 4.5: (A) Comparisons between the dipole cases with B0 = 0.9T, Lmagn

= 10 cm (line 3), the quadrupole case (Lquad = Lmagn), Gradient Gquad= 100
T/m (line 2) and the dipole case with B0 = 1.9 T, Lmagn = 10 cm (line 1).
On the x axis we plot the electric deflection in m (in logarithmic scale), while
on the y axis we plot the magnetic deflection in m (in linear scale). The color
bar on the right hand side represents the correspondent energy range (from a
few keV up to maximum 700 MeV); (B) The comparison between the energy
resolution (y axis) calculated (see equation 4.3) in MeV versus proton energy
range (x axis in MeV), for both the homogeneous cases of the dipoles and
the case of the quadrupole (high energy range).

The three cases in figure 4.5 are labeled with three different numbers. For this
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particular set of simulations, we decided to locate the minimum detectable
value on the detector screen to a value of 5 MeV (5 MeV - indicated in blue
in figure 4.5). This led to the possibility to explore a high range of proton
energy, as well as to study the feasibility of our detection system. The cases
of the dipoles (lines 3 and 1) are simply shifted, due to the change of the
dipole magnetic field, while the comparison between lines 1 and 2 is the same
as that illustrated in figure 4.4 (A).
Hence, the comparison that brings us new information is the one between
lines 2 and 3. The quadrupole parameters did not change, while for the case
of the dipole with B0 = 0.9 T, we obviously have to change the drift between
the spectrometer and the detector to a value of Ldet = 16.5 cm in order to
respect our reference condition (5 MeV minimum detectable energy).
In detail, in figure 4.5 (A) it can be observed that in the case of the dipole
with B0=0.9 T, the detectable proton energy range goes from 5 MeV (our
lower limit) up to 250 MeV, while in the case of the quadrupole we can ex-
tend it up to 700 MeV.
The arrows of the figure 4.5 (A) join the energy positions of 10, 20, 40, 60,
80 and 100 MeV, and they allow also to visualize the increase in energy res-
olution (the protons are better dispersed in the case of the quadrupole), as
represented in figure 4.5 (B).
For completeness, we have also studied the same three cases described before,
fixing this time, as reference, the maximum energy observed on the detector
screen (700 MeV- indicated in red in figure 4.6 (A)). As it has been already
done in refs [194, 200], it is possible to tune the drift between the electric
field to the detector Ldet in order to modify the detectable energy spectra.
In our case, we want to obtain maximum detectable energy of 700 MeV for
all the three cases. The lines 1 and 2 remain the same as the figure 4.5 (A)
because they have already 700 MeV as maximum detectable energy, while we
change the drift Ldet =30 cm for line 3.
As it can be seen in figure 4.6, with these modifications, it is possible to
observe a bigger energy dynamic range in the case of the quadrupole with
respect to the dipole cases. The energy resolutions are very close to each
other and the difference between the three cases is of the order of a few keV,
as shown in figure 4.6 (B).
In summary, the theoretical results have verified that it is possible to tune the
parameters of the quadrupole in order to scale and increase the detectable
proton energy dynamic range. Despite the slight loss in term of energy reso-
lution and even considering a big drift (Ldet =30 cm) for the dipole case (see
figure 4.6), the quadrupole is still the best choice for enlarging the proton
energy dynamic range by keeping, at the same time, a compact structure.
In the following section, we investigate the two proton energy case scenarios,
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Figure 4.6: (A) Comparisons between the dipole case with B0 = 0.9T, Lmagn

= 10 cm, Ldet =30 cm (line 3), the quadrupole case (Lquad = Lmagn), Gradient
Gquad= 100 T/m (line 2) and the dipole case with B0 = 1.9T, Lmagn =
10 cm (line 1). The distance Ldet to the detector is kept 11 cm both for
the quadrupole and the dipole with B0 = 1.9T. On the x axis we plot the
electric deflection in m (in logarithmic scale), while on the y axis we plot
the magnetic deflection in m (in linear scale). The color bar on the right
hand side represents the correspondent energy range (from a few keV up to
maximum 700 MeV); (B) The comparison between the energy resolutions (y
axis) calculated as reported above (see equations 4.3) in MeV versus proton
energy range(x axis in MeV), for both the homogeneous case of the dipoles
and the case of the magnetic field profile of the quadrupole (high energy
range).

including the carbon ions contribution.

4.4.3 Carbon ions
In this section, we considered the same designs and same magnetic field pro-
files, using as sources protons and carbon C5+,C6+.
We decided to add only these two carbon ions species, because they are pro-
duced in huge quantity compared to the other respective species C4+,C3+

[95] and because they are also characterized by a value of q/m much more
close to the behaviour of the protons.
We have implemented a first set of simulations, using the quadrupole pa-
rameters of section 4.4.1: Grad: 45 T/m, bore radius: 2.2 cm, Lquad=10
cm. The simulated carbon ion beams have the same energy interval of the
protons from a few keV up to 100 MeV. We use the same distance between
the magnetic and electric field (Ldis =1 cm) and the same distance from the
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Figure 4.7: Ion traces observable on the detector. Our point sources include
proton, C5+ and C6+. On the right hand side, we show the quadrupole case
(B0 =0.9 T, r0 = 2.2 cm, Grad= 45 T/m, Lquad= 10 cm) and a constant
electric field of 12 kV/cm, while on the left hand side the same ion traces are
shown, considering a constant magnetic field of B0= 0.9 T, Lmagn= 10 cm,
keeping the same parameters for the electric field. The drift Ldet is 5 cm for
both of the cases.

detector Ldet = 5 cm. The detector screen has y dimension of 8 cm.
The comparison between the ion traces on the detector is shown in figure 4.7.
For the quadrupole case, the carbon ions have the same type of displacement
observed in the proton case (see figure 4.3).
However, the carbon ions’ traces passing through the quadrupole can create
an overlap with the proton trajectories (see right hand side of figure 4.7).
Therefore, the dipole represents the best choice, as can be seen from the
energy values indicated in figure 4.7. The quadrupole minimum detectable
energy for the carbon 5+ and carbon 6+ is respectively 1.5 MeV and 1.4
MeV, while for the dipole, it is respectively 0.482 MeV and 0.338 MeV. For
the protons, instead, the minimum detectable energy is the same and this
confirms our previous theoretical results (see section 4.4.1).
We run a second set of ion traces simulations, applying a magnetic field of
the dipole B0 =1.9 T and the same quadrupole parameters of section 4.4.2
in order to investigate the overlap of the ion traces for high energy range
particle sources.
The second set of quadrupole parameters (see section 4.4.2) are the following:
G=100 T/m, bore radius:1.9 cm, Lquad=Lmagn=10 cm.
In this case, the energy for the protons goes from a few tens of MeV up to few
hundreds of MeV (250 MeV), as shown in figure 4.5, while for the carbon ions
we can enlarge it to hundreds of MeV. The distance between magnetic and
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Figure 4.8: Ion traces observable on the detector. Our point sources include
proton, C5+ and C6+. On the right hand side we show the quadrupole
case (B0 =1.9 T, Lquad=Lmagn=10 cm.) and a constant electric field of 12
kV/cm, while on the left hand side the same ion traces are shown, considering
a constant magnetic field of B0= 1.9 T, keeping the same parameters for the
electric field. The drift Ldet is 10 cm for both of the cases.

electric fields is 1 cm and the minimum detected energy is at 8 cm (detector
screen).
We report in figure 4.8 the same comparison of figure 4.7 for the new set of
quadrupole parameters. The overlap of the previous case is not present on the
detector screen. Thus, the simulations evidence that a stronger quadrupole
gradient is needed for improving the detection of both proton and carbon
ions together. The results prove that there is a considerable improvement in
terms of the low energy dynamic range. The quadrupole minimum detectable
energy for the carbon 5+ and carbon 6+ is respectively 16 MeV and 11 MeV,
while for the dipole case, it is respectively 28 MeV and 40 MeV. The increase
in the capture of the low energy particles is of the order of few tens of MeV,
as it is visualized by the energies indicated in figure 4.8. The carbon traces
on the detector screen are also better separated.
The same improvement trend is observed in terms of energy resolution with
respect to the dipole case and it is reported in figure 4.9.
We calculate the resolutions of the dipole and quadrupole for the carbon
ions cases, using the equation 4.3. The resolutions are shown in figure 4.9,
separately for carbon 5+ and carbon 6+.
For the carbon ion cases, these comparisons prove that the difference between
the quadrupole and the dipole case is of the order of a few keV. Thus, the
second set of quadrupole magnetic profiles represents the best choice, both in
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Figure 4.9: The comparison between the energy resolution (y axis), calculated
using the equation 4.3, is illustrated for both carbon 5+ and carbon 6+ in
MeV versus carbon energy range (x axis in MeV), for both the homogeneous
case of the dipoles and the case of the quadrupole (high energy range).

terms of energy dynamic range and energy resolution for carbon ions beams.
The results presented for the carbon ions are consistent with the ones pre-
sented for the protons and confirm the advantage of the use of the quadrupole
compared to the dipole. However, they highlight that, if we are interested
in the detection of protons/carbon ions in the low energy range, a stronger
quadrupole gradient is needed in order to avoid the overlap of the traces,
preserve the achieved gain in spectral (energy) information and for obtaining
an overall improvement in the ion species detection (trace separation).

4.4.4 Scaling law for different not homogeneous mag-
netic field profile

The encouraging results that have been obtained in the previous sections lead
us to further study the effect of the replacement of a homogeneous magnetic
field with different magnetic field profiles, such as decapole and octupole.
Thus, a set of simulations have been implemented in order to investigate the
minimum achievable detectable energy achievable with these modifications.
We decide to use as input a point source of protons that goes from a few keV
up to 100 MeV.
The quadrupole parameters are length Lquad, magnetic field B0, r0=2.2 cm,
gradient Grad= 45 T/m, as described in section 4.4.1, because they are suit-
able for the current proton energy achievable experimentally in terms of laser
driven proton acceleration (proton energy range between few keV up to 100
MeV [90]).
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For consistency, the same distance between the spectrometer and the detec-
tor Ldet =5 cm and the same distance between the electric and magnetic field
Ldis= 1 cm have been used for all the cases. We fixed Ldet =5 cm in order
to keep a 1 cm distance from the zero on the detector (our initial condition).
Furthermore, our detector has a dimension of y=8 cm, as illustrated by the
black detector line in figure 4.10.

Figure 4.10: On the left hand side, the overlap of the different magnetic
profiles compared to the case of the dipole (homogeneous field) is shown.
The continuous black line represents the detector line (in our case, it is fixed
at 8 cm). The dashed black line represents the magnetic deflection of the
reference case of the dipole, while the blue, red, green and magenta lines
represent the cases of the not linear magnetic profiles. Both the x axis and
the y axis are in logarithmic scale. On the x axis the proton energy range is
in MeV, while on the y axis, the magnetic deflection is in m units.
On the right hand side, the scaling law is shown. We illustrate the differ-
ent orders (n) of the magnetic profiles vs the minimum energy that can be
measured in MeV on the detector.

Starting from the equations 4.1, we considered different index n values and
gradients. We exclude the even n values because the magnetic field profiles
affect the low energy proton trajectories (our proton range of interest), turn-
ing them back and impeding their arrival on the detector. Hence, we analyze
the odd cases of n = 1, 3, 5, 7 (see figure 4.10).
We can respectively obtain magnetic field profiles of a quadrupole, an oc-
tupole, a decapole and a multipole element (order 7). The gradients are
indicated with Gq, Goct,Gdec and Gmult . They are calculated using equations
4.1 and have the following values: Gq= 45 T/m, Goct =1859 T/m3, Gdec=1.7·
108 T/m5 and Gmult= 3.6 · 1011 T/m7.
In the case of the spectrometer composed by a dipole, the energy spectral in-
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formation achievable and observable on the detector screen, goes from 1.891
(∼ 2 MeV) up to 100 MeV, while for the not homogeneous magnetic profiles,
the achievable spectral information increases from 1.891- 100 MeV to 0.392-
100 MeV (case n=1), 0.15 - 100 MeV (case n=3), 0.008-100 MeV (case n=
5) and 0.0061-100 MeV (case n= 7) (see figure 4.10).
This comparison is also visualized on the plot of the scaling law on the right
hand side of figure 4.10, in which the magnetic element order versus the min-
imum detection energy on the detector is shown.
The results, illustrated in figure 4.10, evidence that the replacement of a
homogeneous magnetic field with the different not homogeneous fields can
effectively increase the achievable energy dynamic range in the low proton
energy range, without introducing losses for high energy. The reduction of
the magnetic field of the dipole is obviously possible, but it is unavoidable
to lose in high energy particle dispersion. Furthermore, as expected, there is
a proportionality between the increase in the order of the elements and the
respective increase in detectable information (minimum energy observable on
the detector screen).
However, after the third-order (decapole) it was observed that there is not a
significant improvement in terms of capture of the low energy particle com-
pared to the previous orders, as can be seen in figure 4.10.

4.5 Discussions and conclusions
In this chapter, we present the theoretical study of a novel type of spec-
trometer with the aim of investigating the enhancement of detectable energy
dynamic range, compared to existing spectrometer combinations.
We have implemented different sets of simulations, studying the replacement
of different not homogeneous field profiles instead of a constant dipole field
in a TP design, for two proton energy range scenarios. Our results provide
useful guidelines regarding the advantages and the limitations of our pro-
posed designs.
In section 4.4.1, for a proton energy range between a few keV up to 100
MeV [90], the theoretical simulations proved that it is possible, using the
quadrupole case, to increase the detectable energy dynamic range in the low
energy range, without significant losses in terms of energy resolution. This
“new” detectable proton energy range is particularly relevant for applica-
tions, such as the ones in cultural heritage, that will be described in chapter
6. However, laser sources that include carbon ions, are limited by the po-
tential overlap of the ion traces, as reported in section 4.4.3. The minimum
detectable proton energy value, in this case, becomes 0.38 MeV.
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For proton energy range that goes from a few keV up to hundreds of MeV,
such as the ones obtained with conventional acceleration [60], we observed
in section 4.4.2 that the change of the quadrupole parameters led also to
an improvement in terms of detectable proton energy dynamic range. This
detectable proton energy enhancement is easily scalable, starting from the
case of the low proton energy range scenario and we obtained also similar
energy resolutions. The observed energy resolution differences are always of
the order of a few keV. In figure 4.5, we showed that the quadrupole allows
to almost duplicate the detectable proton energy range with respect to the
dipole and the energy resolution can be increased of few tens of keV.
Furthermore, the addition of the contribution of the carbon ions 5+ and
6+ does not perturb these improvements. The results of the carbon ions
evidence that a strong quadrupole gradient is both a suitable choice and is
required in order to obtain an overall improvement in terms of energy reso-
lution, separation of the traces, compactness and detectable energy dynamic
range.
We also deduced that these advantages can be further extended by manufac-
turing very sophisticated magnetic devices, with strong gradients. However,
this improvement saturates after the third order magnetic field profile that
corresponds to a decapole element.
In conclusion, the quadrupole magnetic profile represents the most reliable,
suitable and feasible (easy to manufacture and assemble) case, among the
analyzed ones. The versatility and the tunability of the replacement of the
quadrupoles in our spectrometer designs, compared to the existing combi-
nations, e.g. the tuning of the length of the drift [201, 103] in combination
with a TPS, allows constantly to enlarge the detectable energy information
achievable, without losing in energy resolution and gaining compactness of
the total spectrometer structure. Therefore, according to the constraints of
the different experimental setup and the proton energy information needed
to be detected for specific applications, the proposed spectrometer design can
represent an alternative and versatile laser driven proton diagnostic.
In laser driven proton acceleration, the use of quadrupole (e.g doublet or
triplet) is not new because they have been implemented, as reported in refs
[197, 174, 147], downstream laser-plasma interaction point for manipulating
and adapting laser proton sources for applications, as it will be discussed in
chapter 5. Similar sets of quadrupole parameters will be used for the detailed
numerical study of a laser driven proton hybrid beamline for applications,
subject of chapter 6.
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Introduction of laser driven
proton hybrid beamlines and
post acceleration schemes

Laser driven proton beams have been used as sources for a wide range of ap-
plications, ranging from medical application (PET or cancer treatment)[30,
120], warm dense matter [156, 28], inertial fusion [172], material science[56,
13, 12, 15] up to cultural heritage[17, 16].
Currently, the high beam divergence (few tens of degrees at the source) and
the wide energy spread (up to 100%) of laser generated ions limit their effi-
ciency and their use for applications.
To overcome these issues, there have been different proposals for manipu-
lating the laser-generated proton beams downstream the laser-plasma inter-
action point using conventional accelerator devices, implementing so-called
hybrid beamlines or post acceleration schemes.
This chapter aims at providing an overview of the different transport ele-
ments, such as RF cavities, dipoles, quadrupoles, etc that have been coupled
with laser driven proton sources for adapting and customize them to a spe-
cific application.
We report the results of the first examples of laser driven proton hybrid and
post acceleration beamlines in section 5.1.
We mainly focus our attention on the PQMs pairs hybrid schemes [197, 174,
147] and the use of passive magnetic chicanes[41, 181, 179] as energy selectors
(ES), because these studies are important references for design and the opti-
mization of our laser driven proton hybrid beamline, which will be discussed
in chapter 6.
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5.1 Laser driven proton hybrid beamlines

5.1.1 History and state of the art
In general, the main requirements for most of the LDIA applications [176, 75]
are:

• Reach a lower energy spread around a central energy, therefore, reduce
the initial typical energy spread of the beams ( ∼ 100%)

• Obtain stable and controlled (collimation, capture and transport) beams

• Tunability in energy and final transverse focus spot sizes (focusing,
shaping and energy selection)

• Suitability for high repetition rate TW (even PW) laser systems

In the last few years, novel alternative acceleration regimes [113, 184] (see
chapter 1) and the use of sophisticated targets [183, 124] have been studied
theoretically and experimentally [104, 138] with the aim of better controlling
the acceleration mechanism and improving the proton beam yield.
In 2006, the use of ultra fast triggered micro lens have been proposed by
Toncian et. al. [199] for focus, collimate and select a part of laser generated
proton spectra with a small energy spread.
This scheme [199] requires two laser pulses: one, for the proton sources
(Chirped Pulse Amplification (CPA)1 in figure 5.1 (A)), while the second
one (CPA2 in figure 5.1 (A)) irradiates the micro-lens, that is the hollow
cylinder of ∼ 1 mm diameter and few mm length
The irradiation of the laser CPA2 starts to accelerate and inject the hot elec-
trons through the cylinder’s wall. They are, then, spread inside and evenly
onto the cylinder (Debye shield of hot electrons). A space field is tempo-
rally created (arrows) 5.1 (B) and starts the plasma expansion towards the
vacuum and sustains the radial electric field 5.1 (C) that focus, collect and
select the laser protons passing inside the cylinder.
Although this double-pulse scheme has shown good results in terms of fea-
sibility and energy tunability (the delay between the two pulses can be con-
trolled with picosecond precision and can be tuned for choosing the required
proton energy range selection), it is not considered preferable compared to
other approaches. The complex geometry of two laser beams that need to be
synchronized or delayed with respect to the main pulse, as well as the deteri-
oration of the hollow cylinder (it needs to be changed after every shot) does
not make it easy implementable and suitable for increasing repetition rate of
high power laser systems. To avoid the double pulse scheme, an alternative
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Figure 5.1: Ultrafast laser driven microlens: (A) Double pulses scheme and
(B-C) radial electric field creation inside the hollow cylinder. Figure ex-
tracted from [199].

option with one side closed cylinder irradiated only by the main laser pulse
was also investigated, but in this case, the energy tunability is lost due to
the absence of the second laser pulse and problems of fast realignment, syn-
chronization, and decrease of proton efficiency have been observed[199, 218].
Hence, several research groups have designed different laser driven proton
hybrid beamline and/or post acceleration schemes, using accelerator devices
such a RF cavity [142] (see 5.2), a compact travelling wave accelerator [102],
pulse powered solenoids [31, 32], permanent quadrupoles magnets(PQM)
[174, 197, 147] (see 5.3), magnetic passive chicanes that act as energy se-
lectors (ES) [181, 179, 169] (see 5.4). Some of these hybrid beamline and
post acceleration schemes will be described in detail in the following sec-
tions, emphasizing, for each of them, the advantages and disadvantages.
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5.2 Coupling with RF cavity
The first experimental evidence of a post-acceleration scheme for laser gen-
erated ion beams has been provided by Nakamura[142].
Nakamura [142] et al, proposed to post accelerate laser generated ion beams,
using the principle of longitudinal phase space rotation (see fig 5.2). They
applied a RF electric field that has a maximum electric field amplitude of ±
40 kV/20 mm, synchronized with the pulsed laser[142].
The utilized laser plasma protons sources, were driven by a TW Ti: Sa laser
system (pulse duration ∼ 210 fs, energy 350mJ, 1 Hz) focused on a rolled
tape target of thin Ti foil (thickness of both 3 and 5 µm) [142].

Figure 5.2: The principle of “phase rotation” applied to laser generated pro-
ton sources leads to the creation of peaks in energy distribution. Figure
reported from [142].

The RF cavity resonator had two accelerating gaps of the same size (20 mm)
and the distance between them was 100 mm. The RF cavity was located at
distance ∼ 1.080 m from the source and its mode of operation was π (the
polarity of the electric field between the two gaps is opposite). The laser
source at 80.7 MHz was used as a trigger for the RF electric field in order
to guarantee the same phase relation between the RF electric field itself and
the pulsed laser.
In the fig 5.2, the principle of “phase rotation” applied to a laser source is il-
lustrated. The laser generated ion beams are accelerated within a short time
(less than 1 ps), relatively small compared to the period of the RF electric
field (period = 12.39 ns), used for the phase-space rotation. The ions with
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different energies and different velocities arrive, after travelling the appropri-
ate distance of around 1 m (this distance is suitable in order the ions pass
during the half period of the RF frequency) at the accelerating gaps of the
RF cavity at different times. The difference in time of arrival is translated in
acceleration for lower energy particles that arrive later and deceleration for
the fastest ones that arrive earlier. This allows the creation of local energy
peaks in energy distribution (see figure 5.2) [142].
The reported results (see figure 5.3), clearly show the effect of the coupling
with a RF cavity resonator and the formation of the local energy peaks (with
phase rotation), compared to the laser driven proton spectra without phase
space rotation (maximum proton energy observed was around 800 KeV).

Figure 5.3: Laser generated proton energy spectrum with and without the
“phase space”. Figure extracted from [142].

Ions (especially protons) with certain incident energies, that travel a certain
distance and arrive to the accelerating gaps, experience the phase rotation
given by the RF electric field and create the local few hundreds of keV energy
peaks. The final energy spread observed with respect to the central energy
of these peaks at full width half maximum (FWHM) is around ∼ 7%. Fur-
thermore, these energy peaks can be also slightly shifted in position by the
difference in phase between the RF cavity electric field and the pulsed laser
(see figure 5.3).
This post acceleration scheme has good reproducibility and compactness for
laser drive proton sources at 1 Hz. Therefore, it can be also suitable for an
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additional increase in the repetition rate of the laser (∼ 10 Hz). Furthermore,
the change in the relative phase between the RF electric field and the pulsed
laser can give energy tunability with a relatively small final energy spread.
However, the laser driven proton beam energy is very low (few hundreds of
keV) and this represents a strong limit for their use, as well as the dependence
from the incident energy of the protons.

5.3 Coupling laser proton sources with PQMs
Between 2008 and 2009, sets of permanent quadrupoles magnets (PQMs)
([197, 147, 174] have been employed to shape, collimate (transport and cap-
ture) and focus laser driven ion beams.
The magnetic field B of a quadrupole is usually zero at the center, and its in-
tensity increases linearly with off-axis displacement. Therefore, a quadrupole,
in a transverse plane (coordinate system x-y), can contemporary focus/defocus
a particle beam that passes through it in one plane and defocus/focus in the
other plane, according to the orientation of its poles. Its main parameters
are the bore radius (r0), the length (l) and the gradient (G = B/r0), as it
was discussed in chapter 4.
In this section, we summarize and compare the results of the three pioneer
works that involve laser driven proton hybrid beamline schemes with PQMs
pairs, emphasizing differences and similarities. [197, 147, 174].
The research group of Sargis Ter-Avetisyan [197], was among the firsts, in
using PQMs pairs for laser driven proton beams manipulation (focusing, col-
limation and shaping).
In ref. [197], the laser generated proton sources were obtained by the inter-
action of TW Ti:Sa laser system (pulse duration: 40 fs) focus on a 5 µ m Ti
target with an intensity of I ∼ 1019W/cm2.
It was initially tested the focusing behaviour of a single quadrupole with the
following features: length: 5 cm, bore radius: 2 cm, gradient of ∼ 65 T/m,
therefore B0 ∼ 1.318 T), locating it 15 cm, downstream a laser generated pro-
ton source (see figure 5.4) (A). These choices have been considered suitable
for selecting a laser proton beam in the range between 3-4 MeV. Taking into
account that protons at different energies are focused at different positions
(chromatic effect), they located an Al filter of 70 µm to block protons with
energies below 2.8 MeV, in order to have a clear detection (MCP).
The figure 5.4 (B) shows the effect of a quadrupole on the laser proton bunch
that focuses it in one plane (vertical) and defocuses (horizontal) it in the other
one.
After detecting and optimizing the focal distance for one quadrupole at a
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Figure 5.4: (A) Experimental setup with a single quadrupole; (B) Focus
measurement with experimental setup with one single quadrupole; (C) Ex-
perimental setup with quadrupole pairs; (D) Focus measurement with exper-
imental setup with quadrupole pairs. Figure adapted from [197].

certain energy, a magnetic quadrupole lens system (PQM) system was built.
They used a second identical quadrupole (rotated of 90◦ respect to the first
one to invert the poles) in order to collimate the beam (5.4 (C)). A final
beam density profile with a rectangular shape of 4 mm × 4 mm has been
observed (see figure 5.4 (D)), locating the detector at a distance of 35 cm
from the last quadrupole.
In figure 5.5, the measurements of the proton energy spectrum of the initial
not collimated beam (black line) are compared with the final one (in red),
after the PQMs pair scheme. They observed a final selected proton bunch
with more than ∼ 108 protons with an energy of (3.7± 0.3) MeV. The width
of the peak observed, as reported in [197], depends from the resolution of the
implemented measuring system.
Furthermore, the proton density of the final “quasi” mono-energetic beam
((3.7 ± 0.3) MeV) reached, is increased up to a factor ∼ 30, compared to
the possible 40 achievable (if all the initial not collimated protons with this
energy would be collimated). These results [197] demonstrate that magnetic
quadrupoles allow to focus, collect and collimate laser driven proton beams.
Both Schollmeier et. al [174] and Nishiushi et al. [147] have implemented as
well magnetic quadrupole lens systems.
Schollmeier et al. have measured laser driven proton beams of maximum
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Figure 5.5: The proton energy spectrum of the initial not collimated beam
(black line) compared with the final one (in red), after the PQMs pair scheme.
Figure reported from [197].

energy of 22 MeV that comes from the interaction of a PW (λ= 1053 nm)
laser system with 40 J energy, pulse duration less than 1 ps, focused on a
5µm Cu foil [174]. The PQMs used are miniature devices with a strong high
field gradient up to 500 T/M with a bore radius around 1 mm, a length of
less than 2 cm. The structure is, therefore, very compact (total length: 50
cm after the source) and allowed to focus 14±1 MeV with 106 particles (final
FWHM spot size of 286 µm ×173 µm) [174].
Nishiushi et al. [147], instead, were the first that used as input laser driven
proton sources with 1 Hz repetition rate. The laser parameters were energy
0.7 J, pulse duration 30 fs focused on a sophisticated polyimide tape target
of 12.5 µm. (I ∼ 1020 W/cm2). The maximum observed proton energy was
around ∼ 3 MeV at 1 Hz repetition rate.
In this case, the two PQMs had different magnetic field strength (55T/m
and 60 T/m), different lengths (5 cm and 2 cm) and bore radius (3.5 cm
and 2.3 cm). The total length of the hybrid beamline is 65 cm after the
source. These differences aim at increasing the capture and the collection
of the beams. They managed to focus (2.4± 0.1) MeV with ∼ 106 particles
(final FWHM spot size of 3 ×8 mm2).
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The details presented and reported show that by changing the quadrupoles’
features, the hybrid beamline scheme can be easily adapted to different types
of laser driven proton sources [197, 174, 147]. The use of PQMs system pairs
represents a valuable option and can be optimized separately, independently
by the used laser proton sources.
Using a longer quadrupole and a stronger gradient allows to improve the
compactness of the hybrid beamline scheme and shorten the focal distances
[174]. These schemes can be also suitable for high repetition high intense
laser system [147]. Furthermore, when it is possible to reach such a small
focus spot size with a high number of particles, the space charge effect due to
the Coulomb repulsion among the particles maybe need to be taken into ac-
count. As it is known, the laminar parameter allows estimating if the beam
is space charge dominated or emittance pressure dominated [165, 91, 75].
When its values are greater than 1, the space charge effects cannot be ig-
nored (see chapter 6).
In ref. [197], the final beam spot size is big and it is of the order of ∼ 4
mm × 4 mm, as well as the entrance radius, therefore the space charge effect
is negligible, while in reference [147, 174], although the final spot sizes are
smaller and final selected energies are different, the final number of particles
(low current) achieved makes still this contribution unimportant.
The hybrid beamlines proposed in [197, 147, 174]) allow to collect, colli-
mate (reducing the initial proton divergence) and monochromize laser driven
proton beams, in a reproducible way, providing good improvement of the
obtainable final proton beams features.
Among the disadvantages, there is the fact that the magnetic field of a
quadrupole impedes the optimal collimation condition of the beams, which
are “quasi” parallel and “quasi” mono-energetic [197]. Furthermore, the sizes
and the magnetic shielding of the quadrupoles represent constraints for the
vicinity of the two quadrupoles or the vicinity of the first quadrupole to
the source [197, 174], while the apertures (bore radius) can bring to some
losses and limit the acceptance of the beams, especially passing from one
quadrupole to the other one [174, 147].
The chromatic effects of the quadrupoles (protons with different energies
are focused in different locations) bring an energy-spot size dependence that
makes important their position. However, at the same time, this aspect
can be also useful for applications in which a transverse focusing spot size
tunability is needed (see chapter 6).
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5.4 Coupling with passive magnetic chicanes
of dipoles

Passive magnetic chicanes of dipoles, that account for the energy selection of
laser driven proton beams have been also used [41, 181, 179].
One of the first prototypes and experiments with this hybrid beamline scheme
has been provided by Chen et al.[41].An energy selector (ES) is generally
composed of a sequence of four identical magnetic dipoles, that are disposed
symmetrically with respect to the central selecting slit and are preceded by
an initial collimating slit, as it is shown in figure 5.6.
The multi-MeV laser driven proton beam is collimated by the first slit and
then dispersed by the Lorentz force from the first dipole (outward magnetic
field) and guided to the central selecting slit by the second one (inward mag-
netic field), while the last two dipoles (respectively, inward and outward
magnetic fields) realign the selected proton beam in its original propagation
direction (see figure 5.6).

Figure 5.6: Drawing of energy selector (ES) structure. Figure extracted from
[41].

The scheme used by Chen et al [41] is very compact, has a total length of
∼ 20 cm and a width of 10 cm with the magnetic field of B=1 T. This ES
structure has been designed for the selection of a proton energy range be-
tween multi-hundreds keV up to 1 MeV with a final energy spread of ∼ 5%.
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It was tested with the ELFIE laser system at the Laboratoire pour l’Utilisation
des Lasers Intenses (LULI). The laser driven proton source was generated by
the irradiation of a 25 µm gold foil with 10J, 350 fs pulse duration (λ ∼ 1057
µm ) laser system [41].
The ES was located 22 cm from the source. The distance between the ES
and the source and the choice of the aperture of the initial collimating slit
to a value of 200 µm allowed to decrease the initial divergence of the proton
beam to 1 mrad. The first collimating slit was made of stainless steel, while
the central selecting one was made of tantalum. Furthermore, the aperture of
the central slit was fixed to a value of 500 µm. This choice was considered as
the best compromise for reaching the final energy spread requirements while
avoiding drastically reducing the number of particles of the selected beam.

Figure 5.7: Proton energy spectra measurements performed in four different
conditions and for four independent shots. Figure reported from [41].

The results, reported from [41] in figure 5.7, show the proton spectra mea-
surements that have been performed for four independent shots in four dif-
ferent conditions, The orange line refers to the case in which the ES was
not implemented, while the black line (indicated as unselected) refers to a
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measurement that has been performed, locating the ES after the source with
the central selecting slit completely open, in order to observe only the effects
on the final proton beams parameters from the first initial collimating slit.
The two selected peaks, instead, correspond respectively to an energy of 755
keV with an energy bandwidth of 50 keV (blue line) and an energy of 580 keV
with an energy bandwidth of 30 keV (blue line). For obtaining two different
selected energies, the central selecting slit of the ES (kept with the same
aperture of 500 µm) was moved in two different locations.
This passive magnetic device can provide the energy tunability for laser
driven proton sources through the movable adjustable slits in an easy and
fast way (see figure 5.7). Furthermore, the scheme is compact (easy to allo-
cate inside the vacuum chamber, that it is typically 1-2 m diameter in LDIA
experiment) and can allow the realignment of the exit selected beam in a
stable way.
However, there are two main limitations in terms of the final number of par-
ticles obtainable and final energy spread. These two aspects are related to
both the choice of the aperture of the central movable slit and the features
of the source beam [41]. Decreasing the value of the aperture of the central
selecting slit can decrease the final obtainable energy spread, but also in-
evitably reduce the final number of particles. Therefore, its choice should be
a right compromise between a reasonable final number of particles and the
final application requirements in terms of energy spread. The final energy
spread of the particles is also influenced by the natural intrinsic divergence
of the laser proton beams. They have an initial transverse momentum that
affects their normal transverse displacement across the dipoles [41]. Further-
more, in ref. [41] extra spatial dispersive effects on final proton beam features
have been observed and were attributed to the asymmetry and imperfections
of the setting of the scheme.
The same hybrid beamline scheme proposed by Chen et al [41], was further
studied and investigated by other research groups [181, 169, 179]. The fea-
tures of dipoles and the slits (apertures and materials) have been changed
according to the different final application requirements.
In particular, in ref. [181, 169], the ES dimensions are bigger than the other
two cases [179, 41], because the energy range of laser driven proton beams
that need to be selected arrive to an upper limit of 60-70 MeV. The total
length of the ES reached ∼ 3.5 m, the magnetic fields of the dipole varied
between B=0.085-1.4 T (maximum limit achievable), each dipole length is
of the order of 40 cm and the dipole’s gaps are 6 cm. These choices have
been made because the ES structure has become a section of the external
ELIMED (the Czech pillar of the international ELI project) transport beam
for laser driven ion beams for medical applications.
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The parameters of the ES structure that have been studied by Sciscio’ et al.
[179] are intermediate between the two cases presented above[41, 181, 169].
They are [179] suitable for selecting a proton beam with an energy range
between 2-20 MeV and allow to reach a final energy spread of ∼ 20 %.
In the design of laser-PIXE hybrid beamline for material science applications
discussed in chapter 6, an energy selector (ES) section is considered. The
features of our ES structure are closer to the ones of Sciscio’ et al because
the final proton beam requirements are similar to the ones of our application.
Additional details regarding our ES components (dipoles’ features, distance
between the laser-proton source and the ES and slits apertures) and the final
proton beams requirements will be described in detail in chapter 6.

5.5 Summary and conclusions
In this chapter, we have summarized the details of the first hybrid beamline
and post acceleration schemes, that have been proposed for manipulating
and transport laser driven proton beams.
Nowadays, the initial choice of using a single type of transport structure (con-
ventional accelerator devices) [142, 197, 174, 142] coupled with laser proton
sources has been gradually replaced by the use of combinations and/or se-
quences of different elements, as it was introduced in chapter 3.
For example, the post acceleration scheme with RF cavities of Nakamura et
al [142], have been further investigated by Nishiuchi et al [148], who proposed
a complete laser proton driven beamline scheme including both permanent
quadrupoles triplets and RF cavities for focusing and selected a final proton
energy beam of 1.9 MeV with a final energy spread of 5%.
There have been also numerical studies regarding the possibility to post accel-
erated laser driven proton beams using accelerating structure, such as Drift
Tube Linac (DTL) cells [7, 8]. In detail, the numerical simulations reported
in ref. [6] prove that a potential acceleration of an initial 7 MeV laser proton
beam up to ∼ 15 MeV, within a total distance of 8 m, can be achieved using
48 DTL cells.
Moreover, high powered solenoids have been introduced by Burris et Mog [31]
and have been used also by Busold et al. [32]. Combinations of a RF cavity
and high powered solenoids [33] have been implemented to deliver proton
energies bunches of around 9.6 MeV with more than 109 particles and a final
energy spread down to ∼ 3 %.
Sophisticated pulse powered magnets (both quadrupoles and dipoles) and
solenoids [126] have been also designed especially for medical field applica-
tions.
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Furthermore, there have been complete laser driven proton beamlines that
include sequences of permanent quadrupoles magnets[169, 132] (the initial
collimating and collecting stage) followed by an ES structure (energy tun-
ability and selection). These combinations [169, 132] can provide energy
tunability also in the energy range of 60-70 MeV with a very small final en-
ergy spread and increase the overall transmission efficiency of the transport
line, decreasing the particle losses.
Therefore, numerous and various hybrid beamlines[197, 132] or post acceler-
ation schemes[142, 148] have been studied and have been used.
Although each scheme presents some advantages and disadvantages, the cou-
pling of laser driven proton sources with conventional accelerator devices is
currently considered a valuable option for tailoring (shaping, transporting,
selection, focusing) the laser driven proton beams. These schemes can effi-
ciently improve the proton quality and yield and make them implementable
for a great variety of applications.
In particular, we use as a reference for the choice of the transport systems that
compose our compact laser-PIXE hybrid beamline for material science appli-
cations, the experimental results and the studies regarding the ES structure
and the PQMs pair schemes. Further details regarding our hybrid beamline
scheme are described in chapter 6.
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Chapter 6

Laser driven proton beams for
applications in the domain of
cultural heritage

This chapter deals with the detailed numerical study of the design of a com-
pact laser driven proton hybrid beam, mainly dedicated to cultural heritage
(CH) application, but also implementable for other types of applications in
material science (semiconductors doping, etc..).
We initially give, in section 6.1, a brief introduction of the context and the
state of the art of a particular sophisticated nuclear technique named Particle
induced X-ray emission (PIXE) [152], used in the field of cultural heritage
with conventional electrostatic accelerators [122].
We focus our attention on the PIXE technique with proton as sources. We de-
scribe the potential advantages given by the use of laser driven proton beams
as alternative sources in CH and we report the first experimental results [16]
that open up the feasibility of this new application, named “Laser-driven
PIXE”.
In this chapter, we will provide indications for optimizing the elements of a
compact proton beamline, first reproducing typical proton beam parameters
as obtained on classical PIXE with conventional electrostatic accelerators
[152] and then potentially improving the technique.
In section 6.2.1, we report the methodology for testing, designing and opti-
mizing our proposed hybrid line schemes. Coupling laser-generated proton
sources to conventional beam steering devices successfully enhance the cap-
ture and transport of the laser-accelerated proton beams. This leads to a
reduction of the high divergence and broad energy spread of the source.
The design of our hybrid beamline is composed of an energy selector (ES),
followed by permanent quadrupole magnets (PQMs) aiming for better control
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and manipulation of the final proton beam parameters. This allows tailoring
both, mean proton energy and spot sizes, yet keeping the system compact.
We analyze at the beginning only the ES performance. Then, we present the
study of the entire hybrid line including the focusing elements (i.e. the ES
followed by one or two PQMs). Finally, we present and illustrate the results
and the conclusions are drawn.

6.1 Particle Inducted X-ray emission (PIXE):
context and state of the art

In the last decades, there was a lot of effort from many research groups
worldwide[16, 76, 224], in order to find innovative techniques, both in the
field of physics and chemistry, for diagnostics and conservation in the do-
main of the cultural heritage.

Figure 6.1: Cultural heritage artworks: 1) Painting : Madonna dei fusi -
Leonardo Da Vinci; 2) Renaissance Venetian Glass Collection; 3) Bronze
sculpture - Statuette du trésor des bronzes de Bavay.

The main challenge in the CH world is to collect as much information as
possible regarding the chemical [20, 173] and morphological [178] state of the
surface and the bulk of the samples (paintings, bronze, pigments, ceramics,
etc.) while preventing any possible damage [35, 112] as well as find the best
way for their conservation and restoration without any aesthetic aspect mod-
ification.
Surface spectroscopies, such as Photoluminescence, Raman, X-ray photoelec-
tron spectroscopy (XPS), X-ray fluorescence (XRF), Energy dispersive X-ray
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Fluorescence (EDX)[224] in Scanning Electron Microscope (SEM) are tech-
niques used to retrieve chemical information on the artworks (see figure 6.1).
Morphological information [178] can, instead, be obtained with SEM.
Chemical elements present on the surface and in the bulk can be detected
using also sophisticated techniques of nuclear physics, such as Particle In-
duced X-ray and Gamma Emission (PIXE and PIGE), as shown in figure
6.2. PIXE and PIGE measurements, conventionally, are performed using, as
sources, charged particles (i.e. protons, alpha particles and sometimes heavy
ions) [152].

Figure 6.2: Sketch of PIXE and PIGE spectroscopies. When a light ions
(protons) beam interacts with a sample, induces characteristic gamma rays
(PIGE) and characteristics X-rays (PIXE) emissions. On the left side, it is
illustrated this interaction, while, on the right, it is shown that, upon the
interaction of a proton with an atom, a core electronic excitation takes place
and a characteristic X-ray photon (PIXE) is produced by the electron-hole
or vacancy rearrangement (L to K shell in this case).

In detail, when proton beams (light ions) with energies between 1 to 3 MeV
irradiate the material samples (ceramics, bronze, pigments, etc.) a core elec-
tronic excitation takes place. Then, the subsequence electron-hole or vacancy
rearrangement causes the production of the characteristic X-rays (PIXE)
(see figure 6.2). The produced X-ray radiation can be measured by energy-
dispersive detection systems[20] and provides the characteristic fingerprint of
the chemical elements and their respective quantities present in the sample
[224].
In PIGE spectroscopy [52], the incident proton beams (1-3 MeV) can reach
the target nuclei (weaker Coulomb repulsion) of the sample and the short
range nuclear interaction comes into play. The target nucleus can be excited
and when the de-excitation of the nucleus occurs, the characteristic gamma

119



Chapter 6. Laser driven proton beams for applications in the domain of
cultural heritage

ray is emitted. Nuclear energy levels are specific for each element, hence,
from the gamma ray energies, the chemical elements and their respective
quantities [42] can be retrieved, as well as it is done for PIXE spectroscopy.
Sometimes, during a CH analysis, the presence of patina, varnish or crust
on the samples [42] can inhibit the X-rays detection because the X-rays pro-
duced, especially from very low Z material elements, can be re-absorbed by
the material itself and/or can be lost during the path between the sample
to the detector [207]. Therefore, usually, the PIGE spectroscopy [52] that
is, instead, very sensitive for light elements’ detection, is used as a comple-
mentary technique in order to compensate the missed information or gain
additional ones [42].
In ref. [46], for example, the two techniques PIXE and PIGE are imple-
mented together for a glass sample analysis. In this case, the comparison
between the energy spectra both from the characteristic X-ray and the char-
acteristic gamma ray of very low Z elements is important for the following
reasons.
It can validate the presence of the same chemical element, such as Sodium,
using simultaneously two different techniques and it can also provide the
difference between their respective quantities, both in the bulk (PIGE) and
the surface (PIXE) of the sample [27, 42, 152]. This is very useful for under-
standing the state of deterioration of the artworks and gives an advantageous
hint for the appropriate restoration process [152, 42].
For our study, we focus our attention on proton beams used as probes for
PIXE spectroscopy. Proton sources are usually preferable compared to X-
rays or electrons, for several reasons:

• It is possible to gain information on low Z material, such as Calcium
or Sodium [27], that are relevant for the restoration processes of the
artworks (i.e. glass samples- Renaissance Venetian Collection-Louvre
figure 6.1);

• The detection limit [35] achievable is two orders of magnitude (up to
20 ppm) better than X-ray;

• The easy transport and manipulation of proton beams by electric and/or
magnetic transport devices over large distances without significant losses;

• Variable spatial resolution is obtainable because proton beams can be
focused down to the micrometer range and we can achieve a more
precise analysis [35];

• The possibility to have “differential PIXE” (protons with different en-
ergies arrive at different penetration depths due to their Bragg peaks).
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This allows retrieving additional information regarding the manufac-
turing, construction or painting techniques.

The PIXE spectroscopy, using protons as source, is performed in facili-
ties such as the Accélérateur Grand Louvre d’analyse élémentaire (AGLAE)
[130, 163], shown in figure 6.3, located at the French Louvre laboratory -
(C2RMF) [225] in Paris (France), the AIFIRA facility at Centre d’Etudes
Nucléaires Bordeaux-Gradignan (CENBG) [10, 189] in Bordeaux-Gradignan
(France) and Instituto Nazionale di Fisica Nucleare- LAboratorio di tecniche
nucleari per i BEni Culturali (INFN- LABEC) laboratory in Florence (Italy)
[61, 74, 164].

Figure 6.3: Accélérateur Grand Louvre d’analyse élémentaire
(AGLAE), Paris, France. Figure reported from [152].

In these laboratories, electrostatic accelerators (such as Van der Graff tandems
or Pellatron types [122]) generate proton bunches with energies that go from
1 to 5 MeV, a beam current from few pA to nA [43], a beam charge of the
order of nC [158].
The final proton parameters, obtainable from the external beamline of AGLAE
[152, 158], are summarized in table 6.1.
In the following section, we report the first results that drive the possibility
to use laser generated proton sources as an alternative for PIXE spectroscopy
and we describe the potential advantages of these sources compared to the
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conventional ones for this particular application.

Case (protons) AGLAE external beamline
Mean Energy 1- 5 MeV ∼ 2.5 MeV
Energy spread ≤ 10 %
Focus spot 10 µm up to 500 µm

Beam current 10- 150 nA
Beam charge per shot 1.8 n C per shot

Table 6.1: Conventional PIXE final proton parameters

6.1.1 Laser driven proton beams as alternative sources
for Cultural Heritage applications

Recently, the use of laser accelerated proton beams as diagnostic for chemical
analysis of CH artifacts has been investigated [16, 11, 133, 154].
Barberio et al. irradiated an ancient ceramic sample (an amphora from AD
1650) with a laser proton beam driven by the Jupiter laser, Livermore (CA),
that has intensity ∼ 1020 W/cm2, laser energy up to 220 J, focal spot diam-
eter (FWHM) ∼ 9 µm, Pulse duration τ ∼ 700 fs, central wavelength λ ∼
1.056 µm and repetition rate � 1 Hz.
In the figure 6.4, it is clearly visible that the ceramic artifact (in CH, ce-
ramic samples are considered as the most fragile type of artwork) does not
show any aesthetic damage, there are no signs of fractures or cracks after the
irradiation [208]. Furthermore, in the XRF performed analysis (right side
of figure 6.4), it is shown that there are no significant chemical composition
changes before and after the irradiation.
Therefore, they were able to demonstrate that the damage induced by the
laser accelerated protons was the same (if not lower) than that induced by us-
ing conventional PIXE. However, the possibility that the short, but intense
proton beam achievable using laser-driven PIXE could potentially have a
positive impact on the damage induced on the artifact during the time of
analysis is still under investigation.
In ref [16] it is also shown that it is possible to retrieve the chemical com-
position of the target with a single shot (“laser-driven PIXE”) through the
irradiation of a known material (e.g. silver sample) with laser generated pro-
ton beams.
We report the results of ref. [16]. The sketch of the experimental setup, the
diagnostics (RCF of type HS and X-ray spectrometer and IP) and the X-ray
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Figure 6.4: Ceramic sample and XRF analysis performed on the ceramic
sample, figures extracted from [16].

spectra measurements are shown in figure 6.5.
In 6.5 (A), it is visible that the angle of incidence and emission is 10 deg
(space constraints) and that the safety distance source-sample is 6 cm. This
length was estimated, according to the thermodynamics simulations reported
in [16], to guarantee that the temperature of the sample irradiated by the
proton beam stays safe below the melting point. The X-ray spectrometer
range is 20-100 keV, hence, it is able to detect the silver lines. The laser-
driven PIXE results are collected, through the Bragg laws, from the scanning
of the IP reported in figure 6.5 (B).
The conventional PIXE and “laser-PIXE ” results are in perfect agreement
and allow to identify the chemical components of the silver sample (known
material) and its impurities of titanium and cobalt, as it is shown in figure
6.5 (D).
These results catalyze the possibility of using a laser driven proton source for
PIXE spectroscopy as an alternative to conventional machines, implementing
a technique named “laser-driven PIXE”.
It is possible, by means of the laser-driven PIXE, to scan larger volumes of
the artworks with a single shot covering surfaces up to cm2, as it can be seen
from the detail of RCF scan in figure 6.5) (C), whereas the final spot sizes
that are typical of conventional accelerators go from a few µm ( 1-2 µm) up
to 500 µm ( see table 6.1).
Laser-generated proton sources have also the advantage of an improved com-
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Figure 6.5: Laser-driven PIXE experimental setup (a); scan of the RCF (b),
IP scan (c), X-ray spectra (d), figures adapted from [16].

pactness of the acceleration section, compared to large conventional facilities
such as NEW AGLAE (2×30 m2 ) in Paris [152] and INFN-LABEC (40×15
m2) in Florence [76].
The broad energy range of laser-accelerated proton sources permits the “tun-
ing” of the beam energy in a broad range from a few keV to tens of MeV,
potentially allowing a “layer by layer” analysis of the irradiated bulk material
[133].
The total time for performing a full PIXE analysis depends on the allowable
current on the sample and the required photons for having a reliable signal-
to-noise ratio on the X-ray detector. Compared to conventional accelerators,
the technique of laser-driven PIXE” is able to scan a larger surface and −
depending on the energy spread − to perform volumetric analysis. In appli-
cations where this is useful, this technique can be quicker than conventional
accelerators. However, when the usable current is limited, the energy spread
needs to remain small and the spot size is the same, the analysis time remains
the same since this depends on the global flux.
In summary, the use of laser driven proton beams can potentially bring advan-
tages in terms of compactness, versatility, efficiency and tunability compared
to traditional types of sources.
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6.2 Design and optimization of a dedicated
laser driven hybrid beamline for CH ap-
plications

6.2.1 Methodology and content of the study
Laser accelerated proton beams have features that make them desirable can-
didates for laser-driven PIXE, as discussed in the previous section.
However, their high beam divergence (few tens of degrees at the source) and
their high energy spread (up to 100%) can limit the efficiency of energy-
selected beams for applications.
To tackle these problems, there have been several proposals and experi-
ments for transporting, capturing and manipulating the laser-generated pro-
ton beams downstream the laser-plasma interaction point using conventional
accelerator devices, implementing the so-called hybrid beamlines [197, 147,
41, 179] or post acceleration schemes [6, 102, 142], as it was described in
chapter 5).
In this section, we study, design and optimize a dedicated transport line for
applications, including the laser-driven PIXE.
We aim at comparing − in terms of proton beam features − the performance
of a laser-driven hybrid beam line with the typical parameters of conventional
facilities for PIXE spectroscopy[152], reported in table 6.1.
The proposed beamline design includes an ES, with similar features as re-
ported in Scisciò et al. [179], followed by magnetic focusing devices, i.e.
Permanent Magnet Quadrupoles (PQM), in order to vary the final trans-
verse dimensions of the energy-selected beam on the CH sample.
The used ES provides the possibility of tuning the beam energy in the range
that is typical for the PIXE analysis, i.e. 1–5 MeV, reducing the initial en-
ergy spread to a final value of ≤ 10%. The ability to select different energies
in a short time allows the possibility of performing a “layer by layer” analysis
of the artifact [11, 133, 154].
The reduced energy spread also allows coupling the beam exiting the ES
with focusing PQMs in order to modify the analyzed surface on the CH sam-
ple, taking into account that the broad energy spread of an unselected beam
would lead to unsustainable chromatic effects in the focusing section.
The variation of the PQM’s position between the ES and the sample allows
tuning the final transverse beam spot size from a fraction of mm2 up to 1–2
cm2. This potentially permits scanning a cm2 area with a few laser shots.
We also estimate the final charge of the proton bunch, which needs to be
high enough to be comparable to what is obtained on conventional facilities
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(in the order of nC/shot or a fraction of nC/shot if using a higher-repetition
rate laser) [158].
We first illustrate the proposed hybrid beamline scheme and we describe the
methodology for designing and optimizing it. In section 6.2.2, we analyze
only the ES performance and select the best features in terms of energy tun-
ability and energy range. In section 6.2.3, we present the study of the entire
hybrid beamline including the focusing elements (i.e. the ES followed by one
or two PQMs).
We investigate three total length scenarios for our hybrid beamlines because
they should fit in a medium/big size vacuum chamber. In laser driven proton
acceleration (LDPA), the vacuum chambers have a typical diameter of around
1 m for TW laser systems [68] or, in PW facilities, can reach a diameter of 2
m [16]. Our three scenarios are:

1. the ES coupled to one quadrupole aiming at a total length of 80 cm;

2. the ES coupled to one quadrupole aiming at a compact design of 50
cm total length;

3. the ES coupled to two PQMs in a FODO configuration.

6.2.2 Hybrid beamline scheme: Analysis of the energy
selector

The hybrid beamline scheme is qualitatively represented in figure 6.6 and has
been studied using the beam optics code TRACE3D [111] and the particle-
tracking code TSTEP [48]. These two codes are commonly used in the con-
ventional accelerator community and allow monitoring the transport of an
accelerated beam through the elements of a beamline.
The ES contribution, which accounts for reducing the energy spread of the
proton bunch, is optimized, using TSTEP simulations.
Commonly, an ES [41, 181, 179] is implemented as follows: a magnetic dipole
chicane with one entrance slit (a1) and one selecting slit (a2), as it can be
seen in figure 6.6.
The entrance slit (a1) reduces the initial divergence of the beam that enters
the dipoles. The particles (accelerated along z) are then dispersed trans-
versely along x by a distance that depends on their velocity. The aperture
of the second slit (a2), which is movable on the dispersion plane along the
x-axis, accounts for the energy selection of the protons.
After the central selecting slit (a2) – see figure 6.6 – two additional dipoles
realign the selected beam along the initial propagation axis, as it was ex-
plained in chapter 5.
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Figure 6.6: The hybrid beamline is composed of an Energy Selector (ES),
consisting, in this case of only two dipoles, a collimating slit (a1) and the
central selecting slit (a2), followed by one or multiple PQMs. The PQM
parameters, i.e length lq, bore radius r0 (internal diameter) and the gradient
G, are optimized in order to focus/defocus the final transverse spot size
on the irradiated sample. Two possible focusing sections two scenarios are
considered: ES followed by one PQM (A) and ES followed by two PQMs (B).
The total distance Ltot is maximum 80 cm and the drifts are, respectively,
L1 and L2 in the case (A) and L1, L2, L3 in case (B).

We limit our beamline design to using only two dipoles. Adding further two
dipoles would allow bending the beam back to its original trajectory axis.
However, the characteristics of the beam using 4 dipoles are not as competi-
tive as using only 2 dipoles. For the application, it is not relevant to keep the
beam on its original propagation axis and we can also gain space according
to our geometrical constraints (the vacuum chambers have a typical diameter
of around 1-2 m) . Thus, we limit the present study to only 2 dipoles, as it
is illustrated in figure 6.6.
As it is known, the main dipole parameters are the length ld, the width wd

and magnetic field B0. The dipole parameters, that we use for our ES ge-
ometry, are the following: length of ld = 10 cm, a width of wd = 10 cm,
a vertical gap size of g = 0.9 cm (i.e., the dipole gap in y-direction), and
magnetic field By = 0.92 T (incoming magnetic field for the first dipole and
outgoing magnetic field for the second one).
These parameters are similar to what is reported in Scisciò et al. [179], where
a selector in the energy range 2–20 MeV has been optimized for reaching a
tunable final energy spread between 10-30 % for applications. They are suit-
able and easily adaptable for our PIXE energy range of interest between 1
and 5 MeV.
After defining the dipoles’ parameters, as first step, we have studied the ef-
fect of the initial beam divergence on the energy selection process.
The aim of these sets of TSTEP simulations is to indicate a maximum ini-
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tial divergence that is compatible with the final beam parameters that are
required for the PIXE analysis [76, 158].
TSTEP code allows to use as input, both standard beam distribution that
belongs to the library of the program itself [48], as well as a customized initial
beam distribution, that can be generated separately and then implemented
in the program.
The user can also define, among the requested input lines of the code, other
beam parameters, such as the beam charge, the rest mass, initial spatial po-
sition of the simulated beam and have also the option to enable or disable
the space charge effects.
TSTEP allows modeling the transport elements using simple predefined code
lines [48]. It tracks the particles’ trajectories that pass through the designed
beam transport line and provides, at the end of each run (simulation) as out-
put a complete data set, that contains the information regarding the position,
divergence, energy of each particle of the bunch, etc.. for each transport ele-
ment used. Therefore, the data are very precise and easy to retrieve, analyze
and process, using for example numerical tools, such as MATLAB.
Three different proton beams having a uniform energy distribution at 1-3
-5 MeV with energy spread ∆E/E0 of 100 % have been used as inputs for
TSTEP simulations. The black energy spectrum of figure 6.7 (A)-(B)-(C)
illustrate our initial input distribution and represent the case of the unse-
lected beams.
Each of the three uniform proton energies distributions show the proton beam
conditions at the entrance of the energy selector (ES), i.e. initially we do not
take into account the features of the laser-plasma source. We are aware that
our simulated beam distribution does not represent the real case scenario,
but they are a useful tool for studying only the influence of the intrinsic beam
divergence on the final energy spectra and for optimizing the values of the
initial collimating slit, as it was done in refs. [41, 179]. (see chapter 5). How-
ever, later on, when we estimate the final charge bunch, we explain how we
scale and adapt them to realistic values (a typical TNSA proton spectrum).
The initial divergence is determined by the aperture a1 of the first slit and
its distance d from the laser-plasma source. For example, an aperture a1 =
500 µm and an initial divergence of 3 mrad correspond to a distance between
the laser proton source and the entrance of the ES of d = 8 cm.
Hence, the increase of the divergence of the beam that passes through the
first collimating slit is equivalent to vary the distance between the ES and
the source and to the tune of the phase space (x,x’,y,y’) parameters of the
initial distributions. For each of them, the initial transverse dimension of the
proton beam is given by the aperture of the initial collimating slit, which in
all the cases, has a value of 500 µm.
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Figure 6.7: Final energy spread of the proton beam passing through the ES,
varying the divergence of the initial proton beams distributions. The dark
black curve represents the unselected beam at the entrance of the selector,
while the colored spectra represent the final energy spread obtainable, after
the ES process : case of 1 MeV (A), 3 MeV (B), and 5 MeV (C). The di-
vergence of the initial proton beam distribution has the values: 3 mrad (red
color), 5 mrad (green color), 7 mrad (light blue color) and 10 mrad (magenta
color). (D) Final energy spectra in the case of 1, 3, and 5 MeV beams, uti-
lizing as initial parameters: divergence 5 mrad and a2 = 1000 µm for 1 MeV
beam and divergence 3 mrad and a2 = 500 µm for 3 and 5 MeV beams.

The initial divergence has been varied from a minimum of 3 mrad up to 10
mrad (half angle) for the three energy cases 1, 3, and 5 MeV and the aperture
of the central selecting slit has been fixed to an initial value of 500 µm. The
final achieved energy spread is represented by the colored lines of the spectra
of figure 6.7.
Each colour corresponds to different values of the chosen initial divergence,
therefore, different initial proton distribution. As expected, it is shown that
the increase in the initial divergence leads to an increase in the final energy
spread. It is also clearly visible that this increase starts to be particularly
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significant for a divergence ≥ 7 mrad for the cases of 3 and 5 MeV, from
the simulations results (light blue and magenta colours in panel B and C of
figure 6.7).
When selecting 1 MeV protons (figure 6.7 A), the FWHM energy spread
ranges from 3% (for 3 mrad initial divergence-red colour) to 11% (10 mrad
initial divergence-magenta colour). For the cases of 3 and 5 MeV (respec-
tively figure 6.7 B and figure 6.7 C), an initial divergence of 10 mrad leads
to a final energy spread of 23 and 30%, respectively. This is an increase of a
factor three with respect to the case of an initial divergence of 3 mrad (8%
and 10% final energy spread, for 3 and 5 MeV, respectively).
These results prove, that even if we used a few mrad divergence for the initial
proton distribution, the intrinsic divergence [41, 179] of the incoming beam
affects the final energy spread obtainable. This is due to the transverse mo-
mentum of the incoming protons that can add further deviations with respect
to the normal spatial displacement given by only the magnetic field of the
dipoles. The trajectories of the particles are influenced by the initial diver-
gence of the incoming beams and this effect is relevant especially for higher
energies protons, although their displacement from the original propagation
axis, passing through the ES, is smaller compared to low energy particles
[179, 41].
Therefore, we define our optimal initial divergence as a compromise between
the final energy spread, which is required to be ≤ 10%, and the number of
particles transmitted through the slit, that obvious decrease in the case of
smaller aperture. Moreover, this energy spread range is acceptable, consid-
ering that the energy interval 1-5 MeV allows the investigation of the first
few µm of CH samples.
An aperture a1 = 800 µm for the case of 1 MeV has been chosen, obtaining
a divergence of 5 mrad. For the same distance ES-laser source of 8 cm, a
smaller aperture of a1 = 500 µm for both 3 and 5 MeV cases have been used
in order to have an initial divergence of 3 mrad.
We considered, as second step, the aperture a2 of the selecting slit for the
final energy selection because it allows obtaining a narrow energy spread.
The width of the aperture should be a compromise between the desired final
energy spread and the number of transmitted particles that is required in
order to have a final charge that is comparable to what is implemented on
conventional PIXE facilities [76].
A value of a2 that is too small leads to a strong reduction of the final number
of particles that are transmitted through the selector. However, for selecting
lower energy particles, which experience a larger displacement by the dipole
field, a larger aperture allows having the desired final energy spread ≤ 10%.
Therefore, a big aperture and with a value of a2=1000 µm for the central slit
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for selecting a 1 MeV beam has been chosen, whereas for the cases of 3 and
5 MeV a smaller value of a2=500 µm has been chosen. These three different
energies are the most employed ones when using PIXE applications [76] and
allow obtaining a FWHM final energy spread ≤ 10% in the energy range of
our interest.
In panel D of figure 6.7 we illustrate our final results, according to the opti-
mized slit’s parameters as function of the desired final beam parameters. For
the selected central energies of 1–3–5 MeV, we reach our goal of obtaining
the respective selected final energy spread of ≤ 10%.
The simulations’ results prove that a ”relaxed” choice, both in term of the
first collimating slit, that has a value of a1 = 800 µm and in term of the
second selecting slit that has a value of a2=1000 µm are acceptable for the
case of 1 MeV. Smaller slits (both collimating slit and central slit have values
of a1 = a2 = 500 µm) for the case of 3 and 5 MeV are required and much
more suitable for high energy cases.
The transmission efficiency of the beamline ηBL has been defined as the ratio
between the number of particles that reach the CH sample (final beam) and
the number of particles that pass through the initial slit of the ES, in the
same final selected energy range.
For the central energy 1 MeV, the value ηBL ' 12 % has been obtained,
while for the central energies 3 and 5 MeV, the value of ηBL ' 9%. With
ηBL, the losses induced by the collimation slit (with width a1) are not taken
into account.
These initial losses strongly depend on the characteristics of the laser-plasma
interaction that generates the protons, such as the beam energy-divergence
distribution at the source, that has been introduced in chapter 1. Since for
our study we do not focus on a specific case of laser-plasma interaction con-
ditions, these losses have been estimated with ηS from the solid angle of the
collimation slit’s aperture.
The horizontal divergence at the source is reduced by the initial collimating
slit to a value of 3 mrad (for the cases of 3 and 5 MeV, 5 mrad for the case of
1 MeV). In the vertical plane, the divergence is only limited by the vertical
aperture of the dipoles (∼1 cm), corresponding to a half angle of 56 mrad.
Considering that the mean divergence of a TNSA proton beam at the source
typically is about 15◦ half angle [121, 77], corresponding to a solid angle of
around 0.21 steradiant, the collimation slit induces a loss of ηS= 0.31% for
the energy cases of 3 and 5 MeV.
This value, instead, is higher for the case of 1 MeV protons, i.e. ηS = 0.50%
due to the initial horizontal collimation of 5 mrad that is achieved with a
wider slit aperture a1 = 800 µm.
The final total transport efficiency (i.e. from the source to the end of the
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transport line) is ηT = ηS · ηBL and we we obtain ηT = 0.059% for the 1
MeV beam and ηT = 0.028% and for the 3 and 5 MeV beams. This efficiency
could be improved using a focusing section before entering the first dipole,
as reported in ref. [179].
It is possible, starting from these values, to estimate the bunch charge that
is delivered to the sample for each mean energy within one single laser shot.
From a typical TNSA proton spectrum [68, 65, 77], obtained using a TW-
class laser system with a repetition rate in the range 1–10 Hz, we can set
values for the initial charge at the source.
Taking as a benchmark for the number of particles, a typical proton spec-
trum as produced by a high-power short-pulse laser of new generation [77],
and considering the central energies of 1, 3, and 5 MeV with a final energy
spread of, respectively, 6, 8, and 10% we obtain about 5 · 1011, 5 · 1011, and
1 · 1011 particles per shot, respectively.
After all the losses along the line, the final charge on the sample is ∼ 0.05
nC/shot for 1 MeV, ∼0.02 nC/shot for 3 MeV, and ∼ 0.004 nC/shot for 5
MeV.
A reference value for the total charge that is used in order to retrieve the
PIXE signal from a scanned area of the sample is reported in Pichon et al.
[158], where 1.8 nC are used to scan a submillimetric area.
Coupling our beamline with a 1 Hz high-intense laser system allows accu-
mulating a similar final charge in less than 10 min irradiation for the 1–3–5
MeV beams. These time expositions can be further reduced by a factor 10
using the new upcoming 10 Hz high-intensity laser systems [109, 135, 170].
Moreover, using the same benchmark number of protons, the value of the
laminar parameter has been calculated. When the protons, especially the
beam with a central energy of 1 MeV (lower energy case) passes through the
ES, they can experience space charge effects, which can decrease the beam
quality. The laminar parameter is expressed as:

ρlaminar = Ipeak · σ2
x

IAlfven · γ · ε2
x

Where IAlfven is (4π · ε0 · mp · c3)/e. Its value allows distinguishing if the
beam is emittance pressure dominated or space charge dominated [165], as
mentioned in chapter 5.
The possibility of extrapolating a very accurate set of beam data for each
transport element given by the particle tracking code TSTEP allows to easily
estimate the normalized emittance, the beam size and the peak current of
the accelerated proton bunch. Hence, we can evaluate the laminar parameter
value, that is around 3.14 · 10−4 for the most critical case represented by the
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proton energy case of 1 MeV (low γ value). Its value is very small and below
1 and this ensures that the space charge effects can be safely neglected.

6.2.3 Optimization of the focusing section based on
PQMs

This section describes the results obtained from the second set of simulations
that are performed in order to investigate the combination of the ES with
the focusing/defocusing PQMs. For optimizing our design, two different sce-
narios have been considered.
At first, we aim at focusing/defocusing the proton beam using a single
quadrupole and for the total length of the beamline (figure 6.6 A). We con-
sider a case with 50 cm total length and a case with 80 cm total length.
The first one represents a compact beamline that can be easily adapted to
a medium/large vacuum chamber [68, 13, 206], whereas the second one is
an extended version, characterized by a range of the final spot size of the
beam, which is broader than the compact version (50 cm), but presumably
requires an extension if implemented in a chamber of common dimensions.
The extension addition can also be desirable for inserting additional diagnos-
tics [22], such as the ones described in chapter 2.
Secondly, we study the case where two quadrupoles are used, in a FODO
configuration, in order to focus/defocus the beam. In that case, the total
length of the beamline is about 80 cm.
The distance between the source and the sample has a fixed value for each
scenario considered: in this way, the proton beam (i.e., change the selected
energy or vary the final spot size) is manipulated without the necessity of
displacing the sample.
The key design parameters of the PQMs are the bore radius r0, the magnetic
field gradient G, and the magnetic length lq, as mentioned in chapter 4.
The maximum achievable gradient is related to the magnetic field B0 on the
quadrupole’s pole tip and the bore radius, as G = B0/r0. For our beamline
design a PQM length of lq= 4.5 cm and a bore radius of r0 = 1 cm have been
chosen.
The use of rare-earth materials allow obtaining a value of B0 in the range of
hundreds of mT ([57, 145]) and a field gradient in the order of several tens
of T/m. Hence, these quadrupole parameters can be easily obtained with
the existing permanent magnet technology ([83, 57, 145, 125]) and allow us
to keep the dimensions of the beamline compact. Moreover, they are similar
to the ones used for the theoretical study of a novel spectrometer design for
laser accelerated proton diagnostics, discussed in chapter 4.
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Focusing section based on a single quadrupole

We first perform TRACE3D simulations, which evaluate the beam envelope
along the line, in order to optimize the focusing section. The obtained results
are then compared and validated with TSTEP simulations, performed in the
same conditions (i.e. same PQM parameters, same distances between the
transport elements).
TRACE3D [111] is a beam optics code that monitor the beam envelope evo-
lution along the transport line, utilizing the beam Twiss parameters (α, β,
γ). It allows, as TSTEP, to define the elements that compose the beamline,
using predefined code lines, but does not track the single particle trajectories.
Furthermore, it includes an optimization routine that indicates the optimal
parameters of the line based on matching conditions of the beam Twiss pa-
rameters (e.g. between two different positions of the transport line, i.e, in
our case, between the exit of the ES and the irradiated CH sample).
The TRACE3D simulations aim at optimizing the position of the quadrupole
for obtaining a variable final beam transverse dimension on the sample, rang-
ing from a few mm up to the order of cm.
For the three mean energies of our interest 1, 3 and 5 MeV, the simulated
gradient of the quadrupoles is set at G =60 T/m and magnetic length lq=4.5
cm. This value is obtained from preliminary optimizations with TRACE3D,
where different gradients have been exploited. It is a good compromise for
operating at these different energies and it is a compatible value with the
typical field intensities of commercial PQMs of this size.
The initial values of the Twiss parameters(α, β,γ) are calculated according to
the transverse beam geometry at the exit of the ES and represent the initial
beam conditions for the TRACE3D simulations.
The horizontal (in x direction) dimension of the beam is determined by the
aperture a2 of the selecting slit of the ES (1 mm for 1 MeV, 500 µm for 3
(figure 6.8 (A)) and 5 MeV), while the vertical dimension (along y) depends
by the dipoles’s gap g (the vertical aperture is of 0.9 cm).
The results are reported in figure 6.8, where the phase space of the protons
at the end of the ES is plotted for the case of 3 MeV beam energy.
For calculating the optimal position of the PQM between the selector and
the sample, we set the drift spaces before and after the quadrupole location,
indicated in figure 6.8 (A) with L1 and L2, as free parameters.
We define conditions on the final Twiss parameters on the y −coordinate
with the values αy = 0 and βy= 0.008 m for obtaining a collimated beam
and a decreased final spot size (small irradiated area on the sample).
We repeat the optimization routine with the values αy = 28 and βy = 1.4804
m for obtaining a defocused beam, that is, a final spot size with increased
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Figure 6.8: (A) Scheme of the simulated beamline. The numbers in the
table indicate the values of L1 and L2 for the corresponding colored plot in
(C) and (D). (B) Initial transverse phase space, as obtained at the exit of
the selector that is used for calculating the input Twiss parameters of the
TRACE3D simulations. (C) and (D) Final phase space obtained with the
TRACE3D optimized distances L1 and L2 for a focused and defocused beam,
respectively.

dimensions (large irradiated area on the sample).
The numerical values of αy, βy reported and respectively associated with the
smallest and largest irradiated areas on the sample, are calculated, through
Matlab routines, from TSTEP data simulations and are fixed and used as
references for the optimization runs.
The total distance between the source and the final longitudinal position
(i.e., the position where the irradiated sample is placed) is fixed at 80 cm.
The matching routine retrieves, for both, the smallest and the largest spot
size, the optimized values of L1 and L2.
In figure 6.8 (C) and 6.8 (D), we report, as an example among the three
possible energy cases, the final transverse phase space obtained with the
TRACE3D optimization routine and refined with a particle tracking simula-
tion with TSTEP, of a beam with a mean energy of 3 MeV passing through
a y-focusing PQM that has the following optimized distances: L1 = 25.7 cm,
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Figure 6.9: (A) Scheme of the simulated beamline and position of the PQM,
charge, energy, and final transverse spot size dimensions for the analyzed
cases. (B)–(D) Final transverse dimensions of the focused (red plot) and
defocused (blue plot) proton beam for the cases of 1, 3, and 5 MeV, respec-
tively. These spot sizes are obtained with a single PQM after the selector,
having a length of 4.5 cm and a magnetic field gradient of 60 T/m. The
entire beamline (from the proton source to the CH sample) has a length of
80 cm.

L2 = 9.8 cm for the focused, small final spot size and L1 = 3 cm, L2 = 32.5
cm for the defocused, large final spot size, as indicated in the table of figure
6.8.
These optimized parameters of the beamline are simulated again with the
particle tracking code TSTEP that computes the final transverse spot of the
beam from a realistic proton distribution, tracking the trajectory of the sin-
gle macroparticles. We repeat the process for energies 1, 3, and 5 MeV. The
results are shown in figure 6.9.
The final energy spread is not altered by the addition of one (or multiple, as
discussed later) PQM, i.e the results of figure 6.7 remain unchanged.
As a consequence, the value of ηBL does not change when adding these newly
optimized PQMs. Thus, no additional particle losses are induced and the
overall transport efficiencies are the same as calculated in the previous sec-
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tion.
From the plots of figure 6.9 (A), one can see that with this configuration it
is possible to scan areas of the CH sample with dimensions in the cm2 range,
as represented in figure 6.9 (B–D) with the blue dots.
Furthermore, it is possible to focus the beam (red plot) and achieve a preci-
sion on the vertical axis of < 1 mm, simply by changing the position of the
PQM and keeping unvaried all other parameters.
We also study, as an alternative to the 80 cm long beamline, the possibility
of reducing the total length in order to design a line that can possibly fit in
a medium size experimental chamber. We aim at obtaining a variable final
spot size in the same range as for the longer beamline case (from the mm to
the cm range) within a total distance of about 50 cm from the laser–plasma
source.
Hence, we repeat the same procedure as before: the TRACE3D matching al-
gorithm provides indications for the optimized position (for small/large final
spot size) and gradient of the PQM.
These values are then validated by additional TSTEP simulations. The op-
timized design for the case of a 50 cm long beamline is illustrated in figure
6.10 (A), where the layout is shown and the final beam spot sizes for the
energy cases 1–3–5 MeV are plotted.
In figure 6.10 (B)–(D) , the smallest achievable spot size as identified by the
red dots and the largest achievable spot size, indicated with the blue dots,
are shown.
As before, the used PQM has a length of lq = 4.5 cm and a bore radius
r0 = 1 cm. The gradient, instead, needs to be increased to G =100 T/m.
This allows to shorten the focal distance and obtain both the biggest and
the smallest final transverse spot sizes on the CH sample.
As shown in figure 6.10 (B)–(D), this beamline allows enlarging the final
vertical ( y-axis) transverse dimension up to about 1 cm for all the analyzed
energies. Final spot sizes in the submillimetric range are also obtainable for
all mean energies by varying the position of the PQM between the exit of
the ES and the end of transport line.
In the 3 MeV case, by placing the PQM 5.3 cm after the exit of the selector,
a final vertical dimension of ∼ 0.4 mm is obtained, as it can be seen from
figure 6.10 (C).
The final energy spread is, with this compact scheme, the same as what is
reported in figure 6.7 and the transport efficiency is not influenced by the
focusing section. As before, we have ηT = 0.028% (3 and 5 MeV) and ηT =
0.059 % (1 MeV).
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Figure 6.10: (A) Scheme of the simulated beamline and position of the PQM,
charge, energy, and final transverse spot size dimensions for the analyzed
cases. (B)–(D). Final transverse dimensions of the focused (red plot) and
defocused (blue plot) proton beam for the cases of 1, 3, and 5 MeV, respec-
tively. These spot sizes are obtained with a single PQM after the selector,
having a length of 4.5 cm and a magnetic field gradient of 100 T/m. The
entire beamline, that goes from the proton source to the CH sample, has a
length of 50 cm.

ES followed by two PQMs

We also investigate the possibility of implementing two PQMs after the ES,
instead of the focusing section with only one PQM. The same methodology
as for the beamlines analyzed before has been used.
In the three energy cases, the two PQMs are in a FODO configuration, where
the first quadrupole (closer to the selector) focuses in y (defocuses in x) and
the second one focuses in x (defocuses in y).
We firstly perform a series of preliminary TRACE3D simulations in order to
find a viable gradient compromise for all three energy cases. The optimized
parameters of the previous configuration, that are lq = 4.5 cm, G = 60 T/m,
and r0 = 1 cm for both PQMs, are suitable for the FODO scheme.
After having optimized the PQM gradients, we have performed additional
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TRACE3D simulations in order to optimize their position with respect to
the exit of the ES.
Similarly, as before, our goal is to obtain an optimized spacing of the PQMs
for a focused (small) and defocused (large) spot size on the irradiated sample,
by keeping a fixed distance between the proton source and the sample.
The optimization regarding the gradients and the positions of the PQM pairs,
provided by TRACE3D simulations, are compared and tested with TSTEP.
The particle tracking results allow a further tuning of the spacing and the
final spot sizes for the different energy cases are achieved.
The final spot sizes for the different energy cases are illustrated in figure 6.11.

Figure 6.11: (A) Scheme of the simulated beamline and position of the PQM,
charge, energy, and final transverse spot size dimensions for the analyzed
cases. The entire beamline, that goes from the proton source to the CH
sample, has a length of ∼80 cm. (B)–(D) Final transverse dimensions of the
focused (red plot) and defocused (blue plot) proton beam for the cases of 1, 3,
and 5 MeV, respectively. These spot sizes are obtained with a pair of PQMs
in a FODO configuration. They have a length of 4.5 cm and a magnetic field
gradient of 60 T/m.

These optimized results allow us to find small/large quasi-symmetric trans-
verse spot sizes with the spacing details that are reported in figure 6.11. The
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additional PQM, if carefully optimized, allows to obtain more symmetric
spot sizes (in x and y ) compared to the previous cases with a single PQM
where asymmetric, elongated final spots are obtained.
The final transverse spot sizes are in the cm2 range. In detail, when the
PQM spacing is optimized for obtaining a defocused beam, a final spot size
of greater than 1 cm2 is obtained for the 1 MeV case and about 0.6× 0.6 cm
for the 5 MeV case, as it can be seen in figure 6.11 (B)–(D).
On the other hand, small spot sizes are obtained, when the spacing is opti-
mized for focusing the beam on the sample. Millimetric dimensions on both
transverse axes are reached, for all investigated energies (the smallest spot is
achieved for the 5 MeV case with 1 mm on both transverse axes).
In this case with a PQM section implementing a quadrupole pair, the total
length of the beamline is ∼ 80 cm for all energies, that is, the same order of
magnitude as the cases with a single PQM.
Hence, this allows fixing the position of the irradiated sample with respect
to the proton source and the variation of the spot size dimension and energy
can be achieved by changing the spacing of the PQMs after the selector.
Compared to the scheme with a single PQM, this beamline has the advan-
tage of producing quasi symmetric final spot sizes. This can potentially be
an advantage for scanning small areas (below 1 mm) on the sample with a
more concentrated charge and an improved precision.
We can perform “layer-by-layer” PIXE analysis without resetting the elec-
trostatic accelerator as it is done conventionally [43, 76].
Furthermore, the number of transmitted particles is unaltered by the ad-
dition of one PQM. Hence, the overall (i.e., from the proton source to the
sample) transmission efficiency is ηT = 0.028% for the 3 and 5 MeV beams,
while for the case of 1 MeV we obtain ηT = 0.059 %.
After taking into account all the losses along the line, it is possible to es-
timate, with these values, a final charge on the sample of ∼ 0.05 nC/shot
for 1 MeV, ∼ 0.02 nC/shot for 3 MeV, and ∼ 0.004 nC/shot for 5 MeV, as
reported in section 6.2.2.
As benchmark for comparing these values to convention PIXE, we consider
a total charge of 1.8 nC used to scan a sub-millimetric area [158].
The coupling of our beamline with a 1 Hz high-intense laser system allows
reaching a similar final charge in less than 10 min irradiation for all the three
energy cases. The new 10 Hz high-intensity laser systems [109, 135, 170] will
allow to further decrease these time expositions by a factor 10.
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6.3 Discussions and Conclusions
In summary, we presented a compact beamline based on laser-accelerated
protons coupled to an ES and focusing quadrupoles, for application of laser-
driven PIXE.
The proposed design allows obtaining a feasible and versatile scheme, yield-
ing to a final beam with variable transverse dimensions and a reduced energy
spread.
As reported in the previous sections, the simulated structure is compact be-
cause the largest version of it is less than 1 m long ( ∼ 80 cm) and allows
selecting proton beams with mean energies in the range 1–5 MeV achieving
final FWHM energy spread of ∼ 10%, as it is shown in figure 6.7.
The implementation of the PQMs after the selector provides a broad range
of final transverse dimensions, with negligible modification to the transport
efficiency and final energy spread. With a single PQM, as it was explained in
section 6.2.3, we achieved a final vertical dimension of the beam ranging from
the cm scale to <1 mm. Using a PQM pair, we obtained more symmetric
spot sizes in the same range and we can reach a final transverse spot size
greater than 1 cm2.
The overall transmission efficiency (i.e. from the proton source to the sam-
ple) is ηT= 0.028% for the 3 and 5 MeV beams, while for the case of 1 MeV,
we obtain ηT = 0.059 %.
These values remained unchanged for all the proposed schemes. As previ-
ously mentioned, it is possible to deliver a final charge on the sample of ∼0.05
nC/shot for 1 MeV, ∼ 0.02 nC/shot for 3 MeV, and ∼0.004 nC/shot for 5
MeV.
The coupling of our proposed schemes with a 1 Hz high-intense laser system
allows obtaining a similar conventional PIXE final charge (1.8 nC [35]) (see
section 6.2.2) within a few tens of min irradiation for all the three energy
cases (1–3–5 MeV proton beams). The upcoming generation of 10 Hz high-
intensity laser systems [109, 135, 170], will allow to further shorten these
time expositions.
In conclusion, especially for scanning a large surface of the sample, the laser-
driven PIXE represents a valid alternative to the conventional technique,
which requires a pencil scan that lasts several minutes.
Our results provide helpful guidelines and a consistent methodology for de-
signing and optimizing a beamline for laser-accelerated protons in order to
exploit ion beam analysis (IBA) for Cultural Heritage.
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This thesis deals with laser generated proton sources, approaching their fea-
tures from the diagnostics, transport, and manipulation points of view.
Within my Ph.D. research activities, different types of diagnostics have been
studied. In 2016, I collaborated for the first published calibration curve (OD
vs Dose) of the RCF HD-v2 type [40], subject of paper I. It has been pub-
lished in Review of Scientific Instruments [40].
Furthermore, during my participation at the TITAN experimental campaign
in August 2016, I was responsible for the diagnostics and I calibrated the
Thomson Parabola Spectrometer (TPS), as reported in chapter 2. My con-
tribution on the proton spectra measurements has led me to coauthor the
following publications of papers II and III. The first one is related to the
target engineering design [205], reported in section 1.3.2, while the second
one is a Scientific Report paper on Laser-Generated Proton Beams for High-
Precision Ultra-Fast Crystal Synthesis[13].
Within the framework of laser driven proton acceleration, I have dealt with
topics related to laser ion diagnostics and laser-driven hybrid beamlines for
applications.
Concerning the study related to diagnostics, my participation in the Low en-
ergy Ion acceleration campaign (LEIA) allowed me to deal with laser driven
ion diagnostics, such as the MCP and CR-39. In detail, the experiment ar-
rangement of the detection system has represented a useful reference for the
description of the model, that has been used for the numerical results, dis-
cussed in chapter 4.
The details of the design and optimization of a novel spectrometer for laser
driven ion diagnostics have been presented in chapter 4. The proposed de-
sign is composed of a quadrupole coupled with a constant electric field. The
main advantages in this choice are given by the achievable compactness of
the structure and the gain in energy spectral information (low proton energy
range), without significant loss in terms of energy resolution.
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I have also analyzed the contribution of the carbon ions, that are co-generated
with the protons in laser-plasma interactions. In this case, we have observed
that a set of quadrupoles with a strong gradient can provide an overall im-
provement in terms of the energy resolution, separation of the traces, com-
pactness, and detectable energy for both proton and carbon ions.
These results can be further improved by using high-order magnetic elements,
such as octupole, decapole, etc... However, they are not worthy in terms of
the balance between advantages and costs after the case of the decapole, as
explained in chapter 4. Hence, the quadrupole represents the most feasible
(easy to manufacture and assemble) choice, among the analyzed ones.
The replacement of the quadrupole, compared to existing combinations [201,
103] allows constantly to scale and enlarge the detectable achievable proton
energy, without significant losses in terms of the energy resolution.
In this thesis work, another aspect that has been studied is the design and
implementation of a hybrid proton beamline for applications, as described in
chapter 5. These studies represent a valid and reliable way to transport and
manipulate the laser driven proton sources in order to match the required
final proton parameters for applications, such as the ones of paper III.
My participation in the TITAN experimental campaign allowed me to ap-
proach the field of laser-driven proton beam applications. During this cam-
paign, the first laser-PIXE measurement has been performed[16]. Over the
last four years, these experimental results have catalyzed a strong interest of
the community in this application, as reported in refs. [154, 17, 133]. Within
this context, I worked on the design and optimization of a laser-PIXE hybrid
beamline for material science applications, as discussed in chapter 6.
The simulated compact hybrid beamline scheme has been investigated, us-
ing numerical tools that are standard codes in the conventional accelerators
community [111, 48]. The proposed schemes are versatile and compact (the
biggest one is less than 1 m), as described in section 6.2.3. They allow to
obtain feasibility both in terms of final proton transverse spot sizes and, in
addition, to reduce the proton energy spread, i.e improve the final proton
beam yield.
The proposed laser-driven hybrid beamline includes an energy selector (ES)
followed by PQMs. The ES allows selecting typical conventional PIXE pro-
ton energies of 1, 3, 5 MeV, reaching a final energy spread of around 10 %.
The addition of the PQMs allows to obtain feasibility in the final transverse
spot sizes, i.e beam vertical dimension from less than 1 mm up to cm-scale,
without significant variation in terms of energy spread and overall transmis-
sion efficiency.
The estimated overall transmission efficiency from the proton source to the
CH sample is ηT= 0.028% for the 3 and 5 MeV beams, while for the case of
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1 MeV, ηT = 0.059 % is obtained. For instance in order to obtain a total
charge of 1.8 nC [152], that is used to scan a sample’s sub-millimeter region
in conventional PIXE, a final charge of ∼0.05 nC/shot, ∼ 0.02 nC/shot, and
∼0.004 nC/shot for 1 MeV, 3 MeV and 5 MeV have been calculated [77] with
the ηT values respectively.
The coupling of the beamline with a 1 Hz high-intense laser system will allow
reaching a similar final charge (1.8 nC [35] in conventional PIXE) in less than
10 minutes irradiation for all three energy cases (1, 3, 5 MeV). Furthermore,
the coupling with the upcoming 10 Hz high-intensity laser systems [109, 170],
such as the ones described in chapter 3, will allow obtaining the same final
charge on the sample in less than 1 minute.
Hence, the theoretical analysis of these hybrid proton beamlines provides
practical guidelines for the design of a dedicated transport line for improving
and further investigating the laser-PIXE application.
These numerical results are the subject of paper IV. They have been pre-
sented at the European Conference on Laser-Matter interaction (ECLIM
2018, Rethymno, Greece), summer schools and internal ELI-ALPS research
institute events, as shown in the list of attendance of international confer-
ences and schools. It has been published in 2019 on Laser particle beams
[137].
The preliminary results discussed in chapter 4 have been presented at the Eu-
ropean Advanced Accelerator Concepts Workshop (EAAC 2019, Elba, Italy).
They have been finalized within the last year of my doctoral studies and a
manuscript is under preparation (paper V).
As future prospects of this work, we plan to purchase, assemble and test
in the near future the design of the proposed spectrometer in chapter 4 in
order to be able to compare the theoretical predictions with experimental
data. Similar sets of quadrupoles can be also implemented for laser driven
proton hybrid beamline for applications, as discussed in chapter 6. We aim
at finalizing the Low energy Ion acceleration (LEIA) data analysis, described
in chapter 3. It is the first laser-generated proton observation at ELI-ALPS
and a pilot experiment in the perspective of a new concept for the design of
a neutron source for a laser-based transmutator [110, 222].
In conclusion, the numerical and experimental results may serve as a major
asset for future advancements, both in laser-driven ion diagnostics as well as
in the implementation of laser-driven proton beamlines for applications. I
hope that this work can contribute to take a step further in the fascinating
world of accelerator physics.
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Appendix A

The Thomson parabola
spectrometer structure

A Thomson parabola spectrometer (TPS) is composed by a sequence and/or
a combination of a magnetic and electric field. In this appendix, we will
describe in details the equations of motion that characterize the movement
of a charged particle inside a TPS.

Figure A.1: Thomson parabola spectrometer structure. It is composed by:
an ion pinhole, a magnetic section, an electric field and an ion detector.
Figure adapted from [2].

146



Chapter A. The Thomson parabola spectrometer structure

We recalls the same scheme illustrated in chapter 2, as starting point for
describing the reference system. The z axis is the propagation axis, while the
magnetic and electric field are directed on the x axis and they are parallel to
each other and perpendicular to the direction of propagation, i.e. B =(B,0,0)
and E = (-E,0,0). The charged particle that move inside the TPS experiences
the Lorentz’s force

~F = q(E + ~v × ~B). (A.1)
We analyze separately the contribution of the magnetic (section A.1) and
electric sections (section A.2).

A.1 Magnetic deflection
The deflection due to the magnetic field is related to the velocities of the
particles. We, first analyze the contribution given by the magnetic section
(see figure A.2).

Figure A.2: Description of the magnetic section of the Thomson parabola
spectrometer structure. Figure adapted from [9].

The particle has velocity ~v= (vx,vy,vz). Starting from the eq. A.1, we can
have the first derivative of ~v:

v̇x = 0 (A.2)
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v̇y = ωvz (A.3)

v̇z = −ωvy (A.4)

where ω= qB
m
. The second derivative respect to time of vy, combining the

above equations, becomes:

v̈y = ω(−ωvy) = −ω2vy (A.5)

As solution of these set of differential equations, we start from

vy = C1 cos(ωt) + C2 sin(ωt) (A.6)

With the initial condition vy(t = 0) = 0, i.e C1=0. Hence, eq A.6 becomes:

vy = C2 sin(ωt) (A.7)

Replacing eq A.7 in A.4, we obtain:

v̇z = −ωC2 sin(ωt) (A.8)

with the solutions:
vz = C2 cos(ωt) (A.9)

The initial condition vz(0)=v0 (initial velocity in the propagation direction),
leads to C2 = v0. The particle’s velocity inside the magnetic field is:

vx = 0 (A.10)

vy = v0 cos(ωt) (A.11)

vz = v0 sin(ωt) (A.12)

At the exit of the magnetic field, our conditions are: z = Lmagn and t=TB.
Then, integrating eq. A.12, we obtain:

z = v0 sin(ωt)
ω

+ C1 (A.13)

Since z(0)=0 and z(TB)=Lmagn, as consequence C1 = 0 and:

Lmagn = v0 sin(ωTB)
ω

(A.14)
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From eq. A.14, we can derive the value of TB as function of Lmagn:

TB = 1
ω

[arcsin
(
Lmagnω

v0

)
] (A.15)

Integrating eq. A.11 and considering our initial conditions y(0)=0 , we can
find the value of the deflection y:

y = v0

ω

{
− cos

[
arcsin

(
Lmagnω

v0

)]
+ 1

}
(A.16)

The solution at the exit of the magnetic section is the following[92]:

x = 0 (A.17)

y = v0

ω

{
− cos

[
arcsin

(
Lmagnω

v0

)]
+ 1

}
(A.18)

z = Lmagn (A.19)

Now, we consider the drift Ldis, we have an angle θB between vy and vz.
Considering a simple trigonometrical formula we can obtain:

vy

vz

|Lmagn = tan(ωTB) (A.20)

Knowing the expression of TB as function of Lmagn, we obtain:

vy

vz

|Lmagn = tan
(
ωLmagn

v0

)
(A.21)

The y contribution given by the drift is:

Ldis tan (ωTB) (A.22)

Hence, at the end, we derive the set of equations due to the magnetic field
with length Lmagn and drift with length Ldis reported in chapter 2:

x = 0 (A.23)

y = v0

ω

{
1− cos

[
arcsin

(
Lmagnω

v0

)]
+ 1

}
+ Ldis tan

[
arcsin

(
Lmagnω

v0

)]
(A.24)

z = Lmagn + Ldis (A.25)
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A.2 Electric deflection
After deriving the equations of x, y, z due to the presence of a magnetic field
and a drift, we analyze the electric section (see figure A.3. The electric field
is directed on the x axis).
The starting point is the following equation:

v̇x = −qE
m

(A.26)

integrating in time, from eq. A.26 we obtain:

vx = −qEt
′

m
+ C1 (A.27)

From the initial condition vx(t′ = 0) = 0, i.e C1=0;
Integrating in time the eq. A.27, we obtain the solution:

x = −qExt
′2

2m (A.28)

that represents the electric contribution, at the end of the section.

Figure A.3: Description of the electric section of the Thomson parabola
spectrometer structure.
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In this case, similar to the magnetic case, the angle θE can be calculated as:

tan(θE) = vx

vz

|LE
(A.29)

Using eq. A.28 and eq. A.29, we obtain

t′ = TE = LE

v0 cos(ωTB) (A.30)

Hence, eq A.29 becomes:

tan(θE) = vx

vz

|LE
= qELE

mv2
0 cos2(ωTB) (A.31)

and the final set of equations, solution of the motion of the particles , that
include all the contributions is:

x = −qExT
2
E

2m + Ldet tan θE (A.32)

y = v0

ω
{1− cos [arcsin (TB)] + 1}+(Ldis+LE+Ldet) tan [arcsin (TB)] (A.33)

z = Lmagn + Ldis + LE + Ldet (A.34)

where TE is given by eq. A.30 and TB is given by eq A.15.

Small angle approximation
Using the small angle approximation, cos(x), sin(x), arcsin(x) can be written,
respectively:

cos(x) ' 1− x2

2 (A.35)

tan(x) ' x (A.36)

arcsin(x) ' x (A.37)

Therefore, eq. A.33 and eq. A.32 can be simplified:

x = −qExL
2
E

2mv2
0 cos2(ωTB) + LdetqExLE

mv2
0 cos2(ωTB) (A.38)

y =
ωL2

magn

2v0
+ (Ldis + LE + Ldet)

ωLmagn

v0
(A.39)
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Taking into account that TB can be written as Lmagn/v0 , ω = qB
m

and intro-
ducing the kinetic energy v2

0 = 2Ekinm, we can further simplify the equations:

x = −qExL
2
E

2Ekin cos2(ωTB) + LdetqExLE

2Ekin cos2(ωTB) (A.40)

y =
qBL2

magn

2
√

2Ekinm
+ (Dtot)

qBLmagn

2
√

2Ekinm
(A.41)

The magnetic and electric field are usually combined (Lmagn = Lel), hence
we arrive to the commonly used equations:

x = −qExLE

2Ekin

(LE

2 + Ldet) (A.42)

y = qBLmagn√
2Ekinm

(Lmagn

2 +Dtot) (A.43)

This represents the derivation of the equations reported in chapter 2.
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