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Chapter 1

Introduction

1.1 Motivation

1.1.1 Context on medical radiotracers

Positron Emission Tomography (PET) imaging has become an indispensable tool in medical
diagnostics and research. As this technique allows for the real-time imaging of the distribution
and metabolism of radiotracers inside the body, it provides in vivo information about physio-
logical and pathological processes. Due to this, it is widely used for the early detection and
treatment of cancer and neurodegenerative diseases. PET imaging is based on the correlated
detection of the two backscattered photons produced at the annihilation of positrons emitted
from 57 radioactive isotopes. These radioisotopes, acting as the radiotracer, are administered
to the patient coupled to a certain biochemical substance that targets an specific organ or tissue
of interest inside the body. Upon reaching the destination, the escaping radiation —-photons
at 511 keV— is detected by a PET scanner, typically composed of multiple ring detectors sur-
rounding the patient. By measuring the time delay between the two photons, the scanner can
determine the location of the radioactive decay process and generate a three-dimensional image

(tomography) of the distribution and metabolism of the radiotracer.

The recent development of PET, as well as other medical imaging techniques like SPECT
(Single-Photon Emission Computed Tomography) or gammagraphy, has led to an increase in the
demand of nuclear radioisotopes for medical diagnostics. At present, radioisotope production
for medical imaging and treatment is principally performed at conventional —or radiofrequency
(RF)— accelerators and dedicated nuclear reactors. In the particular case of 57 emitters used

in PET 1maging, the current approach is based on the mass-production at these large singular
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facilities, which are in charge of maintaining the radioisotope supply at a regional or a national
scale. Due to the expensive costs associated to the production centres, accelerators, radiophar-
macy, and specially radiation shielding, the economic viability of these centres is based on the
mass-scale production of single doses distributed to as many as possible hospitals, clinics, and
research centres. As a result of this extensive scope, commercial production of PET radioiso-
topes is mainly limited to '®F: having a half-life of ~110 minutes, it can endure the overall
time required for its production, post-processing, and distribution. In addition, higher doses
than necessary must be produced to account for the decay time. On the other hand, the use of
short-lived radioisotopes in PET imaging, such as ''C (~20 min), '*N (~10 min), or 0 (~2
min), has become increasingly popular due to their accurate imaging resolution while providing
a short exposition time for the patient. As they decay rapidly and require immediate use, the
production of a limited number of doses is generally out of the scope of the producing facilities.
On this subject, the use of ultra-short ultraintese lasers for radioisotope production has been
proposed over the last decades(1,2) as a cost-efficient alternative to conventional production

methods for the on-demand production of single doses of short-lived radioisotopes.

Laser-driven ion acceleration is based on the interaction between a high intensity laser pulse
and a solid or fluid target, which results in the efficient acceleration of ions. Due to the unique
properties of the laser-target interaction, such as the high peak intensity and ultra-short laser
pulse duration, it allows for reaching electric fields around TV/m, in contrast to RF accelerators
which saturate at ~100 MV/m. This leads to a higher energy conversion and a more efficient ion
acceleration. Furthermore, these laser systems are much more compact and affordable than RF
accelerators. As both the interaction and the acceleration process occurs within a micrometric
scale and over several picoseconds, the shielding requirements are mainly limited to the area
close to the interaction point, resulting in a significant reduction in size and cost compared to

conventional accelerators.

Regarding radioisotope production, laser-accelerated ions can be used to induce nuclear re-
actions on a secondary target, in order to produce the transmutation of the material to a certain
isotope of interest. A key advantage of this technology in contrast to conventional production
is the potential to produce a wide range of isotopes at the desired dose levels by modifying the
laser and target properties, and the operation time. This could allow in principle to hospitals
and research centres to produce the required doses on-demand. In this way, the regional or
national scope of large producing facilities is translated to local production. Therefore, the use

of laser-driven ion sources for radioisotope production offers significant advantages in terms of
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cost-effectiveness, efficiency, and accessibility.

1.1.2 Objective of this thesis

Following the aforementioned arguments, ultraintense lasers may constitute a appropriate
alternative for the on-demand production of single doses of short-lived radioisotopes used in
PET imaging. The aim of this doctoral thesis is to explore the potential of laser-driven particle
acceleration as an efficient means of the production of these radioisotopes. Typical required
doses for PET are in the range of 10 — 30 MBq for preclinical, and between 200 MBq and 1 GBq
for clinical imaging, being the scope of this work situated at a preclinical level. Concretely, the
focus of this study relies on the production of 'C through the proton-induced nuclear reaction
HC(p,n)''B using a proton beam from a laser-driven source. This includes the experimental
characterisation of the production process as well as precise estimations and extrapolations for

further investigations.

For this purpose, the first step consisted on the development of an ion source matching the
requirements in stability and sustained operation over time for radioisotope production. This
involved the design and construction of a multi-shot target system capable of overcoming the
mechanical challenges commonly found in laser-plasma interaction. The performance of the
design proposed in this thesis was firstly evaluated as part of the current commissioning cam-
paign at the Laser Laboratory for Acceleration and Applications (L2A2) in the Universidade de
Santiago de Compostela (USC), and finally employed as the main ion source at an experimental

campaign at the Centro de Laseres Pulsados (CLPU), focussed on neutron generation.

The protons accelerated within the CLPU experiments were used to successfully produce and
measure ''C activities by irradiating a boron target. The thesis also involves the simulation and
modelling of the production process, as well as the several mechanisms that govern laser-target
interaction and particle acceleration, for their proper understanding and optimisation. Overall,
the outcome of this research could contribute to the development of a more cost-effective, effi-

cient, and accessible method for the production of radioisotopes used in PET medical imaging.

1.2 Structure of the thesis

The theoretical foundations and the current state-of-art that define the framework at which

this thesis is enclosed are presented in Ch. 2. Within this chapter, the fundamentals on both
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laser-driven particle acceleration and radioisotope production from a laser-accelerated ion source
are presented. For the former, an overview of the principal mechanisms governing laser-plasma
interactions that led to efficient electron and ion acceleration are detailed. Regarding the later,
this chapter addresses the prevalent formalism for the induced production of radioisotopes and

the characterisation of radioactive samples.

The next chapter, Ch. 3, presents the methods, devices, and tools employed in this work. This
includes a detailed description of the two laser systems where the experiments that comprise this
thesis were performed (STELA and VEGA), the properties of the main detectors that were used
within these experiments, and the principles and functioning of the numerical simulation codes

for the analysis of the results.

Ch. 4 delves into the complete development of the multi-shot target system used at the
experimental campaigns. A description of the assembly is firstly presented, along with the
designed positioning and correction procedure and its implementation through a self-developed
control software. The evaluation of the system performance, regarding its shot-to-shot stability
and sustained operation over time, is then discussed and validated. The operation process within

the experiments is also depicted.

An entire chapter —Ch. 5— is dedicated to the experiments on laser-driven ion acceleration
carried out within this work. This chapter is divided in four major parts: each of the two main
experimental campaigns at which the author participated have a separate section, containing
the description of the set-up and methodology, and an exposition of the obtained results; other
section comprises the Particle-In-Cell numerical simulations performed in order to supplement
the experimental data; the analysis and the comparison between results are finally presented in
the last sections, focussing on the scaling of the main parameters characterising the accelerated

ion beams with the laser and the target properties.

In Ch. 6, radioisotope production from laser-accelerated protons is addressed. The target
and diagnosis system, developed for the transmutation and activity characterisation of 'C from
the proton-induced 'C(p,n)!'B nuclear reaction, is described and depicted. Following the cal-
ibration of such system, the experimental arrangement and methodology are presented. The
analysis of the activation results, as well as its comparison with recently published data and

some future extrapolations, is given at the end of the chapter.

Final conclusions are then presented in Ch. 7.
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1.3 Role of the author

The work presented in this thesis comprises the commissioning of an ion source at the L2A2,
in a combined effort with the staff personnel and the researcher team. In particular, the author
was mainly dedicated to the design of the multi-shot target system. A significant part of this
work involved the complete development of the control software, which may not be reflected in
this document but for a few mentions. Due to this facts, some of the contents of this document

may appear rather technical, in comparison with other doctoral theses about the same topic.

The expertise obtained within the development of the on-site laser-plasma ion source was
used in an experimental campaign at the Centro de Léiseres Pulsados (CLPU) laser facility.
The multi-shot target system was employed as a laser-induced ion source for the experiment,
which was focussed on neutron production. Several modifications and tests were performed by
the author in order to adapt the target assembly and its operation procedure to the distinctive
features of the CLPU facility, either before and during the experiment. The author was in charge
of the proper functioning of the target assembly within the CLPU campaign. Along with the
researcher and technical staff participating in the experiment, measurements on laser-driven ion
acceleration could be performed. In addition, a device for the activation of ''C induced by
laser-accelerated protons was designed at the L2A?2 and mounted at the CLPU experiment. The

operation of this system and the data acquisition relied on the author.

Several particle and radiation detectors were calibrated for their use at the laser driven ion
acceleration and radioisotope production experiments. For the former, a Time-of-Flight detec-
tor, developed at the Instituto de Instrumentacién para Imagen Molecular (I3M), was calibrated
at the Centro Nacional de Aceleradores (CNA) by researchers from both institutions and the
author. The radiation detectors used for the radioisotope decay activity measurements were
calibrated and characterised by the author by means of experimental analysis and Montecarlo
simulations (EnsarROOT code).

Regarding the data treatment, the author is responsible of the results presented in this work
and their complete analysis, under the supervision of Dr. J. Benlliure and the assistance of
Dr. A. Alejo. The author also performed several Particle-In-Cell (PIC) simulations in order to
complement the experimental data. In particular, the Smilei code was used for the simulation

of laser-plasma interaction and laser-induced ion acceleration.






Chapter 2

Background and state-of-art

This chapter details the theoretical framework, as well as a summary of recently published
data, about the topics of this thesis, in order to provide a solid background for the work pre-
sented here. Thus, this chapter serves as a means of understanding the underlying physics that
dominate the interaction of ultraintense laser pulses with matter for ion acceleration, and the
production of radioisotopes, in the context of PET medical imaging, from them. Sect. 2.1 intro-
duces the context on the interaction of electromagnetic radiation with matter, and in particular,
the effects of a intense electromagnetic pulses on a ionised plasma. The principal absorption
mechanisms that govern the laser-plasma interaction and that lead to efficient electron accelera-
tion are discussed in Sect. 2.2. Then, Sect. 2.3 details the main mechanisms of ion acceleration
from laser-driven interaction. Regarding the ratioisotope production scope of this thesis, Sect.
2.4 summarises the processes that arise in the interaction of ionising radiation with matter, and
finally a description of the physics involved in the induction of nuclear reactions from laser-

accelerated ions is given in Sect. 2.5.

2.1 Laser-plasma interaction

The properties of ultraintense ultra-short laser pulses will be described in detail in Ch. 3. For
now, they will be simply defined as a finite huge electromagnetic oscillating field concentrated
in an ultra-short pulse of several tens of femtoseconds to a few picoseconds and a micron-size
area. The intensity of these laser pulses, defined as the energy density in time and space, can be

estimated by equation
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I ~ g2 @.1)

2
where ¢, is the vacuum permittivity, c the speed of light, and F the amplitude of the electric
field, given by expression Fy = Agwy, from the amplitude of the vector potential Ay and the

oscillation frequency of the laser wry..

When a pulse having these properties impinges on a fluid or solid target, it ionises the atoms
of the material leading to the formation of an underdense or overdense expanding plasma, re-
spectively. Eq. 2.1 can be compared with the atomic intensity given by the atomic electric
fields of the Coulomb potential. Considering the ionisation mechanism with the most simple
description, barrier suppression ionisation(1), this intensity can be calculated from Eq. 2.1 and

the definition of electric field from the Coulomb’s law

Ia:eocEgzeoc< ¢ )2 2.2)

2 2 \4dmepay

In this expression, ap = 4116670;52 corresponds to the Bohr’s radius of an atomic electron orbiting
around the nucleus as described in the Bohr’s atomic model. Here, e is the elemental charge,
h is the reduced Planck constant, and m. is the electron mass. Thus, the intensity associated
to the atomic electric field can be estimated to be of the order of 10*® — 10! W/cm?. Laser
pulses with intensities above this value will ionise the surface of the medium, hence generating

a plasma of free —unbound— electrons and ions.

The ponderomotive force

The description of the effect of an intense and finite oscillating electromagnetic pulse on
a plasma can be firstly understood by considering the simple case of a single electron. The
temporal intensity profile of a laser pulse can be depicted as a Gaussian envelope with an internal
oscillation given by its frequency. As will be seen in Ch. 3, the spatial intensity profile of a
focussing laser pulse can be considered as a two-dimensional Gaussian as well, being more
intense at the central point. A plasma electron, located at the centre of the laser focus and
oscillating according to the field, is pushed away to regions of lower intensity during the first
half-cycle of the laser pulse, i.e., the rise time of the Gaussian envelope. During the second half,

the electron is accelerated in the opposite direction but, as the amplitude of laser pulse decreases
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over time, it experiences a reduced restoring force. This results in a net-positive acting force
that is commonly referred as ponderomotive force[l, 2]. It can be described in terms of the
electric field gradient of the laser pulse as

2

—€

F,=— _VE? 2.3
P 2mew? 0 (2.3)

that, in regards to the pulse intensity from Eq. ??, can be expressed as

2
F, = meeoecw%V[L (2.4)

It can be seen at these expressions that the force is directed along the field gradient, the
propagation direction, and proportional to the laser intensity. Hence, an electron located at
a certain distance from the focal spot will experience a reduced force and will be pushed at a
certain angle with respect to the propagation direction. A key of this process is the finite duration
of the laser pulses. An infinite plane wave would not produce a net force on the electrons as
they would return to their initial position after the oscillations, thus not gaining net energy. For
the relativistic regime, above 10*® W/cm?, the ponderomotive force definition can be updated

by including the Lorentz relativistic factor v~ = /1 — 32.

Propagation of a laser pulse in a plasma

In the real experimental case, the pedestal of the laser pulses preceding the main peak (see
Fig. 3.2 in Ch. 3) produces an expanding plasma that, through the interaction with the main

pulse, leads to the efficient acceleration of electrons. This preplasma spreads at a velocity given

Z:kgT,
c, = [ZivBle (2.5)
m;

being Z; and m; the ion charge state and mass, respectively, kg the Boltzmann constant, and

by the sound speed of the ions

T, the hot electron temperature. For the relativistic regime, this temperature can be roughly
estimated to be equal to the ponderomotive potential[3, 4]. Assuming the poderomotive force
is a conservative force, as it can be expressed in terms of a gradient, this potential U, can be

calculated from Eq. 2.3 as



10 Chapter 2. Background and state-of-art

2E2
KTy~ Uy = —S 20— (\/1 T} - 1) (2.6)

ap = 0.85 LN (2.7)
108 W cm ™2 um?2

In this expression, Iy is introduced in W/cm? units and Ay is the laser wavelength in pm.
The parameter ag, formally called the dimensionless amplitude, determines the regime of the
interaction. The relativistic limit is set at ay = 1, corresponding to ~10*® W/cm? for a typical
800 nm laser system, above which the interaction can be considered as relativistic, whereas for

ag < 11it can be treated as classical.

The expanding plasma exhibits a density profile that grows close to the target surface. As-
suming isothermal expansion, this density profile n. can be described in good approximation

by a exponential distribution along the propagation direction z as

ne(z) o< exp(z/Ly) (2.8)

where L, is called plasma scale-length and is defined as the distance at which the plasma density
is 1/e of its initial value. Other variations of this profile have been explored in literature, as
for example linear and parabolic shapes[5] or an smoothed exponential n, o< [tanh(Lig) +1].
Following the isothermal assumption, the scale-length can be estimated from the ion sound

speed (Eq. 2.5) and the duration of the pulse pedestal 7455

Ly =~ csTase (2.9)

In some other cases, the duration of the laser pulse or the anticipation time with respect to the
main pulse of the prepulses above the ionisation threshold, if any, can be used for calculating

this parameter.

As the main pulse reaches the preplasma, it can only penetrate if its oscillation frequency sat-
isfies the propagation condition wy, > w,,, obtained from the evaluation of Maxwell’s equations.

The parameter w), is the plasma frequency of the electrons, whose definition is
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2
W, = Me€ (2.10)

Mme€p

where 7, is the density of the free electrons in the plasma. If the laser frequency is lower than
the plasma frequency, the electrons are able to oscillate at such frequency and thus compensate
the electric field. In this way, the energy from the laser pulse is dissipated in the plasma. If
the laser frequency is higher, on the contrary, the electrons only "see" the Gaussian envelope
instead of the oscillation, leading to their effective acceleration. This can be also explained in

terms of the refractive index 7 of the plasma medium, given by expression

n= 1= 1T (2.11)

If the propagation condition is satisfied, the refractive index has a real value and the wave can
propagate along the medium. On the contrary, if the condition is not satisfied, the refractive
index becomes pure imaginary and the electromagnetic pulse is either absorbed or reflected at
the plasma front. The parameter n. in this equation is defined as the critical density at which

wr = Wp.

As the pulse propagates through the preplasma, the electrons are pushed due to the pondero-
motive force towards the target. This leads to a density wave propagating along the plasma
density profile with increasing amplitude over time, as more electrons are concentrated at the
wavefront. For the case of solid targets, the main pulse follows the density wave until it reaches
the critical density. Then, the pulse cannot propagate further and is mostly reflected. The accel-

erated electrons, on the contrary, are injected into the target.

2.2 Absorption mechanisms

As indicated in previous section, the incidence of a ultraintense ultra-short laser pulse at a
solid target produces an expanding plasma where the electrons are accelerated. Several acceler-
ation mechanisms that let the energy gain by the electrons can occur at the critical density limit,
depending on both laser and target properties. These properties, as for example the pulse inten-
sity, the angle of incidence, or the laser polarisation, will favour one or multiple acceleration

mechanisms. Throughout this section, several mentions to the laser polarisation will be made.



12 Chapter 2. Background and state-of-art

In particular, p- or s-polarisation, which are two types of linear polarisation of the laser electric
field. In the context of a laser pulse impinging on a solid target at a certain incidence angle, p-
polarisation implies that a component of the electric field is perpendicular to the target surface,
that is, parallel to the density gradient of the preplasma. In s-polarisation, on the contrary, the

field oscillation is parallel to the target surface.

Some of the mechanisms described in this section are predominant at moderate intensities,
1.e., below aqp = 1. While the laser systems employed in the experimental part of this thesis
are mostly relativistic (ag ranging between 1 and 10), these mechanisms are in principle not
relevant. However, a brief description of them will be provided as they dominate the interaction
of the laser pedestal with the targets, that produces the formation of the preplasma. For the
following, only the interaction of a laser pulse with a solid target, hence an overdense plasma,
will be considered. Other mechanisms for the efficient acceleration of electrons dominate the
interaction of an underdense plasma and a laser pulse, as for example wakefield acceleration[6,
7]. Since no experiments were performed using gaseous or liquid targets, these mechanisms are

not relevant in the scope of this thesis.

2.2.1 Moderate-intensity mechanisms
Resonant absorption

Resonant absorption[6, 8] is the principal collision-less mechanism for the electron acceler-
ation at moderate intensities. It occurs for laser pulses incident at a certain non-zero angle with
respect to the target normal, and p-polarisation. This conditions guarantee that a component
of the electric field oscillates in the same direction as the density gradient at the target surface
(E - Vn # 0). The plasma electrons then follows the oscillation and a density wave —also
called Langmuir wave— is generated at wy,. At the critical surface, where n. = n., this density
wave is excited to a resonance at this frequency and a significant fraction of the laser energy is

transferred to the electrons. This fraction can be estimated from expression|[1]

—473
Faa ~ 1.157% exp < 37 ) (2.12)
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where 7 = (wyL,/c)Y/3sinf, and 6 is the incidence angle. Ideally, the laser pulse is then
reflected at the critical density and the excited plasma wave propagates towards the target trans-

mitting its energy to the rest of the plasma electrons.

In reality, as the incidence of the laser pulse is oblique to the target surface, the electric field
is reflected at a plasma density given by n., < n.cos?f before reaching the critical surface.
From this point, the electric field is only able to penetrate the plasma as an evanescent wave that
tunnels into n. = n.. For certain values of the scale-length L, and the incidence angle, the field
that reaches the critical density may be too weak to induce the resonance. That means that there
is a pair of optimal values for both parameters for which the resonant absorption mechanism is
enhanced. From the evaluation of Eq. 2.12 it can be seen that this relation can be expressed
as[1]

o \/3
Ora ~ arcsin [( ) ] (2.13)
wLLg

where 04 is the optimal incidence angle for each given plasma scale-length. It can be then
inferred that for small incidence angles close to the target normal and steep density gradients

resonant absorption becomes less efficient.

Inverse bremsstrahlung

In contrast to resonant absorption, inverse bremsstrahlung[9, 10] is a collisional acceleration
mechanism. That means that the energy is converted to plasma heating by means of collisions
between the electrons being accelerated by the laser and the ions. The electrons that were
oscillating according to the laser frequency are abruptly out of phase with the electric field
at the collision. The oscillation energy is then transferred to the medium as random thermal
energy. For inverse bremsstrahlung, the fractional energy absorbed by the medium, assuming

an exponential density profile as in Eq. 2.8, can be expressed as

8vy; L

fip~=1—exp <_cg cos® 9) (2.14)

where ¥ o n.Z;/(kgT.)? is the collisional rate between electrons and ions at the critical

surface, proportional to the electron temperature. Taking into consideration this expression
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it can be seen that inverse bremsstrahlung benefits from long and gradual density profiles. In
addition, electrons with low temperatures are favoured as they experience more collisions. Thus
this mechanism is less efficient for high, relativistic intensities, typically corresponding to the

main peak of the laser pulses.

2.2.2 Vacuum heating

Vaccum heating, also known as Brunel effect for its first postulation by F. Brunel[11], is
a type of non-collisional "not-so-resonant" absorption mechanism at moderate to high laser
intensities. The formulation of this process can be understood from the aforementioned resonant
absorption, but considering a very steep density gradient. Thus, the laser pulse is again obliquely
incidental and a certain component of the electric field oscillates parallel to the density gradient,

1.e., p-polarisation.

The steep density gradient, which implies a short scale-length, can be regarded as an abrupt
vacuum-plasma interface. If the laser intensity is high enough, the electrons are compressed
up to the critical density in a very short distance. As the pulse impinges on the interface, the
electric field is able to drag the electrons from the plasma to the vacuum during the first part of
the oscillation. An intense electric field is also produced due to the charge imbalance between
the electrons and the plasma ions. During the second part of the oscillation, the combination
of the returning field and the charge-separation fields accelerate the electrons back to the target
surface. Inside the plasma, as scale length is much shorter than the laser wavelength (L, <<
L), the electric field cannot propagate enough to reach its maximum oscillating amplitude. The
electrons are then injected to the target without experiencing the restoring electric field, having

a net energy gain that can be calculated from[12, 6]

sin @

Jve ~ c{(\/l + f2a2sin® 0 — 1) (2.15)
0

cos

where [ = 1++/1 — nyy, withnyg = (1— :‘j—%)‘l is a factor that accounts for the energy deple-
tion of the incident electric field on the plasmg. As the energy gain has a certain dependence on
the incidence angle, t have been demonstrated, both analytically[13] and via simulations[14],
that vacuum heating is enhanced at an optimum angle ¢y = 45°, and for scale-lengths below
0.1AL.
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2.2.3 JxB heating

At the relativist regime, that is, ap > 1, the most predominating acceleration mechanism
is J x B heating[6, 15]. For laser intensities above this limit, ~10'® W/cm?, the magnetic
factor of the well-known Lorentz force, F;, = ¢(E + v x B), becomes relevant. In such case,
the ponderomotive force in Eq. 2.3 can be expressed, assuming an oscillating electric field

E = Fy(z) sin(wyt)Z propagating along Z, as

—e? OB ., .
= s O sin®(wrt)2 (2.16)
that, in terms of the oscillation speed of the electrons v(z) = (;;Eobgi ),
—m, Ov?
F, = Z‘ 8—2(1 — cos(2wrt)? (2.17)

It can be seen from the expression that the poderomotive force is separated into two compo-
nents. The first term, corresponding to the first-order or fundamental mode, coincides with the
averaged description of the force in Eq. 2.3 regarding the laser envelope. This mode is respon-
sible of pushing the electrons along the density profile. The second term, that corresponds to
the second-order harmonic, represents the motion of the electrons oscillating at twice the laser
frequency wy,. This oscillation can be understood as a density wave at 2w;, travelling through
the plasma that can be excited to a resonance at n. = 4n., as for resonant absorption. If the
preplasma extension is long enough, laser pulses of moderate intensity allow for reaching this
critical surface and achieve resonance[ 16]. In the other case, if the density gradient is steep, the
acceleration mechanism is similar to vacuum heating but at 2w;,. The kinetic energy gained by
the electrons within this mechanism can be characterised from the ponderomotive potential as
in Eq. 2.6, which is commonly used as a scaling law between the electron temperature and the

laser normalised intensity[17, 18].

It can also be observed in Eq. 2.17 that, as the ponderomotive force is exerted along the
propagation direction, the electrons are consequently accelerated in the same direction. Thus,
J x B heating allows for normal incidence angles and both types of linear polarisation, in
contrast to resonant absorption and vacuum heating. The fraction of the laser energy that is

transferred to the electrons can be estimated from[ 18]
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frp~1.2-1071579™ (2.18)

with I, in W/cm?, up to a factor of f;p = 0.5[19]. Although it is not reflected in Eq. 2.18, it

has been found[20] that this energy gain is optimal for incidence angles close to 0°.

In the context of the experimental campaigns performed within this thesis, J x B heating is
the predominant laser-plasma acceleration mechanism. As will be described in Ch. 3, the laser

systems that were used for the experiments belong to the relativistic regime of the interaction.

2.2.4 Electron beam properties and scaling

As seen, there are numerous absorption mechanisms that may occur under a certain set of
laser and target conditions. These mechanisms may be dominant depending on parameters such
as the pulse intensity or the angle of incidence, and thus they may compete between each other.
In this way, it is complicated to provide a complete picture of electron acceleration. However,
some properties can be inferred for most of the cases. Typically, laser-driven electrons exhibit

a broad distribution in energy that can be approximated to a Maxwellian decay function[21] as

dn.(E) = neexp(—E/kgT,)dE (2.19)

described by a characteristic temperature 7. The parameter n.q stands for the distribution am-
plitude, in electron number. In some cases, a more accurate description leads to a bi-Maxwellian
distribution[22, 23] with two different temperatures 7j; and 7,4 originated at different pro-
cesses. The cold temperature is commonly associated to returning currents from the propagation
of the electron bunch trough the target[24]. The hot temperature comes from the aforementioned

absorption mechanisms.

There is a significant interest in obtaining an scaling law between the hot electron temper-
ature T},,; —or simply 7, for the following— and the intensity of the laser pulses. A general

scaling can be expressed as

kgT, o< (Ip\3)" (2.20)
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where the coefficient o ranges between 1/3 and 1.5[23] depending on the dominant absorption
mechanism. For resonant absorption, experimental data suggest that the scaling law can be
written as[25, 26]

2 1/3
LAl ) (2.21)

kgTra MeV]| = 0.215
B RA[ € ] <1olgwcm—2p/m2

In this expression, I;, and \;, are introduced in W/cm? and pum, respectively. This mechanism
can occur for non-relativistic laser intensities above 10'° W/cm?, reaching an net energy gain
of up to 50%[10]. Covering most of the same intensity range but for steep density gradients,
vacuum heating exhibits an energy absorption of around 70%, that drops down to 10% at the

relativistic regime. The scaling law of the electron temperature follows

(2.22)

a2 1/3
1018 W cm_Qum2>

kpTyy [MeV] = 3.7-1072 (

with the same units considerations as before. At relativistic intensities, vacuum heating is sur-
passed by J x B heating in terms of the absorption efficiency, which escalates with the laser

intensity as given by the ponderomotive potential in Eq. 2.6,

I \2
kT 5 MeV] = m.c? [ |1 L -1 2.23
5Tsp [MeV] = mec @ 137100 W em Zpm? ) (2.23)

in this case, the electron mass is usually provided in energy units as m.c? = 0.511 MeV. In
addition, J x B is less restrictive regarding the polarisation and the incident angle, as is the
only non-collisional mechanism that can occur at 0° and s-polarisation. For normal incidence,
the energy gain by the electrons is of the order of 30 — 50% for the relativistic limit ay ~ 1[20,
18] that increase up to 60% for higher intensities around 10*° W/cm?[27]. From this absorption
efficiency, obtained analytically from Eq. 2.18, the total number of electrons accelerated into

the target can be estimated as[18]

_ fisEL :fJBIL
C7'L7'l'7'(2)1€37j6 CkBTe

(2.24)
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where £, is the energy of the laser pulses, that ranges from ~J to several hundreds of J (see
Sect. 3.1 in Ch. 3), 71, the pulse duration, and r the radius of the laser focus. In the relativistic

regime, these electrons are accelerated up to MeV-order energies.

Depending on the composition of the target, these electrons may be utilised for different
applications. The use of thick, high-atomic number materials such as copper or zinc favours
the emission of bremsstrahlung stopping radiation and characteristic K- an L- atomic lines.
In this way, beams of X-rays from laser-plasma interaction have been extensively studied(1,2)
and some applications have been derived from them(3,4). On the contrary, light, low-atomic
number materials as aluminium or some plastics allow for the propagation of the electrons
while minimising the radiation losses. If the electron energy is high enough, they are able to
go through the target and emerge at the rear side. As will be seen throughout the following
sections, these electrons are responsible of the main ion acceleration mechanism in the range
of application of the experiments presented in this thesis. Proper target engineering, as for
example the use of nanostructures at the front target surface, can lead to the enhancement of
some of the mechanisms presented in this section, as in (5,6,7), or of the resulting X-rays (8) or
ion beams(9,10).

2.3 Ion acceleration mechanisms

Since its first formulation in 1965 by Tajima & Dawson[28], lasers as a means to efficient
particle acceleration have developed continuously during the last two decades[29, 30], and it
is considered today as an alternative to conventional RF accelerators in many fields related to
basic science and applications [31, 32]. However, direct ion acceleration from laser pulses is
not feasible, as it would require intensities of ~10** W/cm?, beyond the current achieved limit.
Instead, the mechanisms for efficient ion acceleration involve the charge-separation electric
fields produced by the laser-driven electrons. These huge electrostatic fields are of the order of
~TV/m, in contrast to those achieved at RF accelerators, which saturate at about 100 MV/m.
For this reason, together with the arguments presented in the introductory chapter regarding size
and scalability, laser accelerators have become a subject of study and research both experimen-

tallyand through simulations.

In the previous sections, the mechanisms that lead to the efficient acceleration of relativistic

electrons up to several MeV were described. Although there are various mechanisms as well
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for the acceleration of ions from these hot electrons, only Target Normal Sheath Acceleration
(TNSA) is relevant within this thesis. Other processes, such as Radiation Pressure Acceleration
(RPA)(1,2), Hole Boring(3,4), Light Sail(5), or Collisionless Shock Acceleration (CSA)(6) take
place at higher intensities (10%° — 10?2 W/cm?) and not applicable for the laser systems used in
this work. An in-depth understanding of these mechanisms can be found in recent reviews on

laser-driven ion acceleration[29, 6].

2.3.1 Target Normal Sheath Acceleration

Target Normal Sheath Acceleration (TNSA)[21, 33, 34] is the most studied and extended ion
acceleration mechanism, as it provides a robust and efficient means to produce high-energy ion
beams up to tens of MeV. In addition, its range of applicability covers a wide number of situ-
ations regarding laser and target parameters. It emerges from the interaction of an ultraintense

laser pulse of I, > 10'® W/cm? with a thin solid foil of micron-size thickness.

Electron sheath
Preplasma

<
“N\N—

|
|
\

Laser pulse

»
»
r N

lon front

FIGURE 2.1: Schematic representation of the TNSA mechanism.

A basic scheme of TNSA is illustrated in Fig. 2.1. As the laser pulse impinges on the solid
target, the pedestal preceding the main peak ionises the surface leading to an expanding plasma.
From the interaction of the main pulse and the plasma, a relativistic electron beam is accelerated
according to the mechanisms described, and injected into the target. If the electrons are enough

energetic, they can traverse the target foil and emerge at the rear side as an expanding sheath.
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The charge-separation electric field that is generated between the sheath and the positive ions
from the target surface is strong enough (~TV/m) to deflect the less energetic electrons back
to the target, which then recirculate as returning currents. Unless specifically removed, the tar-
get foils used in laser-driven ion acceleration typically have a contaminant layer covering their
surfaces, mainly composed of water vapour and hydrocarbons. The huge electrostatic electric
field generated by the electron sheath is then able to ionise the material of these contaminants
and pull the ions towards the direction normal to the target surface. A bunch of ions is in this
way accelerated following the expansion of the electron sheath up to MeV-order energies. Due
to their lighter mass and higher charge-to-mass ratio, protons are more efficiently accelerated
and thus dominate the ionic composition of the resulting beam. Other heavier ions in different
ionisation degrees, such as carbon, nitrogen, or oxygen, are also accelerated. This charge im-
balance also occurs at the frontal surface of the target, due to the expansion of the preplasma.
Thus, electron and ion acceleration is also produced, but is typically less efficient than at the

rear side.

Fig. 2.2 depicts the evolution of the electron and proton densities (red and green curves), and
the electric field (blue curve) during the last phase of TNSA, obtained from one-dimensional
Particle-In-Cell simulations. The figure shows the rear side of a slab target at four different times
after the formation of the electron sheath. The densities are normalised to the critical density,
the spatial dimension to the laser wavelength, and the electric field to the laser amplitude. It can
be seen that the electric field produced by the electron distribution peaks at the expanding ion

front, producing a huge electrostatic pull on them at each time instant.

Analytically, the TNSA mechanism can be effectively described by a self-similar, isothermal
expansion model formulated by P. Mora in [35]. It provides a one-dimensional description of the
temporal evolution of the accelerated ions and the charge-separation field in terms of parameters
both from the laser and the target. This model assumes that the hot temperature of the electron
sheath remains constant during the acceleration process due to the short, picosecond temporal
scale at which it occurs. It also imposes the quasi-neutrality of the expanding plasma at the rear
side of the target: n. = Z;n;, where n. and n; are the electron and ion densities, respectively,
and Z; the ion state of charge. A step-by-step derivation of the model can be found in [35, 21].

From the evaluation of the Poisson’s equation at the sheath-vacuum interface an electron

energy distribution as depicted in Eq. 2.16 can be obtained. From a classical point of view, the
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FIGURE 2.2: Evolution of the electron and proton densities, and the electrif field,
from 1D PIC simulations.

broadening of the electron distribution to a Maxwellian dependence is explained by binary col-
lisions with the plasma particles as they are injected into the target. In this case, the distribution
amplitude n.q can be updated from Eq. 2.24 to consider the angular spread of the electron beam

while traversing the target foil, as

fiBEL

CTLSSI{?BTG (225)

Neo =
where Sy = 7w(rg + Dtan(6./2))? is the area of the electron sheath, defined by the target
thickness D and the angular divergence 6, of the electrons inside the target. For foils thinner
than 10 pm this angle can be taken as 6, ~ 16 — 25°[18].

From the electron spectral distribution and the quasi-neutrality condition, the density distri-

bution in terms of the energy of the ion front expanding at a velocity given by the ion sound
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speed (Eq. 2.5) can be obtained as

No
V2Z:kgT. E;

which corresponds to a Maxwell-Boltzmann distribution. The parameter Ny = ng.cstS; is the

2F;
dN; = e VZiksTe JF. (2.26)

distribution amplitude in number of particles per unit of energy at a given time ¢, 7, is again
the hot electron temperature, and F; the ion energy. The isothermal model is valid for a ¢ > 0
that in first approximation it can be estimated to be comparable to the pulse duration 7, (fs —
ps). This restriction is introduced ad hoc in the model formulation in order to avoid an infinite
energy gain by the ions with time. A more detailed description leads to an empirical expression

for the acceleration time in terms of the laser intensity, as introduced by [18]

tace ~ [—6.07 - 1072(1, — 2-10") + 3] - (71 + Lymin) (2.27)

for2-10"® < I; < 3-10" W/cm?, and

tace & 1.3(T1, + tymin) (2.28)

for I;, > 3 - 10! W/cm?. In these expressions, t,,;, is defined as the minimum time that the
ions need to absorb energy from the electrons. This time was found to be around 60 fs for laser
pulse durations below 100 fs[18]. The separation of the acceleration time in two regimes given
by Eqs. 2.27 and 2.28 take into consideration that for lower intensities the expansion time is in

principle slower, so the acceleration time must be longer.

From the definition of the normalised acceleration time 7 = wy;ta../1/2 exp(1l), being w,; =
\/Me0Zi€2/m;€ the ion plasma frequency, the model also predicts a maximum, or cut-off energy
gained by the ions, given by

BEpaz = 2kpT,[In(7 + V72 + 1)]? (2.29)

As shown, for intensities above 10'® W/cm?, J x B heating is the predominant acceleration for
electron acceleration. The ponderomotive potential provides a scaling for the hot temperature

proportional to ag, as in Eq. 2.23, in the order of several MeV. Considering the relation between
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the temperature and the cut-off energy in Eq. 2.29, a similar scaling F,,,, ~ kgT. can be
expected. The isothermal model has been extensively compared to results from Particle-In-Cell
simulations, in good agreement for intensities up to 10?° W/cm?[18, 17]. This scaling has been
also experimentally evaluated in terms of the pulse duration in [36], showing good agreement
below 200 fs.

2.3.2 Proton beam properties

Typically, the obtained ion energy spectra at laser-driven acceleration experiments show a
Maxwellian-like decay distribution with a sharp cut-off in energy[29]. As explained in the
previous section, this is a result of the broad distribution of the sheath electrons. The ions
are emitted with a certain cone-shaped angular distribution, with a narrower dispersion for the
particles of highest energy than for the less energetic ones. This angular divergence can be

considered as a Gaussian angular profile[37, 38]

g(0) = (L) (2.30)

2ro

with a dispersion o that depends on the proton energy with a linear or parabolic profile, as

o(E)=m-FE+n (2.31)

o(B) = /la- B+ (2.32)

Due to the origin of laser-driven ions being at the contaminant layer at the surface of the
acceleration targets, multiple ionic species typically compose the resulting beams. Ions with
higher charge-to-mass ratio are in principle accelerated more efficiently. So is the case of pro-
tons which, as they are the lightest species, usually tend to dominate the acceleration process.
However, the use of certain specifically processed targets may allow for the enhancement of a
different ionic species. For example, the use of deuterated targets has been explored in [39]
to produce deuteron beams. In other cases, special treatment of the target surface in order to
remove the hydrocarbon impurities has lead to the direct acceleration of heavier ions [40]. This

could also be achieved by modifying the laser properties [41].
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Other properties of laser-accelerated ions, regarding the typical magnitudes in the context
of particle acceleration, are a high particle flux (10° — 10'3 particles per pulse), a short pulse
duration (~ps), and a micron source size. A very low emittance, defined as the the dispersion of
the particles in the phase space, is also a fundamental property of laser-driven ions. For tabletop
or high-repetition rate laser systems, these ion bunches are produced at the operation rate of the

laser, in the order of a few Hz.

2.4 Radiation-matter interaction

2.4.1 Interaction of charged particles with matter

When a charged particle propagates through matter, it can experience several mechanisms
such as elastic collisions with atomic electrons, inelastic scattering, or radiation emission within
the electric field of the nucleus, also called bremsstrahlung. The transmutation of the atoms of
the medium through nuclear reactions can also occur, although they are not considered in this
section. On average, these processes will lead to the gradual loss of energy of the particle within
its propagation. The rate at which the particle losses its energy can be characterised by the linear

stopping power, defined as

1dE 1|,dE dE
S o= = (2, —Vra 2.33
where dF is the amount of energy lost along a distance dx inside a material of density p. It
can be divided in the energy loss due to mechanical processes, i.e., collisions, and radiation

processes.

Charged particles traversing a medium can be separated into two categories depending on
their mass. In the range of application of this thesis: light leptons such as electrons and
positrons, and heavier hadrons like protons or ions. The description of the energy loss is slightly
different for each group of particles, as some processes dominate the interaction depending on
the type of particle, its energy, and its mass. In the case of heavy charged particles, collisional
processes are dominant in the ~MeV range. Therefore, the sopping power in Eq. 2.33 can
be approximated to the collisional component, whose description is given by the Bethe-Bloch
formulation[42]. The expected maximum range of an hadron inside matter can be calculated

from its stopping power as
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Rnaz(E) ~ [E 3 (dE/dz)"'dE (2.34)
where E,,,;, 1s the minimum energy at witch the Bethe-Bloch formulation is valid (v < 0.25c¢).
From the evaluation of Bethe-Bloch formula, a particular phenomenon for hadrons travelling
through matter is derived: they deposit most of its energy at the end of its range and within
a very short distance. This energy deposition distribution is commonly referred as the Bragg
peak of the hadron beam. Some detection configurations, as will be mentioned in Ch. 3, take
advantage of this circumstance. The emergence of other applications such hadron therapywere

also motivated by this phenomenon.

In the case of leptons, in contrast, as their mass is about a factor of 1000 lighter than the
mass of protons, the relativistic regime is reached for lower energies. Thus, for the ~MeV
energy range, radiation losses (bremsstrahlung) are much more predominant than for hadrons.
In addition, positrons can be disintegrated by means of electron-positron annihilation when
their energy is low enough, in the order of ~100 keV. This is the fundamental base of PET
imaging. Due to their lighter mass, collisional processes on electrons or positrons produce
larger scattering angles than for heavier hadrons. It can be then defined the mean free path
as Ao = 1/0., N, in terms of the collisional cross-section o, and the particle density of the
medium N = pN,4/A, being p its density, N the Avogadro constant, and A the atomic mass.
This parameter represents mean distance that a lepton can travel through a material without

experiencing a collision.

2.4.2 Interaction of photons with matter

There are three main mechanisms that govern the interaction of a single photon with matter:
photoelectric effect, Compton scattering, and pair production. In this section, a brief description

of the three processes will be provided.

Through the photoelectric effect, the photon is totally absorbed by an atomic electron of the
medium, which will be striped from the nucleus with energy equal to the difference between the
photon energy and the binding energy of the atomic level. After the absorption of the photon,
the vacancy left by the electron at the atomic level will be occupied by another electron at a

later time, producing a characteristic X-ray or an Auger electron in the process.
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Compton scattering consists on the inelastic scattering between the photon and an atomic
electron. In this mechanism, the photon transfers only a part of its energy to the electron and
it is scattered at a certain angle. A correlation between the scattering angle ¢ and the absorbed

energy can be expressed as

AX= A — Ao = Ac(1 — cosb) (2.35)

where Ay and A are the final and initial wavelengths of the photon, related to its energy through
E = he/ X, and A\c = h/m.c is the Compton wavelength.

In pair production, a photon under the atomic electrostatic field can suddenly be totally
absorbed to produce an electron-positron pair. In contrast to the other two mechanisms, pair
production exhibit a energy threshold below which it cannot occur. This threshold correspond

to the sum of the electron and positron rest masses, which is 1.022 MeV.

The probability of these mechanisms mainly depends on the photon energy and the atomic
number of the propagation medium. For low-energy photons the predominant mechanism is
the photoelectric effect. It is also favoured for materials with high atomic number. In the
keV range of energies, this mechanism effectively compete with the Compton scattering, which
predominates up to the MeV energy scale. For relativistic energies above 1 MeV, the probability

of pair production increases dramatically and becomes dominant.

The overall effect of the three mechanisms described here can be averaged by means of
the linear attenuation coefficient .. In this way, a photon beam traversing a material will

experience a certain attenuation depending on its energy, following expression

I(z, E,) = lyexp(—p(E,) - 2) (2.36)

where I is the initial intensity of the ion beam before entering the material, /(z) is the in-
tensity at depth z, and p, is the attenuation coefficient at the energy F.. In contrast to the
case for charged particles, the propagation of a photon beam within matter leads to its gradual

attenuation but maintaining a constant energy, on average.
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TABLE 2.1: Nuclear reactions of interest for the production of radioisotopes used
in PET. Dash lines indicate a energy threshold below 1 MeV.

Nuclear Energy Product
reaction threshold half-life

(-) (MeV) (min)
UBpmlc 113 20.23
10B(d,n)!''C - 20.23
14N(p,oe)HC 4.5 20.23
50(p,0)*N 6.6 9.97
BN(p,n)°0 3.8 1.87
1N(d,n)*?0 - 1.87
180(p,n)**F 2.5 109.77

2.5 Radioisotope production

Through previous sections, the diverse mechanisms that result in the efficient acceleration
of ions were described. As introduced in Ch. 1, one of the potential applications for laser-
accelerated ions is the production of radioisotopes. As the spectrum of laser-driven ions spans
over several MeV and is characterised by a high flux, it is suitable for the induction of nuclear
reactions on a secondary target. The fact that protons are the predominant species in laser-driven
sources is another advantage, as most of the production reactions are induced by light particles
such as protons or deuterons[43, 44]. In some experiments, these nuclear reactions are used as

a diagnostic of the proton acceleration process[45, 46].

Experimentally, laser-accelerated protons can induce nuclear reactions by locating a sec-
ondary target within the path of the proton beam[47, 48, 49]. Through the proper election of the
target material and an adequate study regarding the available reaction channels, the radioisotope
of interest can be produced. In the context of PET medical imaging, there are several nuclear
reactions induced by MeV-order protons or deuterons that produce the desired isotopes. Table
2.1 lists some of these reactions[43, 44, 50], along with the threshold energy of the reaction,
if any. Regarding the work presented here, the reaction *'B(p,n)!'C is the main channel for
the production of 'C from the proton beams generated within the experiments performed on

laser-driven acceleration. This will be addressed in the corresponding chapter, Ch. 6.

The probability that a nuclear reaction occurs at a certain energy of the incidental particle
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FIGURE 2.3: Cross-sections of some production reactions of radioisotopes of
interest in PET.

is determined by the cross-section, also known as excitation function. Fig. 2.3 depicts the
cross-section of some of the nuclear reactions included in Table 2.1, induced by protons (left)
or deuterons (right). As can be seen, the main peak of the curves is below 10 MeV, which is the

typical range of energies achieved in most of the ultraintense laser facilities.

The activity of a radioactive source is defined as the amount of disintegrations per time unit.
This decay rate is often characterised by the disintegration constant A. or the half-life 77 /5 of
the radioactive nucleus, which are related via A\, = In(2)/77/,. The later is defined as the the
period of time in which half of the radioactive activity has decayed. Thus, the activity at a given
time ¢ can be expressed as

A(t) = Agexp(—Agt) (2.37)

where A is the initial activity. From this expression, the number of nuclei of the radioactive
source N can be simply derived as

N(t) = A(t)/Ae = Ny exp(—Aet) (2.38)

being NN, again the initial number of nuclei. Eq. 2.38 is commonly known as the law of radioac-

tive decay.
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There are some radioactive nucleus that can decay through two or more different modes,
or channels. In these cases, the overall disintegration constant can be expressed as the sum of
the partial constants of each mode, as A\, = Al + A\2+... The branching ratio of each mode is
then defined as the ratio between the corresponding partial decay constant to the overall con-
stant. This magnitude indicates the fraction of disintegrations that would be produced through

a certain channel with respect to the total.

The expressions above can be updated for a case on which the amount of nuclei is increasing
over time. This can occur at radioactive decay series, where a parent nucleus decays on a
daughter nucleus that is radioactive as well, or for artificial production. The later is the case for
radioisotope production from laser-based sources, which emit laser —and ultimately proton—
pulses at a nominal repetition rate over a certain time. The evolution of the amount of nuclei,

considering its decay during the production, can be then expressed as

N(t) = A(t)/Ae = R(1 — exp(—Act))/Ac (2.39)

where for pulsed sources R = P - fy is the production rate in terms of the shot frequency fy,

and the number of nuclei produced for each shot P.

The production of a radioisotope through a certain nuclear reaction induced by a incidental
beam of particles can be calculated from the convolution between the cross-section and the

distribution of the beam, as

P=N, / o (EYny(E)dE (2.40)
Ein
The parameter N; = pN4t,/A depends on the properties of the target material, being p its
density, V4 the Avogrado constant, ¢, its thickness, and A its atomic mass. Inside the integral,
o, is the reaction cross-section in terms of the energy £, and n, is the spectral distribution
of the incidental particles. In the case of laser-accelerated protons, this distribution can be
obtained from Eq. 2.26. The integration limits refer to the reaction threshold energy £y, and
the maximum energy of the particle beam FE,,,,, which corresponds to the abrupt cut-off for
laser-driven ions. In the case that n, is given in flux units —particles per unit area—, an extra

term accounting for the extension of the beam must be introduced in Eq. 2.40. For ions beams
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produced via ultraintense lasers, this area can be estimated from the solid angle integral of the

angular divergence in Eq. 2.30, which as indicated, depends on the particle energy.

If the production rate of the radioactive nuclei is initially much greater than its decay rate,
the production curve tends to a maximum value in the called secular equilibrium regime. As
the activity of a radioactive sample increases with the number of radioactive nuclei, this regime
is achieved when the amount of produced nuclei equals the number of disintegrations per unit
time. This leads to a maximum achievable production rate after a certain operation time, which
remains constant over time. In the experiments, the typical picture is that the amount of nuclei
grows according to Eq. 2.39 during the production phase. After the production stops, ideally
close to the equilibrium phase, the achieved activity level continues its decay following Eq.
2.37. The characterisation of the produced amount of radioisotopes, in terms of its activity, is
measured at this phase. The identification of the produced radioisotopes can be then performed

through the determination of their emission spectrum and their half-life.

2.5.1 Review of radioisotope production for PET imaging

As indicated in the introductory chapter, the activity levels typically handled in PET pre-
clinical imaging are in the range of 10 — 30 MBq. For clinical imaging, these requirements
are escalated up to several hundreds of MBq up to 1 GBq. The recent interest in laser-induced
acceleration for medical radioisotope production has led to numerous studies, both experimen-
tal and theoretical, of the achievable activities in terms of laser and target parameters for wide
variety of laser systems[51]. The action plan of current laser facilities can be separated in two
different approaches for achieving the required doses. On one hand, high power laser systems
(see Ch. 3) focus on reaching huge, petawatt laser pulses that are able to produce a huge num-
ber of activations on a single shot. Its repetition rate, however, is limited to a several minutes
between shots. On the other hand, tabletop high-repetition rate laser systems produce moderate
doses per shot but maintaining an acceptable production rate over long operation times. As will
be discussed in Ch. 4, the later leads to a series of mechanical difficulties regarding the design

and operation of high repetition rate target systems.

Kimura and Bonasera[52] calculated 1.5-10° C nuclei per shot through the 'B(p,n)}'C
reaction at the Titan laser, capable of delivering pulses of 150 J and 600 fs at a rate of 2 shots
per hour, which corresponds to ~1 MBg/shot. By considering the 1°B(d,n)!'C deuteron-induced
reaction instead, they estimate 7.4-10° *'C nuclei per shot, i.e., 4.2 MBg/shot. At the VULCAN
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laser (120 J, 1 ps), experiments performed in [53] resulted in ''C activities of 200 kBg/shot
from proton beams with energies up to 37 MeV via the same nuclear reaction. Despite the high
radioisotope activities per shot obtained, the production of at these large-scale lasers is mainly

limited by their pulse repetition rate and technologically restricted to single-shot operation.

On the contrary, tabletop high-repetition rate lasers allow for multi-shot operation sustained
over time. At typical repetition rate of most table-top lasers, in the range of 0.1 - 10 Hz, particle
fluxes of 10'* ions per second during the irradiation time can be achieved. Fritzler et al.[48]
estimated an activity of 13.4 MBq of ''C after 30 min of irradiation of thin 6 ym-thickness Al
foils with a 10 Hz high-repetition rate laser (~1 J, 40 fs) via the "' B(p,n)''C reaction. Tayyab
et al.[47] have measured 5.2 kBg/shot of '*C with a similar laser system and 1 um Cu targets,
which corresponds to 58.5 MBq at 10 Hz after 30 min. Despite some discrepancies, these
measurements and calculations give number in the order of preclinical PET requirements. The
STELA laser, where part of the experimental work of this thesis was performed, has similar
parameters as these two systems. Therefore, dose levels of the same order can be expected. The
next generation of table-top lasers may be able to increase the repetition rate up to 100 Hz and
extend its scope to clinical doses. Lefevre et al.[54] have extrapolated calculations fora 1 J, 36
fs laser and obtained 94.8 GBq of ''C and 9.7 GBq of '8F at 1 kHz for one hour of irradiation
time (698 MBq at 10 Hz after 30 min). Activities of 1.3 GBq of 'C after 30 min at 1 kHz
are also estimated in [48]. Based on proton spectra from this publication, possible scenarios
for the generation of various PET isotopes from a table-top laser system have been explored,
concluding that °0 and ''C activities exceeding 100 MBq may be accumulated within 10 - 30
min at 100 Hz-repetition rate[55].

The aim of this work is to provide realistic estimates of *C activities for PET imaging
using laser-solid accelerators. In most of the previous works addressing this issue, the scope of
analysis is focussed on the maximum energy of the resulting particle spectra[18, 17, 56, 57].
Other key parameters for radioisotope production like the shape of the spectrum —characterised
by its temperature— and the particle flux are rarely examined. The relevancy of the spectral
temperature regarding radioisotope production is illustrated in Fig. 2.4. The 'C production
per shot and the activity after 1 hour of irradiation at 10 Hz are shown as a function of the
proton temperature. The calculations were performed by means of a simple MATLAB code
, considering the ''B(p,n)!!C reaction and a proton distribution characterised by an arbitrary
Ny =10'2 MeV~! and for two different cut-off energies of 6 and 10 MeV. As can be seen in

the figure, the increase in the temperature can lead to an enhancement in the per shot and total
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FIGURE 2.4: Estimated activity after one hour of irradiation at 10 Hz as a function
of the temperature of the proton distribution for two different cut-off energies.

production by several orders of magnitude. In particular, within the typical range in temperature
given by the ponderomotive potential (Eq. 2.23) of 0.1 — 1 MeV, the production per shot varies
about a factor of ~400. Besides, both the production per shot and the final activity scale lineally

with the number of accelerated protons per pulse, given by Nj.
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Chapter 3

Methods

This chapter describes the experimental and simulation tools that were utilised within this
work. The fundamental and unique properties of ultraintense lasers are explained in Sect. 3.1.
In this same section, the parameters of the laser systems at which the experimental part of this
thesis was performed, STELA at the L2A2 and VEGA at the CLPU, are also detailed. Sect. 3.2
and 3.3 move on to a description of the main diagnostics and detection devices used at these
experiments, and Sect. 3.4 depicts the basic functioning of the Particle-In-Cell simulation code

employed for complementing the experimental data.

3.1 Ultraintense lasers

The first operable laser system dates back to 1960, developed by T. H. Haiman[58] based
on previous and contemporary works by C. Townes[59] and N. Basov[60]. Since then, its
range of applications have reached numerous fields in science and technology, such as biology,
chemistry, and physics. In order to increase the achievable power by these laser systems, the
paradigm soon change to pulsed sources, which concentrated a certain energy within a short
time scale. Following this direction, techniques as Q-switching[61] and Mode-locking[62] al-
lowed for reducing laser pulse duration down to the femtosecond scale, thus extending their
range of applications to more specific fields. Concerning this thesis, some of these applica-
tions are particle acceleration[63, 64], and plasma and nuclear physics. The development of
the Chirped Pulse Amplification (CPA) technique in 1985 by D. Strickland and G. Mourou[65]
facilitated a significant growth of this field — laser-driven particle acceleration— as it enabled

reaching pulse intensities above 10'° W/cm?, sufficient for the ionisation of matter.
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FIGURE 3.1: Schematic representation of the CPA technique.

Until the development of CPA, the main constraint limiting the escalation of the attain-
able pulse power was the damage threshold of the gain medium of the laser, typically Ti:Sa
(Ti:Sapphire), Nd:YAG (Nd:Yttrium-Aluminium-Garnet), or Nd:glass, at about 10'? W/cm?.
Due to self-focussing mechanisms as the Kerr effect(1), the energy density could even reach
higher values at the central area of the laser pulses, simply not supported by the laser medium or
other optical elements of the laser transport line. The approach of the CPA technique, schemat-
ically depicted in Fig. 3.1, consists of the temporal lengthening of the laser pulses to reduce
the effective intensity under the damage threshold of the optical components after the ampli-
fication phase. In this way, the initial fs — ps pulse generated at the laser oscillator, formally
called seed, is time-stretched about several orders of magnitude. Given that a finite electromag-
netic pulse has a wide spread in the frequency domain, certain optical systems can be used to
produce a difference in the optical path of the pulse components in terms of their frequency,
thus elongating the pulse duration. The most common devices for this procedure are diffraction
gratings. The resulting pulse is so-called chirped pulse, which is then amplified in subsequent
phases. Although there are several amplification techniques, through all of them the laser pulse
is maintained oscillating inside a pre-pumped medium that amplifies the pulse on each cycle.
The last step in the treatment of the pulses is the temporal compression down to pulse durations
of the same order as the initial seed, performed with a similar diffraction grating as for the pulse

stretching.

In this manner, most of currently operating lasers are composed of a ultra-short laser Ti:Sa

or Nd: YAG oscillator, producing the seed pulses, and a CPA system for their amplification up
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to 10'® — 1022 W/cm?. Ultraintense lasers can be separated into two main types. High power
petawatt lasers based on Nd:YAG or Nd:glass crystals exhibit pulse durations of the order of
several hundreds of femtoseconds, up to a picosecond, and pulse energies reaching more than
50 J. On the other hand, table-top high repetition rate laser systems, composed of Ti:Sa crystals
as the gain medium, produce shorter pulses, of few tens of femptoseconds, and pulse energies
below 10 J. Regarding multi-shot operation, the later can achieve pulse rates typically in a Hz-
order or above, even reaching frequencies up to the kHz scale for certain configurations, while

high power lasers are mostly limited to a single shot each few minutes.

Relevant parameters of ultraintense lasers
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FIGURE 3.2: Schematic representation a ultraintense ultra-short laser pulse.

Despite their output and operation differences, most laser systems exhibit pulses charac-
terised with the same parameters and a similar temporal distribution. Fig. 3.2 depicts a schematic
representation of an ultrintense ultra-short laser pulse. Several components at various relative
intensities from different origins can be observed. The main pulse, which carries the peak inten-
sity of the laser pulse, has a typical duration in the order of femtoseconds for table-top lasers,
or up to a picosecond for high power low repetition rate laser systems. In a nanosecond scale
preceding the main pulse, the distribution show a contribution with a relative intensity of 10~°
— 1071 orders of magnitude below the peak value. This long pedestal is produced due to the

Amplified Spontaneous Emission (ASE), coming from the pumping and amplification phases.
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Other component within 1 — 10 picoseconds is produced by uncompensated dispersion as a re-
sult of imperfections and misalignment of the components in the compressor gratings or some
other optical elements during the pulse processing. Its relative intensity is of the order of 1073
with respect to the main pulse. Due to some unavoidable leakages of the laser pulses during the
pumping phase, additional prepulses are expected to appear before the main pulse. Although
the relative intensity of the prepulses varies from laser to laser, they are typically above the ion-
isation threshold, at about 10'®> W/cm?. Both the pedestal and these prepulses are responsible
of preplasma formation when an ultraintense pulse impinges on a solid target, which allow for
the efficient acceleration of electrons and ultimately ions upon the arrival of the main pulse,

according to the mechanisms described in Ch. 2.

An important parameter of ultraintense laser pulses in the context of particle acceleration is
the formally called contrast ratio, which is defined as the relative intensity between the main
pulse and the nanosecond and picosecond pedestals. Two contrast ratios are thus usually given
concerning the nominal temporal characterisation of a laser system. One of them at the nanosec-
ond scale, accounting for the ASE contribution, and the other one at ~10 ps, related to the
uncompensated dispersion. There are several techniques for the suppression of these compo-
nents and the enhancement of the contrast ratio, for example XPW (cross-polarised wave) mod-
ules[66] or Pockels cells[67], being one of the most extended the use of a plasma mirror[68]
within the laser transport. Some applications require proper prepulse cleaning and ultra-high
contrast conditions. In particular, for the irradiation of thin targets below 1 pm-thick, it has
been demonstrated that a non-optimised laser contrast can lead to the destruction of the target
before the arrival of the main pulse, hence reducing the efficiency of the subsequent particle

acceleration[69, 70].

The spatial distribution of ultraintense laser pulses can be considered as Gaussian in good
approximation. Depending on the laser system and its optical elements, the laser pulse diameter
ranges between 2 and 10 cm. Ti:Sa lasers tend to be shorter than Nd: YAG systems as generally
the size of the crystals are smaller, due to the technical difficulty to grow large pieces. In
most of the experimental cases, pulses are focussed via reflecting systems, typically a Off-Axis
Parabola (OAP), down to micron spot-sizes thus reaching peak intensities of up to 10?° — 10?2
W/cm?. Refractive focussing systems are avoided due to their propensity to being damaged at
the achieved pulse intensities. Due to the spatial profile of the laser beam and the focalisation
process, a 84% of the pulse intensity is concentrated in a central Airy disc of diameter d 4 and
FWHM (Full Width at Half Maximum) d gy gas given by
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da =244\ f (3.1)

drawy = 2.05ALf (3.2)

being Ay, the laser wavelength and f the f-number of the OAP, defined as the quotient of the focal
length divided by the entering beam diameter. A focussing Gaussian beam along a z-direction

follows a size profile as determined by expression

w(z) = woy |1+ (;)2 (3.3)

In this equation, w(z) denotes the beam radius within its focussing profile and wy, called the
beam waist, corresponds to its radius at the narrowest point. In the experimental situation, this
parameter is often referred as the focal spot. The parameter 2 is known as the Rayleigh length
of the optical system, and is defined as the distance from the focal spot at which the radius of
the focussing beam is reduced by a factor of /2. From Eq. 3.3, it can be calculated as
Tws

AL

2R = (3.4)
in terms of the minimal spot size of the focussing system, measured either experimentally or
estimated via Eq. 3.1. The Rayleigh length is of special interest from an experimental perspec-
tive as it defines the required accuracy in the positioning of the surface of the acceleration target
with respect to the laser focus. Beyond this value, the peak intensity rapidly decay and there-
fore, the energy transferred to the electrons or ions is dramatically reduced. This issue will be
further explored in Ch. 4, regarding the development of the target assembly and the procedure

for its precise positioning at the laser focus at high repetition rates.

Lastly, the peak intensity of the focalised laser pulses is typically depicted by using the
dimensionless amplitude ag, from its definition in Eq. 2.7. This magnitude is typically used
as a comparison parameter between laser systems with different experimental conditions and
specifications in most published reviews[6, 29], as for example the pulse duration, the focal

spot size, or the pulse energy.
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3.1.1 The STELA system
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FIGURE 3.3: STELA scheme.

The Laser Laboratory for Acceleration and Applications (L2A?2), at the Universidade de San-
tiago de Compostela[71], is equipped with a compact high repetition rate femtosecond ALPHA
10/XS Ti:Sa laser system (THALES) of 45 TW called STELA (Santiago Terawatt Laser). This
laser system has two laser outputs (Fig. 3.3): the low energy beam line can deliver s-polarised
laser pulses of 1 mJ and 30 — 50 fs at a repetition rate of 1 kHz with a ns-contrast ratio of 1075,
This line is used in X-ray generation and dedicated to novel imaging techniques[72]. The high
energy beam line is mainly intended for ion acceleration. It can deliver p-polarised laser pulses
of 1.4 J and 25 — 50 fs at a repetition rate of 10 Hz and an improved contrast ratio down to
10719, achieved with the XPW technology.

Fig. 3.3 depicts a scheme of the front-end structure of STELA. The s-polarised seed from

the oscillator is stretched, amplified, and compressed in an initial phase via the CPA technique.
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A JADE unit containing a Nd: YAG laser is utilised for the population pump of the crystal at
the regenerative amplifier, as these lasers have a wavelength of 1060 nm, twice the distance
between the atomic levels for the population inversion of a Ti:Sa crystal. The resulting outcome
of this phase correspond to the low energy line of the laser. For the line at high energy, the
beam is attenuated by removing a component of its polarisation, and then directed to the XPW
module, in order to clean the laser pulses from their pedestals and prepulses. After this phase,
the nominal pulse energy has reduced to a few pJ. In order to increase this energy up to the ~J
level, another amplification cycle is performed. As the Ti:Sa crystals would not tolerate such
energy density at 1 kHz, the repetition rate is decreased down to the pumping operation rate, 10
Hz, through a pockels cell. Several SAGA units are employed for the pumping at the amplifiers
by means of Nd: YAG lasers.

100 . L 1 el | 1 L
= STELA
X 107%s L
©
= !
=
— 10*<-Ionisation-level L
> ; \.
=
@ 106 I
w .
]
S 107 I
10_101 LA LR R R B R B R R L R |
-60 -50 -40 -30 -20 -10 0

Time (ps)

FIGURE 3.4: Contrast of the laser pulses at L2A2.

The temporal distribution of the laser pulses of the high energy beam line, measured with
a SPIDER diagnosis system after the compressor, is shown in Fig. 3.4. As can be seen in the
figure, the main pulse present an ultra-high contrast ratio (about 10~ and it is clean of prepulses
at the nanosecond scale. A short prepulse close to the main pulse of the at around 0.5 — 1 ps of

the order of 10'® W/cm? can be observed.
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3.1.2 The VEGA 3 system
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FIGURE 3.5: Schematic representation a ultraintense ultra-short laser pulse (im-
age from https://www.clpu.es/).

The VEGA laser system, held at the Centro de Laseres Pulsados (CLPU) in Salamanca,
Spain, counts with three main laser lines at increasing maximum powers: VEGA 1 (20 TW),
VEGA 2 (200 TW)[73], and VEGA 3 (1 PW). Fig. 3.5 shows a layout of the overall laser
structure. From the front-end, that contains a Ti:Sa oscillator, a double CPA system for the
pulse amplification, and a XPW unit for contrast reduction, the laser beam is split to the first
output line (VEGA 1). Throughout this line, laser pulses are again amplified by means of multi-
pass amplifier and compressed down to 30 fs at 600 mJ-pulse energy and a repetition rate of 10
Hz. For the second laser arm (VEGA 2) several phases of amplification by multi-pass amplifiers
before compression lead to laser pulses of up to 6 J. For the third and last laser output, at which
the experiments of this thesis were carried out, a component of VEGA 2 laser line is amplified

to higher energies and compressed. After that, the beam wavefront is properly corrected by
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means of a deformable mirror. Laser pulses up to 25 J and 30 fs at a repetition rate of 1 Hz thus

arrive at the interaction chamber, for ion acceleration experiments.
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FIGURE 3.6: Contrast of the laser pulses at CLPU.

Due to the use of a XPW module at the laser front-end, the achieved contrast ratio after
compressor of VEGA is about 1012 at the nanosecond scale, and of the order of 10~% — 1075
for the picosecond pedesta. This is illustrated in Fig. 3.6, that depicts a temporal trace measured
at the CLPU for the VEGA system. Some intense prepulses up to 10~° can be observed as well
in the ~10 ps-range. As the intensity of these prepulses is above the ionisation level, they are
responsible for the formation of preplasma at the front side of the acceleration targets, and in

principle discard the possibility of using thin targets.

3.2 Diagnoses for laser-driven ion acceleration

Due to the ultra-short regimes for the laser-plasma interaction and the particle acceleration
mechanism depicted in Ch. 2, in the sub-picosecond range, particle-to-particle measurements
are not experimentally feasible. Instead, detection systems that integrate the whole pulse are
required[74, 75]. In addition, these diagnostic technologies must be capable of functioning at

high-rate multi-shot conditions for at last several minutes of operation. Until the development
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and standardisation of high-repetition rate laser systems, the properties of laser-accelerated
ions were diagnosed by means of single-use, passive detectors, that required a certain post-
processing after the irradiation to extract relevant data. Some of these detectors are CR-39[76],
Radio-Chromic Films (RCF)[77], or image plates (IP)[78]. Although they are very popular and
are still widely used for some ion beam diagnostics such as beam divergence or particle flux,
the interest and the development of detection systems for pure multi-shot operation that offer

real-time information on a shot-to-shot basis have been recently increased.

Aside from the high-repetition rate and the short ion bunch duration, special concerns arise
from the high particle fluxes that are generated through laser-driven acceleration. Saturation of
the detectors is an actual issue in most of the experiments on this topic, which is solved by using
optical or particle filters. Together with bursts of charged particles and energetic photons, huge
electromagnetic pulses (EMP) emerge from the laser-plasma interaction at high power laser
facilities. These EMPs, that have been also studied in literature[75], can affect the electronics of
nearby devices to the interaction point. Electron beams and X-rays are also produced according
to the mechanisms described in Ch. 2. The former are typically removed via magnet systems,
or used as secondary diagnosis of the laser-plasma interaction. For the later, detection devices
that are not sensible to electromagnetic radiation are favoured. Traslucent or opaque filters to
visible light are also commonly located enclosing the detectors to reduce undesired noise at the

retrieved signals.

This section compiles an overview of some of the most extended diagnostic systems used in
laser-driven ion acceleration, with special emphasise on those that were used in the experiments

performed within this thesis.

3.2.1 Micro-channel plates

Micro-channel plates (MCP)[75, 79] are detectors for high-vacuum environments that con-
sist of a matrix of thin micron-size tubes, or channels, arranged under an electric field and acting
as electron multipliers. Incidental particles on the MCP will generate secondary electrons at the
active medium that, impelled by the electric field, pass throughout these channels. The electrons
are then multiplied in subsequent collisions with the channel walls, hence amplifying the initial
charge by several orders of magnitude. Typically, MCPs are attached to a phosphor screen that
converts these electronic cascades to visible light via phosphorescence, whcih can be retrieved

by a CCD camera. Fig. 3.7 pictures a schematic section of a MCP. The spatial resolution of
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a MCP is roughly given by the diameter of the channels, around 4 — 25 ym. Multiple MCPs
can be stacked in order to enhance the amplification of the signals, yet at the expense of reduc-
ing the measuring resolution. The working principle of MCPs is based on secondary electrons
from primary interactions, therefore they are sensitive to all types of ionising radiation, i.e.,
ions, electrons, X-rays, and neutrons. This may suppose a complication for the detection of
laser-accelerated ions due to the significant electron and photon fluxes that are produced in the

laser-plasma interaction.

Photocathode

Phosphor screen Y

FIGURE 3.7: Schematic representation of the section of a micro-channel plate
(MCP).

As multiple parameters characterise both the signal amplification, such as the plate thickness,
the relative angle of the channel axis, the electric field strength, or the particle incidence angle;
and the visible light detection, like the CCD gain, the exposure time, or the distance to the
camera, the calibration of MCP detectors must be performed for a fixed configuration MCP-
CCD. For Thomson Parabola spectrometers, that involve multiple incidence angles, as described
in Sect. 3.2.4, this issue is of special relevance. A common calibration procedure involves the
use of a Thomson Parabola and a stripped CR-39 placed in front of the MCP to cross-correlate
the light ratio at the CCD with the single particle counting of the CR-39[79].

3.2.2 Scintillators

Inorganic scintillators[80] are a type of plastic material that converts energy deposition from
external ionising radiation to visible light. This light can be then collected via a photomultiplier
(PMT) that amplifies the signal to a detectable level. When a particle traverses a scintillator
material, it creates a trail a excitations on the medium molecules along its path. These excited
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states rapidly decay through fluorescence de-excitations and a certain, proportional fraction of
the energy deposited by the particle is emitted as visible photons at a central, characteristic
wavelength given by the transition energy. A key feature of scintillator materials is that they are
transparent to their own light. The typical configuration consists of a plastic scintillator attached
to a fast PMT readout. Light entering the PMT photocatode produces electron excitations that
are accelerated by the electric field on a series of dynodes. Secondary electrons are induced as
well, leading to an electron avalanche whose charge is proportional to the input energy. The

signal from the PMT is retrieved by an acquisition system, usually a fast oscilloscope.

As the light is produced and collected in a picosecond to nanosecond temporal scale, plastic
scintillators exhibit a fast response and constitute a suitable choice for online measurements at
high repetition rates. In addition to their output stability, they are available in most sizes and
shapes as they are usually cut from larger pieces to the desired dimensions. Stacks of scintil-
lator sheets at different central wavelengths have been used as a beam profiler to characterise
the spatial transversal distribution of ion beams at various energy ranges[74, 81]. However, a
noticeable drawback of PMT readouts is that they tend to saturate for high input particle fluxes.
This is a common circumstance for laser-driven particle acceleration, at which an intense bunch
of photons, electrons, and ions arrive at the detector within several nanoseconds. This issue is
typically addressed by using sets of optical density (OD) filters between the scintillator and the
PMT.

3.2.3 Time-of-flight

Time-of-flight (ToF) detection systems provide time-resolved measurements of particle beams
according to their kinetic energy. They are based on the principle that particles travelling at
different velocities reach the detector at different times given by their energy. Through this
approach, a detection device, typically composed of a scintillator and a PMT readout attached
to a fast oscilloscope, is placed at a fixed distance from the acceleration source. The bunch of
accelerated particles, upon reaching the detector, generates a bump signal extended over a short
time. By knowing the travel distance and the expected mass of the detected particles, each tem-
poral bin of the retrieved signal can be related to a energy. Hence, the signal can be analysed to
obtain an spectral distribution for the particle beam. In the case of laser-accelerated ions, this

corresponds to a broad maxwellian-like spectrum, as explained in Ch. 2.
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FIGURE 3.8: Typical ToF signal from laser-driven ion acceleration experiments.

Fig. 3.8 depicts an example of a typical signal produced by laser-accelerated ions at a ToF
detector. The signal shows a first peak —formally called the gamma-peak— produced by the
photons generated in the laser-plasma interaction, which is taken as the reference time for the
arrival of the laser pulse. The second bump in the signal corresponds to the incoming protons

and ions that arrive at the scintillator time depending on their energy F;, determined by

1 D\’
E; = imion (W) 3.5

where m;,, is the ion mass, D is the length of the flight path, c is the speed of light and At;
is the time interval. The term D/c in the denominator takes into consideration the time the
photons spend in reaching the detector. From the raw signal obtained at the detector, a certain
calibration can be performed to obtain the particle flux. In this way, for each energy bin in the
ray signal, the number of particles /NV; equivalent to the signal amplitude U; can be estimated

from expression[55, 82]

Ui 1

N=—" .-
m—alU; E;

(3.6)
where m and « are two constants that account for the calibration. This equation corresponds
to a linear dependence in the number of particles with the signal amplitude with an extra term

aU; that represents the saturation of the PMT. The second term in Eq. 3.6 comes from the fact
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that, under the assumption that each incoming particle loses all its energy inside the scintillator
material, more energetic particles produce higher output signals. Thus, the number of particles

in each energy bin must be corrected by a factor inversely proportional to its energy value.

The detector used in the experimental campaigns within this work consisted of a plastic
scintillator (NE102A) with an area of 25x25 mm? and 5 mm-thickness —sufficient to stop
incoming protons with energies up to 22.5 MeV—, wired with optical fibres to a PMT. Addi-
tional details on this device are presented in references[55, 82]. For this detector, constants m
and o were determined for various optical filters OD1-3 through a calibration[55] performed
at the Centro Nacional de Aceleradores (CNA) in Sevilla, Spain. Through this calibration, the
response of the detector to proton pulses with energies ranging from 1 to 3 MeV was studied.
The tests were performed for constant intensity and variable duration, and for variable intensity
and fixed duration, in order to consider possible non-linear behaviours. Calibration measure-
ments were carried out with a time resolution of 100 ns, therefore a correction factor due to
the different resolution for other acquisition systems must be considered in Eq. 3.6. Thus, the

expression can be updated to

Ui 1 ot

m — O./Ui Ez 100 ns

(3.7

where 6t is the temporal resolution of the acquisition. While this resolution is fixed to the band-
width of the oscilloscope, the energy resolution of the detector can be improved by increasing
the flight distance between the source and the detector. This leads to a broader signal in time,

according to Eq. 3.5.

3.2.4 Thomson parabola

Thomson parabola (TP) spectrometers[83] constitute the most extended diagnostic device
in laser-driven particle acceleration. In addition to energy and flux information, TP detectors
provide ion discrimination, of especial interest in this field as the ion beams are typically com-
posed of multiple species of carbon, oxygen, and hydrogen from the contaminant layer at the
rear side of the acceleration targets. The spectrometer works by using a combination of parallel
electric and magnetic fields to deflect charged particles onto a detection screen in terms of their

charge-to-mass ratio ¢; /m; —or simply Z/A— and their kinetic energy.
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FIGURE 3.9: Schematic representation of a TP spectrometer. An example of a
trace is also shown.

An scheme of a TP spectrometer can be seen in Fig. 3.9, where the relevant dimensions are
indicated: the longitudinal extension of the magnetic and electric fields ({3, [r) and the distance
from the end of these fields to the detection plane (D g, D). The trajectory of a charged particle
travelling along a direction Z under a transverse electromagnetic field in Z, as depicted in the

figure, can be described by the well-known Lorentz force

Here, E = F,z and B = — B, denote the electric and magnetic fields and v = v,Z2 is the
velocity of the particle. In the context of this thesis, protons up to 20 MeV are studied, far from

the relativistic regime (v, << c). The same approximation can be considered for heavier ions.

1
2

these considerations, the evaluation of the equations of motion results in a (z,y)-position at the

Therefore, their kinetic energy can be estimated via the classical expression E; = m;v?. From

detection plane given by

ZeE, 12

=L, [§+ZEDE] 3.9
ZeB, 1%

= ——7—|= 41D 3.10



48 Chapter 3. Methods

From these expressions, a parabolic relation can be obtained

2 _ ZeB2{13/2 4 15Ds]?

(3.11)

Fig. 3.9 illustrates an example of a trace measured at a TP detector. As neutral particles such
as X-rays or neutrons are unaffected by the electromagnetic fields of the spectrometer, they
travel through the detector in a straight trajectory until they hit the detection screen. This pro-
duces a circular spot at the screen called zero-point, which serves as the origin of the parabolic
traces of the protons and ions for the calculation of their energy. From Eqs. 3.9 — 3.11 some
implications can be obtained. Ions will be separated forming parabolas depending on their
charge-to-mass ratio. Hence, ions with the same ratio will produce the same trace in the detec-
tion plane. Within the same curve, the higher the particle energy, the closer to the zero-point it
will reach the screen. The spatial resolution in the detection plane mostly depends on the size
of the pinhole at the entrance of the detector, which is used to have a pencil-like beam entering

the field region.

These unique properties of TP spectrometers allow for their use to measure the species com-
position of ion beam and, for each of them, the spectral distribution. Through proper calibration
of the detection screen and the image system[79], TP detectors can also provide particle flux
information. Different detectors can be utilised for the active screen. While CR-39, RCFs, or
IPs can be used for this purpose[84], in the context of this thesis only MCPs are relevant. The
design of the TP detector used in the experimental campaign at the CLPU within this work can
be found in [85].

Some limitations may arise from the working principle of these detectors. First, for highly-
energetic particles reaching the detector, if the strength of electric field is not high enough, the
limit of the TP traces of different species closer to the zero-point may be overlapped. Thus,
it may complicate the determination of the cut-off energies of these species. In laser-plasma
interaction experiments, where huge EMPs are produced, sensitive devices as the electrode
plates producing the electric field may be affected, easily reaching breakdown voltage. Second,
as ions with the same charge-to-mass ratio produce the same traces at the screen plane, it is
difficult to characterise their spectral distribution. These issues will be experimentally addressed
in Ch. 5.
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3.3 Radiation dectectors

One of the most extended uses of scintillators, in combination with a PMT and an acquisition
system, is the characterisation of radioactive sources by detecting the products of their decay.
In most cases, this corresponds to y-photons from the direct decay transitions or secondary
processes. In the particular case of 5 radioisotopes, the annihilation of the positrons from the
decay produces two photons at 511 keV in opposite directions. As explained in Ch. 2, photons
traversing a material can deposit energy through several mechanisms: total energy absorption
via photoelectric effect and pair production, or partial deposition by Compton scattering. For the
typical range of energies of photons originated at radioactive decay processes, pair production

can be considered as negligible in comparison with the other two mechanisms.

The characterisation of a radioactive source consists of measuring its activity curve during its
decay, i.e., its emission spectrum within several time intervals. From the number of photopeak
counts per time unit R,, = N,,/At from the measured decay spectrum, the activity can be

obtained from

Ry=A-I,-BR-&" (3.12)

where I, and B R are the emission intensity and branching ratio, respectively, and £ " is the total
photopeak efficiency (see paragraph below). Together with the half-life, which can be obtained
from the activity in Eqs. 2.37 and 2.39, the photopeak energy serve as an identification of the
radioisotope from the radioactive source, and the amount of nuclei can be determined from Eq.
2.38.

A fundamental characteristic of radiation detectors is their efficiency curve, which accounts
for their response to incoming photons in terms of their energy. Typically, the efficiency of
a detection system is separated into the geometric factor 4, which depends on the shape of
the detector and its spatial configuration with respect to the radioactive source, and the intrinsic
factor ¢;, relative to the detector composition and dependant on the energy of the photons. From

these two magnitudes, the total detection efficiency at a certain energy £ can be defined as

e(E) =¢4-6/(E) (3.13)
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The empirical calibration of a radiation detector is commonly performed by using radioactive
sources of well-known activity that emit primary or secondary photons at very specific energies
—the photopeak energy—. Thus, through various radioisotopes with one or more photopeaks
over a wide range of energies the complete efficiency curve can be obtained. From the activity
A of the radioactive source, the experimental detection efficiency at the emission energy can be
calculated from Eq. 3.12. In some cases, the radioactive source can be approximated to a point
source, for which the geometric efficiency can be estimated from the solid angle covered by the

detector, {2, via expressions

e, = O/dn (3.14)
Q—or(1— ——1 (3.15)
- VPR |

being d the distance between the source and the detector, and R the radius of the detector,

assuming a cylindrical shape.

Montecarlo simulations[86] constitute a very suitable tool for the calculation of the efficiency
of a detector, on the other hand. This type of simulation methods are based on random number
generation, that, in the context of nuclear physics, are utilised for modelling the interaction of
electromagnetic radiation and charged particles with matter. By simulating the pass of particles
through a detector, Montecarlo methods can estimate its response to different types and energy
of radiation. This approach is particularly useful for situations with complex geometries, both
regarding the detection system or the source distribution, where analytical solutions are difficult

to obtain.

There are other commonly used types of radiation detectors, such as semiconductoror gaseous,
which offer different specifications in terms of their response, resolution, or efficiency. How-
ever, they are not relevant in the context of this thesis as were not utilised. The efficiency of
scintillator detectors to «y-photons is generally higher than of semiconductor or gaseous detec-

tors.
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Coincidence configuration

Coincidence measurements are a special type of event detection that involves two or more
detectors. It is used for radioactive sources that emit several correlated photons in a short tem-
poral window, as for example the cascade emission from the decay of certain nuclei, or the
backscattered photons from the annihilation of positrons, associated to ST radioisotopes. A
typical experimental configuration for activity characterisation consists of two detectors located
along the same axis facing each other, being the radioactive source placed in between them. To
select events corresponding to the emission of two y-photons in temporal coincidence, counts
are only registered and histogrammed if an interaction occurs at both detectors within a time
window specified by the acquisition. As an initial approximation, the total efficiency of the de-
tection assembly can be set as the multiplication of the individual efficiencies of both detectors.

In this case, Eq. 3.12 can de adjusted to

on = AL BR- (e[ - €)3) (3.16)

where Ry, is defined as the number of photopeak counts per unit time in coincidence config-
uration, and the 5@’3 factors correspond to the total photopeak efficiency of detector j. Some
advantages of coincidence measurement are the significant background suppression and the
reduction of secondary interactions. In this way, all the registered photopeak counts can be

assumed to be single and distinct disintegration events from the radioactive source.

3.4 Particle-In-Cell simulations

Numerical simulations have become a powerful and effective computational tool for the
comprehension of the underlying physics of complex experimental situations. In the context
of plasma physics, and in particular laser-plasma interactions, Particle-In-Cell (PIC) simulation
codes are widely extended[87, 88]. The large number of parameters and acceleration mech-
anisms involved in the interaction, as explained in Ch. 2, make PIC simulations an effective

means of understanding the experimental case and complement the empirical data[89, 90].

While some modern PIC algorithms contemplate collisions and other processes as dynamic
ionisation[91, 92], the core Particle-In-Cell method in plasma physics assumes a collisionless

plasma which can be described by the Vlasov-Maxwell equation
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where f,(t,x,p) denotes the distribution function of a particle species s with position x, velocity
v, and momentum p. As in Eq. 3.8, F; corresponds to the Lorentz force. The approach of
PIC algorithms for solving this equation consist of the discretisation of the particle distribution
into "macro-particles”, which are arranged into the elements —or cells— of a static spatial
grid. Each of these macro-particles represent a group of weighted particles characterised by
their mass and their charge. Then, the evolution of these particles is separated into two solvers:
the movement of the particles under the presence of electromagnetic fields, and the calculation
of the updated electromagnetic fields produced by these charged particles, along with external

ones.

FIGURE 3.10: Typical temporal scheme for Particle-In-Cell simulations.

For each temporal cycle of the simulation, four computational steps are performed, as schemed
in Fig. 3.10: given that the electromagnetic fields are initially defined at the grid points, they
are firstly interpolated at the particle positions. Secondly, the particles are advanced according
to the Lorentz force (Eq. 3.8) an their equations of motion. In this way, for each macro-particle,
the new position and momentum are calculated via the Boris pusher[93]. For the third step,
the charge and the current densities are calculated on the elements of the simulation grid from,

respectively,
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N
p(x) = 3 4,50, — ) (3.18)
j=1
N
J(x) =) q;v;S(x; — x) (3.19)
=1

In these expressions, /N is the number of macro-particles, whose shape is described by a function
S(x; — x). The evolution of the electromagnetic fields is finally computed from the charge
and current densities, along with the presence of external contributions —for example, a laser

pulse—, by solving the Maxwell’s equations

0B
- _ E 2
T V x (3.20)

JE
— =V xB-— J (3.21)
ot €0
A relevant constraint for PIC simulations is the CFL (Courant-Friedrichs-Lewy) condition[94],
that imposes a relation between the spatial and temporal resolutions to guarantee the stability of

the numerical algorithm. In this way, the chosen time-step must satisfy

cAt

= 22

Az — (3-22)
Ay AC;) <1 (3.23)

for the one-dimensional and n-dimensional cases. The parameter c¢; is defined as the velocity

magnitude at each dimension.

3.4.1 The Smilei code

Regarding the PIC simulations performed within this thesis, the Smilei code[92] was utilised.
Smilei is an open source collaborative code for plasma simulation with a multi-purpose per-

spective for its application in many related fields. Thus, it include a list of several modules that
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account for other interaction processes as field-ionisation, binary collisions, or QED (Quantum
Electro-Dynamic) processes. As intended for high-performance execution in super-computer
clusters, it is based on a hybrid MPI-OpenMP (Message Passing Interface) parallelisation pro-
tocol. The simulation space is split into groups of cells called patches, which are associated
to MPI regions that share the same memory and are executed as the same task. As a novel
approach with respect to other PIC codes, Smilei redistributes the patch-MPI region assignation
during simulation to reduce the load weight of those regions with higher computation require-
ments, by giving patches to adjacent regions with less load. This procedure, so-called dynamic
load-balancing, leads to a better computing optimisation. Smilei has an additional module,

called happi, for the processing, analysis, and representation of the simulated data.

Within this thesis, this code was used for simulations on laser-driven ion acceleration by
ultraintense laser pulses. The experimental situation at each of the campaigns of this work
was replicated in order to complement the measured data, and to obtain relevant scalings with
some the interaction parameters to obtain precise estimations on radioisotope production. In
the context of this thesis is worth noting the Smilei module that accounts for dynamic field-
ionisation, which is not contemplated in the standard PIC formulation. A detailed description
of the ionisation model can be found in [92]. The use of this module allows for the ionisation
of a ion species by the influence of external electromagnetic fields or those produced by other
particles. The implementation of this module in the simulations described in this work, as well
as the impact of dynamic field-ionisation on the results, will be further explored in Sect. 5.3 in
Ch. 5.
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Chapter 4

The multi-shot target system

4.1 Motivation and state-of-art

While laser-plasma acceleration is characterised by a huge peak power, as explained in Ch.
2, many of the foreseen applications of this technology require a minimum average power. This
average power is related to the continuous operation of the laser accelerators, that is based
on the energy and pointing stability of the laser system, and the shot-to-shot replacement and
positioning of the target material. Moreover, the repetition rate of the laser pulses[95] together
with the design and operation mode of the target assembly[96] are both crucial to achieve a high

average-power regime.

Concerning target engineering, several multi-shot technologies have been proposed. Tape-
drive-based targets allow for tens of thousands of shots, that at 10 Hz would correspond to
almost one hour of continuous operation[97]. The main drawback of these systems is the lim-
ited variety of tape materials and thicknesses suitable to withstand the mechanical stress caused
by the continuous movement. An alternative is a multi-target holder system that is capable of
moving along three or more degrees of freedom, allowing for rectangular[82] or cylindrical ge-
ometries[98]. The total number of possible shots for this option is in general smaller, around
a few thousand, corresponding to few minutes of continuous operation. However, the variety
of suitable target material and thicknesses is higher as the foils are externally supported by a
rigid structure. In particular, the idea of using MEMS technology to fabricate micro-nano tar-
gets on silicon wafers represents a very attractive option[99, 100, 101]. This technology allows

for manufacturing large volumes of micro-targets made of different materials and thicknesses,
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including composites of various distinct layers. Moreover, more recent and promising devel-
opments related to the use of liquid targets[ 102], or cryogenic solid hydrogen targets[103] will
open the possibility for long operation periods. However, one of the challenges to be solved is

the micrometric positioning of the liquid jet or the solid-hydrogen ribbon.

The accurate positioning of the target material at the laser focus is indeed a common chal-
lenge for all multi-shot target technologies. The typical thicknesses of the target material, and
the values of the Rayleigh length for short focal lengths, require shot-to-shot position accuracy
of the order of a few microns. Therefore, the target assembly should guarantee not only the
replenishing of the target material, but also its accurate position at the laser focal point at a
speed compatible with the laser pulse rate. These requirements are not only valid for laser-
plasma acceleration, but also for other applications of laser-matter interaction as the generation
of coherent XUV in forthcoming facilities[104].

In this chapter, the multi-shot target assembly, designed and commissioned at the Laser Lab-
oratory for Acceleration and Applications (L2A2), will be presented (Sect. 4.2). In Sect. 4.3,
the implemented procedure to guarantee the shot-to-shot replenishing of the target material and
its accurate positioning at the laser focus at high repetition rates will be described. The oper-
ation of the target system, concerning its automation and synchronisation with the laser pulses
during the irradiation experiments will be explained in Sect. 4.4. As the development of the
target system presented in this work is comprised within the L2A2 commissioning campaign,
it was originally designed according to the characteristics and constraints of this facility. How-
ever, as it will be seen through the following sections and in the experimental chapters (Chs. 5
and 6), this system can be easily adapted to other laser systems. Final conclusions will be given
in 4.5.

4.2 Target assembly design

The target assembly designed at the L2A?2 is based on a multi-target wheel mounted on a
set of three moving stages, to guarantee the shot-to-shot replacement and positioning of the
target material. Several models of wheel-like holders were considered and tested during this
work (Fig. 4.1). Since the beginning of this thesis within the commissioning of the L2A2
ion source, the target wheel has evolved from a purely single-shot design, used at the initial

proof-of-concept experiments, to more advanced versions, aiming to exploit the performance
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FIGURE 4.1: Evolution of the target wheel design within this work.

of the laser system and optimise the operation time. Although a sustained operation over time
is a relevant factor to achieve, so it is the stability and repeatability of the target system, which
ultimately determine the stability of the ion source. Thus, the manufacturing material and qual-
ity has been improved in the same direction, from 3D-printer plastic to aluminium and steel

versions, offering the required grade of robustness and flatness.

The first version of the multi-target wheel that allow for multi-shot operation, shown in the
left (a) panel in Fig. 4.2, consists of a drilled aluminium disk with eight apertures for the
allocation of the target foils. These apertures are divided into two different arrangements, four
of them consisting of five discrete circular holes for single-shot measurements, and another four
long slots intended for multi-shot operation. On top of each orifice, a bored plate is screwed
to the wheel to fit the target sheets. Both the holes and the slots are bevelled with an aperture
of 70° in order to allow for incidence angles up to 45° from the normal direction. Taking 1000
pm as a conservative reference value for the distance between impact positions, the maximum
number of possible shots in multi-shot operation is 4 series of 25. This amount can be doubled

if two parallel rows of impact positions are used for each slot.

The second version of the multi-shot target wheel, designed for multi-shot operation, is

shown in the right (b) panel in Fig. 4.2. It is composed of a larger iron disk (200 mm-diameter)
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FIGURE 4.2: Target wheels.

and eight frontal circular sector plates, mechanically pressing and tightening the target foils. Six
of the sectors have five curved target slots of 4 mm-wide and a 70°-bevelling, separated 8 mm,
whose length depends on the slot radius. This configuration represents a clear increase in the
number of possible shots in comparison to the first version. Given the same reference distance
between impact positions (1000 pm) the typical number of possible impacts per slot can vary
between 26 for the inner slots and 42 for the outer ones. According to these values, the total
number of shots using the six target sectors would be 1020 (2040 for two-row series of shots
per slot). The two other sectors have squared slots to host micro-target arrays produced using
the MEMS technology[100]. An update of this wheel version replaces these two sectors by
standard ones, for which the number of possible shots increases up to 1360 (2720 for two-row

series of shots per slot).

A slightly different approach was considered for the development of the third version of the
multi-shot target wheel (Fig. 4.2, right panel). This target holder was designed for a experimen-
tal campaign at the Centro de Laseres Pulsados (CLPU), Salamanca, Spain (see Sect. 5.2), for
a laser system with 20 - 30 times higher energy per pulse. Thus, in order to prevent the possible
effects of each laser pulse on adjacent impact positions, a pattern of circular individual holes
was chosen over long curved slots. As for the previous version, the wheel-like holder consists
of a base stainless steel disk of 244 mm-diameter, and eight sector plates that fit the target foils.
Each sector, both for the disk and the plate, is drilled with a matrix of 101 holes of 2.3 mm-
diameter and a 70°-bevelling, arranged along nine arcs at different radii. The center-to-center
distance between holes, as well as the distance between radial arcs, was set to 5.5 mm, enough

for the maximum operation rate of 1 Hz at CLPU. The total number of targets of this holder
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version is 808.

FIGURE 4.3: Target assembly.

Following the same conception, an upgraded version of this target wheel, capable of oper-
ating at 10 Hz, was designed and manufactured. In this case, each sector of the base disk was
completely bored and two sector plates, drilled with the hole pattern and hosting the target foils
in between, were screwed on top of each sector aperture. With respect to the previous version,
the size of the base disk was increased to 304 mm-diameter and the center-to-center distance
between holes was reduced to 2.5 mm, both in the radial and angular axes. In order to achieve
the later, the bevelling of the holes was removed by reducing the width of the sector plates from
2 mm to 0.5 mm. The hole pattern consists of eighteen arcs at different radii containing between
29 and 43 holes each, for a total number of 650 per sector, and of 5200 for the whole wheel.

The target wheel, whichever version, was mounted on one rotating and two linear moving
stages (Fig. 4.3). The rotating stage and one of the linear stages, that move perpendicularly to
the target normal, were used to refresh the target material between shots, whereas the second
linear stage, that moves longitudinally to the target normal, was used to place each target posi-
tion at the laser focus. The stages are vacuum compatible from PI miCos: LS-110 and PLS-85
for the linear ones and DT-65N for the rotating stage, with spatial resolutions of 20 nm, 10 nm,
and 20 pdeg and maximum speeds of 22 mm/s, 12 mm/s, and 22 °/s, respectively. These values
are more than enough to match the small tolerance for the positioning of each target at the laser

focus, ~10 pm (explained below).
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4.3 Target characterisation

The estimated Rayleigh length of the focussing beam in the experimental set-up at the L2A2,
of ~10 um, defines the tolerance for the positioning of the targets. Due to the mechanical
deformations in the multi-target wheel and the target foils surface, as well as the wobbling angle
of the rotating stage, it is not possible to guarantee such accuracy in the target positioning and
therefore, an automated correction system is required. The implemented solution consists of a
correction procedure based on the complete characterisation of the target surface, via a detailed
3D-mapping of the impact positions of the laser pulses on target. To obtain this 3D map, the
transversal coordinates of the desired impact positions on the target surface are defined prior
to the irradiation. The longitudinal coordinate along the target normal, which is affected by
the surface deformation, is measured with an OptoNCDT ILD1320 distance sensor by Micro-
Epsilon. The 3D position map (see Fig. 4.4 for two examples) is then converted into a matrix of
encoder positions for the moving stages, which is used by the LabVIEW-based control software
of the target assembly to correct the surface deviation on a shot-to-shot basis during the laser

operation.
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FIGURE 4.4: Deformation map for two of the target wheels. Color ramp in arbi-
trary units.

As the target characterisation is performed before the laser irradiation, it allows for achiev-
ing high operation repetition rates during the ion acceleration experiments. The commonly

extended procedure for the positioning of the surface of the targets at the laser focus involves
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the individual alignment of the impact positions in vacuum conditions. After determining the
three-dimensional location of the laser focus inside the vacuum chamber (formally the Target
Chamber Center, or TCC), the target surface for each impact position is brought to it by means
of an optical and mechanical system. This is performed before each laser shot in the case of

high power single-shot lasers, or a certain amount of them for tabletop laser systems.

The procedure presented in this chapter must be executed in a vacuum-free environment, as
the distance sensor cannot operate in vacuum. In exchange, the complete set of impact positions
is characterised in a single series of measurements at about 2 - 3 points per second (i.e., around
12 minutes for each 1000 impact positions). This 3D map is still valid in vacuum, but for a
certain offset in the focal position along the incidental direction of the beam due to drift of the
TCC (detailed in Sects. 5.1.1 and 5.2.1). In contrast to the standard procedure, the target surface
for only one of the map impact points (typically the first one) is brought to the TCC and serve
as reference for the rest. All the characterised shot positions become then available at the laser
focus, with micron accuracy, for the irradiation experiments. The control software allows for
both single-shot or multi-shot operation. For the later, the number and range of map points for

the series and the positioning rate can be also selected.

Hence, this procedure results in a very flexible and agile method for the characterisation of
the target impact positions and its positioning at the laser focus, that also provides a great and
reasonable number of available points. In fact, it maximises the efficiency of target systems
such as the one described in this chapter for applications that require continuous operation at
high repetition rates. In the following sections, the correction and positioning procedure will
be explained in detail, including its development from the initial proof-of-concept tests to the

validation measurements and the practical results used during the experiments.

4.3.1 The correction and positioning procedure

The principle of the correction procedure consists of the complete spatial characterisation
of the target surface profile. This includes the intrinsic deformation of the target wheel from
its manufacturing, as well as the surface roughness of the target foils, specially relevant for
thicknesses below 7 pm and for plastic materials. An auxiliary visible diode laser at 640 nm,
coupled to the optical path of the high power laser (the complete set-up picture is shown in each
experimental section), is used within this whole procedure, in order to serve as reference and

for alignment purposes.
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FIGURE 4.5: Coordinates conversion.

For the first step, a base map that contains the transversal coordinates of each impact position
over the target wheel is generated by the control software. Depending of the version of the
wheel, some additional parameters can be set, as the distance between points and the number of
rows. This base map is defined in polar coordinates in the wheel reference system (7;; «;), being
the (0,0) located at the center of the wheel. In order to translate this set of coordinates to encoder
positions for the moving stages, a coordinate transformation must be performed. Fig. 4.5 (left
panel) depicts a schematic representation of the axes definition of the moving stages. The two-
dimensional coordinates of a map point in the stages reference system (x;; ;) are determined
by the encoder positions of the transversal moving stages for which the auxiliary laser beam
impinges on it at the plane f =0 (being f the encoder position of the linear-longitudinal stage).
The incidental point of the laser over the target wheel, for x = 0 and a # for which the wheel
a = (-axis is parallel to the chamber board, defines a reference point that will be used for the
coordinate transformation. The coordinates of this point can be measured both in the wheel
reference system (r,; ) and in the stages reference system (z,; 6,). The angular coordinate of
each reference system differs by a certain offset, §, given by the home position of the rotating

stage, which follows the relation
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§=oa, —0, (4.1)

For the linear-transversal coordinate z, the conversion from one reference system to the other
one is not as direct, as the direction of each of them are the opposite (displacing the linear stage
towards its positive limit places inner target positions at the laser incidental point) and there
is a dependency on the laser beam height over the rotation axis. From the reference point,
the coordinates in the stages reference system of any other map point can be calculated as
(z; =z, + dx;; 0; = 6, + db;) according to

df; = a; — o — 52 = doy; — ﬁz 4.2)

dx; = r, cosa, — 1; cos o, — f3; 4.3)

where (7;; «;) are the coordinates of that point in the wheel reference system and f3; is defined

as

B = arcsin(:—r sin ) — 4.4)

Fig. 4.5 (right panel) shows a graphical representation of this coordinate conversion. A
change of radius movement dr from a arbitrary point (1) to another (2), both at the same angle
«, is composed of a shift in the z-axis, according to Eq. 4.3, and an angular displacement (3
given by Eq. 4.4. If the destination angle is at a different angular position (3), an extra term
a3 — « that accounts for this difference is added. This calculation is integrated in the control
software. By providing the coordinates of the reference point for both the wheel and the stages
coordinate systems, the conversion from the base map in the wheel reference system to the

stages reference system is automatically performed.

Surface mapping

After generating the base map and setting the correspondence between map points and en-
coder positions, the relative longitudinal deviation of the target surface at each predefined im-
pact position is measured with a distance sensor (ILD1320-10, by Micro-Epsilon), which has
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a reproducibility of 1 um and a detection range of 10 mm. The functioning principle of this
sensor is the following: it emits a continuous visible (670 nm) laser beam with a spot size of
45 pm-diameter amidst its measuring range, that increases up to 150 pm at its upper and lower
range limits. Upon impinging over the target surface, it determines the sensor-object distance

from the diffuse part of the reflection by means of the optical triangulation technique.
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FIGURE 4.6: Scheme of the measuring and correction principle.

For the map measurement, the sensor is placed perpendicular to the target wheel and heading
to the reference point (i.e., matching the optical path of the auxiliary laser). From the converted
set of coordinates, the control software is able to position each predefined impact position under
the sensor laser. Fig. 4.6 depicts the basic principle of the correction procedure. In this figure,
the distance measurements of the sensor for each map position are denoted as s;, while the
encoder position of the linear stage moving normal to the target surface is defined as f; (the
index ¢ =0, 1, 2,... identifies the map point). Taking as reference the distance to a impact point

at a certain longitudinal position, sg, the relative deviation of each other map point s; can be



4.3. Target characterisation 65

calculated as As; = so — s;. In order to correct these deviations and place each map point at
the transversal plane of that arbitrary point, f;, the linear stage must move the target surface the

very same distance, i.e, following the relation

fi:fO_ASi:f0_<SO_5i) 4.5)

This ensures that, for each impact position, the auxiliary laser beam —and hence, the high
power laser during the irradiation experiments— impinges on the same spot over the target
surface that has been measured by the distance sensor, and whose coordinates were defined in
the base map. This calculation defines a transversal plane, located at fj, containing the corrected

positions for all the map points.

Positioning at the laser focus

The last step in the alignment of the target system consist of placing the whole set of cor-
rected map points, i.e., this transversal plane of corrected positions, at the real focus of the
high power laser. The corresponding procedure and set-up will be explained on detail in each
experimental chapter of this thesis, as each experiment has its own method for retrieving the

three-dimensional location of the TCC and placing the target surface at it.

The underlying basis, however, consists of the following steps: the target surface for one
point of the map (typically the first one, ¢ = 0) is placed under the path of the alignment laser
beam. Note that the distance sensor laser was aligned to the reference point over the target wheel
(z,; 0,), so positioning the stages at the location at which the surface deviation was measured
for this first point serves at the starting point. Then the target is drifted along the laser incidental
direction z with micron precision until the target surface is at the laser focus. This displacement
is only performed for the linear stages (transversal = and longitudinal f, being z = /22 + f2),
as the heigh of the laser beam does not change. Once this position is determined, the control
software sets it as the focal reference position (Xg; ©¢; Fp) and refers the rest of map points to

this offset according to

Xi = X() + AZL’Z = XO + (l’z — Io) (46)
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E :Fo—ASi :Fo— (SO—SZ') (48)

i.e., the transversal plane of corrected positions is shifted to the focal reference. In Eqgs. 4.6 —
4.8 variables with capital letters X;, ©;, and F; refer to the three-dimensional position of the
impact point ¢ at the laser focus, while x; and 6; are the base map coordinates of the same point.
Variables s; denote the distance sensor measurements, as in Eq. 4.5. As stated in the previous
section, this set of coordinates will be used by the control software to place the target surface

corresponding to each map position at the focus of the laser in a shot-to-shot basis.

4.3.2 Initial tests

The performance of the distance sensor was tested for target materials with different reflec-
tivities and opacities. In particular, transparent targets as kapton or Mylar, matte targets as paper
or cardboard, and shiny targets as polished copper were used. The targets were mounted on a
micrometric linear stage in front of the distance sensor and moved at fixed steps of 250 pm

along the whole sensor measuring range (10 mm). For each step, a sensor reading was stored.

While the manufacturer indicates that the sensor repeatability decreases for shiny or trans-
parent targets, the results shown in Fig. 4.7 indicate that the performance is rather similar than
for matte targets. The upper panel depicts the relative deviation from the previous measured
position, i.e., the step width measured by the sensor. Three cases are shown in the graph: a
transparent Mylar target (dashed-blue line), a matte paper target (solid-green line), and a shiny
copper target (dotted-red line). The mean value of each curve differs by around 1 - 2 ym with
respect to the real physical displacement, 250 pym. The fluctuations are slightly larger for trans-
parent and shiny targets, but the standard deviation is always below 4 pym. This value is of the

same order of the precision of the linear stage, of £2.5 pm.

The lower panel in Fig. 4.7 depicts the absolute deviation from the initial position within the
sensor range. This accounts for the total displacement from the initial position measured by the
sensor. It can be seen that there is a certain drift along the range between 15 and 40 pm, more

pronounced for the transparent target. However, as it will be shown in the following sections,
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FIGURE 4.7: Distance sensor performance tests for materials with various reflec-
tivities.

the typical total deformation of the target wheels is of the order of 500 to 1000 pm, which
corresponds to a few 250 um steps. The precision of the distance sensor within this distance is

below 10 pm.

In order to study the validity of the 3D-mapping technique, the surface profile of a 100 mm-
radius 1 mm-thickness uniform copper disk, mounted on the target assembly, was measured.
In the image displayed in Fig. 4.8, the distance sensor and the dummy copper target, mounted
on the three moving stages, are shown. The measurements were performed by moving the disk
with the same speed as during target irradiations in order to include the effect of the wobbling
angle of the rotating stage. The black solid and the red dashed lines in the left panel in Fig.
4.9 represent the deviation of the disk surface with respect to the normal plane measured for
two radii of 74.2 mm and 64.2 mm, respectively. As can be observed, the surface deviates up

to 500 um at some positions. The gradual deviation of the surface profile for certain angles
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FIGURE 4.8: Image of the set-up used for the validation of the mapping proce-

dure.
15

—_ —_
£ £
= =
c c
2 S
) F=
2 ©
> >
(] [ _
© ©
I 3
8 -400 -r=742mm|} S -]
L - r=64.2 mm

-600 . . . - : -10

0 60 120 180 240 300 360 0 60 120 180 240 300 360
Angle [°] Angle [©]

FIGURE 4.9: Deviation of the copper disk surface before and after the correction.

clearly indicates a deformation of the target, probably due to the way the disk is screwed to the
rotating stage. In fact, the amplitude of the deformation decreases with the radius, as shown in

the figure.

The 3D map obtained with this method was then used as an input for the control software
of the target assembly, in order to apply the corresponding longitudinal correction for each
measured point at the target surface. To evaluate the performance of the position correction, a
second measurement of the surface of the dummy target along the normal direction during the
correction was performed. The results are reported in the right panel in Fig. 4.9 for the 74.2 mm

radius. It can be seen that the correction procedure reduces the initial deviations in the dummy
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target surface along the longitudinal axis from around 500 pm to final deviations in the order
of a few micrometers. However, the results still show a slight oscillation of about 3 sm, which
can be attributed to the vibration of the copper dummy target due to the rotating movement.
Nevertheless, this vibration is within the Rayleigh length of the L2A2 system and is expected
to be smaller for the target wheels.

4.3.3 Validation

The reliability of the correction and positioning system was also verified by means of a
secondary diagnostic, independent from the distance sensor (ILD1320-10). A schematic rep-
resentation of the experimental set-up can be seen in Fig. 4.10 (left panel). The beam from a
visible diode laser was expanded with a two lens arrangement (f = —30 and f = 200) and then
focussed on the surface of the targets by using a microscope objective (M Plan Apo NIR x50 by
Mitutoyo). The backscattering light was then recollimated by the microscope and focussed on a
CMOS camera (CMOS 5MP by Mightex) with a f = 75 lens. The position of the target surface
with respect to the beam focus could be measured by comparing the relative size of the resulting
spot shown in the image retrieved by the camera. A schematic representation of this principle
is depicted in the right panel in Fig. 4.10. In this way, a correlation between the spot size of
the beam at the target surface and the deviation from focus could be obtained for each point of
the surface map, in order to validate the correction procedure. For the following, the positive
direction considered for the deviation is given by the pointing direction of the incidental beam

on target.

As a first step, a 3D map of the target surface, using the long-slots version of the wheel-like
holder, was measured with the distance sensor. As targets, 12 um-thickness aluminium foils
with two different surface qualities, shiny and matte, were used, in order to study the sensor
performance at measuring materials with different reflectivity. The laser beam from the sensor
was aligned, normal to the target surface, to a reference position on the target wheel given by the
incidence point of the laser coming from the microscope objective (Fig. 4.10). After the surface
characterisation, the correction from the map was applied to the whole set of target points,
and the corrected positions were measured again with the distance sensor. This positioning
verification was performed at a repetition rate of 10 Hz with the same movement profile as in
the irradiation experiments at the L2A2, i.e., each 100 ms a new target point was placed at the

path of the sensor laser and measured. The results, which can be seen in Fig. 4.11, present
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FIGURE 4.10: Positioning validation set-up and principle.

a systematic dispersion of ~3.5 um. The map curves had been normalised to the first map
value, while the verification curves had been subtracted by its mean value. This procedure was
repeated for several days under the same conditions, showing a great stability and coherence

between measurements, as expected.

After the mapping and the correction verification procedures, the distance sensor was re-
moved from its location and the laser coming from the microscope objective was focussed to
the same reference position over the target wheel. Then, the target surface corresponding to one
of the measured map points was positioned at the focus of the laser beam (zero position). A

focal scan was performed by moving the target along its normal direction from -150 to 150 pm
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FIGURE 4.11: Maps and verifications.

with respect to the zero position at a step size of 5 um. For each scan position, an image of
the backscattered beam was stored. Thus, a calibration that correlates the relative position dis-
placement with the spot size of the backscattered beam, i.e., the focussing beam profile, could
be obtained. This procedure was performed for four map points, two of them for shiny targets

and the other two for matte ones. In particular, the first map point of every two sector plates.

Two methods were used for the calculation of the spot size of the backscattered beam from
the retrieved images. For Method I, the X and Y sizes were directly determined from the
intensity profiles (Fig. 4.12, green line), in number of pixels, from which the Root Mean Square
(RMS) can be obtained as

RMS[pz] — \/ XClpa] ; Yilpe] 4.9)

which was used as a comparison parameter.

For Method II, the beam spot size was characterised by the RMS (Eq. 4.9) of the FWHM
(Full Width at Half Maximum) obtained by applying a Gaussian fit to the X and Y intensity
profiles (Fig. 4.12, red line).

The calibration curves for both methods are reported in Fig. 4.13. Panels (a) and (¢) show
the results for each one of the four measured points (two shiny and two matte) for Methods I

and II, respectively, while in panels (b) and (d) the mean values of these four measurements
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FIGURE 4.12: Example of the intensity profile of the backscattered beam and its
analysis. Inset: image of the backscattered beam.

are depicted. The resulting curves from Method 1, in panel (a), exhibit a very good consistency
between them, regardless of the target reflectivity. However, for distances greater than 100 ym
with respect to the zero position in the negative direction a certain saturation can be observed
(see Fig. 4.14). This may be attributed to an aberration introduced by the optical arrangement.
The calibration curves shown in panel (c), corresponding to Method II, present a greater disper-
sion in the spot size determination, specially noticeable for the farthest regions of the focal scan
(£100 pm). For these regions, the backscattering beam intensity profile was weak and slightly

inhomogeneous, so the Gaussian fit was not as reliable.

As shown in panels (b) and (d) in Fig. 4.13, the calibration curve, namely the focussing
beam profile, can be adjusted to a parabolic fit over a range of about 1 - 1.5 Rayleigh lengths
around the zero position. From that point on each direction, the divergence can be fitted to an
increasing or decreasing linear profile. The fit parameters for both Methods can be found in
Table 4.1.

The correction procedure was then evaluated by positioning the target corrected plane at
a fixed distance from the zero position and measuring the backscattering beam size for the
corrected target positions. Any deviation in this positioning would result in a modification of
the retrieved beam size at the camera. The fixed distance was not set to zero (focal incidence),

as it would be difficult to determine the direction of the deviation and changes in the spot size,
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FIGURE 4.13: Calibration - Methods I & II.

but to a certain offset within the linear regions of the focussing profile (>15 pym or <-15 pm).
For each corrected target position, an image of the backscattering beam size was stored and
analysed according to Methods I and II. From the beam size values and the focussing profile
calibration, the relative distance with respect to the zero position could be calculated for the
whole map, and compared to the fixed distance. To reduce the amount of time taken on each

measurement, only one of each five map points were measured.

The results, for the two analysis methods and for various offsets, along with the correction
verification measured by the distance sensor, are shown in Fig. 4.15 (a - d) and Fig. 4.16 (a
- ¢). All the plotted curves have been subtracted by its mean value. The calculated standard
deviation, between 4.5 and 7 um for Method I and between 5 and 9.5 pm for Method 11, is
slightly greater than for the sensor measurement (~3.5 pm), but still within the Rayleigh length
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FIGURE 4.14: Example of a non-saturated (left) and a saturated (right) images of
the reflected beam at +150 pm and -150 pm, respectively.

TABLE 4.1: Calibration curves fit parameters. Linear fit: RMS = mf + n;
parabolic fit: RMS = af? +bf +c

Linear fit Parabolic fit Linear fit
m n a b c m n

MethodI -2.5 15.4 0.1 0.03 269 2.8 103
Method I -2.6 0.8 0.09 -0.03 19.7 27 -1.6

of the L2A2 system. The dispersion also seems to increase for the shiny targets. Fig. 4.16
(d) directly compares the results from Methods I and II for the same measurement, showing
great consistency between them. The mean difference between curves from Method I and 11 is
smaller than 5 ym. However, some of the points from Method II present a dispersion of about 2
- 3 times the standard value. For these measurements, the Gaussian fit applied in the calculation
only fitted a part of the intensity profile corresponding to one or more peaks coming from the

micrometric structure pattern of the target surface.

Overall, the correction verifications measured both with the position sensor and with the
set-up presented in this section are in good agreement. Thus, the correction and positioning

procedure, used in the experiments described in the following chapters, can be validated.
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4.3.4 Target wheel measurements
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FIGURE 4.17: Deviation of the wheel-like holder target surface before and after
the correction.

For the multi-target wheels used in the ion acceleration experiments, the 3D-mapping and
verification method was applied for a set of predefined impact positions. As for the primary
tests, a second measurement of the target surface deviation was performed during the correction
procedure, to compare with the initial surface profile. The obtained results for the long-slots
wheel, before and after the correction, are shown in Fig. 4.17. All the curves in this figure are
normalised to their first value, thus denoting the relative deviation of the target surface instead
of the raw values measured by the sensor. The sectors with squared holes for MEMS targets
are not included in the graph, but only the six sectors with long slots. In this case, only one
row of impact points was defined for each slot. It can be seen that the initial deformation (black

solid line in upper panel) is of the order of several hundreds of microns. This deviation is even
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FIGURE 4.18: Deviation of the wheel-like holder target surface before the cor-
rection.

noticeable between adjacent sectors and within the same sector. It increases for outer radii for
most of the sectors, suggesting that the central screws that fix the wheel to the rotating stage
produce a certain bending effect, as for the copper dummy disk. The red solid curve in the
upper and lower panels of Fig. 4.17 refers to the measured target deviation after the correction
procedure. The intrinsic target deformation is reduced to micron-size fluctuations, being their

standard deviation o = 4.7 pym.

Fig. 4.18 depicts the same results for the version of the target wheel with individual holes.
As in Fig. 4.17, the curves are normalised to their first value. The black-solid curve in the upper
panel, corresponding to the surface profile before the correction, indicates a more pronounced
total deviation than in the long-slot wheel, of about 1300 pm, due to the larger size of this

version. As in the previous cases, this deviation increases for the outer radii, presumably for
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the same reason. After the correction procedure (red-solid lines in both panels in Fig. 4.18), the

surface profile deviation is reduced to a few microns with an standard deviation of o = 5.4 ym.

The target positioning procedure described in this chapter ensures shot-to-shot laser inci-
dence at focus with an accuracy of few microns, which is a key issue for the stability of the ion
source in terms of maximum energy, spectral shape and particle number, as will be discussed
in the following chapters. In the case of the long-slots version of the target wheel, the distance
between adjacent points of the base map can be selected by the user. This distance must be
sufficient that the damage produced by each laser shot does not generate a deformation of the
target surface at the next incidental position. In that case, the implemented corrections with
respect to the laser focus are no longer valid. This would lead to a significant reduction of the
maximum energy of the ion spectra. Further analysis is required in order to determine the mini-
mum distance between adjacent impact positions, which will be commented in the next chapter
(Sect. 5.1.2).

4.4 Target operation and functioning

As described in previous sections, the surface 3D map is loaded to the control software and
referenced to the laser focal position for the irradiation experiments. From this set of corrected
coordinates, the moving stages are able to place the target surface for any of the map points at
the TCC for single-shot operation. For multi-shot mode, the operation and the functioning of

the control software are slightly different for each version of the target wheel.

The target wheel with long slots, used in the first part of the L2A2 experiments, allows for
burst operation at high repetition rates. As the maximum speed of the linear-transversal stage
is not sufficient to move from one target slot to the next one within the time interval between
shots (for the 10 Hz-nominal repetition rate at the L2A?2), the operation consists of a succession
of series of shots, one series per slot. Through the control software the user can select which
slots are about to be shot. The control software generates a PLC (Programmable Logic Con-
troller) program in the internal programming language of the motion controller (Turbo PMAC)
that contains a list of motion commands corresponding to each corrected impact position for
each target slot. Then, the shot sequence is as follows. The control software uploads the PLC
program of the first selected slot to he motion controller and starts its execution. On trigger (see

Sect. 5.1.1 for a detailed explanation), the controller starts positioning each impact point at the
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TCC in synchronisation with the arrival of the laser pulses, at the laser repetition rate. Once
the slot is finished, the control software uploads the PLC program of the next selected slot and

starts the execution. This procedure is repeated until all the selected slots are completed.

The operation repetition rate within the irradiation bursts is determined by the maximum
speed of the rotating stage (22 °/s), the distance between adjacent impact positions, and the laser
rate. Although the maximum laser rate at the L2A2 is 10 Hz, if a distance between shot points
of 1000 pm 1is selected, the target assembly using this target wheel version could in principle
operate at repetition rates between 18 and 30 Hz, for the minimum and maximum radii of the
target holder, respectively. The number of shots per slot, for the same distance between adjacent
points, varies from 26 to 42 depending on the radius, for a total of 1360 considering eight slots.
This would correspond to 40 bursts of about 25 - 40 shots at high repetition rates within the

whole target wheel.

FIGURE 4.19: Shot order for the CLPU target wheels.

The target wheel designed for the CLPU experiment, on the other hand, allows for a total of
808 shots in a single series in continuous operation, intended for a repetition rate of 1 Hz. In this
case the separation between adjacent points and consecutive radii is short enough so the rotating
and linear-transversal stages are capable of moving from one position to the next one within the
same sector. In addition, the programmed positioning sequence, which is shown in Fig. 4.19,
optimises the change between one sector to another by reducing its amount and performing it
at the innermost and outermost radii, for which the distance is shorter. These changes of sector
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are feasible at repetition rates up to 2 Hz, limited by the maximum speed of the rotating stage.

Within the same sector, operation at 3.3 Hz can be achieved.

The user can select, via the control software, the number of shots and starting point for
each irradiation series. In principle, this target wheel can operate following the same procedure
described above for the long-slots version, —the control software generates a PLC program
containing the list of motion commands for the set of selected impact positions, that is executed
and triggered—, but at a lower repetition rate. However, some experimental constraints present
at the CLPU experiment, that will be explained in the corresponding section (Sect. ??, prevented
from operating with this procedure. Instead, the positioning and synchronization was performed

by the control software itself.

4.5 Conclusions

The procedure introduced in this chapter for the shot-to-shot correction of the target position-
ing at the laser focus solves most of the limitations present in similar multi-target assemblies
that have been recently developed. In particular, one of the main improvements concerns the

target replenishment rate, which directly affects the operation rate and stability of the ion source.

Gershuni et al.[99] propose a target delivery system based on 100 mm-diameter Si wafers
where hundreds of micro-targets can be created using MEMS technology. The maximum 0.2
Hz repetition rate reached with this system results from the time required for a fully on-line
measurement and correction sequence. In this sequence, the position of each irradiation point
at the laser focus is measured and corrected shot-to-shot via a closed feedback loop between
the linear-longitudinal stage and a distance sensor. In the approach of this work, the surface
correction and focal position of all of the impact positions is determined prior to irradiation,
therefore no on-line measurements are required, hence reducing the movement time in the target

positioning.

Gao et al.[98] use a similar system to the one proposed in this chapter, based on a metallic
target wheel hosting target plates accommodating up to almost 1700 impact positions. However,
the maximum operation rate of this target assembly is 0.5 Hz. The main limitation is caused
by the time between laser shots required to reduce the amplitude of the target holder vibrations

after reaching each shot position. In our case, this factor is not relevant during the irradiation,
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as the movement between impact positions is continuous and no vibrations in the target wheel

are produced.

More recently, Chagovets et al.[105] have developed a target replenishment system based
on a raster configuration, holding up to about 1000 individual targets. Such a system presents
a great flexibility in terms of target thicknesses, target materials, and structure. The alignment
of the individual targets is also performed prior to irradiation by adjusting and recording their
three-dimensional positions. The time reported for this operation is, however, rather long, about
100 minutes for the 1000 targets. On the other hand, the final operation rate of the system is 1
Hz.
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Laser-driven ion acceleration

The structure of this chapter is separated into two experimental campaigns performed under
the extent of this work: at the Laser Laboratory for Acceleration and Applications (Sect 5.1)
and at the Centro de Léseres Pulsados (Sect. 5.2). Within each section, the experimental set-up
and the diagnostics used in each experiment are described in Sects. 5.1.1 and 5.2.1, respectively.
Results are reported in Sects. 5.1.2 — 5.1.3 for the experiment at the L2A2, and in Sects. 5.2.2 —
5.2.3 for the experiment at the CLPU. After the experimental sections, Sect. 5.3 addresses the
Particle-In-Cell simulations on particle acceleration carried out during this thesis, while Sect.
5.4 establishes a comparison between results from the experiments and the simulations. Final

conclusions are given in Sect. 5.5.

5.1 Experiments at the Laser Laboratory for Acceleration

and Applications

The current experimental campaign at the Laser Laboratory for Acceleration and Applica-
tions (L2A2), covering the whole extent of this thesis, is focussed on the development and com-
missioning of a long-term operation ion source. This comprises the development of the multi-
shot target system, described in Ch. 4, the optimisation of the STELA laser performance, and
the complete characterization of the accelerated ion beam. The following sections describe the
outcome of the initial phase of the commissioning of the facility since its construction. Hence,

the results and methodology presented here correspond to the first experimental measurements
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and are not completely optimised. As an ion source intended for multi-shot operation —in par-

ticular for radioisotope production—, special interest relies on the shot-to-shot and long-term

stability.

5.1.1 Experimental set-up

Vacuum
chamber

Ti:Sa
800 nm, 35 fs,
1.2)

Off-Axis
Parabola
(OAP)

Target
assembly

Magnets

CMOSs

Microscope Camera

objective
(M.0.)

FIGURE 5.1: Chamber scheme.

A scheme of the experimental set-up at the L2A2 experimental campaign is shown in Fig.

5.1. Inside the interaction chamber, laser pulses of up to 1.2 J-pulse energy (0.9 - 1 J on target),

around 30 fs-pulse duration (FWHM), p-polarization, and 800 nm-wavelength were focussed

with a 45°, f/2.8 off-axis parabolic mirror (OAP) down to a ~4 pm-diameter spot size, reaching

intensities of above 1-102° W/cm?. The targets were pm-thickness Al and Mylar foils placed

on the multi-shot target system described in the previous chapter. The target correction and

positioning procedure was applied, ensuring the shot-to-shot positioning of the target surface

at laser focus with a few micron accuracy at the laser repetition rate. An auxiliary HeNe laser

at 640 nm was coupled to the optical path of the Ti:Sa laser for the alignment of the distance

sensor and the targets. The beam transport optical arrangement, consisting of four mirrors with
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a reflective coating for near-IR and equipped with micron-accuracy actuators, allowed for the

precise alignment of the laser beam arriving at the OAP.

The initial tests, both for single-shot and multi-shot operation, were performed with the first
version of the target wheel (Fig. 4.2 (a)). For the major part of the commissioning campaign
the long-slot version (Fig. 4.2 (b)) was used, and a few measurements were carried out using
the individual-holes version (Fig. 4.2 (c)) at pulse rates up to 3.3 Hz. The upgraded version for
10 Hz-operation (Fig. 4.2 (d)) was being tested within the last month of this work.

A time-of-flight (ToF) system was used as the main diagnostic tool during the ion acceler-
ation experiments. Being placed at 2 meters-distance behind the acceleration target inside a
vacuum tube (see Fig. 5.1), it was used to measure the flight times of the accelerated ions.
The ToF device consisted of the scintillator detector described in Sect. 3.2.3. The PMT was
connected to a fast oscilloscope (Yokogawa DL9140 or Tektronix MSO64) to control the data
acquisition and to visualize the PMT output signals. In order to reduce the external light noise
in the detection system, the scintillator piece was covered by an aluminised Mylar sheet of 2
pm thickness. Saturation of the PMT was avoided by placing a neutral density filter OD1 be-
tween the photomultiplier and the optical fibres. A dipole magnet system was located inside the
vacuum tube, close to the scintillator detector, to deviate electrons coming from the accelera-
tion target. The whole experimental set-up (laser, beam line, chamber and ToF) was maintained

under high vacuum conditions (10~° — 10~ mbar) during the measurements.

Target alignment at the laser focus

A secondary laser line impinging at the centre of the ToF detector and propagating along the
normal direction with respect to the targets surface was firstly defined using a leak of the HeNe
auxiliary laser at one of the alignment mirrors (see Fig. 5.1). The focus of the main laser beam
line, coming from the OAP, was then pre-aligned to this secondary line, thus establishing the

TCC location at the point where the two laser lines approximately crossed each other.

For the first part of the experimental campaign at the L2A2, the positioning of the target
surface at the TCC was performed via the speckle technique[106]. This technique is based on
the analysis of the speckle pattern produced by the reflection of the laser beam on the target
surface. By moving the target along the propagation direction of the laser beam coming from
the OAP, focal incidence conditions were achieved when the size of the speckles reached its

maximum. An example of this principle is shown in Fig. 5.2. In this way, the first impact



86 Chapter 5. Laser-driven ion acceleration

FIGURE 5.2: Speckle pattern for a focal scan.

position of the three-dimensional surface map was positioned under the auxiliary laser from the
OAP, and then the target was displaced at minimal steps of 1 um along this direction until the
laser focal position was found. This procedure was performed in air, and then a certain offset
of ~20 pm in the laser incidental direction was applied in order to compensate both the drift of
the laser focus in vacuum conditions and the difference in the focalisation between the visible
and the IR laser. This drift was estimated by comparing the position of the laser focus for three
cases: the HeNe laser in air, the Ti:Sa laser in alignment mode in air, and the HeNe laser in

vacuuim.

At a certain point in time of the experimental campaign this positioning method was up-
graded to a rear-imaging system, assembled inside the vacuum chamber as depicted in Fig. 5.1.
This optical arrangement consisted of a microscope objective (MO), placed behind the target
wheel orientated to the laser beam coming from the OAP, mounted on a motorised linear stage
moving along the same direction. In order to determine the location and the spot size of the
laser focus, the focussing laser beam after the OAP was collimated by the microscope objective
and retrieved by a CMOS camera located at a fixed distance outside the interaction chamber.
By displacing the MO within the range of the stage, the TCC position could be found and the
size of the laser focus could be retrieved through the comparison with a USAF calibration target

(Fig. 5.3, panels (a) - (¢)). By means of a MATLAB code, its effective area above the FWHM
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threshold could be measured, as depicted in panel (b) in Fig. 5.3. In this example, the obtained
spot size is about 2.5 ym in diameter, and the averaged intensity results in ~5-10%° W/cm?.
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FIGURE 5.3: (a) laser focus. (b) Area of the laser focus above the FWHM in
intensity. (c) USAF calibration target. (d) target rear-side surface

Once the TCC position was determined, the same optical system was used for the positioning
of the target at the laser focus. The surface of the first point of the target 3D-map was placed
under the focussing beam path, thus the microscope objective was aiming at its rear face. The
target was then displaced along the laser incidental direction with micron accuracy until the
image of the rear side of the target was resolved in the CMOS camera (Fig. 5.3 (d)). An
additional offset accounting for the foil thickness was applied. This standard procedure is valid
both in air and vacuum conditions. In fact, it allows for the measurement of the drift of the laser

focus during the vacuum process and its correction.

Triggering and synchronisation

As introduced in Ch. 4, a triggering and synchronisation procedure was developed in order

to automatically perform the positioning of the target surface at the laser focus at the operation
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rate. This procedure was performed by the control software, and consists of a master-slave con-
figuration at which an Arduino unit and the stages motion controller function as the master and
the slave elements, respectively. A TTL (transistor-transistor logic) trigger signal of duration
~1 ms was emitted by the laser system in advance of each laser pulse by 5 ms. This signal
was continuously monitored by the Arduino unit, which in turn emitted a delayed trigger to the

other devices.

In the case of the long-slots target wheel, after selecting via software which slots were about
to be shot and generating the corresponding PLC motion programs, the implemented trigger

system performed the following operation loop (depicted in Fig. 5.4):

1. The motion program of the first slot is uploaded and executed. The motion controller moves
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the target to the initial position of the current slot. When the movement is completed, the

control software sends a command with the number of shots (P#) to the Arduino unit.

2. The Arduino takes the next pulse of the laser trigger signal and sends a rise-edge signal to
the laser shutter and the motion controller. The duration of this signal depends on the

number of shots of the current slot.

3. & 4. The laser shutter is opened for the span of the signal. The motion controller receives

the Arduino signal and then moves the target to a new impact position every 100 ms.
5. The Arduino sends a delayed signal to some diagnosis devices.

6. When the whole slot is completed, the Arduino signal goes down and the shutter is conse-
quently closed. The next PLC motion program is uploaded and executed, and the con-

troller moves the target to the initial impact position of the next selected slot.

The functioning of this target wheel is entirely designed for an operation rate of 10 Hz within

each slot.

For the target wheels with individual holes, the trigger signal of each shot is monitored
and used to start each individual movement, instead of only the first one of the sequence. A
schematic representation of the temporal synchronisation of this operation is shown in Fig. 5.5.
For repetition rates below the maximum value (f,./2, f./3, f./4, etc), a command containing
the fraction with respect to the laser rate is sent to the Arduino (F'2, F'3, ['4, etc, respectively)
before each series. This operation rate can be selected by the user via the control software,
along with the number of shots of the current irradiation series which is equally provided by
means of the pertinent (P#) command. Within irradiation, the Arduino then sends a separated
trigger signal to the shutter and the motion controller for each individual laser pulse at the
selected operation rate. The duration of this signal is sufficient to allow for a single pulse each.
Functioning at 5 Hz ( f,/2) is in principle not achievable as the shutter cannot perform the close-

open operation within 200 ms.

On the other hand, for the case at 10 Hz using the upgraded version of the long-slots wheel,
the schemed triggering procedure for the initial tests is similar as for the target wheel with
long slots. In this way, a single rise-edge signal is sent to the shutter for the entire extent of
the irradiation series, and the positioning is automatically performed by the stages controller
by executing a PLC motion program. By the time of writing, no change of sector within the

same series at this repetition rate is neither possible. Further programming, both for the control
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software and the Arduino unit, will be required in order to achieve a single irradiation series of
the whole target wheel at 10 Hz.

5.1.2 1Ion beam characterisation

The commissioning experiments at the L2A?2 facility aimed to the complete characterization
of the accelerated ion beam, in terms of its angular divergence, species composition, and spectral
distribution (cut-off energy, temperature, and flux). This study, still ongoing, was performed for
targets of different materials and for a range of thicknesses between 1 and 12 pm, in order to
evaluate the scaling of the ion energy with these parameters. Targets thinner than 1 ym were
expected to be significantly affected by the ASE component of the laser pulses or the prepulses,
hence decreasing the ion acceleration efficiency.
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FIGURE 5.6: ToF signal and corresponding proton spectrum.

Fig. 5.6 depicts a typical signal registered by the ToF detector (left) and the reconstructed
energy distribution (right) according to Eqs. 3.5 and 3.7. This measurement was obtained by
irradiating a 12 pm-thickness aluminium foil with a laser pulse of 0.9 J and 35 fs, focussed onto
a non-optimised 24 pm-diameter spot. The spectral distribution of the detected beam shows
the expected maxwellian-like distribution with a sharp cut-off in the high energy limit. In this
case, and for the analysis throughout this and the following sections, protons were assumed
as the dominant and sole ion species. A Thomson parabola detector is currently being under
construction and calibration at the L2A?2 for ion species discrimination. Once this diagnostic is

operating, a cross-correlation with the data from the ToF detector will be possible.
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As introduced in Ch. 2, the angular divergence of laser-accelerated ions depends on the
particle energy, being broader for the lower region of the energy spectrum. Due to this, the slope
—i.e., the temperature— of the energy distribution obtained from the detector measurement
varies with respect to the spectrum considering the entire ion beam, depending on the solid
angle covered by the detector. The ion angular divergence can be described by a Gaussian-like
distribution (Eq. 2.30) whose FWHM, or standard deviation, depends on the energy following
a linear (Eq. 2.31) or a parabolic (Eq. 2.32) behaviour. According to this, the number of counts
of each energy bin ¢ of the spectrum must be corrected with a solid angle factor given by

Qs _ Jiot 9i(6) sin §df

L 1
Vet Jaer 9i(0) sin 00O (5.1

fo =

From that,

Nigt = Nier - fo (5.2)
where Vg4 is the particle number per bin of the spectrum measured at the detector, that subtend
a solid angle €24.;, and N,,; corresponds to the particle number per bin of the spectrum evaluated
in the entire solid angle of emission €2;,;. Other commonly extended units for displaying the
particle number of the spectral distributions, or flux, are MeV~!-srad . This conversion can be
obtained by simply applying the solid angle of the detector, §2Y,,, to each bin of the spectrum,
as N, [MeV~—l.srad™'] = Ni,/Q%.,. Due to the absence of experimental measurements on
beam divergence, a typical profile having a half-opening angle of ~10° at &/ = E,,,,, and ~30°
at £ = 0.2E,,,, was considered[107]. For the 25 x25 mm? scintillator located at 2 meters from
the ion source, this assumption leads to a solid angle correction as depicted in Fig. 5.6. The blue
curve represent the spectrum retrieved by the ToF detector, while the green and the red curves
correspond to the respective linear and parabolic corrections. It can be noticed the change in

the slope of the corrected energy distributions.

To perform a quantitative comparison of this correction, those spectra were fitted to Eq. 2.26
to obtain their characteristic temperature. As an example, the fit to the energy spectra shown
in Fig. 5.6 (right) is depicted by the dashed lines in the same figure. The parameters of these
fits are displayed in Table 5.1. A variation of a factor of 4.5 can be observed in the calculated
temperatures of the base and corrected spectra. As will be seen through following sections and
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TABLE 5.1: Spectral parameters for the base and corrected energy distributions.

NO Te (MGV) Emam (MCV)

Base 1.74-1010 0.114 1.65
Linear 2.101! 0.05 1.65
Parabolic  2-10! 0.04 1.65

chapters, a precise identification of this spectral parameter is fundamental for some applications
requiring absolute calibration, as for example radioisotope production. The same analysis as
detailed in these paragraphs was applied to the experimental data obtained at different laser

shots and series, for the comparison in regard to the multi-shot stability of the ion source.

5.1.3 Proton source stability

To validate the shot-to-shot stability and the repeatability of our ion source, and thus rein-
force the reliability of the target correction procedure, several series of multi-shot irradiations
were performed. For the initial tests, up to 24 consecutive shots at 10 Hz were achieved using
the first version of the target wheel (Fig. 4.2 (c)), holding 12 pm thickness aluminium foils.
The laser parameters for these series of irradiations were the same as for the spectrum shown
in Fig. 5.6. In this case, the impact positions were defined along two parallel rows at each
slot, for a distance of 1000 xm between positions within the same row and of 750 pm between
rows. During the irradiation, the motorized stages were synchronized with the arrival time of
the laser pulses on target at the laser repetition rate, 10 Hz, according to the triggering procedure
described in Sect. 5.1.1.

The left panel in Fig. 5.7 depicts the energy spectra of the proton bunches for the first twelve
consecutive shots along a single row. All the spectra exhibit a coherent maxwellian-like trend,
similar both in temperature and cut-off energy. Only for a few shots the cut-off energy and in
some cases the temperature seems to be smaller. The inset in the left panel in Fig. 5.7 shows a
picture of one of the aluminium foils after the irradiation. In this image one can clearly observe
the holes produced by the laser impacts along the two rows. The holes have a average radius of

around 500 pm.

In order to quantify the reproducibility of the proton source, the temperature and the cut-off

energy of the proton energy spectra were retrieved by fitting those spectra to Eq. 2.26, as in the
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FIGURE 5.7: Proton spectra obtained in a multi-shot series. Inset: image of the
target foil after the irradiation.

previous section. Panel (a) in Fig. 5.8 depicts the maximum energy (green lines, left axis) and
the temperature (red lines, right axis) of the proton spectra measured in three different series
of 12 consecutive shots. The resulting cut-off energies for these 36 shots have a mean value of
1.38 MeV and a standard deviation of 0.18 MeV, corresponding to a relative dispersion of 13%.
The temperature of the distribution, on the other hand, exhibit a mean value of 0.21 MeV with

a dispersion of 0.03 MeV, representing a 16% of standard deviation.

The analysis of the energy spectra considering the two rows of impact positions is depicted
in panel (b) in Fig. 5.8 for the same three multi-shot series. The first 12 points, corresponding
to the first row, represent the same data discussed in the previous paragraph. Points correspond-
ing to the second row of impact positions, on the other hand, clearly show a reduction in the
maximum energy about a factor of 2.5. This behaviour can be explained by the proximity of
the two rows of impact positions (see the inset in the left panel in Fig. 5.7). The laser shots on
the first row may bend the aluminium target foil, hence alter the surface profile in the adjacent
area around. If this area of effect is large enough, the implemented positioning corrections from
the mapping procedure for the near points are no longer valid. This leads to a reduction of the
laser pulse peak intensity deposited on target and therefore, of the energies of the accelerated
protons for the shots in the second row. The focal spot size of the laser was rather large and
non-optimised within these measurements, so a certain effect in the size of the produced holes

and in the minimum distance eligible between shot positions can be expected.
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FIGURE 5.8: Multi-shot stability at the L2A2.

The performance of the target assembly regarding prolonged multi-shot operation was tested

by using the advanced versions of the target wheels. The panels in the right in Fig. 5.7 show

the aluminium target foils after the irradiation for the long-slots (top) and the individual-holes

(bottom) versions. The hole pattern produced by the laser pulses can be clearly observed in
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both images. In these cases, as the focal spot size and the aligning procedure were improved
with respect to the previous conditions (see paragraph below), the size of the holes (about 100
- 200 pm) and the surrounding affected area could be reduced. Thus, for the long-slots wheel,
the separation between adjacent shot positions was maintained to 1000 xm, enough to avoid the

deformation caused by nearby laser impacts, and defined along a single row.

The results obtained at the irradiation aluminium foils of 12 gm, mounted on the individual-
holes target wheel, with laser pulses of 1 J and 30 fs focalised down to a 2 ym-diameter spot
are presented in panels (¢)-(d) in Fig 5.8. Panel (¢) depicts the stability in the cut-off energy of
the accelerated protons for several series of between 20 and 300 shots at 1 - 3.3 Hz-repetition
rate. Panel (d) shows a similar measurement for a single series of 707 shots at 2 Hz-repetition
rate, along with some single-shot and short multi-shot irradiations up to the entire target wheel
capacity of 808 shots. In both cases, the calculated dispersion is in the order of 15%, and show
a slight decreasing of the cut-off energy over time. This energy loss can be attributed to the
expected deterioration of the laser pulses within its sustained operation, as the measurements
were performed over a span of a few hours. The shot-to-shot dispersion in the stability curves
may be partly explained by fluctuations in the laser pulse energy during the irradiation series.
According to the experimental measurement of this parameter over long series, fluctuations
of ~5% can be expected, that can lead to a average variation on the proton cut-off energy of
around 4%. According to Eq. 2.23, this maximum fluctuation observed in the laser pulse energy
will also affect the temperature of the spectra about a 7%-dispersion. While the proton cut-off
energies measured at these long series are lower than expected, the results presented in this
section confirm the high reproducibility of the proton source, which validates the shot-to-shot

stability of the target assembly system.

The stability of the spectral temperatures, for the long multi-shot series depicted in panel (d)
in Fig. 5.8, is shown in Fig. 5.9. Again, these results were obtained by fitting the spectra to a
Maxwell-Boltzmann distribution (Eq. 2.26). The results are shown for the base spectra (blue
curve) and for the corrected proton spectra assuming a linear angular profile (orange curve). In
this case, the solid angle correction was evaluated in MeV~*-srad~! units. In comparison with
the cut-off energy, the temperature exhibit lower stability, about a 35% for the base spectra and
a 25% for the corrected data. As the results of these multi-shot series seem to be non-optimised
in maximum energy —having ay ~ 9.5, proton energies up to 4 - 5 MeV would be expected for
a 12 pm-thick target—, the observed dispersion in the spectral temperature could be produced

by the shot-to-shot inhomogeneity of the ToF raw signals and the presence of other heavier
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FIGURE 5.9: Multi-shot temperature stability at the L2A2.

ionic species. Regarding the later, future work with a TP detector, under construction at the
L2A2, will clarify the species composition of the accelerated ion beam. A certain periodical
oscillation is also observed in the shot-to-shot temperature profile. It can be explained by taking
into consideration the shot sequence of the target wheel operation: the target foils for the shot
positions at the outer radii are slightly bended in comparison with the points at the inner radii,
due to the screws holding the wheel to the stage assembly. Hence, the emission angle of the
ion beam, normal to the target surface according to the TNSA mechanism, and therefore the
subtended component of the beam that reaches the detector, may differ between these cases.
As depicted in Fig. 4.19, the shot sequence periodically moves the shot position between the
outermost and innermost radii, leading to a gradual variation of the aforementioned emission
angle.

5.2 Experiments at the Centro de Laseres Pulsados

An experimental campaign on laser-driven neutron generation was carried out at the CLPU.
Neutrons can be generated by irradiating LiF or Cu targets (formally called catchers) with
proton or ion beams of enough particle energy. The target assembly developed in this work
was utilised as the ion source —the pitcher— during the campaign. The detection of neutrons
is far from being efficient, as it involves the generation of secondary particles through nuclear
reactions which are the ones detected, so as much as possible data is necessary in order to infer

some statistics and results. As a system designed for multi-shot operation, the target assembly
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from the L2A2 resulted in a very suitable choice for the ion source, as in principle it could offer
great stability in terms of energy and flux for long runs, both in time and number of shots, at
high repetition rates. The system was adapted to the experimental constraints at the CLPU and
a new target wheel (Fig. 4.2 (c¢)) was designed, according to the VEGA 3 nominal repetition
rate of 1 Hz.

While the main objective of this campaign was neutron generation, and ultimately neutron-
induced activation for uranium fission, the first part of the experiment involved the optimisation
and characterisation of the ion source. This took place during the first week, so-called the
preparation week. Within the following experimental weeks, some multi-shots series of dif-
ferent duration, as well as single-shot measurements, were daily performed without catcher, in
order to test the proper functioning of the target assembly and the detectors, and evaluate the
properties of the ion beam. The results presented in this section correspond to these measure-

ments, which were performed using the VEGA 3 laser line at the CLPU facility.

5.2.1 Experimental set-up

y B 4 B\
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FIGURE 5.10: Chamber scheme at CLPU.

Fig. 5.10 depicts a schematic representation of the experimental set-up. P-polarised laser
pulses of up to 25 J from VEGA 3 were focussed at an incidence angle of 10° onto 7 pm-

thickness Al target foils with an spot size of ~20 pm-diameter (FWHM). The pulses were



98 Chapter 5. Laser-driven ion acceleration

artificially elongated to ~250 fs from the nominal pulse duration of the laser, 30 fs, for this
campaign. A long focal length OAP (250 cm), located inside a separated vacuum chamber, was
used for the beam focalisation, having a Rayleigh length of about 260 ym. Hence, the accurate
positioning of the irradiation targets surface at focus was not as critical as for the experimental
case at the L2A2. The target wheel with a pattern of individual holes (Fig. 4.2 (c)), designed for
operation rates up to 1 Hz and to minimise the damage produced by the laser pulses on adjacent

shot positions, was used during this experimental campaign.

A Thomson parabola (TP) detector was located inside the vacuum chamber at 0.72 m from
the interaction point and at 0° with respect to the target normal direction (i.e., at 10° from the
laser propagation direction). A pinhole of diameter 200 m was placed at the entrance of the TP,
covering a solid angle of 60.60 nsr. The images of the MCP were retrieved by means of a CCD
camera, located behind the TP. This device was the main diagnostic for the characterisation of
the accelerated ion beams, providing both the species composition and their energy spectra. As
it was not calibrated in number of particles, the ion flux could not be determined in principle.

The description of this device can be found in Sect. 3.2.4.

As a secondary ion diagnostic, two ToF systems were mounted at 10 - 12° and at 20 - 25°
with respect to the target normal. The former, located at 2.39 m from the TCC during the
first two weeks and at 4.53 m after that for improved energy resolution, is the same device
as the one used at the L2A2 campaign and described in Sect. 3.2.3. Optical filters OD3 and
OD4 were employed within the last week of campaign to avoid the saturation of the retrieved
signals. A raster holder of CR-39 chips was mounted on a motorised linear stage and placed
at the front of the ToF scintillator. Each column of the raster consisted of a central squared
hole that let the ions imping on the scintillator behind, and two other holes hosting the CR-39
chips, one on top of and the other below the central hole. Moving the raster with the linear
stage allowed for positioning each column at the ion flight path while placing the rest behind
a shielding lead sheet. This device was intended for the cross-calibration of the ToF signals in
terms of the particle flux. A set of two magnets was placed inside the vacuum tube in front of
the ToF detector to deflect any accelerated electrons that may produce an undesirable bump at

the retrieved signal.

The other ToF detector was placed at 1.99 m from the interaction point at the aforementioned
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angle. It consisted of a MCP from Jordan TOF Products, having an active area of 25 mm-
diameter, attached to a cathode to collect the excitation electrons. The diameter of the micro-
channels was 10 pm, and the centre-to-centre separation was 12 ym. An aluminised-mylar filter
of 2 pum-thickness was placed at the MCP to avoid saturation and for external noise reduction.

This detector was not calibrated in particle number so it could solely provide ion energy data.

For the series of measurements using the catcher targets for neutron generation, only the TP
was in principle available for ion diagnostics. The catcher samples (LiF or Cu) had a pinhole
in their centre, therefore only the ions emitted at ~0° could be detected, by the TP in this case.
However, due to the accumulation of debris from the pitcher target during long multi-shot series,
the pinhole could be partly obstructed within the series and thus a part of the ion beam blocked.
After a certain amount of debris material was accumulated, it could fall off by its own weight.
This could lead to a significant and progressive attenuation, or even vanishing, of the traces at

the TP during the multi-shot series.

Target alignment at the laser focus

The location of the TCC inside the interaction chamber was predefined by the tip of a thin
needle, mounted on a linear stage. At the beginning of the experiment and before the assembly
of the target system inside the interaction chamber, the high power or the auxiliary laser were
focussed to this tip by slightly adjusting the OAP alignment. This procedure was monitored
with a microscope objective (MO), mounted on top of two linear stages, one horizontal and one
vertical to the board of the chamber. Once the laser focus was located at the predefined TCC, the
encoder positions of the microscope stages were stored. On each day during the experimental
campaign, any possible drift of the laser focus was accounted for by updating these encoder
positions. The left panel in Fig. 5.11 shows an image of the focal spot of the high power laser in
alignment mode, retrieved by means of this procedure on one of the experiment days. A visible
diode laser was coupled to the optical path of the high power laser as a reference for the target

alignment.

Placing the microscope objective at this position and moving the target wheel along its nor-
mal direction, the point over the sector plate of the target wheel for which the surface was
resolved by the objective defined the reference point for the alignment of the position sensor

(Fig. 5.11, right panel). A second visible HeNe laser was pointed at this reference —the focus
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FIGURE 5.11: Image of the reference point defined by the microscope objective
(MO).

of the MO— as a visual guide for the following steps. After determining the coordinates of the

reference point, the 3D mapping procedure of the entire wheel was performed.

The alignment of the targets at the laser focus was carried out by means of the same optical
system. The target surface for the first impact position of the 3D map was positioned under the
optical path of the auxiliary beam, i.e., centred in the microscope field of view. The target was
then moved along the incidence direction with micron accuracy until the surface was resolved
by the MO. As described in Ch. 4, this position was then set as the focal reference position
to which the rest of the corrected map points were referred. The reference position was re-
evaluated once in vacuum conditions on each experimental day that used the same surface map,

and readjusted if necessary.

EM pulse and relay system

Due to the high amount of energy coming from the laser pulses deposited on target, a huge
electromagnetic pulse was produced at the laser-plasma interaction. This EM pulse propagated
through the wired connections affecting all the electronic devices within a few meters around
the interaction point. This phenomenon is a common output in high power laser facilities. For
most of the devices, the arrival of the EM pulse translated to a certain recovery time for which
the device could not be operated. Other devices, on the other hand, were restarted or completely

shut down. This circumstance was produced for each laser pulse at the operation repetition rate.

To overcome this issue and prevent the motion controller from not working properly (or

being damaged), a relay system was designed and implemented. For each of the three moving
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stages and the encoder connections, a relay unit was inserted between the stage or encoder
and the motion controller, properly shielded with aluminium and lead outside the interaction
chamber. Each relay unit consisted of an Arduino board (Uno or MEGA) equipped with four
relays by Arduino. In the case of the moving stages, two of these relays were bypassing the
cables corresponding to the internal induction spools responsible of the movement, in order to
prevent any undesired retro-induced current produced by the EM pulses. For the encoder cable,
on the other hand, two relay units were used to interrupt its entire connection to the motion

controller.

On activation, the relays were programmed to disable the wired connections and the com-
munication between the controller and the devices for a certain number of milliseconds. During
the irradiation, the operation of the relay system was automatically performed by the control
software of the target assembly, concerning the synchronization with respect to the arrival of

laser pulses and the positioning movements (see section below).

As this issue was not addressed before at the L2A2 and could not be tested there, a significant
part of the development of this system took place during the experiment itself. Specifically, the
response of the stages and the motion controller to these huge EM pulses. It was early found
that most of the times the encoder position of the moving stages was reset to zero —i.e., lost—
after the arrival of each laser pulse, so the positions corresponding to the 3D map of the target,
either corrected or not, were no longer valid. This might happen even with the relay system
connected and working. In some other cases, the motion controller was permanently frozen
until reboot, which lead to the interruption of the current irradiation series. The former issue
was solved by storing the stages encoder position in the control software memory at the action
of the relay system. After the arrival of the laser pulse, that position was recovered by means of
the pertinent commands sent to the motion controller. No attempt of shooting the laser without

shutting down the connections with the relay system was performed.

Triggering and synchronisation

The synchronisation scheme for the positioning of the targets with respect to the laser pulses
in the experimental campaign at the CLPU differed from the one described in Sect. 5.1.1 for
the experiments at the L2A2: the operation of the relay system was included, the start of the
irradiation series or single shots was performed by the laser team —not by the user via the

control software— and the main trigger signal came from the laser system and not from an
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Arduino unit as in the master-slave configuration detailed in Sect. 5.1.1. In this case, the TTL

trigger signal corresponding to each laser pulse was monitored and used to start each movement.

These signals had a duration of about 10 ms, and preceded the laser pulses by 100 ms.

laser | |

trigger | |

relé E._l—, |_,_
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status <rendyX disabled moving )EX @.

FIGURE 5.12: Trigger temporal scheme at CLPU experiments.

Using the individual-holes target wheel, the number and the index of shot points about to

be shot were selected via software. During the irradiation, the implemented trigger system

performed the following operation loop:

The motion controller moves the target to the first impact position of the series.
The control software starts monitoring the trigger signal coming from the laser system.

On trigger, the relay system disables the connection between the stages and the motion

controller. The current position of the stages is stored in memory by the control software.
The laser pulse impinges on the target and the EM pulse is produced.

The relay system enables the connection between the stages and the motion controller

after a fixed time interval.

The control software waits for a certain dead time and then recovers the stages position,

which may be lost due to the EM pulse.

The motion controller moves the target to the next impact position of the series.
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The timing scheme of this loop is represented in Fig. 5.12. The dead time between the recon-
nection of the relays and the beginning of the following movement was introduced to account
for the recovery time of the motion controller after each laser pulse. Any instruction sent to
the motion controller before the end of that dead time, as the position recovery commands, was
ignored. Its duration was found to be dependent on the laser pulse energy, i.e, on the intensity
of the EM pulse. The minimum values were 250 ms for 6 and 12 J laser energies, 3000 ms for
20 J and between 4000-5000 ms for >25 J. As the movement time was fixed to 250 ms, the only
difference between each case was the duration of this waiting time. Thus, the operation rate for

each energy was limited to 1, 0.2, and 0.1 Hz, respectively.

Some stochastic errors were still produced, for which the positioning during an irradiation
series failed after an arbitrary laser shot. Even being aluminium- and lead-shielded, the final
conclusion was that the EM pulse was slowing down the Arduino units of the relay system as
well. The reconnection of the relays was then produced later than expected and the following
instructions given to the motion controller were not properly applied. The control software was

updated daily during the experiment to minimise these failures.

5.2.2 Ion beam characterisation

Aluminium foils of 7 pum-thickness were irradiated with laser pulses of energies ranging from
6 to 25 J. The nominal energies for operation were 6, 12, 17, 20, and 25 J, and a dispersion of
about 13% was observed for each central value. At the beginning of each day of the experimen-
tal campaign, several single-shot measurements on ion acceleration —i.e., without catcher—
were performed at some of the nominal laser energies to characterise the beam properties and
its scaling with the pulse energy. Several multi-shot series of different duration, repetition rate,
and laser energy were performed as well to evaluate the stability of the ion source and the per-
formance of the target assembly. Within the entire experimental campaign, protons with peak
energies up to 15 MeV were achieved both in single-shot and multi-shot series. Considering the
experimental parameters both of the laser system and the target, TNSA was the predominant

ion acceleration mechanism.

Single detector measurements

The species composition of the ion beam, as retrieved by the measurements at the TP, is illus-

trated in Fig. 5.13 (left panel), showing the expected traces due to protons (*H) and a collection
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of carbon (C), nitrogen (N), and oxygen (O) ions in different degrees of ionisation. The pro-
portion between each species varied shot-to-shot as the relative composition of the contaminant
layer at the rear side of the acceleration foils may differ from target to target. Nevertheless, the

trace produced by protons was typically the most intense one.

3.80 kV/cm 2.65 kV/cm

10.2 MeV 10-15 MeV |

FIGURE 5.13: Species composition of the ion beam accelerated by a 25J laser
pulse (left). Observed superposition of the traces of different ions (right).

The superposition between the traces due to protons and other heavier ions supposed a com-
plication in the data analysis of several measurements, specially for the highest nominal energies
of the laser pulses. The degree of superposition was dependant on the electric field intensity at
the TP plates. The right panel in Fig. 5.13 depicts two signals measured at different days for
different plate voltages at the same laser energy. It can be clearly seen that, for the case at 3.80
kV/cm, the proton trace is well separated from the trace produced by heavier ions. In this case,
the cut-off energy of the protons can be precisely resolved at 10.62 MeV. On the contrary, in
the signal measured at 2.65 kV/cm, the two traces overlap within the high energy region, hence
the proton cut-off energy cannot be determined but over a range of several MeV. This led to a
certain uncertainty in the ion maximum energies for some series of measurements. The electric
field at the TP was set as higher as possible during the irradiations. However, during long multi-

shot series, plate voltages above a certain level caused the TP plates to go down, presumably
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affected by the EM pulses from the laser-plasma interaction.
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FIGURE 5.14: Proton spectra retrieved from the TP traces for various laser ener-
gies.

The energy spectrum of the accelerated ions was retrieved from the TP traces by using a
MATLAB code (TPA) developed by A. Alejo. Fig. 5.14 (left panel) depicts the energy spectra
corresponding to protons for various laser energies measured at single-shot irradiations. Results
show the typical maxwellian distribution at multi-MeV order energies. As expected, increasing
the pulse energy leads to an increase in the cut-off energy of the accelerated proton beam. For
this particular set of measurements, a linear dependence of the proton maximum energy with
respect to the laser energy is observed. The TP, located at 0° and 0.72 m from the TCC, had a
pinhole of 200 pm-diameter, thus only a part of the entire proton beam was detected. The solid
angle factor at the TP was evaluated using Eqs. 5.1 and 5.2, considering a Gaussian-shaped
angular distribution with a linear or a parabolic dependence on the particle energy given by
Eqgs. 2.30 — ??2. The corrected spectra, i.e., the assumed distribution of the entire proton beam,
were then fitted to Eqs. 2.26 in order to obtain the characteristic temperature. An example is
shown in the right panel in Fig. 5.14, where a raw spectrum (blue curve) —as retrieved from
the TP— is depicted along with the corrections considering both angular profiles (green and
red curves for linear and parabolic divergences, respectively). The three spectra are normalised
to the same total number of counts to facilitate the comparison. A significant variation in the
slope of the corrected distributions with respect to the base spectrum can be clearly observed.
As the disagreement between both corrections is below 10% for the high energy range, only
the linear divergence profile will be considered through the following analysis. Concerning the

acceleration of heavier ions, due to the fact that most of their traces at the TP were superposed
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within an extensive energy range and that the relative intensity of each line varied on a shot-
to-shot basis, the retrieval of their spectral distributions was not trivial and was not attempted.

Instead, the cut-off energy of a few species was calculated for some multi-shot series, in regard

to the target stability.
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FIGURE 5.15: Proton spectra retrieved from the ToFs (i3M and CLPU) traces for
various laser energies.

The raw signals measured by the ToF detectors are depicted in Fig. 5.15. Panels (a) and (b)
show the results from the detector developed at the I3M for the indicated nominal laser energies.
As during the first experimental weeks the detector was a placed at a shorter distance from the
TCC (2.39 m) and low or none optical filters were used, the measurements from these weeks
(panel (b)) are visibly saturated. In addition, the signal produced by the ion bunch is overlapped
with the decay of the gamma-flash. This was partly solved by increasing the ToF distance to
4.545 m and the optical density of the filters in the last week of campaign. This improvement is
reflected in the signals shown in panel (a), measured during this week, for which the ion bump

is separated and no saturation is observed. Despite this, some of the raw signals, principally for
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laser energies above 20 J, exhibited an artefact between the gamma-flash and the ion bump, as
can be seen in the blue signal in (a) (25 J). In some cases, these artefacts were superposed to the
signal due to ions, hence complicating the analysis. The origin of such spurious signals could
not be identified by the time of writing this work. The calibration of this detector, mentioned in
Sect. 3.2.3, was in principle not applicable to the measured data as it was performed for a range
of ion energies between 1 and 3 MeV, far below the typical experimental energies within this
campaign. As for the experiments at the L2A2, protons were assumed to be dominant and the
fastest species reaching the detector, therefore the initial rise of the ion bump in the raw signals
—thus the cut-off energy— was attributed to them. Both this maximum energy and the signal
amplitude, i.e., the particle number although the detector was not calibrated, seem to escalate

with the laser energy.

Panels (c¢) and (d) in Fig. 5.15 present the results for similar measurements retrieved at
the ToF detector developed at the CLPU. In comparison with the signals obtained with the
ToF from the I3M, this detector shows better time resolution and significantly experiences less
saturation. In this way, the gamma-flash is well resolved and completely separated from the ion
bump for the case at 25 J, in contrast the equivalent signal displayed in panel (a). As for the
previous cases, a scaling of the main beam parameters with respect to the laser pulse energy
can be observed. Some of the measured raw signals exhibit a second bulge due to heavier ionic
species. This is illustrated in panel (d), showing the presumed ion contributions in a different
color in each signal at the indicated laser energies. Besides, no in-depth study on heavy ion
laser-driven acceleration was performed within this work. Given that only reactions induced by
protons were contemplated for neutron generation and radioisotope production, no attempt on

optimising the ion acceleration efficiency was regarded.

On the other hand, the analysis of the data from both ToF systems, regarding the temper-
ature calculation, was limited to the raw spectra. The detectors were not aligned to the ion
0°-emission direction but placed at ~10 and ~20°, thus complicating the estimation of the
solid angle factor from the angular divergence profiles, as the detected cut-off energies were
not the maximum energy of the accelerated proton beam. This maximum energy could be in
principle obtained from the corresponding TP spectra, yet no clear angular cross-correlation
between detectors was found, as discussed below. Moreover, a variable and not negligible com-
ponent of the ToF signals was due to the heavier ion contribution. For these reasons, the solid
angle corrections were not as conclusive and the temperature of the raw, base spectra were only

examined for comparison, concerning shot-to-shot stability.
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FIGURE 5.16: Scaling of the proton cut-off energies given from the signals re-
trieved at the three main detectors (top), and proton cut-off energies measured at
the TP and the two detectors for the same series at 12 J and 1 Hz (bottom).

A direct comparison of the three aforementioned diagnostics is shown in Fig. 5.16. The
cut-off energy of the laser-accelerated protons from the same single-shot series at various pulse
energies is depicted in the upper and lower panels, corresponding to two different measuring
days (18/10/22 and 21/10/22, respectively). Solid diamonds represent the values retrieved from
the TP traces, open circles the measurements obtained at the ToF from I3M, and solid squares
the same values as given by the ToF from CLPU. Each color depicts each laser pulse energy:
red for 6 J, orange for 12 J, green for 17, and blue for 25 J. The scaling between both parameters
can be directly observed for the three sets of data in both panels. In regard to the upper panel,

the comparison between the average cut-off energy measured at the three devices seems to be



5.2. Experiments at the Centro de Laseres Pulsados 109

TABLE 5.2: Maximum energies in MeV measured by the TP and the two ToF
detectors at 18/10/22.

Er = 12] 207] 2517

TP 99+£0.7 129+13 14.6£0.8
ToFsvy 82+£05 101£0.1 133 +1.0
ToFcpy 6.7£07 98+1.0 125+04

TABLE 5.3: Maximum energies in MeV measured by the TP and the two ToF

detectors at 21/10/22.
Er = 6] 12] 1717 2517
TP 26+02 434+£05 65+05 9.1+£0.7

ToFsv 40+£01 49+£02 76+0.6 102+£0.7
ToFcipy 3.0£02 50£06 75£06 98+09

consistent for each laser energy. As each detector was located at a different measuring angle
with respect to the normal direction of the targets, a certain dependence of the detected cut-off
energy on this parameter is expected. Thus, the TP at 0° is able to detect the most energetic
ions, emitted normal to the target surface, while the two ToF detectors, located at 10 and 20°,
gradually observe lower maximum energies. Table 5.2 shows the numerical values of the proton
cut-off energies measured at each detector for this reference day. These results correspond to
the average values of data from the initial single-shot measurements (depicted in the upper panel

in Fig. 5.16) and from some long multi-shot series.

On the contrary, results compiled in Table 5.3 and shown in the lower panel in Fig. 5.16, for a
different measuring day, systematically exhibit lower cut-off energies for the TP measurements
than for the two ToF detectors. A similar inconsistency can be observed between both ToF
detectors. This issue only happened on this day of campaign, and no explanation has been
found by the time of writing. Besides, the expected scaling of the cut-off energies with the laser
pulse energy was obtained. Having a slight dispersion of about less than 10% for each series at
each laser energy, results shown in both panels in Fig. 5.16 exhibit great shot-to-shot stability

(see the next section for the detailed study about the multi-shot stability of the ion source).

The dependence of the measured cut-off energies with the detection angle can be compared
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FIGURE 5.17: Ion angular divergence at VEGA 3 and measured maximum ener-
gies at each detector.

to the experimental angular divergence profile of the ion beam at the CLPU. The average cut-off
energies in Table 5.2 for each detector and at various laser energies, normalised to the maximum
energy of the beam (£,,,,) given by the spectra at the TP, are depicted, along with the divergence
profile, in the left panel in Fig. 5.17. It can be seen that the relative cut-off energies at the ToF
detectors, assuming that the emitted ion beam is completely centred to the TP, are not totally
compatible with their angular location inside the interaction chamber. This circumstance is
reinforced by looking at the left panel of the same figure, were the average cut-off energy at
each detector within the entire experimental campaign, for the case at the maximum nominal
laser energy, is depicted. Error bars indicate the systematic dispersion of the data. Although
some of the values at 10° may be coherent with the angular divergence profile, the energies
measured at the ToF of CLPU, at ~20°, are a factor of 1.5 higher than expected.

Day-to-day variability

While results presented so far within this section correspond to the same two measuring
days, some additional concerns emerge by taking into consideration the entire experimental
campaign. The aforementioned analysis was applied to the data obtained on each day. A certain
day-to-day variability the of proton cut-off energies was observed for, presumably, the same
experimental conditions, as illustrated in Fig. 5.18. The top and middle panels depict the mean
value of the proton cut-off energy at each measuring day and for each nominal pulse energy,
as measured by the TP and the ToF from the CLPU, respectively. Most of the depicted data

at the lower laser energies were retrieved from single-shot irradiations, while long multi-shot
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series were also considered for the cases at higher energy. No measurements at every nominal

laser energy (6, 12, 17, 20, and 25 J) were performed on each day. Greyed-out days indicate

weekends or local holidays. As can be seen, the proton cut-off energy curves noticeably vary

on a day-to-day basis, following a similar profile whichever laser energy. This leads to that, in

some cases, the cut-off energy at 20 or even 12 J is of the same order as the case at 25 J on
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a different day. Even so, the scaling of the cut-off energies is consistent within the same day.
The observed day-to-day variability complicate in principle the comparison between data from
different measuring days, as well as the systematic study and the overall characterisation of the
ion beam. Some applications that required absolute calibration, as for example radioisotope
production, reported in Ch. 6, were similarly biased. With respect to neutron generation, the
main objective of the experimental campaign, this led to additional uncertainties regarding the
dependence of the neutron flux on the ion beam properties, both during the experiment and for

the later analysis.

This issue may be partly attributed to the variability of the maximum energy of the laser
pulses on each day, depicted in the lower panel in Fig. 5.18. The curves represent the laser
pulse energy on each day, averaged over all the shots at the same energy and normalised to its
corresponding nominal energy. The day-to-day evolution of this parameter, for the maximum
pulse energy (blue curve), follows a similar profile as the cut-off energy evolution in the upper
and middle panels. Data at laser energies lower than this case show no apparent correlation with
the proton energies. Although the maximum pulse energy only refers to the nominal case at 25
J, the variation of this magnitude may be related to the variation of other parameters of the laser
system, as the pulse duration or its spatial distribution, which could also have a predominant
effect on the laser pulses at lower energies. A measurement of the pulse duration for each
shot was performed, by using a standard second order auto-correlator, on one of the days of
campaign (11/10/21). The average duration within the whole day resulted in 241 fs £ 16 fs,
corresponding to a variation of about 6.5%. Given that no other measurement of this parameter
was carried out on a different day, this value alone may only serve to explain the shot-to-shot

fluctuations in the proton cut-off energy and temperature of that day.

A representation of the variation of the spot size of the laser focus is depicted in the upper
four panels in Fig. 5.19. The two panels on the left display the measured focal spot of the
VEGA 3 laser at low power on two different days, while the right panels show their respective
effective area above the FWHM threshold, as calculated in Sect. 5.1.1. The difference in size
and shape between the two cases can be plainly noticed. The estimated average diameter of the
focal spot is 22.6 £ 2.6 um for the upper case and 19.1 + 1.1 um for the lower case. For fixed
pulse energy and duration, this variation can lead to a fluctuation in the pulse peak intensity
about a factor of 1.4, of the same order of the cut-off energy variability. Although these focal
images were retrieved at low power mode of the laser system, the same spatial distribution

can be expected for the high power mode (at full energy or at a fixed fraction). Any possible
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FIGURE 5.19: Laser focus and area above the FWHM in intensity for two differ-
ent measuring days.

thermal lens effect could not be measured. Regarding the entire experimental campaign, the
lower panel in Fig. 5.19 shows the estimated focal spot size (average diameter at the FWHM)
and the dimensionless amplitude a, calculated via Eq. and 2.7 assuming a fixed pulse duration
of 250 fs, on each day. In comparison with the cut-off evolution in the upper panel in Fig. 5.18,
the spot diameter (black curve) exhibits a mirrored profile, which contributes to the peak energy
of the pulses in the same way as the pulse energy profile. Thus, the dimensionless amplitude,

depicted by the purple curve, follows a similar day-to-day trend as the proton cut-off energy.
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However, this presumption cannot be considered as the only origin of the day-to-day variability
due to the high uncertainty shown by the estimated data.

Temperature scaling
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FIGURE 5.20: Scaling of the spectral temperatures and the cut-off energy for
several series at different laser energies and on different measuring days.

Fig. 5.20 depicts the correlation between the cut-off energy and the temperature for both
the base proton spectra measured at the TP (upper panels) and the corrected spectra assuming a
linear divergence profile (lower panels). Each point corresponds to the mean value of a single-
shot or multi-shot series at a certain pulse energy each. Data from different days is considered,
represented with different colors in the figure, thus demonstrating a strong correlation between
both parameters regardless of the laser pulse energy. The displayed data was fitted to various

mathematical functions in order to obtain the best approximation: an exponential growth, and
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TABLE 5.4: Correlation between the maximum energy and the temperature.

Exp. growth: Ty Ty T R? X2
To+ T - exp(Epaz/T) MeV) MeV) (MeV)

Base -0.012 0.016 3.95 0.908005 0.056405
Linear -0.032  0.031 6.91 0.914137 0.006140
Parabolic: T Ty T, R? e
To+T Epax +To- E2,, (MeV) ) (MeV™)

Base 0.18 -0.061 0.0062  0.906251 0.057480
Linear 0.023 -0.0051 0.0013 0.914031 0.006148
Linear: Ty Ty R? X2

TO + Tl . Emaa: (MCV) (')

Base -0.22 0.048 0.756118 0.149532
Linear -0.059 0.017 0.859358 0.010058

a parabolic or linear polynomial correlation. Table 5.4 summarises the parameters of each

function obtained from the fits, both for the base and the corrected data.

The R? and the y? coefficients from a goodness-of-fit analysis for each of the fits are listed
in Table 5.4 as well. The highest values of the R? coefficient are obtained for the exponential
growth dependence on the data —slightly greater than the parabolic dependence, about less
than a 1%—. The comparison between the x? coefficients leads to a similar conclusion. Hence,
the exponential growth dependence on the data can be considered as the best fit, which is also
plotted in Fig. 5.20. While both parameters are expected to escalate with the peak intensity of
the laser pulses, such a correlation between them has not been reported in literature. It can be
compared with the theoretical estimations given by the isothermal expansion model (see Sect.
2.3.1) and the results obtained in the Particle-In-Cell simulations performed within this work

(Sect. 5.3). This comparison will be studied in detail in Sect. 5.4.

5.2.3 Ion source stability

The performance of the multi-shot target assembly during the experimental campaign was
rather solid. Typically, around 400 - 500 laser shots (half the target wheel) were performed
per day, for a total of ~3700 shots within the two weeks of experiment. About 60 series of

more than 10 shots in multi-shot operation were achieved for laser pulse energies ranging from
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12 to 25 J. The highlights of the multi-shot series, only considering those having ion beam

diagnostics, are:

* One series of 32 shots at 12 J and 1 Hz.

¢ One series of 180 shots at 20 J and 0.2 Hz.

¢ Several series of >101 shots at 25 J and 0.1 Hz.

In spite of the day-to-day variability of the laser system mentioned in the previous section,

the cut-off energies and temperatures within the same measuring day present a high stability.

The typical standard deviation is below the 10% in most of the series in multi-shot operation.

Panels (a), (b), and (c) in Fig. 5.21 depict the proton cut-off energies retrieved from the TP

traces for the three above-highlighted multi-shot series at different pulse energies and repetition

rates. Panel (a) corresponds to the multi-shot series performed at 12 J-energy per pulse and 1

Hz-repetition rate. The shot-to-shot proton cut-off energies measured at the TP (solid purple

diamonds), the ToF from I3M (open cyan circles), and the ToF from CLPU (solid magenta

squares) are depicted. As this measurement were performed on the same day as the results in

the upper panel in Fig. 5.16, it reflects the same behaviour regarding the dependence of the

measured cut-off energies with the detection angle. Panels (b) and (c) represent the cases at 20
Jand 0.2 Hz, and at 25 J and 0.1 Hz, respectively.
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FIGURE 5.21: Proton and ion stability of various series at 12, 20 and 25 J.
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Panel (d), on the other hand, depicts the stability in the cut-off energy of another series at 25
J and 0.1 Hz and includes the results obtained for two other ion species (*4C and T°0). Aside
from the signal due to protons (TH), these two species exhibit the most intense traces at the
images retrieved by the TP system on that day. As both traces are superposed at the high energy
range, the same edge was utilised for the calculation of the cut-off energy and the spectrum for
both ionic species. Thus, the two curves in panel (d) are equal but for a different central energy

per nucleon, given by the charge-to-mass ratio of each ion.

It can be noticed that the range of the cut-off energies for the three series in panels (a-c) is of
the same order, despite the different energy per pulse in each case. As each series was performed
on a different day, this was mainly caused by the variability of the laser system discussed in the
previous section. Regarding each series, the shot-to-shot oscillation may be partly originated by
fluctuations in the energy and the duration of the laser pulses. According to the measured data,
a standard deviation of about 1.3% and 6.5%, respectively, is calculated for these fluctuations,

which may affect the cut-off energies about a overall factor of 2.5 according to Eq. 2.18.

All the depicted series in Fig. 5.21 exhibit a dispersion in the cut-off energy of less than
10%, regardless of the operation rate of the target assembly and the pulse energy, for long
multi-shot series of up to 180 shot points. Thus, it demonstrates the shot-to-shot stability of the
proton source, and consequently of the target system and its functioning procedure. Although
a micron-accuracy positioning was not required for these series, in contrast to the experimental
case at the L2A2, a singular challenge for the target assembly within this campaign resided in
the proper synchronisation between the laser pulses, the relay system, and the refreshment of

the target surface, while handling the huge EM pulses produced at the interaction.

The spectral temperature of each shot of the same three highlighted multi-shot series is shown
in Fig. 5.22. Each panel in the figure depicts the temperature calculated via the fit of the base and
corrected —linear— spectra from the TP to a Maxwell-Boltzmann distribution. In comparison
to the observed shot-to-shot stability of the maximum energy in Fig. 5.21, the temperature
presents higher data dispersion, showing standard deviations between 10 and 40%. This factor
is more prominent for the temperatures estimated from the base spectra. As can be seen in
the figure, specifically for the series shown in panel (c), some of the calculated values are up
to a factor of 2 higher than the estimated standard deviation, indicated in the legend in each
figure. Even for similar maximum energies, the shape of the spectral distributions was not

homogeneous between shots and some of them exhibit a significant variation in temperature.
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FIGURE 5.22: Temperature stability of various series at 12, 20 and 25 J.

Others, however, present a two-temperatures distribution near the highest energy region, thus
complicating the fit to a pure Maxwell-Boltzmann exponential decay. These results, denoted as

open symbols in Fig. 5.22, were excluded from the analysis by means of a y? goodness-of-fit
evaluation at o = 0.05.

5.3 Particle-In-Cell simulations

Particle-In-Cell (PIC) two-dimensional simulations on laser-driven ion acceleration were
performed as a supplementary study to the experiments. By means of these simulations, the
experimental cases within the L2A2 and the CLPU campaigns were reproduced in order to infer
the scaling laws of the relevant parameters, and as a qualitative comparison to the experiemen-
tal data presented throughout previous sections. In this way, the irradiation of a thin target foil
of a material of low atomic number —specifically aluminium, as used in the experiments—
with a ultraintense femtosecond laser pulse at a certain angle of incidence was simulated. The
simulations presented in this section were carried out by means of the Smilei code, running at
the FinisTerrae II and FinisTerrae III clusters at the Centro de Supercomputacion de Galicia

(CESGA). The happi module from Smilei was used for the analysis of the resulting data and its
graphical representation.
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5.3.1 Simulation parameters

TABLE 5.5: Parameters for the laser-driven proton acceleration simulations, per-
formed by means of the Smilei code, for the cases at L2ZA2 and CLPU.

L2A2 CLPU

General Spatial resolution 10x20  25%x25 nm
Simulation box 24x72  65%x80 pum
Temporal resolution 0.03 0.051 fs
Simulation duration 900 1530 fs
Number of patches 32x32  64x64

Target Foil thickness 2-12 7 pm
Particles-per-cell 100 100
Initial ion density 50n, 50n,
Degree of ionisation +13 +4
Preplasma extension 0.05 .32 pum
Preplasma scale-length 0.5 0.5 AL
Proton layer thickness 100 200 nm
Particles-per-cell 900 900
Initial proton density 1007, 1007,
Degree of ionisation +1 or O* 0*

Laser Wavelength 800 800 nm

Pulse duration (FWHM) 25 250 fs
Focal spot size (FHWM) 2.5 20 pm
Dimensionless amplitude 9.6 1.5-3.9
Incidence angle 45 10 deg.

*: neutral proton layer, dynamic field-ionisation activated.

The implemented parameters for the simulation of the experimental conditions at the L2A2
and at the CLPU are listed in the two columns of Table 5.5. Regarding the former, the simula-
tion box had a size of 24x72 um?, corresponding to 1600x2400 cells at a 10x25 nm spatial
resolution, comparable to the typical values reported in literature[47, 49]. The temporal res-
olution was set to 0.03 fs, satisfying the CFL condition, for a total simulation time of 900 fs.
Due to the larger duration (~250 fs) and spatial length (~75 pm) of the VEGA 3 laser pulses,
the duration of the simulation and the box size in the longitudinal z-direction were escalated
about a factor 1.7 and 2.7, respectively, so the entire pulse could enter the simulation box before

reaching the target. As the computing resources would have significantly increased, the spatial
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and temporal resolutions were accordingly escalated to 25x25 nm and 0.051 fs. This corre-
sponds to a total of 2624 x 3200 number of cells, that is, 65x 80 m?, and 1530 fs-duration. The
size of the transversal y-dimension of the box in both cases was sufficient so the laser pulse,
entering the simulation from the left boundary — the negative x box side—, had enough lateral

space from the adjacent box side at the defined incidence angle.

The target foil was defined orthogonal to the x-axis and along the entire y-dimension of the
box. Its thickness was fixed to 7 um for the CLPU simulations, as in the experimental situation,
and was varied from 1 to 12 pm for the simulations of the L2A2 conditions, corresponding
to the range of available foil thicknesses at the facility. The initial particle density was set
to 50 times the critical density 7., having a typical, reasonable number of 100 particles-per-
cell. As dynamic field-ionisation would require an elevated amount of computing resources, the
common approach consists of pre-ionising the material up to a certain degree of ionisation. In
this way, part of the energy from the laser pulse is absorbed by the ions instead of being entirely
transferred to the electrons, which would lead to a certain overestimation of their energies.
Therefore, the target consisted of an aluminium foil fully ionised (+13) for the L2A2 simulation,
and partly ionised (+4) for the CLPU case. The target was hence defined as a neutral plasma
so the electron density n, was set to n, = d - n;, being n; the ion density and d its degree of

ionisation.

An expanding preplasma was configured in the frontal face of the target, to account for the
ionisation produced by the prepulses or the pedestal of the laser. The particle density profile of

this preplasma was an exponential growth following expression

L

n; = 50n, exp|(—22) — 1] (5.3)

g

where n, is the critical density, L, the plasma scale-length, and z( the x-position of the target
foil inside the simulation box. The longitudinal extension of the preplasma was estimated from
the ion sound speed (Eq. 2.2.5) for an electron temperature calculated via Eq. 2.2.23. The
intensity of the prepulses or pedestal above the ionisation threshold (~10'® W/cm?), obtained
from the experimental temporal traces of STELA and VEGA 3 (Figs. 3.4 and 3.6), was utilised
for the calculation of this electron temperature. The advance of these contributions with respect
to the main laser pulse defined the expansion time of the preplasma. Given that this time interval

is several orders of magnitude longer than the duration of the laser pulse —and therefore longer
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than the laser-plasma interaction—, enough for the thermalisation of the preplasma, it was set
to a neutral aluminium plasma at the same ionisation degree as the target. Some simulations
were performed having the preplasma composed of neutral ionised hydrogen ("'H and elec-
trons) instead, yet no significant difference was observed. For simplicity and better computing
performance, the preplasma composition was set to ionised aluminium. For VEGA 3 laser, con-
sidering the temporal trace shown in Fig. 3.6, the extension of the preplasma can be estimated
as Az = 1.05 um = 1.32)\;,. The same analysis for the STELA laser gives an estimation of Ax
= 50 nm = 0.066)\;, due to its ultra-high contrast, which was approximated to a step density

profile for some of the simulations[108].

The rear side of the target foil, on the other hand, was coated with a ultra-thin film of hydro-
gen, representing the contamination layer from which protons are accelerated trough the TNSA
mechanism. The thickness of this film was set to a few times the spatial resolution of the sim-
ulation. The particle density and the number of particles per cell were increased to 1007, and
900 particles-per-cell, respectively, for improved resolution. Different approaches were con-
sidered for the simulations of the L2A2 and CLPU experiments. For the former, the hydrogen
film was ionised up to a neutral plasma of protons and electrons. For the later, the film was
composed of neutral hydrogen atoms and dynamic field-ionisation was activated. As detailed in
the section below, the effect of these two methods on the resulting proton beam was evaluated
by performing comparative simulations. No appreciable difference was found, but for varying

the execution time of the simulation.

Regarding the configuration of the laser pulse, a two-dimensional Gaussian pulse travelling
towards the positive z-direction at the experimental incidence angle was defined. The pulse
was focalised onto the target surface at half the transversal length of the simulation box, i.e., at
(0> Ymaz/2), down to a focal spot of 2.5 or 20 ym-diameter, depending on the simulated case.
As indicated in Table 5.5, the characterisation of the laser pulses in the simulations replicated
the experimental parameters present within each campaign. Silver-Miiller absorbing boundary
conditions for the electromagnetic fields were set at each side of the simulation box other than

the laser entrance boundary.

5.3.2 Simulation results

By means of the simulations presented in this section, the systematic scaling of the proton

maximum energies and temperatures were studied upon the variation of several experimental
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parameters of interest, such as the target thickness or the laser pulse energy. As the main objec-
tive of these simulations is the qualitative comparison with the experiments performed within
this work, as well as its extrapolation for future research, practical magnitudes and parameters

were analysed.

The properties of the accelerated particle beams, as well as other extensive magnitudes as
the electric and magnetic fields or the particle densities, were examined at each simulation. The
diagnosis tools from the Smilei code were utilised for the retrieval of these data. The energy
of the protons and the electrons accelerated at the rear side of the target was measured via a
screen diagnostic, placed at the right boundary of the simulation box. Each particle crossing
the screen was histogrammed according to its energy and type. The duration of the simulation
was sufficient to let most of the accelerated protons reach the screen. Also, the electric field and
the particle densities over a two-dimensional grid centred at the target were recorded over fixed

time steps within the entire extent of the simulation.

Ex t=7140Tr Fx t-285.60T_r

Ex t-57120T.r Ex t-856.80Tr

Logl -Rho,_electron | t= 7140 T.r Logl -Rno_electron ] t = 285.60T_r

o o 0 w0 w0 20 20 D %0 Lo w0 10 @0 20 2 160
wn wn

Logl Rho_proton ] t = 71.40 T_r Logl Rho_proton ) t = 285.60 T_r Logl Rho_proton } t = 571.20 T_r

« 00
o 025
4 000
> 0
050
o o
075
3 100 o
3
00 N w00
0 0 i
<4 LI 1
= 200 > 200 i
2 3 s
100 100 1
-
B
BN B
3
2
1
o
>a
i 100
E
s w00 o w0 20 w0 ® 00 w0 o 10 w0 20

FIGURE 5.23: Evolution of the electric field, the electron density and the proton
density.

As an illustrative example, Fig. 5.23 shows the evolution of the electric field in = (£,) (a),
the electron density (n.) (b), and the proton density (n,) (¢) for a simulation using arbitrary
parameters from the left column in Table 5.5. Each image, at four different times (0, 150,

300, and 600 fs), depicts the defined two-dimensional grid around the target foil at which each
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magnitude is evaluated. Colour bars indicate the value of each of them, in linear scale for the
electric field, and logarithmic for both particle densities. The later are expressed in arbitrary
units, proportional to the ion critical density. As can be seen in the images, the laser pulse
enters from the left side of the box and impinges on the target foil, which is initially neutral.
The following simulation steps can be described through the TNSA mechanism: the electric
field from the laser pulse accelerates the electrons towards the target, and emerge from the rear
side as a negative-charged cloud. A charge-separation field, of about 0.4 TV/m, is generated
between the electron cloud and the proton film, that then accelerates the later as a sheath that
propagates to the right side of the simulation box. A less efficient acceleration of both electrons
and protons is observed as well in the frontal face of the target. Thus, it can be seen that
the TNSA mechanism can be qualitatively reproduced through these simulations. From this
reference example, the systematic study on some parameters of interest was carried out, as will

be presented throughout the following discussion.

Target thickness

The scaling of the main spectral parameters of the proton beam with the thickness of the
target was evaluated. This was motivated by the flexibility of the target system developed within
this work to host target foils of different thickness or composition. Although no experimental
study on this dependence nor results were presented in Sects. 5.2 and 5.3, the incoming series
of experiments at the L2A2 may utilise aluminium and Mylar foils down to 1 pm-thick. Thus,
aluminium foils of thicknesses 1, 2, 6 and 12 ym were simulated considering the experimental
parameters at the L2A2. The size of the simulation box along the x-direction was escalated with
the target thickness up to 40.96 um, in order to maintain the distance between the rear side of
the target and the diagnosis screen. This distance was sufficient so the ions could be accelerated

up to their maximum energies.

The results from the simulation at each target thickness are depicted in panels (a) and (b) in
Fig. 5.24. Panel (a) presents the proton energy spectra for all the simulated cases, while panel
(b) plots the maximum energy (green curve, left axis) and the temperature (red curve, right
axis) obtained at each of them. The later was calculated by fitting the corresponding spectrum
in panel (a) to Eq. 2.26. An increase of both parameters with the target thickness is expected[70]
and observed. While it is not contemplated in the simulated case, target thicknesses below a
certain critical value are presumably affected by the ASE component of the laser pulses or the

prepulses in the experimental situation, depending on the contrast of the laser. This critical
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value can be estimated to a few hundreds of nanometres for the STELA laser, and up to 1 or 2
pm for VEGA 3.
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FIGURE 5.24: Electron and proton spectra from PIC simulations for various tar-
get thicknesses at L2A2.

These results can be compared with the experimental measurements at the L2A2. The sim-
ulations indicate that the maximum energies obtained experimentally, up to 2 MeV for a 2.5
pm-diameter focal spot (Fig. 5.8, panels (¢) and (d)), may be systematically low. Thus, for
aluminium foils of 12 pm-thick, a cut-off energy of around 5 MeV would be expected. Regard-
ing the temperature, the simulations exceed the experimental values (Fig. 5.9) about a factor of
1.4. The results from the simulations, however, may be overestimated as well, as the maximum
energy of almost 20 MeV obtained for target thickness of 1 ym suggests. The comparison be-

tween these two results, as well as with data from recent publications, will be detailed in section



5.3. Particle-In-Cell simulations 125

54.

Increasing the length of the preplasma to 1.5\, of the same order the estimation for the
CLPU simulations, leads to an enhancement of the proton maximum energies about a factor
of 1.5. This is depicted in the two bottom panels ((c) and (d)) in Fig. 5.24, showing the
proton spectra and the dependence of the parameters on the target thickness. Concerning the
temperature, an increase of a factor of ~1.3 is observed as well. This may lead to the conclusion
that a certain preplasma extension is required in order to efficiently accelerate the electrons from
the frontal side of the target, following the arguments discussed in Ch. 2. For the relativistic
regime, J X B mechanism is enhanced at the critical density limit of a growing density profile.
In the absence of this profile, other less efficient pushing mechanisms in this range of laser
intensities, such as vacuum heating acceleration, are the responsible of the electron injection

inside the target.
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FIGURE 5.25: Proton spectra from PIC simulations having dynamic ionisation of
the proton layer activated (green curve) or deactivated (purple curve).

Several simulations were performed to investigate the effect of dynamic field-ionisation of
the hydrogen rear-side layer on the properties of the accelerated proton beam. A comparative
example between two of these simulations, either considering dynamic field-ionisation or a neu-
tral plasma of protons, is shown in Fig. 5.25. The figure depicts the proton spectra obtained for

the simulation parameters of the L2A2 case, at 6 um-target thickness and a preplasma length of
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TABLE 5.6: Comparison of the cut-off energy and the temperature between ex-
periment and simulation. *: data from a different day.

Ep E$™  E¢P  Factor T TP  Factor

max max

J) MeV) (MeV) MeV) (MeV)

6 577  425% 136 0226 0.012 22.2%
12 892 9.9 090 0313 0.135 231
20 11.65 12.9 090 0384 0.186 2.06
25 13.03 14.6 0.89 0405 0256 1.58

1.5\, It can be seen that both spectra are essentially identical in terms of their shape and nor-
malisation. The temperature of each was calculated by means of a fit to a Maxwell-Boltzmann
distribution (Eq. 2.2.26), as in previous cases. Both the temperatures and the maximum ener-
gies differ by less than a 10%. Therefore, both approaches for the simulation of the contaminant
layer at the rear side of the targets can be validated. For the following, the simulations reproduc-
ing the experimental situation at the CLPU were performed with dynamic field-ionisation, while
for the simulations regarding the parameters at the L2A2 an initially ionised neutral hydrogen

layer was considered, as indicated in Table 5.5.

Laser energy

As for the experimental results measured within the CLPU campaign, the scalings of the
proton cut-off energy and temperature were studied in terms of the laser pulse energy. The
simulations were performed taken into consideration the parameters summarised in the column
on the right in Table 5.5. Fig. 5.26 portrays a two-dimensional representation of the electric
field (a) and the electron and proton densities (b-c), evaluated over the simulation grid, at 1000
fs after the start of the simulation. As in the previous case, the electron cloud is formed at the
rear side of the targets and the charge-separation electric field is generated peaking at the ion
front, which clearly expands as a density sheath. The oscillation pattern in the electric field
(panel (a)) from the interference of the incident and reflecting components of the laser pulse

can be observed in the frontal side of the target.

In regard to the nominal laser energies used in the experiments performed at the CLPU, laser
pulses of 6, 12, 20, and 25 J were simulated. The resulting proton spectra, for each case, are

depicted in the left panel in Fig. 5.27. A direct proportionality between the laser energy and the
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FIGURE 5.26: Proton spectra from PIC simulations for various laser pulse ener-
gies (VEGA 3).

three main parameters characterising the spectral distributions (particle number, cut-off energy,
and temperature) can be observed. The right panel in the same figure indicates the retrieved
values of the cut-off energy (green curve, left axis), and the calculated temperatures (red curve,
right axis) assuming a Maxwell-Boltzmann distribution. Such a dependence on the laser energy

implies a similar dependence on the peak intensity of the laser pulses, as expressed via the top
axis in the figure.

Table 5.6 compares the results from these simulations with the experimental measurements
from the CLPU campaign, for each simulated laser energy. The experimental values for the
12, 20, and 25 J cases correspond to the averaged results from the TP of the reference day
with the highest proton energies observed (18/10/22). As no shots were performed on this
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FIGURE 5.27: Proton spectra from PIC simulations for various laser pulse ener-
gies (VEGA 3).

day at 6 J, the values listed in Table 5.6 for this energy are from another day of campaign
(21/10/22). The experimental temperatures correspond to the corrected spectra considering a
linear divergence profile, in order to directly compare experiment and simulation. It is worth
noting that the displayed maximum energies differ by a 10%, while the comparison between
the temperatures results in around a factor of 2. While the observed scalings, simulated and
measured, are reciprocally consistent, considering the results from a different measuring day
within the CLPU campaign leads to a different comparison, due to the experimental day-to-day
variability of the results. This is illustrated by the case at 6 J-pulse energy in the Table. Sect.
5.4 will delve into the comparison between these results its relation to data from published

literature.

Taking into consideration the temporal trace of the laser pulses at CLPU, displayed in Fig.
3.6, the relative intensity of the prepulses or the pedestal for laser pulse energies below 20 J
may not be sufficient to ionise the surface of the target before the arrival of the main pulse.
Thus, in contrast to the simulated case presented here, the length of the induced preplasma may
be shorter or even suppressed for these lower pulse energies. The same plasma length was
configured for all the performed simulations, in order to directly compare the results and their
scaling. More realistic simulations would account for this, for which it could be convenient to

have temporal traces empirically measured at laser energies below the maximum.
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Other considerations

The simulation results presented in this section must be considered as merely qualitative.
A complete reproducibility of experimental data is not commonly achieved nor sought on this
topic, as numerous uncertainties and complex interactions arise at the experimental case that
may not contemplated in the simulations. In addition, the performed simulations are two-
dimensional. Three-dimensional simulations, which in principle would be more realistic, are
highly expensive in terms of computing resources and were not attempted. Such an in-depth

analysis is beyond the scope of this thesis.

Some of the parameters that were fixed within these simulations can be explored in further
iterations. Of special interest is the plasma scale-length, whose modification can lead to a signif-
icant variation of the results. While this parameter is a current subject of study in the literature
and it is often used as scaling parameter, the analysis performed in this work has employed a
constant value in the typical range of study. Together with this parameter, the influence of the
length of the preplasma are typically analysed in publications. A simple evaluation of this pa-
rameter serves as a example: taking into consideration the simulations with VEGA 3 laser, an
increase in the preplasma length up to 3 A\, or 5 Ay, leads to an increase of the proton maximum

energy of about a 140% or a 190%, respectively, for the case at 6 J-pulse energy.

A more exhaustive analysis on these parameters would be required in order to infer their
correlation with the spectral parameters and its relation the experimental situation, i.e., to infer
scaling laws. However, the simulations presented in this work have a supplementary role as a
contribution with additional background to the experimental results. A complete analysis may

have supposed an entire chapter of a doctoral thesis.

5.4 Scaling laws

This section details the comparison between the experimental results obtained at each cam-
paign, the data from the PIC simulations, and some theoretical estimations given by the isother-
mal model described in Ch. 2, as well as a review of recently published experimental measure-
ments in the literature. As will be seen through the analysis, some of the data are not directly
comparable but in a qualitative manner. Nevertheless, some extrapolations could be inferred as

a basis for some estimations on radioisotope production, which will be described in Ch. 6. As
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introduced in Ch. 2 and mentioned in previous sections, the temperature of the ion spectral dis-
tribution constitute a relevant parameter for applications that require the absolute calibration. In
the particular case of radioisotope production, of special interest under the scope of this work,

this parameter plays an important role, along with the particle flux. Thus, its characterisation

and scaling is essential for any precise estimation of the activities that can be produced.

TABLE 5.7: Main experimental parameters of published data reviewed in this
work. From left to right: pulse energy, pulse duration, focus spot size, wave-
length, peak intensity, dimensionless laser amplitude, protons maximum energy,
target material, target thickness and laser contrast. For those references with spec-
tra measured for different experimental conditions it is shown the case with the
highest cut-off energy. Values denoted with a hyphen are not specified in the orig-

inal study.

Ref. EL tL df )\L IL QAo Emax Material D

) (fs) (um) (nm) (W/em?) (MeV) (pum)
[109] 0.13 39 10 800 4.2-10'8 1.40 0.26 Au 2.48
[110] 071 55 7.5 800 2.1-10Y  3.09 1.35 Cu 5
L2A2 092 35 24 800 3.6:10'8 1.29 1.55 Al 12
[102] 0.005 40 1.8 780 3.5-10'® 1.24 1.78  ethyl.glyc. 0.55
[47] 2.4 25 55 800 1.0-10° 6.80 6.90 Cu 1
[108] - - - 800 1.3-10*° 7.75 7.40 Al 0.1
[111] 20 35 40 800 5.0-101 481 7.78 formvar  0.015
[108] 3.0 30 7.0 800 2.0-102° 9.62 9.00 Al 2
[57] 1.8 30 5.6 800 1-9-10¥ 2-6.4 1-11 Al 0.12
[112] 018 60 50 790 15107 0.26 0.29 Cu 5
[36] 043 55 6.6 800 2.0-10'® 0.96 0.50 Cu 5
[113] 0.20 60 - 790 7.2-10'8 1.81 0.99 Al 12
[40] 0.088 60 52 800 6.8-10% 1.77 1.20 Cu 5
[114] 0.7 30 4.0 800 1.0-102° 7.79 2775  polymide 12.5
[49] 0.8 30 3.5 820 20102 976 346  polymide 7.5
[70] 0.3 30 3.0 800 1.0-10" 2.15 3.97 Al 0.1
[115] 1.7 34 14 800 2.3-10 326 4.00  polymide 7.5
[116] 1.8 40 50 1060 1.6-10*° 115 436  polymide 12.5
CLPU 6-25 250 22 800 <3-10Y 1539 <15 Al 7

In order to stablish scaling laws for the three parameters characterising the energy distribu-

tion of laser-accelerated protons, a bibliographic study was carried out regarding proton spectra
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reported in literature for over a range of comparable laser pulse intensities. Within this study,
only data from ultra-short moderate-energy laser systems were considered. In particular, pulse
durations around 60 fs and pulse energies up to 3 J. Therefore, TNSA is expected to be the
predominant ion acceleration mechanism in all cases. Special care was taken regarding the
the diagnosis devices used for the measurements, as all the considered studies use a TP detec-
tion system, which in principle is not affected by heavier ion contributions. Other sets of data
measured with ToF detectors were also considered, but only regarding the cut-off energy, as in
principle the presence of heavier ions in the ToF signals could affect the temperature calcula-
tion. Table 5.7 summarises the main experimental conditions for each publication. The first
eight rows correspond to the data measured with TP spectrometers, along with one of the ex-
perimental results at the L2A2 (Fig. 5.7, left panel). Proton spectra from these data were fitted
to Eq. 2.2.26 in order to estimate the characteristic temperature and the distribution amplitude,
given that most of them are calibrated in MeV~!-srad~!. The next ten rows list the sets of
data obtained with ToF detectors. Finally, last row includes the parameters at the experimental

campaign in the CLPU, for comparison.

Fig. 5.28 depicts the compiled values for the maximum energy (a), the temperature (b), and
the particle number (d) as a function of the laser dimensionless amplitude a for the set of mea-
surements considered in this study. Panel (d), on the other hand, plots the spectral temperature
in terms of the maximum energy. In these figures, data are organised according to the thickness
of the targets over three ranges: below 1 pm (black dots), between 1 and 6 pm (red diamonds),
and thicker than 6 pum (blue triangles). Data points corresponding to the experimental cam-
paigns performed within this thesis are also included, after being corrected in solid angle to
o srad~! units. The green inverted triangles in each panel represent the results from different
measurement days within the entire CLPU campaign, which will be commented later on this

section.

Panel (a) shows a clear correlation between the laser peak intensity and the proton maximum
energy. This correlation also depends on the target thickness, as discussed in Ch. 2 and in
agreement with the PIC simulation results shown in the previous section. This graph includes
both the data measured with TP and with ToF. According to the scaling laws obtained from
the isothermal model (o< \/@), a linear correlation between the cut-off energy and the laser
dimensionless amplitude is proposed for each thickness range. The resulting fits are in good
agreement with the experimental data. In panel (b), the correlation of the temperature with the

laser intensity seems to be rather unclear. For target thicknesses thinner than 1 ym and thicker
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FIGURE 5.28: Proton spectra from PIC simulations for various laser pulse ener-
gies (VEGA 3).

than 6 um, there is not enough data to apply an effective fit. For targets between 1 and 6 pm,
data was fit to a growing exponential dependence, instead of a linear correlation as expected

from the poderomotive scaling.

Regarding the data from the CLPU experiment, it can be clearly seen in panels (a-c¢) that
they belong to a different regime, presumably due to the longer pulse duration and higher pulse
energy. However, the correlations between the cut-off energy, the temperature, and the dimen-
sionless amplitude seem to be rather solid, regardless of the discussed day-to-day variability.
The proposed quadratic and exponential scalings shown in the figures for both parameters are
not supported by the theoretical background discussed in Ch. 2, as in principle the derivation
of J x B and TNSA regimes leads to linear scalings. Further diagnosis and analysis of the the

laser-plasma interaction conditions present at the experiment should be performed in order to
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understand this circumstance.

The correlation between the cut-off energy and the temperature in panel (¢) is apparently
independent of the target thickness for each pulse duration regime. Therefore, following the fit
evaluation carried out for the CLPU results in Sect. ?? —also plotted in the figure—, short pulse
duration data were fitted to an exponential growth function. Regarding the spectral amplitude
depicted in panel (d), all the considered data seems to follow the same trend regardless of
the target thickness or the pulse duration regime. The shown curves correspond to two different
power fits o< aff with o =3 —4, applied to all the data. The data from the CLPU campaign shown
in the figure was obtained through a calibration using the radioactive activation measurements
from the radioisotope production part of the experiment. This calibration is described in Sect.
6.1.6.

A comparison between short and long laser pulses can be performed in light of the scalings
shown in Fig. 5.28. Typical laser systems with long pulse durations are of the order of 500 fs —
1 ps[52, 53], and exhibit pulse energies above 100 J. Through certain special techniques, their
pulse duration can be reduced down to a minimum of 300 fs. On the other hand, most of high-
repetition Ti:Sa lasers produce pulses of several tens of fs and below 10 J-pulse energy. Thus,
the VEGA laser system under the configuration utilised at the CLPU experimental campaign is
of special interest, as it stays within an intermediate point. From panel (a) in Fig. 5.28 it can
be seen that, for a given laser pulse intensity, increasing either or both the pulse duration or the
pulse energy leads to a greater conversion efficiency to proton energies. From the formulation
of the isothermal model and the results from the PIC simulations, this can be understood as a
longer acceleration time for the ions under the influence of the charge-separation electric field.
Hence, a higher energy is obtained at the end of the process (see the dependence on %,.. in
Eq. 2.2.29). As seen in panel (b), a similar outcome results for the temperature, but at a lower

proportion, as indicates the comparison in panel (¢) with the curve for short pulse duration.

5.5 Conclusions

The target assembly system developed in this work and described in Ch. 4 was utilised in
two experimental campaigns regarding laser-driven ion acceleration, at the L2A2 and the CLPU
facilities. Within these experiments, the target assembly was used as a multi-shot, long opera-

tion time ion source. The performance of this system, along with the implemented correction
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and positioning procedure, was evaluated in terms of its shot-to-shot stability and its operation
at high repetition rates —up to 10 Hz for the L2A2 laser—. Overall, the obtained results re-
garding laser-driven ion acceleration show a dispersion in the cut-off energy below 15%. This
was obtained using two laser systems, STELA and VEGA 3, with very different parameters
and conditions. Concerning the spectral temperature, the dispersion is slightly higher, of about
30% in some cases. These results validate the performance of the target system in regard to its
stability and reproducibility, which in addition turns to be a flexible system that can be adapted

to different facilities.

Within the experimental campaign at the CLPU, laser pulses of up to 25 J and 250 fs were
focussed on aluminium foils of 7 pm-thickness. Although a day-to-day variability of the laser
conditions was observed, proton beams with a cut-off energy in the order of 12 — 15 MeV
were systematically measured. Several multi-shot series of hundreds of shots at different laser
energies (12, 20, and 25 J) and repetition rates (1, 0.2, 0.1 Hz, respectively) were achieved
using the PW VEGA 3 laser line. By the time of writing, this performance constitute a novel
achievement in the context of long, high-repetition rate sustained operation at such laser pulse

intensities.

The results from the experimental campaigns, together with data recently reported in liter-
ature, were analysed in order to infer scaling laws of the main parameters of the ion spectral
distributions with respect to the intensity of the laser pulses. This analysis was motivated by the
notorious absence of published studies on the determination and scaling of these parameters,
aside from the cut-off energy. For some applications, as radioisotope production explored in the
following chapter, the characterisation of these parameters is essential. The analysis was sup-
ported by two-dimensional Particle-In-Cell simulations reproducing the experimental situation
at the L2A2 and the CLPU. In a qualitative means, the results from the simulations are in good

agreement with the experimental data and the expected scalings.

Within the analysis presented in this work, different behaviours were observed between long
(~250 fs for 25 J laser pulses at VEGA 3) and short (< 60 fs) pulse durations. The conversion
efficiency to proton energies seems to be greater for the former case. A linear correlation of the
cut-off energy with respect to the laser intensity was proposed for the results from the CLPU
experiment, while the typical scaling given by the ponderomotive potential were applied to
short pulse duration data. Regarding the temperature and the spectral amplitude, respective

exponential growth and power scalings were obtained as the best fit to the experimental and
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reviewed data.
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Chapter 6

Radioisotope production from

laser-accelerated ion beams

This chapter addresses the viability study of laser-driven ions as a potential mechanism for
the production of radioisotopes at the required dose levels in PET imaging. Sect. 6.1 describe
the experiment performed on radioisotope production at the CLPU facility. Within this section,
Sects. 6.1.1 — 6.1.3 introduce the detection system that was developed for the measurement of
the produced radioactive samples activation, as well as its efficiency calibration. The experi-
mental set-up is described in Sect. 6.1.4, and the obtained results discussed in Sect. 6.1.5. The
radioisotope activities were used to calibrate the ion spectra presented in Ch. 5 within Sect.
6.1.6. Given the experimental results shown in this chapter, additional scalings and extrapola-
tions are explored in Sect 6.2 for other parameters or operation regimes. Sect. 6.3 presents the

final conclusions.

6.1 Experiments at the Centro de Laseres Pulsados

The experiments on radioisotope production consist in the irradiation of a sample target
of a specific material with a beam of certain charged particles, coming from a laser-driven
source in the case described here. The transmutation of the target occurs via nuclear reactions
induced by these particles, and the amount of interactions can be measured at a later time
through the radioactive decay of the activated nuclei. Within this chapter, the production of
H1C was studied by the irradiation of a boron target with laser-accelerated MeV-order protons.
The boron nuclei can be in this way transmuted by means of the nuclear reaction *'C(p,n)!'B.

The achieved proton energies at the CLPU campaign, as seen in Ch. 5, are far higher than
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the cross-section threshold of this reaction, at about 2 MeV. Moreover, a significant part of
their energy spectra reaches the main peak of the excitation function. As a ST radioisotope,
HC nuclei decay emitting a positron that, upon annihilating with a electron from the medium,
produce two backscattered photons at 511 keV. The produced ''C activity was characterised
by the measurement of these y-photons in coincidence. Through the experimental procedure
presented here, the viability of laser-driven ion acceleration as an approach to radioisotope
production was evaluated. In particular, the radioactive activity levels achievable in the context

of the required doses for preclinical medical imaging.

6.1.1 Target and diagnosis system

FIGURE 6.1: Detection device for radioisotope production.

The radioactive activity during the radioisotope production experiments performed within
the CLPU campaign was measured via the detection device shown in Fig. 6.1, developed at the
L2A2. This device, that comprises both the activation target and diagnosis systems, consists
of a pair of radiation detectors situated in coincidence configuration, in order to correlate the
backscattered photons from the positron annihilation. Each detector is composed of a CsI(Tl)
cylindrical scintillator, attached to a Hamamatsu R6231 high-voltage photomultiplier (PMT)
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with a Scionix silicon pad. CsI(Tl) inorganic crystals have a intermediate density (4.5 g/cm?)
and a relatively high effective atomic number (Z. ;s ~ 54), that grant a high detection response
to photons of energies between 0.05 and 8 MeV. Thus, they result in a suitable choice for the
detection of the y-rays produced in de radioactive decay of commonly-used PET radioisotopes.
The scintillators have a diameter of 2 (50.8 mm) and 40 mm-length, and are covered by a plas-
tic shell of 0.5 mm-thickness to reduce external light noise. The PMTs are energised by using
a NHQ 225M high-voltage power supply. Both detectors are connected to separate channels
of a CAEN N5668B spectroscopic amplifier, in order to shape and discriminate the retrieved
signals from the radioactive decay of the samples. The output signals are digitalised by means
of a CAEN DT5781 multi-channel analyser (MCA), and sent to a PC for their visualisation and
analysis.

A rotating stage (ELL18K by Thorlabs) is mounted on a plastic structure on top of one of
the detectors. The stage supports a paddle-like piece that holds a natural boron disc (99.9%
purity) of 2”-diameter and 2 mm-thickness. This holder can rotate along 360°, thus placing the
boron disc under the path of the ion beam, for nuclear activation during the laser irradiations,

or between the two detectors, for the activity characterisation.

6.1.2 Calibration of the detector efficiencies

In order to precisely measure the radioactive activity level achieved, a previous calibration
of the detection system is required. As state in Ch. 3, radiation detectors are characterised
by their efficiency curves, in terms of the energy of the incoming photons. These efficiency
curves were empirically determined and validated through numerical Montecarlo simulations.
The former were performed by studying the response of the CsI(TI) detectors to a collection
of calibration radioactive sources with photopeaks within a range of several hundreds of keV,
following the standard procedure described in Ch. 3. The measurements were carried out for
several source-detector distances between 6.5 and 24.5 mm, in order to obtain the calibration
curves for different geometries and increase the reliability of the intrinsic efficiency. Consider-
ing the radioactive source as a point source, the geometric factor at each distance was estimated
from Eq 3.14, from which the intrinsic efficiency of the detectors was calculated using Eq. 3.13.

The total photopeak efficiency was obtained from Eq. 3.12 and the measured count rate [2,,.

Regarding the Montecarlo simulations, the EnsarRoot code[117] was utilised. As in other

Montecarlo simulation codes commonly employed for nuclear physics, the detector and the
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source volumes are defined inside a simulation box, together with their composition. The source
is then configured as an emitter of a certain particle with an specific distribution, both in energy
and emission angle. In this way, a point source was defined as an isotropic emitter of y-photons
at the photopeak energy of each calibration source. In addition, the same source-detector config-
urations as in the experimental case were simulated. A certain number of events, i.e., emissions
of a single particle from the source distribution, is defined for each simulation. On execution, an
iterative procedure begins: for each simulation time step, the interaction of each particle with
the medium material is simulated by means of random number generation. The probability,
the type (total photoelectric absorption, Compton effect, etc), and the parameters (scattering
angle, deposited, energy, etc) of each possible interaction are thus determined. In this case,
the total photopeak efficiency can be directly calculated from the quotient of the photopeak
counts divided by the total number of events simulated. From this values, the intrinsic factor

was estimated considering the point source geometric factor and Eq. 3.12.

Fig. 6.2 depicts some examples of both the experimentally measured calibration spectra and
the simulated spectra at each photopeak energy. The intrinsic efficiency curves obtained from
the two methods are shown in Fig. 6.3. Although they are not completely compatible as the
error bars do not match at some energies, the tendency and order of magnitude are rather similar.
This slight inconsistency may partly come from superposition of the Compton border and the
photopeak and from the point source assumptions in the experimental case, which define the
geometric efficiency calculation. The calibration sources used have a certain lateral extension
that leads to a decrease in the detection efficiency, specially for the high energy range. The
intrinsic efficiency of each detector at 511 keV results in 0.349 and 0.348. This energy is
relevant within the scope of this work, as corresponds to y-photons produced by the electron-

positron annihilation related to 5T emitters.

Extensive sources

Being the Montecarlo simulations validated by the comparison to the experimental calibra-
tion, other cases using extensive sources were simulated. The geometric efficiency, whose ana-
lytical calculation becomes more complicated for other distributions of the source than the point
case, was evaluated via Eq. 3.12 and the intrinsic efficiency curves obtained from the Monte-
carlo simulations in the previous section. Fig. 6.4 represents the geometric efficiency curves for
four source distributions: a point source (black dots), an homogeneous square source of dimen-

sions 2x2” (red squares), an homogeneous disc source of 2”’-diameter (green diamonds), and a
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FIGURE 6.2: Examples of %°Co, 137Cs, and '°2Eu decay spectra.

circular source with the same diameter (blue triangles) having a Gaussian-like emission distri-
bution (see section below for a detailed explanation). All distributions are isotropic and, except
for the point source, two-dimensional and parallel to the front surface of the detectors. The
Gaussian-like source was defined using the ASCII generator function of EnsarRoot and provid-

ing an ASCII file containing the emission probability distribution calculated in Sect. 6.1.3.

The results shown in Fig. 6.4 exhibit the expected dependency of the geometric efficiency on
the source-detector distance. The highest efficiency is obtained for the point source, whichever

distance. For extensive emission distributions, the events generated far from the centre have a
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FIGURE 6.3: Comparison of intrinsic efficiencies.

greater probability of escaping without reaching a certain detector, so the efficiency is expected
to be lower as in the figure. To this respect, the source with the Gaussian emission distribution,
peaking at the centre of its volume, is more similar to the point source than the other cases.
Hence, the resulting geometric efficiency is higher than for the homogeneous extensive sources.
As the source-detector distance increases the discrepancy in the efficiency between distributions
becomes smaller, due to the fact that the source is more comparable to the point case. For short

distances the extension and distribution of the source come to be more relevant.

6.1.3 Target activity distribution

The spatial activity distribution of the activation target after the irradiation can be depicted
as a non-homogeneous profile. As explained in Sect. 2.3.2, laser-accelerated ion beams exhibit
a Gaussian divergence profile whose width follows a linear or a parabolic dependence on the
particle energy (Eqs. 2.31 and 2.32). Hence, a Gaussian-like activation profile is expected to be

induced in the production target as well.

To verify this assumption, the activity distribution of the irradiated target was estimated
by using a MATLAB code. Through this calculation, a proton —or other ion species— beam
impinges on a production target located at a fixed distance from the ion source. For each energy
bin of the ion beam, a Gaussian angular distribution as the one indicated in Eq. 2.30 with a
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FIGURE 6.4: Simualted intrinsic efficiency for different source sizes.

dispersion given by Eqgs. 2.31 or 2.2.32, was defined and normalised to the particle number
of that bin. The parameters of both the energy spectra and the beam angular divergence were

inserted as inputs to the MATLAB code.

On start-up, an iterative calculation was performed: for the defined iteration depth step, the
number of induced nuclear reactions and the ion energy loss were calculated for each angular
and energy bin. The reaction cross-section and the stopping power data for this calculation were
taken from the EXFOR databaseand the SRIM software, respectively. Particles with energies
below the energy threshold of the reaction were removed from the calculation for subsequent
iterations. Typically, the thickness of the activation target is larger than the average range of the
incoming particles, thus all incidental particles are completely stopped —i.e., removed— inside

the target.

For arbitrary input parameters, the final ' C activity distribution of a 2”-diameter, 2 mm-
thickness ''B disc at 6 mm of the ion source, produced via reaction ''C(p,n)!'B upon the irra-
diation with a proton beam, is depicted in Fig. 6.5. The resulting activity profile corresponds to
the expected two-dimensional Gaussian distribution peaking at the centre of the target disc. The
total integrated activity is normalised to unity for its representation. In this example, the solid
angle subtended by the disc is smaller than the angular broadness of the proton beam. Hence,

the entire area of the boron target becomes activated. No appreciable difference was observed
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FIGURE 6.5: Estimated activity distribution at the production target after irradia-
tion.

for the either use of a linear or a parabolic dispersion of the Gaussian angular profile of the ion

beam.

6.1.4 Experimental set-up

Following the scheme presented in Ch. 5 (Sect. 5.2.1) of the experimental set-up at the CLPU
campaign, Fig. 6.6 depicts the experimental arrangement at the interaction chamber including
the activation system. The two CsI(T1) detectors were located facing each other in coincidence
configuration at a certain distance of the acceleration target assembly, due to limitations in
space close to the TCC. The rotating stage holding the paddle with the boron disc target was

then mounted on a optical post on top of a long linear motorised stage.

This arrangement had two predefined positions for the boron disc: one of them right behind
the acceleration targets, at 2 cm of the TCC (Fig. 6.7), and the other one between the two CsI(T1)
detectors, at 1.2 cm of each of them. After each irradiation series, the rotating stage resulted

being totally frozen by the EM pulses coming from the laser-plasma interaction. The positioning
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FIGURE 6.6: Chamber scheme.

of the boron target between the CsI(Tl) detectors was performed by the lab technician instead,
according to the radioprotection safety protocols, once the chamber was vented about 10 - 20

minutes after the end of the irradiation.

In order to increase the detection efficiency for the activity measurements, an aluminium
plate of 2 mm-thickness was placed at the front face of each CsI(Tl) detector as a moderator.
A certain amount of the positrons emitted at the 'C decay escaping from the activation target
could then reach one of the plates and be annihilated there into the two 511 keV gamma pho-
tons. Positrons emitted at the 'C decay have an average energy of 385.7 keV and a maximum
energy of 960.4 keV. Inside a material, these positrons are slowed down, according to their
stopping power, by experiencing elastic or inelastic scattering or radiation emission processes.
The probability of being annihilated dramatically increases when their energy is reduced below
100 keV. The projected range of ~1 MeV electrons or positrons inside aluminium is about 1.9
mm, as tabulated in the NIST database. Thus, the chosen thickness for the moderator plates was

sufficient to slow incoming positrons down to the annihilation cross-section peak energy.



146 Chapter 6. Radioisotope production from laser-accelerated ion beams

FIGURE 6.7: Set-up for the irradiation of the boron disc.

TABLE 6.1: Experimental parameters and ' C production results for each irradi-
ation series.

Laser Rep. Number Prod. Activity  Total
energy rate of shots per shot  per shot activity
@  (Hz) (#) (10° nuclei)  (kBq)  (kBq)

12 0.2 40 3.2 1.8 68.6
20 0.1 10 5.7 32 31.5
25 0.1 20 21.7 12.4 233.8

6.1.5 Production of ''C

The production of *C through the proton-induced *C(p,n)!'B reaction by the irradiation of
the boron target was successfully achieved within this campaign. The activation measurements
consisted of three multi-shot series performed at different laser energies, 12, 20, and 25 J. Each
series took place on a different day so the presence of '*C was completely dissipated from the
boron disc before the next irradiation. Hence, the day-to-day variability of the laser system,
and therefore of the ion beam maximum energies, had an influence on the measurements, lead-
ing to similar activation results for presumably different experimental conditions. Table 6.1

summarises the experimental parameters of each irradiation series.

After placing the activated boron disc between the two CsI(T1) detectors at the end of each
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FIGURE 6.8: ''C coincidence spectrum at each detector.

irradiation, the activity of the sample was measured within time intervals ranging from 1 to 5
minutes over two or three ''C half-life periods (20.23 min). The decay energy spectra obtained
for the two detectors at one of these measurements is shown in the left panel in Fig. 6.8.
The 511 keV line from the annihilation of the S*-disintegration positrons can be observed
in both signals. As the measurements were performed in coincidence configuration, the total
number of counts of each measured spectra corresponds to the real number of distinct decay
events detected. The instantaneous radioactive activity at a certain time was then obtained via

expression

AN,
At

(¢ - ePh?)~1 6.1)

g 7

A=R, /e =

where AN, is the number of detected events within the measurement time interval A¢, and
e¢ 1s the total photopeak efficiency of the detector at 511 keV for coincidence configuration,
which is calculated from the geometric 7 and the intrinsic photopeak b " efficiencies. This
equation comes from Eq. 3.12, taking in consideration that the intensity and the branching ratio
of the decay mode are [, = BR = 1 and additional considerations regarding the detection
efficiency. In the particular experimental detection configuration, the evaluation of the total

geometric efficiency €, must be carefully calculated as it involve multiple successive processes.

The complete detection picture is represented in Fig. 6.9. The generation and the detection of

the 511 keV ~y-photons from the annihilation can be separated into two main channels. Through
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FIGURE 6.9: Scheme of the experimental coincidence configuration.

the first one, a certain fraction of the 3+ positrons from the 'C will escape from the boron
target without annihilating. Some of the escaping positrons will reach the aluminium moderator
in front of the detector and will be disintegrated there. Then, for the coincidence detection of
the two backscattered ~y-photons, each of them must be emitted from the aluminium plate in the
direction of each detector. The geometric efficiency associated to this detection channel can be

estimated as

e = [egn - g™ = PL. - €3 (D1) - Pipli, - €54(0) - €55 (D1 2) (6.2)

In this expression, P2 is the fraction of positrons escaping from the boron target and P24 ..
is the probability of annihilating inside the aluminium moderator. The geometric efficiency
53‘“‘33 corresponds to a radioactive source with a Gaussian distribution, as estimated in Sect.
6.1.3, located at a certain distance, and determines the fraction of escaping positron that reaches
the aluminium plate. The product €% - ;% denotes the probability that a pair of »-photons
emitted from a homogeneous squared source is detected in coincidence by two detectors at
given distances. The asterisk notation indicates that both probabilities are conditioned, as the
emission direction of the two photons is correlated. Following the scheme in Fig. 6.9, D; is the
distance between the boron target and the aluminium plate, and D;_, is the distance between

detectors.
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For the second detection channel, the positron is instead annihilated within the boron target,
and the and each photon is symmetrically emitted towards detector. In this case, the geometric

efficiency can be obtained from

eg” = leg1 €92 = (L= PL) - €41 (D1) - 55" (D) (6.3)
where the product £J7** - £7)**" represents the probability that the two photons, emitted from

a gaussian-like distribution between the detectors, reaches each of them in coincidence. Thus,
the total geometric factor indicated in Eq. 6.1 is the sum of the geometric efficiency of the two

described channels, i.e.,

s = e 4 o (6.4)

Now, for the estimation of the fraction of positrons that escape from the boron target, P2,
a simple MATLAB code was developed. Through this code, the production of *C inside boron
via " B(p,n)!'C induced by a Maxwellian incidental proton beam was calculated as a function
of the depth within the target. Fig. 6.10 depicts the normalised number of nuclei produced at
each spatial step (red curve) and the accumulated production (blue curve) considering the spec-
tral parameters of the experimental series with the highest cut-off energy in Table 6.1 (20 J).
The resulting curves show that more than half the final number of transmutations is produced
within the first 100 pym of target, and by 200 pm in depth almost the 80% has been produced.
Given that the boron target is 2 mm-thick, it can be assumed that all the 'C nuclei are con-
centrated in the frontal surface of the target. Therefore, from a geometrical perspective, half
the disintegration positrons are emitted outwards the boron target, leading to the first detection
channel, and the other half is emitted inwards the target. From the tabulated data in the NIST
database, the projected range of ~1 MeV positrons in natural boron is between 1.8 and 2.1
mm. Hence, mostly all the positrons emitted towards the target are annihilated, leading to the
second detection channel. The fraction of positrons following each channel was then set to
PB =(1-PB)=~05.

gauss
g,1

curve similar to the one depicted in Fig. 6.4 for a Gaussian distribution (blue triangles) at

Regarding the first channel, the geometric factor € (D) was obtained from a efficiency

D; = 10 mm. This curve was estimated from Montecarlo simulations considering an activity
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FIGURE 6.10: Number of interactions of a maxwellian proton beam in boron via
reaction ' B(p,n)''C as a function of the depth within the target.

distribution calculated from the geometric parameters at the CLPU experiments. The geometric
efficiency of a squared homogeneous source in terms of the distance was equally obtained from
the red curve in Fig. 6.4 for the rest of the geometric factors in Eq. 6.2. The probability of a
detection in the farthest detector (number 2) conditioned to a detection in the nearest detector
(number 1) can be expressed as P(dy|d,) = P(daNdy)/P(dy), where N denotes the intersection
of both events. While P(dy N d,) is in principle not known, it can be approximated to P(ds).
This is equivalent to assume that the detection in coincidence is similar to the most restrictive
condition: that the photon is emitted within the solid angle of the farthest detector. From this
assumption, one can obtain that €)% - €)%y = &) - €)%/ = 2 - €3%(D1_5). The factor two
is introduced to account for the backscattered emission of the two photons, that subtends twice

the solid angle.

In the second channel case, due to the symmetry of the configuration, it can be directly seen
that P(di|dy) = P(di|d1) = 1. Hence, €)1 - £5%"""" = 2 - €9°***. Considering Egs. 6.2 — 6.4
and the intrinsic efficiency at 511 keV from Fig. 6.3, the obtained total photopeak efficiency in

coincidence configuration was £§ = 0.038.

For each laser energy, the activity curve after the irradiation was obtained by fitting the
measured data to Eq. 2.37, as depicted in the right panel in Fig. 6.8. A half-life of 20.23

min was obtained from the fit, thus demonstrating, along with the 511 keV-photopeak energy
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of the decay spectra, the production of !C. The peak activity Ay, achieved immediately after
the last shot of each irradiation series —i.e., at ¢ = 0—, could be directly obtained from this
expression. A simple MATLAB code was developed on the basis of Eq. 2.39, that accounts
for the evolution of a radioactive sample considering its production rate and radioactive decay.
Thus, from the peak activity, the laser pulse frequency and the number of shots of the series,
this code was used to calculate the activity per shot, and therefore the production of ' C nuclei
per shot (assuming Ao = 5.7 - 107% s71). Both the peak activity and the activity per shot of
each series are shown in Table 6.1. The highest activity achieved during the entire experimental
campaign was 263 kB(q, obtained after 20 shots at 0.1 Hz-repetition rate for an energy per pulse
of 25 J, corresponding to an activity per shot of 13.9 kBq. Regarding the other activation series
at lower pulse energies, peak activities of between 30 and 80 kBq were measured, for activities
per shot in the order of 3 kBq.

6.1.6 Absolute normalisation of the laser-accelerated proton spectra

The ' C production results were used for the absolute calibration of the proton spectra
measured within the experimental campaign and presented in Sect. 5.2.3. Through this cal-
ibration, the number of particles —presumably protons, as no other species could induce *'C
production— of each ion pulse could be estimated. Due to the day-to-day variability of the laser
pulse parameters, the results from the calibration described in this section are only applicable
to the day at which they were measured and cannot be extrapolated. However, they may serve

as a order of magnitude evaluation.

This calibration is based on the principle that the amount of 'C nuclei is directly related to
the flux of the incidental ion beam, in turn characterised by the parameter /Vy in the spectral
distribution given by Eq. 2.26. A higher number of particles per ion pulse would lead to a
higher number of nuclear interactions at the activation target and therefore, both the total and
per pulse induced radioactive activities would be increased. The MATLAB code described in
Sect. 6.1.3 for the calculation of the activity distribution of an irradiated target was executed for
the experimental parameters at each irradiation, using an arbitrary number of particles between
10® and 10 MeV~!. The resulting integrated activity was then compared to the experimental
measurement, and the proton flux was normalised according to the obtained scaling factor, for

each laser energy, via
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N

Ny (#parts) = —% . Nj (a.u.) (6.5)

sim

N

In this expression, Ny denotes the number of protons as in Eq. 2.26, and A, and A, are the

activities obtained experimentally and from the calculation, respectively.
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FIGURE 6.11: Spectra utilised for the absolute normalisation of the proton beam
flux. Experimental spectra from the TP (left), and averaged from all the available
spectra at the nominal laser energy (right) on each day.

The experimental proton spectra were retrieved from the TP traces (Sect. 5.2.2) measured on
the day corresponding to each activation series. The analysed data was taken from the available
single-shot series of the same laser energy as for the activation, given that no multi-shot series
were performed without catcher during each of these days. Following Egs. 5.1 and 5.1, the solid
angle factor covered by the boron disc can be approximated to €2, as its size is larger than the
beam spread at its location (2 cm from the TCC). All the single-shot spectra at each laser energy
were analysed in this way, and then the spectral and angular parameters were averaged to obtain
a single value for each case. The left panel in Fig 6.11 depicts an example of one of these TP
spectra for each of the laser energies. The corresponding averaged spectra, defined by the N,
T,, and F,,,, parameters according to a Maxwell-Boltzmann distribution (Eq. 2.26), are shown

in the right panel in the same figure.

The calculation using the aforementioned MATLAB code was executed for the following
input parameters: the average cut-off energy, known from the spectra; the average temperature,

obtained from the fit; an arbitrary particle number Ny = 10'%; and an assumed beam divergence
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FIGURE 6.12: Input parameters for the activity calculation and activity distribu-
tion on the boron target.

TABLE 6.2: Proton spectral calibration (base spectrum) for Ny (a.u.) = 1-1019.

E; E oz KgT, Agm/shot A, /shot Ny
J  (MeV) (MeV) (kBq) (kBq)  (# parts.)
12 56+04 0.10+0.02 0.17 1.8 1.1-10%
20 11.6+0.6 0.30 £ 0.06 4.5 3.2 7.1-10°
25 11.2+0.8 0.23+0.04 1.74 12.4 7.1-1010

according to Eq. 2.31 and experimental data. The average range of 18 MeV protons inside solid
natural boron is 1.8 mm, which is below the thickness of the boron disc target. Thus, all protons
are expected to either be completely stopped or induce the nuclear production reaction inside
the activation target. The left panel in Fig. 6.12 depicts these input parameters ((a) the energy
spectra at different laser energies, (b) the production cross-section, (c) the stopping power of
protons inside boron, and (d) the beam angular divergence profile), while the right panel in
the same figure shows the activity distribution at the boron disc for the case at 20 J. Table 6.2

summarises the results of this calibration for each laser energy.

The obtained proton fluxes do not show any consistent scaling with the laser pulses energy,
as each measurement was performed at a different day. Furthermore, the flux for the case at
12 J is almost an order of magnitude greater than for the cases at 20 and 25 J. As the cut-

off energy of the proton beam at 12 J is below the cross-section main peak (~8 MeV), the
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FIGURE 6.13: Resulting calibrated spectra after the normalisation from the ex-
perimental activity measurements.

calibration calculation gives an overestimated proton flux in order to compensate this and result
in a similar activity per pulse. Fig. 6.13 depicts the obtained spectra at each laser energy after
the calibration. The data obtained from this analysis is included in panel (d) in Fig. 5.28 in Ch.
5.

6.2 Estimations and extrapolations

The results obtained at the experimental campaign at the CLPU can be extrapolated to longer
operation times. The left panel in Fig. 6.14 depicts the activity over time estimated using Eq.
2.39, considering the production per shot from the three multi-shot activation series performed
(Table 6.1). Saturation —secular equilibrium— occurs at about one hour after the first shot for
laser pulse energies (and corresponding repetition rates) of 12 and 20 J, and about two hours
for the case at 25 J. The maximum achievable activity in secular equilibrium is equal to the

production rate R as

Amax =R=PFP- fN (66)

where fy denotes the laser operation rate and P refers to the amount of *'C nuclei per shot
produced. This results in around 0.6 MBq for 12 and 20 J, and about 2 MBq of '*C for 25 J. For
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the later, a peak ''C activity of ~0.95 MBq would be induced after completing an entire sector

from the target wheel, i.e., 101 shots (about 15 minutes of operation at 0.1 Hz).
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FIGURE 6.14: Estimation of the evolution of the produced ''C activity for the
experimental case at the CLPU (left) and at the L2A2 (right).

The production that could be achieved at the L2A?2 facility can be estimated from the scaling
laws obtained in Sect. 5.28 in Ch. 5. For optimised experimental parameters, the maximum
achievable intensity at the STELA system is ag = 9.6. That correspond, according to the scalings
shown in the figure, to a cut-off energy of around 10 MeV and a temperature of 0.7 MeV,
assuming a target foil of 1 — 6 pum-thickness. Regarding the spectral amplitude, the scaling
predicts a value of 6-10'® MeV~!srad~!. The left panel in Fig. 6.14 represents the activity
curve considering these parameters and a repetition rate of 10 Hz (black curve). As shown,
within 15 min of operation an activity level of 234 MBq would be roughly obtained. The
secular equilibrium regime would be reached in two hours but for a higher maximum activity,
as the production rate is a factor of 100 higher than for the case at the CLPU. The estimated

number of *C nuclei per shot is 5.8-107, which corresponds to an activity per shot of 33.3 kBq.

Following the final discussion in Ch. 5, the estimations on radioisotope production using
long (~250 fs) and short (<60 fs) pulse durations can be compared. Thus, considering the same
scalings from 5.28 as in previous paragraph but for a comparable intensity ag = 3.5, the spectral
parameters are F,,,, = 1.8 MeV, T, = 0.04 MeV, and N, = 4-10'> MeV ~!srad—!. The resulting
activity evolution is depicted in the left panel in Fig. 6.14 (red curve). An activity per shot of
2.3 kBq could be produced, that is, about 4.1-10° nuclei of *' per shot. These numbers can be

compared with the measured activities at the CLPU campaign, shown in Table 6.1. Regarding
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the closest case (25 J and ag = 3.9), the activity per shot obtained at the CLPU experiment is a
factor of six higher than the estimation for the L2A2. It can be concluded that, as the conversion
efficiency to proton energies is higher for longer pules, such laser systems are able to produce
higher radioactive doses per shot and are in principle more appropriate. However, for high-
repetition rate systems, this difference can be overcompensated leading to a higher production
rate and thus a higher secular limit within the production. In addition, these dose levels would
be achieved in shorter times. For a irradiation of 15 minutes, the estimated activity for the L2A?2
is 16 MBq under these conditions, while for the CLPU the estimation gives about 0.95 MBq.

This analysis can be compared with recent publications as well, regarding high repetition-
rate table-top lasers. For similar experimental conditions as at the L2A2, Tayyab et al.[47]
measured ''C activities of 5.2 kBq/shot using the same *'B(p,n)*'C reaction, which correspond
to ~45 MBq after 20 min of irradiation at 10 Hz. This is a factor of 6 lower than the optimum
estimation at the L2A2. A major source of uncertainty in the calculations presented in this
section is the proper determination of the spectral amplitude NV, through the scalings. As the
estimated production escalates linearly with this parameter, an overestimation within its calcu-
lation may lead to an activity equally overestimated. On the other hand, similar variations in the
temperature may lead to significant fluctuation of the resulting production, as depicted in Fig.
2.4. The same result is observed regarding the estimation of Fritzler et al. in [48], of 13.4 MBq
of 1 C after 30 min of irradiation of thin 6 um-thickness Al foils with a 10 Hz high-repetition
rate laser (~1 J, 40 fs) via the 'B(p,n)!'C reaction. This would roughly correspond to about
7.5 MBq after 15 min. This result is in good agreement with the measurement by Tayyab, given
that the acceleration target is much thinner for the later. With respect to this activity level, the

estimation for the L2A2 seems to be again overestimated.

6.3 Conclusions

The production of 'C was successfully achieved and demonstrated during the experimental
campaign at the CLPU facility. A peak radioactive activity of 234 kBq was reached within
the whole campaign, for a series of 20 shots at 0.1 Hz and 25 J-pulse energy. The maximum
activity per shot was almost 12.5 kBq, for the same series. Increasing the irradiation time up
to the completion of the entire target wheel —808 shots, which at 0.1 Hz would be more than

2 hours— would lead to 2.2 MBq, almost in the range of PET preclinical imaging. Achieving
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operation at 1 Hz, even for lower pulse energies, could increase the obtained dose up to this

range.

Based on the scalings of the main spectral parameters characterising laser-driven proton
beams performed in Ch. 5, some estimations on radioisotope production were performed. Re-
garding the optimised experimental case at the L2A2, the calculated activity of *C after 15
minutes of irradiation at 10 Hz is of the order of 230 MBq, far higher than the expected dose
level. The comparison between these estimations and data from recent literature indicate that
these estimations are overestimated. The principal sources of uncertainty come from the distri-
bution amplitude and temperature given by the scalings. While the cut-off energy is a recurrent
subject of analysis in studies on this topic, the temperature is rarely investigated. The results
presented in this work show that this parameter can be more relevant than the maximum energy
of the accelerated particles. A variation of a 30% in the temperature leads to a variation of the

expected activity about a factor of 6.

The effect of the pulse duration on the achievable dose level of 'C was also studied. The es-
timations show that long pulses (~250 fs) are preferred in terms of the production per shot, due
to the higher conversion efficiency to proton energies. However, short pulses at high-repetition

rates constitute a more effective approach to increase the long-term maximum attainable activ-

ity.
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Chapter 7

Summary and conclusion

7.1 Conclusions

This doctoral thesis has investigated the potential of laser-driven proton sources as an effi-
cient means to radioisotope production, and presented some experimental results on this topic.
In particular, the production of *'C from the proton-induced nuclear reaction 'B(p,n)!*C was
studied and measured. The experimental results have shown promising 'C activity levels,
highlighting the viability of the approach of this thesis. Through a combination of experimental
design, simulations, and analysis of the obtained results, the evaluation of the feasibility and

effectiveness of utilizing laser-driven proton sources has been performed.

The first step was the development of a multi-shot target assembly capable of operating at
high repetition rates over long irradiation times. This assembly consist of a multi-target wheel-
like holder hosting the acceleration targets, mounted on a set of three high-precision moving
stages. Some of the key features of this system are its flexibility to use targets of different mate-
rials and thicknesses, and the its high accuracy and shot-to-shot stability. In addition, the target
assembly was adapted to various experiments in facilities with laser systems of different param-
eters and regimes, where it show a great performance. Together with this design, a correction
and positioning procedure was developed and implemented through a control software. This
procedure, based on the mapping of the target surface prior to the irradiation, allows for the
positioning of the targets at the focus of the laser with micron accuracy at repetition rates up to
10 Hz. Its accurate performance at such operation rate suppose a novel achievement regarding
recently published data on this topic[98, 99, 105].
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The target assembly described above was firstly utilised at the commissioning campaign of
the Laser Laboratory for Acceleration and Applications (L2A2), at the Universidade de Santiago
de Compostela, for the development of a ion source. Proton beams of cut-off energies up to
2 MeV were successfully measured at multi-shot series of up to 808 shots at high repetition
rates. These results show great stability both in maximum energy (below 15%) and spectral
temperature (~30%), thus validating the performance of the target assembly and the positioning

procedure.

The target system was then adapted and used at an experimental campaign at the Centro de
Laseres Pulsados. As highlights, several multi-shot series of more than 101 shots at 25 J-pulse
energy and 0.1 Hz-repetition rate were achieved. Other series using laser pulses of 12 and 20 J
at 1 and 0.2 Hz, respectively, were performed. Again, the obtained results exhibited great shot-
to-shot stability in terms of the cut-off energy and the temperature. One of the objectives of this
campaign was the production of radioisotopes from laser-accelerated ion beams. In particular,
the production of 'C was investigated, of special interest in PET imaging techniques. The
activation measurements were carried out by irradiating a boron target with laser-accelerated
proton beams at three different laser energies: 12, 20, and 25 J. The maximum C activity
attained within the entire campaign was 234 kBq, from a single series of 20 shots at 25 J and
0.1 Hz. This corresponds to an activity per shot of 12.4 kBq, that is, about 22-10° !C-nuclei
per shot.

The experimental situations at the L2A2 and the CLPU were reproduced via Particle-In-Cell
simulations using the Smilei code, regarding laser-driven proton acceleration. These simula-
tions were used to support the experimental data in a qualitative means, and to evaluate the
dependence of the spectral properties of laser-accelerated proton beams on some experimental
parameters. The analysed parameters are the pulse energy and the target thickness, in good
agreement with the dependence reported in literature. By comparing the experimental results
obtained within this thesis with recently published data, the scaling of the main spectral param-
eters with the intensity of the laser pulses were inferred. Different scaling laws were found for
long pulse durations (~250 fs) and ultra-short pulses (< 60 fs) regarding the cut-off energy and
the temperature. This circumstance was attributed to a higher conversion efficiency to proton

energies for pulses with longer durations.

The results from these scaling laws were used to estimate and escalate the production of *'C
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at the L2A2 and the CLPU. The results from these estimations can be considered as overes-
timated, as seems to indicate the comparison with recent publications. For the experimental
situation at the L2A2, the estimation gives a peak activity of 230 MBq after 15 minutes of ir-
radiation at 10 Hz, which is a factor of 6 higher than the value obtained in [47] for a similar
laser system. Concerning the comparison between long and short pulse durations, their effects
were evaluated in terms of the attainable activity levels of !C. Results indicate that the higher
efficiency of longer pulses lead to higher activities per pulse. However, a key parameter is the
repetition rate of the laser, which allow for reaching higher maximum activities before reaching

secular equilibrium.

7.2 Future research

Although this doctoral thesis has addressed several key aspects of radioisotope production
from laser-driven proton sources, there are several elements for future research which require

further exploration:

Firstly, in order to exploit the flexibility of the multi-shot target assembly, other target thick-
nesses could be explored. Given the ultra-high contrast ratio of the laser system at the L2A2,
targets thinner than 1 xm could in principle be used, leading to the notable increase in the result-
ing ion energies. Targets of different materials or even micro-structured could be investigated.
The use of such targets has been reported in literature as a means to enhance some properties of

the laser-plasma interaction or the ion acceleration processes.

Secondly, the optimisation of the laser-driven ion source at the L2A2 would lead to the
stable production of proton pulses of up to 10 MeV. These proton beams could be then used to
produced radioisotopes used in PET medical imaging. Given the stability and the repeatability
of the multi-shot target assembly as an ion source, as well as its precise operation, experiments
aiming for specific dose levels could be performed. On the other hand, measurements using a
TP spectrometer, currently under development at the L2A2, could provide information about

the species composition of the accelerated ion beams.

Furthermore, expanding the range of radioisotopes produced using laser-driven proton sources
is an area of interest for future investigations. While this thesis focused on the production of a
specific radioisotope, there are numerous other isotopes with diverse applications in fields such

as medicine, industry, and fundamental research. Exploring different target materials, target
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geometries, and irradiation schemes can allow for generating a wider variety of radioisotopes
with varying half-lives, decay modes, and chemical properties. In particular, the use of deuter-
ated acceleration targets to produce deuteron beams has been recently studied. These deuterons
can be used as well to produce radioisotopes, as there are many nuclear reactions induced by
them. In relation with the work presented here, the reaction channel 1°B(d,n)!!C can be used to

produce 'C from a deuteron beam.
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