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ŀǘ ά[ŀ {ŀǇƛŜƴȊŀέ. My journey through diverging electron beams and unreliable proton sources, 
too high emittances and unwieldy beam lines, unclear manuscripts and fussy referees, had just 
begun. The collaboration with Patrizio became even stronger about one year later, as he 
accepted to become my thesis supervisor at the Institut National de la Recherche Scientifique, 
when I signed an agreement for an Italian-Canadian joint doctorate. 
Doing my Ph.D. under tŀǘǊƛȊƛƻΩǎ direction has been an extremely rewarding experience, from the 
scientific and personal point of view, that I would repeat at any time. This is the reason why the 
first acknowledgment spontaneously goes to Patrizio, for having guided me throughout these 
years, for having given me some hard and challenging times but also often enjoyable and amusing 
moments, for the many advises and the mentoring, and for the continuous support he has given 
and still is giving me today. I truly thank him for everything. 
 
My doctoral studies would not have been possible without the endorsement and the supervision 
of Prof. Luigi Palumbo, the thesis director at my home university in Rome. He has welcomed me 
in his research group and has always supported my work and my initiatives, driving me to the 
pursuit of valuable scientific results and cultural growth. 
 
During this experience I have had the possibility of cooperating with the particle accelerator 
ƎǊƻǳǇ ƻŦ ά[ŀ {ŀǇƛŜƴȊŀέΣ ƭŜŀǊƴƛƴƎ ŦǊƻƳ ǎƻƳŜ ƻŦ ǘƘŜ ōŜǎǘ ǎŎƛŜƴǘƛǎǘǎ ƻǇŜǊŀǘƛƴƎ ƛƴ ǘƘƛǎ ŦƛŜƭŘΦ Lǘ is 
impossible to list them all, but among them, I would like to thank especially Mauro Migliorati, 
Andrea Mostacci, Livia Lancia and Luca Ficcadenti, who I have had the pleasure to work with in a 
continuous way.  
 
I would like to thank the staff members of the Canadian institute INRS, the partner university for 
the joint supervision of my Ph.D., I have had the honor to collaborate with. Among them, a special 
thank goes to Prof. Kieffer, Dr. Fourmaux and Dr. Payeur. 
 
L ǿŀǊƳƭȅ ǘƘŀƴƪ tǊƻŦΦ DƛǳƭƛŜǘǘƛ ŀƴŘ tǊƻŦΦ 5ΩIǳƳƛŝǊŜǎ ŦƻǊ ƘŀǾƛƴƎ ŜǾŀƭǳŀǘŜŘ ǘƘƛǎ ǘƘŜǎƛǎ ŀƴŘ having 
given me useful advises for improving its quality. 
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Executive summary 
 

The study of laser-driven particle beams represents an important field in nowadays research, 
both from the theoretical and experimental point of view. 
Differently from conventional, radio-frequency (RF) technology-based accelerators, laser-driven 
particle sources accelerate particles (both electrons and ions) with electric fields that are 
generated by the interaction of intense laser pulses (>ρπ ὡẗὧά ) and matter. TW-power 
class laser systems, or even novel PW-power class systems, can produce a plasma where electric 
fields are generated that allow accelerating particles over very short distances. The accelerating 
field reaches up to TV/m over a few µm in the case of proton acceleration and up to tens of GV/m 
over hundreds of µm in the case of electron acceleration. This allows overcoming the limits of 
conventional accelerating schemes based on RF fields, which are limited to accelerating gradients 
in the range of MV/m (up to Ḑ100 MV/m for the state-of-the-art technology), due to electric 
breakdown effects. 
At current, laser-accelerated electrons have reached maximum energies in the range of a few 
GeV, whereas for protons, tens of MeV energy beams are routinely achievable. 
 
The features of laser-generated particle beams, in terms of energy, bunch charge, bunch duration 
and laminarity, enable these sources to be considered as a potential alternative to conventional 
particle sources. Applications such as Free Electron Lasers (FEL) for the case of electrons or Ion 
Beam Analysis (IBA) for the case of protons, are readily exploitable with the beam energies that 
are available today. However, some parameters of laser-driven beams, such as the large energy 
spread (a few percent for electrons and up to 100 % for protons) and strong divergence at the 
source (a few mrad for electrons and fractions of radiant for protons) represent an obstacle for 
having reliable, controlled beams that can be implemented for these applications. For these 
reasons, the transport, the tailoring and the manipulation of the laser driven particle bunch is 
challenging but necessary. 
 
The objective of this work is to study the implementation of conventional accelerator devices for 
laser-driven particle beam lines. Focusing devices such as solenoids and quadrupoles and other 
components such as RF accelerating cavities, or beam energy-selection systems allow 
transporting and manipulating the particle beam from the initial source to the experimental end 
station. They are commonly used on conventional facilities and can be adapted and optimized to 
the parameters of typical laser-plasma particle sources, leading to improved performances of the 
laser-driven beam lines. Studying these beam lines can yield to novel beam shaping techniques, 
opening the path to innovative applications. 
 
For analysing these laser-driven beam lines we adopted the same methodology as used for 
conventional accelerators. We have involved the use of numerical codes for the analysis of beam 
dynamics problems, aiming at optimizing the laser-ŘǊƛǾŜƴ ōŜŀƳ ƭƛƴŜǎΩ ŎƻƳǇƻƴŜƴǘǎΦ ¦ǎƛƴƎ 
different simulation tools, we have implemented an iteration process that allows improving the 
performance of the beam lines by recursively optimizing the particle beam parameters and the 
ŦŜŀǘǳǊŜǎ ƻŦ ǘƘŜ ōŜŀƳ ƭƛƴŜΩǎ ŜƭŜƳŜƴǘǎΦ 
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We address both, electron and proton beam lines, studying the following aspects: for laser-driven 
electron beam lines, we indicate goal parameters that a laser-plasma electron source needs to 
achieve in order to allow a beam transport line that maintains the quality of the initial electron 
bunch, enabling FEL applications. We consider the RMS normalized emittance and the transverse 
dimension of the beam as key performance indicators for these applications. 
Concerning laser-accelerated proton beams, we propose a beam line configuration, capable of 
lowering the energy spread of the bunch to a few tens percent, keeping a reasonably high particle 
flux. We aim at obtaining final beam parameters that allow implementing applications of IBA. 
 
The first section of the thesis is devoted to the analysis of laser-driven electron beam lines. We 
propose the use of conventional accelerator magnetic devices (such as quadrupoles and 
solenoids) as an easy implementable solution when the laser-plasma accelerated beam requires 
to be transported and optimized.  
¢ƘŜ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ŎƻƴǾŜƴǘƛƻƴŀƭ ōŜŀƳ ƭƛƴŜΩǎ ŘŜǾƛŎŜǎ Ƙŀǎ ōŜŜƴ ǎǘǳŘƛŜŘ ǿƛǘƘ ŀ ǇŀǊŀƳŜǘǊƛŎ 
approach, employing particle optics and particle tracking codes that analyze the transport and 
the geometric shaping of the electron beam. We focus on both, high energy electron beams in 
the GeV range (8 GeV, as theoretically foreseen by simulations), as produced on petawatt (PW) 
class laser systems, and on lower energy electron beams in the hundreds of MeV range (350 
MeV), as nowadays routinely obtained on commercially available multi-hundred TW laser 
systems. For both scenarios, our study allows understanding what are the crucial parameters that 
enable laser-plasma accelerators to compete with conventional ones and allow for a beam 
transport.  
We analyze different configurations of beam lines, from a simple quadrupole triplet to more 
complex symmetric (and even achromatic) lattice structures, testing their beam transport 
efficiency in terms of the final normalized RMS emittance and transverse beam dimension. 
Implementing focusing elements that provide a magnetic focusing gradient in the range of 
hundreds of T/m, we aim at compensating the intrinsic divergence of the electron beam, which 
is in the range of several mrad. Furthermore, we compare the final beam emittance of the laser-
accelerated electrons to what is obtainable with conventional accelerators that are used to drive 
FEL sources.  
Considering the case of electrons accelerated to 350 MeV, we aim to achieve competitive values 
implementing a transport line based on a quadrupole triplet lattice. We identify the requirements 
at the laser-plasma source (in terms of energy spread and transverse divergence) that the 
electron beam needs to meet in order to compete with conventional FEL sources. The numerical 
calculations we report, show that suitable working points require a trade-off combination 
between low beam divergence and narrow energy spread: the laser-accelerated electron beam 
needs to have a divergence of 1 mrad and an energy spread of 1 % in order to be transported 
and maintain a reasonable normalized RMS emittance value of Ḑ1 mm mrad, i.e. the typical 
working point parameter of conventional FEL driving accelerators. 
 
The second section of this work deals with laser-driven proton beam lines. The possibility of 
combining an energy selection device (ES) for lowering the energy spread of the particles, with a 
focusing stage that captures and transports the beam from the laser-plasma source, has been 
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studied. Considering the parameters required by IBA applications, we aim to achieve a final 
energy spread of a few tens percent and a high bunch charge (in the nC range). 
For the initial proton beam (i.e. at the source), we took as reference the typical parameters 
achievable with the most consolidated acceleration mechanism, the so-called Target Normal 
Sheath Acceleration (TNSA) mechanism. This mechanism routinely produces proton beams with 
an energy in the order of tens of MeV, a high beam charge (up to ρπ protons per shot) and a 
short bunch duration (in the ps range, at the laser-plasma source), using commercial TW-power 
class laser systems, representing a complementary solution to conventional sources for several 
applications.  Nevertheless, the broadband energy spectrum of TNSA generated protons (up to 
100 %) is an open issue that limits experiments and applications that require monochromatic 
proton beams. 
Our study is based on beam dynamics and particle tracking simulations, with the goal of analyzing 
and developing a beam line for laser-driven proton beams, including devices for energy selection 
and beam focusing: a beam line made of compact permanent magnet quadrupoles (PMQ) 
transports the proton beam from the laser-plasma source to a magnetic chicane made with 
permanent magnets that accounts for the energy selection of the beam.  
The range of energy we investigate goes from 2 to 20 MeV, i.e. the energies that can be obtained 
for ion acceleration using a commercial 250 TW-power laser system and are typical of many 
applications in IBA. The key technical features of the energy-selector have been studied in a 
parametric way, in order to allow an optimization of the device in the energy range of interest. 
An optimized solution of the ES is based on Ḑ0.95 T dipoles with a length of 10 cm and provides 
a final energy spread of Ḑ20 %. 
As next step, for this ES we adapt the beam line upstream the selection device for tuning the 
transmission efficiency of the protons. Lowering the divergence of the protons is necessary for 
allowing an efficient energy selection process: we have estimated the required divergence to be 
of a few mrad. With the use of an array of PMQs with focusing gradients of 160 and 300 T/m, we 
obtain an efficient collimation of the proton beam into the ES.  
To conclude, we performed start-to-end particle tracking simulations of the optimized beam line, 
achieving a final energy spread of 20 % with an overall efficiency of 1 % in terms of particles 
transmitted from the laser-plasma source. 
Our scientific results concerning the beam transport and beam shaping of TNSA proton beams 
pave the way to innovative applications, where quasi-monoenergetic beams with a high bunch 
charge are required, such as in the domain of material science and IBA.  
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Résumé 
 
L'étude des faisceaux de particules générés par laser représente un domaine important dans les 
recherches scientifiques actuelles, tant du point de vue théorique que du point de vue 
expérimental.  
Contrairement aux accélérateurs de particules conventionnels utilisant des sources 
radiofréquences (RF), les sources de particules générées par laser ǇŜǊƳŜǘǘŜƴǘ ƭΩŀŎŎŞƭŞǊŀǘƛƻƴ des 
particules (à la fois des électrons et des ions) dans des champs électriques extrêmes par 
l'interaction d'impulsions laser ultra-intenses (>ρπ ὡẗὧά ) avec la matière. Les systèmes 
laser de classe TW, ou encore les nouveaux systèmes de classe de puissance PW, peuvent produire 
un plasma dans lesquels des champs électriques très élevés sont générés, permettant d'accélérer 
les particules sur de très courtes distances. Le champ d'accélération atteint TV/m sur quelques 
˃Ƴ Řŀƴǎ ƭŜ Ŏŀǎ ŘŜ ƭϥŀŎŎŞƭŞǊŀǘƛƻƴ Řes protons et jusqu'à des dizaines de GV/m sur des centaines 
Řϥ˃Ƴ Řŀƴǎ ƭŜ Ŏŀǎ ŘŜ ƭϥŀŎŎŞƭŞǊŀǘƛƻƴ ŘŜǎ ŞƭŜŎǘǊƻƴǎΦ /Ŝƭŀ ǇŜǊƳŜǘ ŘŜ ǎǳǊƳƻƴǘŜǊ ƭŜǎ ƭƛƳƛǘŜǎ ŘŜǎ ǎŎƘŞƳŀǎ 
d'accélération conventionnels basés sur des champs RF, qui se limitent aux gradients 
d'accélération dans la gamme de MV/m (jusqu'à Ḑ100 MV/m pour la technologie de pointe), en 
raison du phénomène de claquage.  
À l'heure actuelle, les électrons accélérés par laser atteignent des énergies maximales dans la 
gamme de quelques GeV, alors que pour les protons, des faisceaux d'énergie de quelques dizaines 
de MeV sont routinièrement réalisables. 
 
Les caractéristiques des faisceaux de particules générés par laser, en termes d'énergie, de charge 
par pulse, de durée du pulse et de laminarité, permettent de considérer ces sources comme une 
alternative potentielle aux sources de particules conventionnelles. Des applications telles que les 
lasers à électrons libres (Free Electron Lasers, FEL) pour le cas des électrons ou l'analyse par 
faisceau ionique (Ion Beam Analysis, IBA) pour le cas des protons, sont facilement exploitables 
avec les énergies de faisceaux ǉǳŜ ƭΩƻƴ ǇŜǳǘ ŀǘǘŜƛƴŘǊŜ aujourd'hui. Cependant, certains 
paramètres de ces faisceaux de particules tels que le grand étalement en énergie (quelques pour 
cent pour les électrons et jusqu'à 100 % pour les protons) et la forte divergence à la source 
(quelques mrad pour les électrons et quelques fractions de radian pour les protons) représentent 
un obstacle ŘŜ ǘŀƛƭƭŜ ŀŦƛƴ ŘΩƻōǘŜƴƛǊ des faisceaux fiables et contrôlables pouvant şǘǊŜ Ƴƛǎ Ŝƴ ǆǳǾǊŜ 
dans ces applications. Pour ces raisons, le transport, la confection et la manipulation du paquet 
de particules générées par laser sont difficiles, mais nécessaires. 
 
L'objectif de ce travail est d'étudier la mise en place de dispositifs d'accélération conventionnels 
pour les lignes de faisceaux de particules générés laser. Les dispositifs de mise au point tels que 
les solénoïdes et les quadripôles et d'autres composants tels que les cavités d'accélération RF ou 
les systèmes de sélection d'énergie du faisceau permettent de transporter et de manipuler le 
faisceau de particules de la source initiale à la station expérimentale. Ils sont couramment utilisés 
sur des installations conventionnelles et peuvent être adaptés ainsi ǉǳΩoptimisés aux paramètres 
des sources de particules par accélération laser-plasma, ce qui permet d'améliorer les 
performances des lignes de faisceaux générés par laser. L'étude de ces lignes des faisceaux peut 
donner lieu à de nouvelles techniques de mise en forme de faisceau, ouvrant ainsi la voie aux 
applications innovantes. 
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Pour l'analyse de ces lignes à faisceau laser, nous avons adopté la même méthodologie utilisée 
pour les accélérateurs conventionnels. Nous avons implémenté de codes numériques pour 
l'analyse des problèmes de dynamique du faisceau, visant à optimiser les composantes des lignes 
de faisceau par laser. En utilisant différents outils de simulation, nous avons mis en place un 
processus d'itération qui permet d'améliorer la performance des lignes de faisceau en optimisant 
récursivement les paramètres du faisceau de particules et les caractéristiques des éléments de la 
ligne du faisceau. 
Nous abordons à la fois les lignes de faisceaux d'électrons et de protons, en étudiant les aspects 
suivants: pour les lignes de faisceaux d'électrons, nous déterminons les paramètres optimaux 
qu'une source d'électrons laser-plasma doit atteindre afin de permettre le transport du faisceau, 
ǘƻǳǘ Ŝƴ ƳŀƛƴǘŜƴŀƴǘ ƭŜǎ ŎŀǊŀŎǘŞǊƛǎǘƛǉǳŜǎ ƛƴƛǘƛŀƭŜǎ Řǳ ǇŀǉǳŜǘ ŘΩŞƭŜŎǘǊƻƴǎΦ /Ŝƭŀ ǇŜǊƳŜǘ ǳƭǘƛmement 
ŘΩŀǇǇƭƛǉǳŜǊ ŎŜ ŦŀƛǎŎŜŀǳ ǇƻǳǊ ƭŜ ƭŀǎŜǊ Ł ŞƭŜŎǘǊƻƴǎ ƭƛōǊŜǎ όC9[ύΦ Nous considérons l'émittance  
normalisée RMS et la dimension transversale du faisceau comme des indicateurs-clés de 
performance pour ces applications.  
En ce qui concerne les faisceaux de protons accélérés par laser, nous proposons une configuration 
de ligne de faisceau, capable de réduire lΩŞǘŀƭŜƳŜƴǘ de l'énergie du spectre à quelques dizaines 
de pour cent, tout en conservant un flux de particules raisonnablement élevé. Nous visons à 
obtenir des paramètres de faisceau finaux qui permettent d'implémenter des applications 
d'analyse par faisceau ionique (IBA). 
 
La première section de la thèse est consacrée à l'analyse des lignes de faisceau ŘΩélectrons générés 
par laser. Nous proposons l'utilisation de dispositifs magnétiques utilisés dans des accélérateurs 
conventionnels (tels que les quadripôles et les solénoïdes) comme une solution facile à mettre en 
ǆǳǾǊŜ ƭƻǊǎǉǳŜ ƭŜ ŦŀƛǎŎŜŀǳ ŀŎŎŞƭŞǊŞ par laser-plasma doit être transporté et optimisé.  
La ƳƛǎŜ Ŝƴ ǆǳǾǊŜ ŘŜǎ ŘƛǎǇƻǎƛǘƛŦǎ ŘŜ ƭŀ ƭƛƎƴŜ ŘŜ ŦŀƛǎŎŜŀǳ ŎƻƴǾŜƴǘƛƻƴƴŜƭƭŜ ŀ ŞǘŞ ŞǘǳŘƛŞŜ ŀǾŜŎ ǳƴŜ 
approche paramétrique, en utilisant les paramètres optiques de particules et des codes de suivi 
des particules qui analysent le transport et la mise en forme géométrique du faisceau d'électrons. 
Nous nous concentrons sur les faisceaux d'électrons à haute énergie dans la gamme GeV (8 GeV, 
théoriquement prévu par les simulations), tel que produit sur les systèmes laser de classe 
petawatt (PW) ainsi sur les faisceaux d'électrons à énergie plus basse dans les centaines de MeV 
(350 MeV), ǘŜƭ ǉǳΩƛƭǎ ǎƻƴǘ produits de nos jours à partir des systèmes laser à plusieurs centaines 
de TW disponibles sur le marché. Pour les deux scénarios, notre étude permet de comprendre 
quels sont les paramètres cruciaux qui permettent aux accélérateurs par laser-plasma de 
concurrencer les appareils conventionnels et de permettre un transport de faisceau adéquat. 
Nous analysons différentes configurations de lignes de faisceau, d'un simple triplet quadripolaire 
à des structures en symétriques (et même achromatiques) plus complexes, en testant leur 
efficacité de transport de faisceau en termes d'émittance RMS normalisée finale et de dimension 
transversale du ŦŀƛǎŎŜŀǳΦ 9ƴ ƳŜǘǘŀƴǘ Ŝƴ ǆǳǾǊŜ ŘŜǎ ŞƭŞƳŜƴts de focalisation qui fournissent un 
gradient de focalisation magnétique dans la gamme de centaines de T/m, nous visons à 
compenser la divergence intrinsèque du faisceau d'électrons, qui se situe dans la gamme de 
plusieurs mrad. En outre, nous comparons l'émittance du faisceau final des électrons à 
accélération par laser à ce que l'on peut obtenir avec les accélérateurs classiques utilisés pour 
diriger les sources FEL. 
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Dans le cas des électrons accélérés à 350 MeV, nous cherchons à obtenir des valeurs compétitives 
pour une ligne de transport basée sur un réseau triplet quadripolaire. Nous identifions les 
exigences à la source laser-plasma (en termes de ŘΩŞǘŀƭŜƳŜƴǘ ǎǇŜŎǘǊŀƭ ŘŜ ƭΩŞƴŜǊƎƛŜ et de 
divergence transversale) que le faisceau d'électrons doit répondre pour concurrencer les sources 
conventionnelles FEL. Les calculs numériques que nous rapportons montrent que les points de 
travail appropriés nécessitent une combinaison de compromis entre une divergence de faisceau 
faible et un étalement d'énergie étroit: le faisceau d'électrons accéléré par laser doit avoir une 
ŘƛǾŜǊƎŜƴŎŜ ŘŜ Җ1 mrad et un étalement spectral d'énergie de  
Җм % afin d'être transporté et de maintenir une valeur d'émittance RMS normalisée raisonnable 
de Ḑ1 mm*mrad, c'est-à-dire le paramètre de travail typique des accélérateurs conventionnels 
effectuant appliqués au FEL. 
 
La deuxième partie de ce travail porte sur les lignes de faisceaux de protons générés par laser. La 
possibilité de combiner un dispositif de sélection d'énergie (ES) pour abaisser lΩŞǘŀƭŜƳŜƴǘ Ŝƴ 
énergie des particules, avec un stade de focalisation qui capture et transporte le faisceau à partir 
de la source laser-plasma, a été étudié. Compte tenu des paramètres requis par les applications 
IBA, nous visons à obtenir un étalement énergétique final de quelques dizaines de pourcents ainsi 
ǉǳΩune charge élevée du paquet de protons (dans la gamme du nC).  
Pour le faisceau de protons initial (c'est-à-dire à la source), nous avons pris comme référence les 
paramètres typiques réalisables avec le mécanisme d'accélération le plus consolidé, le mécanisme 
Target-Normal Sheath Acceleration (TNSA). Ce mécanisme génère systématiquement des 
faisceaux de protons avec une énergie de l'ordre des dizaines de MeV, une charge de faisceau 
élevée (jusqu'à ρπ protons par pulse) et une courte durée de pulse (dans la gamme ps, à la 
source laser-plasma) en utilisant des systèmes laser commerciaux de classe TW, représentant une 
solution complémentaire aux sources conventionnelles pour plusieurs applications. Néanmoins, 
le spectre énergétique à large bande des protons générés par TNSA (jusqu'à 100 %) est un 
problème ouvert qui limite les expériences et les applications nécessitant des faisceaux de protons 
monochromatiques. 
 
Notre étude est basée sur la dynamique du faisceau et les simulations de suivi des particules, dans 
le but d'analyser et de développer une ligne de faisceau pour les faisceaux de protons générés par 
laser, y compris les dispositifs de sélection d'énergie et de mise au point du faisceau: Une ligne de 
faisceau composée de quadripôles à aimants permanents compacts (PMQ) transmet le faisceau 
de protons de la source laser-plasma à une chicane magnétique fabriquée avec des aimants 
permanents permettant la sélection d'énergie du faisceau.  
La gamme d'énergie que nous étudions va de 2 à 20 MeV, c'est-à-dire les énergies qui peuvent 
être obtenues avec de systèmes laser commerciaux de 250 TW et sont typiques pour de 
nombreuses applications comme ƭΩIBA. Les caractéristiques techniques clés du sélecteur d'énergie 
ont été étudiées de manière paramétrique, afin de permettre une optimisation de l'appareil dans 
la gamme d'énergie d'intérêt. Une solution optimisée dǳ ǎŞƭŜŎǘŜǳǊ ŘΩŞƴŜǊƎƛŜ est basée sur des 
dipôles dΩŜƴǾƛǊƻƴ 0,95 T, ayant une longueur de 10 cm et fournit un étalement spectral d'énergie 
final dΩŜƴǾƛǊƻƴ 20 %. 
Comme étape suivante pour ŎŜ ǎŞƭŜŎǘŜǳǊ ŘΩŞƴŜǊƎƛŜ, nous adaptons la ligne de faisceau en amont 
du dispositif de sélection pour optimiser l'efficacité de transmission des protons. L'abaissement 



IX 
 

de la divergence des protons est nécessaire pour permettre un processus efficace de sélection 
d'énergie: nous avons estimé que la divergence requise était de quelques mrad. Avec l'utilisation 
d'un réseau de PMQ avec des gradients de mise au point de 160 et 300 T/m, nous obtenons une 
collimation efficace du faisceau de protons dans le sélecteur. 
Pour conclure, nous avons effectué des simulations de suivi des particules de bout en bout de la 
ligne de faisceau optimisée, obtenant un étalement énergétique final de moins de 20% avec une 
efficacité globale de plus de 1 % en termes de particules transmises par la source laser-plasma. 
Nos résultats concernant le transport du faisceau et la mise en forme des faisceaux de protons 
TNSA ouvrent la voie à des applications innovantes, où des faisceaux quasi-monoénergétiques à 
forte charge sont nécessaires, comme dans le domaine de la science des matériaux et de l'IBA. 
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1. Introduction: scientific context and objective of the thesis 
 
The acceleration and, more in general, the physics of elementary particles is a continuing 
challenge that has been interesting scientist and engineers since the end of the 19th century.  
Ever since the fundamental particles electron, proton and neutron were discovered, at the 
beginning of the last century, accelerated particles are of high importance for studies of 
fundamental physics and have a huge number of applications in the most various fields of our 
daily life.  
Applications of accelerated particles and the machines that allow producing them, i.e. particle 
accelerators, can be found in areas such as physics, medicine, biology, pharmacy, environment, 
material science and even cultural heritage.  
Since the end of the 1920s, particle acceleration is achieved with conventional accelerator 
facilities that use static electric fields or radio frequency (RF) electromagnetic fields to increase 
the energy of the particles up to the GeV range (even TeV in the case of the LHC synchrotron at 
CERN).  
 
 
 

1.1 Conventional accelerators: brief history and state of the art 
 
In the 20s the first accelerating machines were designed using DC (direct current) electric fields, 
i.e. non-time varying electric fields, such as in the case of the Cockroft-Walton accelerator (see 
Fig. 1) or the Van der Graaff generator [1] [2]. In 1932 Cockroft and Walton used a DC generator 
to accelerate protons in a vacuum tube up to an energy of Ḑ800 keV, at the Cavendish Laboratory 
in Cambridge. The limit of these DC machines based on static fields, however, was given by the 
breakdown limit of the electric field of a few MV/m. 
As an alternative, Wideroe developed in 1928 the concept of the first AC (alternate current) - or 
RF - accelerator that used time-varying electric fields to accelerate particles [3]. The principles of 
²ƛŘŜǊƻŜΩǎ ŦƛƴŘƛƴƎǎ Ŏŀƴ ōŜ ŀǇǇƭƛŜŘ ǘƻ ŎƘŀǊƎŜŘ ǇŀǊǘƛŎƭŜǎ ƛƴ ƎŜƴŜǊŀƭ ŀƴŘ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ ŀǎ ǘƘŜ 
grounding ideas of modern RF accelerators. His work has been taken over by Ernest Lawrence 
who invented the cyclotron (Nobel prize in physics, 1939) [4]. At the Berkeley National 
Laboratory, a cyclotron has been built in the 40s, able to accelerate protons up to an energy of 
730 MeV. 
Since then, proton accelerators have gained an increasing interest in our society and engineers 
make strong efforts to satisfy more and more demanding requirements for improving and 
constructing them. The development of RF-technology based accelerating machines, for both 
electrons and ions, has led to various types of accelerators such as cyclotrons, linear accelerators, 
circular accelerators etc. 
Modern accelerators are used for research and industrial purposes and allow obtaining particle 
beams at high energies. However, even with the use of RF fields, the accelerating gradient of 
conventional accelerators is limited by the breakdown in vacuum of the electromagnetic field: 
conventional accelerating devices, i.e. electromagnetic resonant cavities, only can achieve field 
gradients in the range of tens MV/m (up to Ḑ100 MV/m for the state-of-the-art prototypes). 
Hence, conventional facilities require extremely long accelerating distances for achieving high 
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beam energies. Accelerators for both, basic research purposes (e.g. CERN in Switzerland or SLAC 
in the USA) and industrial purposes (e.g. proton-based cancer treatment facilities or synchrotron-
light sources such as ESRF in France) require large-scale facilities with a cost that can reach billions 
of dollars. 
As an example, at the SLAC laboratory, in California, electron beams are accelerated up to an 
energy of 30 GeV by the longest existing linear accelerator (about 3 km length) and are used for 
driving a coherent light source (LCLS). The Large Hadron Collider (LHC) [5], a gigantic synchrotron 
at CERN, is located inside a circular underground tunnel of 27 km circumference (see Fig. 2) and 
is capable of accelerating protons up to a central mass energy of 14 TeV (i.e. colliding 2 protons 
at 7 TeV). 

Fig. 3 reports the Livingston chart, i.e. a graph that represents the tendency of energy increase in 
particle accelerators (both electrons and protons). From the slope of the dotted line, it was 
estimated that the top energy should be increasing by an order of magnitude about every 7-10 
years. The fast growth rate that has been achieved in the past decades (until the 90s, as can be 
seen in Fig. 3), has been accomplished by the introduction of new accelerator technologies at 
frequent intervals. However, the colored markers, indicating the energy range of the LHC 
accelerator and its upcoming upgrade HE-LHC (considered as the most advanced particle 
accelerator in terms of beam energy), indicate a much lower slope. The intrinsic limits of RF-
based technology in terms of maximum achievable energy are reaching a saturation point.  
Scientist and engineers from the accelerator community are therefore constantly looking for 
alternative sources of energetic particles that could be more compact and of reduced cost.  

Fig. 1 ς A Cockroft-Walton generator using a static electric 
field in the order of magnitude of a few MV/m, to 
accelerate charged particles. 
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Fig. 2 ς Map of the CERN accelerator facility. The outer ring indicates 
the circumference of the LHC tunnel. 

Fig. 3 ς The Livingston chart shows the trend of modern 
accelerating technologies, yielding more and more energetic 
particle beams. The colored sports indicate the energy of LHC 
(and its future upgrades), as state-of-the-art particle collider. 
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1.2 Laser- accelerators: brief history and state of the art 
 
One of the most important turning points in the evolution of laser technology was the invention 
of the Chirped Pulse Amplification (CPA) by Strickland and Mourou, in 1985 [6]. Compared to the 
previous systems, lasers implementing the CPA technology allowed achieving an improvement in 
terms of peak power and temporal compression of the laser pulse. In the first decade of this 
century, laser systems have been built achieving pulse energies in the range of multiple Joules 
within a ps duration (even down to tens of fs), i.e. with a power in the hundreds of TW range. 
The on-target intensity that is achievable with these systems, by focusing the laser light down to 
a spot size of a few tens µm2 , is up to ρπ ὡẗὧά .  
Novel, upcoming laser systems combine a power in the multi PW range with a pulse duration of 
a few tens fs, allowing an intensity of the focused pulse of ρπ ὡẗὧά . 
 
The advent of high-power lasers has opened up possibilities of laser-based particle acceleration. 
This novel type of accelerators represent an alternative to RF technology based accelerators: 
differently from conventional RF accelerators, laser-driven particle sources accelerate particles 
(both electrons and ions) with electric fields that are generated by the interaction of intense laser 
pulses and matter in a plasma state. The use of TW-power class laser systems, or even novel PW-
power class systems, leads to a plasma that can withstand electric fields up to TV/m, which 
enables accelerating particles within very short distances. 
Henceforth, several laser facilities have been built in recent years with the main purpose of 
performing laser-plasma acceleration experiments, and even more are being built or 
commissioned in present days. Commercial, operating TW-class systems, for instance, are the 
500 TW laser system at ALLS (INRS, Canada) [7], Draco at FZD (Dresden, Germany) [8] or the 250 
TW laser FLAME at INFN-LNF (Frascati, Italy) [9]. PW-class facilities being operational are e.g. at 
the BELLA laser facility at BNL (Berkeley, USA) and others are being developed, such as the laser 
facilities of the Extreme Light Infrastructure (ELI) in Europe [10] [11]. 
 
 
 

1.2.1 Evolution of laser driven electron acceleration 
 
The acceleration of electrons through laser-driven plasma wakefields has been studied since the 
70s/80s and the pioneer theoretical work proposing the use of a plasma to accelerate electron 
bunches has been published by Tajima and Dawson in 1979 [12]. In this work, the authors 
presented schemes for accelerating electrons using both a laser beat wave and a laser wakefield.  
In the 90s, several experiments have been performed, following the idea proposed by Tajima and 
Dawson, achieving the acceleration of electron bunches, externally injected into the plasma, up 
to tens of MeV. The experiment held at LULI (France), using a Nd:glass laser with a wavelength 
of Ḑ1 µm, demonstrated the acceleration of a 3 MeV electron beam up to an energy of 3.7 MeV 
with an accelerating gradient of 0.6 GV/m [13]. 
Moreover, in 1994 an accelerating electric field in the range of hundreds of GV/m has been 
measured: the amplitude of the plasma wave was high enough to allow an electron bunch to be 
trapped and accelerated in the plasma, along the direction of propagation of the laser pulse [14]. 
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In the early 2000s, 35 fs long pulses from a 10 TW power laser-system have been used at the LOA 
laboratories to accelerate electrons from an exploded foil plasma, obtaining electron beams with 
a maximum energy of Ḑ35 MeV [15]. These results led to the initiation of the PLASMONX project, 
at the LNF laboratories (Frascati, Italy), with the aim of accelerating electron bunches injected 
externally in the plasma and implementing X- and -Ray sources via Thompson scattering [16] 
[17].  
In these experiments, the energetic distribution of the obtained electron beam has a Maxwellian-
like shape, i.e. a wide energy spread caused by the random injection process in the relativistic 
plasma waves. The profile of the plasma wakefield driven by the laser pulse has been observed 
with the use of a chirped laser probe pulse, as reported in Ref. [18] and shown in Fig. 4. 
 

 
In 2004, a breakthrough has been achieved by reaching electron energies in the range of 80-150 
MeV [19] [20] [21]. Moreover, in 2006, the GeV energy limit has been reached with quasi-
monoenergetic bunches [22]. The injection of the electron bunch has been produced within a 
volume smaller than the plasma wavelength (typically 10-100 µm), leading to an improved beam 
quality and a temporal duration of the bunch in the range of a few fs, making laser-based electron 
accelerator a complementary solution to conventional RF-technology based machines. 
The currently highest maximum energy has been achieved by Leemans et al. in 2014, with the 
BELLA PW-power class laser at the LBNL laboratories (USA). An electron bunch of Ḑςπ pC has 
been accelerated up to an energy of 4.2 GeV with an energy spread of a few percent [23]. 
 
 
 
 
 
 
 

Fig. 4 ς Relativistic wakefield, driven by a laser pulse propagating to the right. 
Reprinted from Ref. [18] 
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1.2.2 Evolution of laser driven proton acceleration 
 
First evidence of proton production by laser-target interaction was observed at the Los Alamos 
National Laboratory (USA) in experiments between 1978-1983 [24], when targets were 
illuminated by a 10Φс ˃Ƴ /h2 laser with pulse length of <1 ns and peak intensity of ρπ
ρπ ὡẗὧά  per ‘ά . 
The characteristics of the proton beam were not exceptionally interesting: maximum proton 
energy of Ḑ0.56 MeV, electron temperature Ḑ11.7 keV with the iƻƴ ōŜŀƳ ŜƳƛǘǘŜŘ ƛƴ нˉ 
steradians. However, the maximum proton energy was found to be proportional to the 
temperature of the supra-thermal electrons produced during the laser-plasma interaction [25]. 
Later evidence of laser-accelerated protons beams with significantly improved beam 
characteristics was reported by experiments in the late 90s using the Lawrence Livermore 
National Laboratory (USA) NOVA Petawatt (PW) laser using picosecond, relativistic laser-plasma 
interactions. Targets were irradiated with an intensity of σ ρπ ὡẗὧά  .  
The use of a magnetic spectrometer and radio-chromic films (see Fig. 5) showed energetic 
protons with a Bolzmann-like energy spectrum and a sharp cut-off energy at Ḑ58 MeV [26].  
 

Further evidence of collimated proton beams with multi-MeV energies, obtained when an ultra-
intense laser pulse hits a solid target, were found in various other experiments. Proton bunches 
having energies of up to 18 MeV with 1012 protons at energies greater than 2 MeV, were obtained 
ŦǊƻƳ ŀ мнр ˃Ƴ ǘƘƛŎƪ ŀƭǳƳƛƴǳƳ ǘŀǊƎŜǘΦ ¢ƘŜǎŜ ǊŜǎǳƭǘǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ ǿƛǘƘ ǘƘŜ ±¦[/!b ƭŀǎŜǊ ŀǘ 
Rutherford Appleton Laboratory (USA), at an intensity of υ ρπ ὡẗὧά . [27] Maksimchuk 
et al. used a 10 TW laser with lower intensities of σ ρπ ὡẗὧά  obtaining collimated proton 
beams of about 1.5 MeV with aluminum metal targets of 3-нр ˃ƳΦ [28] Murakami et al. did 
experiments on the 50 TW GEKKO MII laser, using peak intensities of υ ρπ ὡẗὧά  focused 
on a 5-мл ˃Ƴ ŀƭǳƳƛƴǳƳ ǘŀǊƎŜǘΣ ƻōǘŀƛƴƛƴƎ ƳŀȄƛƳǳƳ ǇǊƻǘƻƴ ŜƴŜǊƎƛŜǎ ƻŦ ŀōƻǳǘ у-10 MeV. [29] 

Fig. 5 ς Proton beam detected by Snavely et al. using radio-
chromic films stacks. The bottom plots show Monte Carlo 
ǎƛƳǳƭŀǘƛƻƴǎ ƻŦ ǘƘŜ ŘŜǘŜŎǘƻǊǎΩ ǊŜǎǇƻƴǎŜΦ wŜǇǊƛƴǘŜŘ ŦǊƻƳ wŜŦΦ 
[26]. 



7 
 

Further experiments have been performed in the last two decades, investigating the scaling laws 
that relate the maximum energy and the charge of the proton beam to the laser pulse parameters 
[30] [31] [32].   
For state-of-the-art commercial laser systems with a power in the range of hundreds of TW (up 
to a few PW), the dominating acceleration mechanism is the Target Normal Sheath Acceleration 
(TNSA) [33]. It is widely recognized as the best known mechanism, allowing to obtain proton 
beams with energies of tens of MeV, routinely [8] [34] [7]. Nevertheless, novel acceleration 
mechanisms are being studied at present times, leading to even higher energies and better beam 
quality.  
As an example, the Collision-less Shock Acceleration (CSA) uses the long pre-pulse of the laser 
(typical duration of ns and intensity usually 6 orders of magnitude lower than the main pulse) to 
generate a decompression of the irradiated target, which leads to a shock-wave of ions inside the 
target when the main pulse arrives. The resulting proton beam has energies exceeding 40 MeV 
and is better collimated, if compared to the TNSA mechanism [35]. Promising experimental 
results have been obtained using 60 J pulses from a CO2 laser [36] and Ḑ300 J pulses from a 
Nd:glass laser [37]. 
In terms of maximum energy, the Break Out Afterburner mechanism showed promising results, 
yielding energies in excess of 65 MeV [38]. 
Experiments have been performed, where specially engineered targets have been used, with the 
aim of improving the energy and quality of the laser-accelerated proton beam. In 2013 Fourmaux 
et al. investigated the efficiency of the acceleration process with respect to the thickness of nm-
scale solid targets [7]. Moreover, Diamond-like-carbon, nm-thick targets have been used, in order 
to exploit the Radiation Pressure Acceleration (RPA). The experimental results show a maximum 
energy of 20 MeV (obtained with an on-target intensity of Ḑρπ ὡẗὧά ) with a spectrum 
that shows pronounced peaks at certain energies [39]. 
Flat-top cone targets have been used in combination with a TW-power class laser system, in order 
to improve the efficiency of the laser-acceleration of protons, yielding maximum energies in the 
multi-tens of MeV range [40] [41]. 
 
The interesting features of proton beams generated by short, ultra-intense lasers represent a 
challenging new research topic of worldwide interest for numerous fascinating potential 
applications. 
 
 
 

1.3 Objectives of the thesis: study of laser-driven beam lines 
 
The main objective of the work reported in this thesis, is to study the implementation of laser-
driven particle beam lines. 
Even if laser-plasma generated particle beams, both electrons and protons, represent a 
breakthrough in accelerator science, several of their parameters still need to be improved.  For 
instance, the large energy spread (a few percent for electrons and up to 100 % for protons) and 
strong divergence at the source (a few mrad for electrons and fractions of radiant for protons) 
[23] [42] [43] [44] represent an obstacle for numerous applications. The applications where laser-
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driven particle beam do not meet the required parameters obtained with conventional machines, 
are, for example, Free Electron Laser (FEL) sources in the case of electrons [45] [46]. Laser-
generated protons still lack of beam quality for being implemented in several material science 
applications, medical applications and novel, ultra-short neutron sources [47] [48] [49]. 
 
On conventional accelerators, the final beam parameters that are required for the given 
application, are commonly achieved with devices such as RF accelerating cavities, focusing 
devices such as solenoids and quadrupoles, beam energy-selection systems etc., that constitute 
ŀ ǎƻ ŎŀƭƭŜŘ άōŜŀƳ ƭƛƴŜέ ǿƘƛŎƘ ǘǊŀƴǎǇƻǊǘǎ ŀƴŘ ƳŀƴƛǇǳƭŀǘŜǎ ǘhe particle beam from the initial 
source to the experimental end station. 
Since laser-driven particle sources produce particle beams with characteristics that are different 
from what is obtained on conventional accelerators and are not always well suited for several 
applications, the tailoring and the manipulation of the particle bunch is necessary. The 
conventional devices mentioned before allow tailoring the parameters of the laser-driven beams 
that need to be improved, if their implementation is optimized for the case of laser-plasma 
sources. Moreover, the methodologies that are typical for conventional accelerators, which use 
beam quality indicators, simulation codes etc., can be applied for optimizing laser-driven beam 
lines [50] [51] [52] [53] [54] [55]. 
 
As represented in Fig. 6, a hybrid laser-driven beam line is a system that reckons on a particle 
source that is based on laser-plasma interaction. For both electrons and protons, these types of 
sources provide beams that need to be transported to the application and tailored in order to 
meet the needed requirements. The devices that are used on conventional facilities to build up 
a beam line can be adapted for the characteristics of a laser-plasma particle source. For example, 
laser-driven proton beams have a very large intrinsic divergence at the source that is uncommon 
for conventional accelerators. Therefore, the focusing devices of the beam line (e.g. quadrupoles) 
must have particularly high field gradients in order to capture the particles and keep the 
dimensions of the bunch under control. 
 

 
 

Fig. 6 ς Qualitative schematic of a hybrid laser-driven particle beam line. The particle source 
generates and accelerates the beam via a laser-plasma interaction. Downstream, the beam 
is manipulated with conventional devices that shape the beam parameters, according to what 
is required for the applications. 
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The handling of laser-accelerated particles using non-conventional techniques has been studied, 
as well. Using a laser-triggered plasma micro-lens allowed successfully focusing and energy select 
a TNSA proton beam via a strong electrostatic field [56], as described in Fig. 7. Similar results have 
been obtained using the intense magnetic fields generated with the laser-plasma interaction of 
a secondary target, where a TNSA proton beam travels through and is focused [57]. 
These beam handling experiments have shown promising results. However, the use of such 
focusing devices involves additional challenges to the experimental setup (e.g. the use of a 
second laser pulse that needs to be synchronized or delayed with respect to the main pulse) if 
compared to the scenario where conventional, passive electromagnetic devices are used. 
Therefore, within the studies reported in this thesis, we have focused on the analysis of hybrid 
beam lines involving conventional elements downstream the laser-plasma source.  

 
The goal of my research is to obtain final beam parameters that make laser-plasma sources a 
viable alternative to RF-technology based accelerators for novel applications. For achieving this, 
I studied the typical features of the laser-plasma source, in order to improve the parameters that 
need to be improved using beam line devices downstream the laser-plasma interaction point. 
Therefore, the research within my Ph.D. is focused on three aspects:  
I) the study of the laser-plasma interaction processes that lead to the particle acceleration and 
the assessment of typical characteristics of laser-driven particle beams (routinely available), in 
terms of energy and beam dynamics parameters;  
II) the study of conventional accelerator techniques applied to laser-plasma sources, with a focus 
on beam dynamics (transverse and longitudinal) and on devices that are used for controlling 
conventional beam lines;  
III) the implementation of conventional accelerator devices for the transport and manipulation 
of laser-accelerated particle beams. 
The combination of these aspects enables to study innovative solutions for improving the quality 
of laser-driven particle acceleration. It is possible to adapt laser-driven proton and electron 
beams to applications that require very specific beam parameters, which are not currently 

Fig. 7 ς A focusing microlens for TNSA proton beams. 
The protons travel through a hollow cylinder  that is 
irradiated by a secondary laser pulse (top scheme). The 
cylinder is ionized and a hot electron sheath generates 
an electrostatic field that focuses the passing protons. 
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obtained at the laser-plasma source, with the use of beam lines that manipulate the particle 
bunch downstream the laser-plasma interaction point. Throughout the Ph.D., both the cases of 
proton and electron beams have been investigated.  
 
 
 

1.4 Hybrid beam lines for laser-accelerated particle beams: state-of-the-art 
 
Investigating on the implementation of beam lines based on conventional devices for the 
optimization of laser-driven particle sources is a field of research that has gained popularity only 
since the last decade.  
In this paragraph we give a brief insight to what has been achieved recently, concerning the study 
and development of hybrid beam lines. 
 
 
 

1.4.1 Hybrid beam lines for laser-accelerated electrons 
 
In the field of laser-accelerated electrons, the focus has been put on tackling the challenge to 
compete with conventional accelerators, mainly for two applications: achieving the similar 
performances of electron colliders, using laser-accelerated beams and replacing the conventional 
accelerators that drive Free Electron Lasers with plasma-wakefield electron sources. 
We focus on the FEL applications, as they require less challenging parameters, compared to the 
case of colliders, and represent a topic (which we tackle in the analysis of Chapter 3) widely 
studied within the scientific community. 
 
Studies about the possibility of designing compact electron beam lines using conventional 
transport elements have been performed using focusing quadrupoles. In 2007, analyzing the 
implementation of laser-driven electron beams for FEL applications, Grüener et al. have studied 
the possibility of using electron bunches with an energy of hundreds of MeV (up to a few GeV) 
and a short duration (tens of fs) for generating X-rays from a magnetic undulator [58]. For FEL 
applications, in 2009, an experimental set-up involving a focusing stage based on magnetic 
quadrupoles, has been proposed  [59]. In this work, Fuchs et al. study a beam line where a 210 
MeV, laser generated electron beam is captured with a quadrupole doublet and transported to 
a 30 cm long undulator, for the generation of soft X-rays. 
 
In 2011, Weingartner et al. have reported on the use of a quadrupole array in order to  obtain a 
point-to-point imaging of the electron beam at the source, as shown in the scheme of Fig. 8 [60]. 
The use of focusing quadrupole triplet for laser-driven electrons has been analyzed by Antici et 
al. in 2012 [55], pointing out the issue of normalized emittance growth, which has been taken 
over by Migliorati et al. in 2013 [61]. This effect, typical of laser-accelerated electron beams is 
discussed more in detail in Appendix I and is taken into account in the analysis of Chapter 3. 
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Recently, studies concerning more complex transport lines, optimized for laser-driven electron 
beams have been performed (including the work reported in this thesis in Chapter 3). Chancé et 
al. report on the implementation of an achromatic beam line, in order to overcome the issue 
represented by the energy spread of laser-accelerated electron bunches (typically between 5 and 
10%). This beam line is optimized for a 50 MeV electron beam and is meant to be implemented 
in a multi-staged system, i.e. a system where the electron bunch is transported and accelerated 
throughout multiple laser-plasma acceleration stages [54]. M. E. Couprie et al. propose the use 
of a beam line involving the use of a magnetic chicane to guide a laser-accelerated electron beam 
ƛƴǘƻ ŀƴ ǳƴŘǳƭŀǘƻǊΣ ƛƴ ƻǊŘŜǊ ǘƻ ǊŜŘǳŎŜ ǘƘŜ άǎƭƛŎŜ ŜƴŜǊƎȅ ǎǇǊŜŀŘέ όƛΦŜΦ ǘƘŜ ŜƴŜǊƎȅ ǎǇǊŜŀŘ of a 
longitudinal slice/fraction of the bunch). Moreover, the design of a transport line for 180 MeV 
laser-plasma electrons is reported in Ref. [62]. 
 
Studies concerning hybrid beam lines have been supported by the optimization of conventional 
beam transport devices, according to the parameters of laser-plasma electron bunches. As an 
example, in 2007, Eichner et al. [63] have designed miniature quadrupole magnets, optimized for 
the compactness of a laser-driven electron beam line (see paragraph 1.4.3 for further details). 

 
 
 
 
 
 

 
 
 

Fig. 8 ς Top scheme: experimental setup used by Weingartner et al. for 
capturing a 200 MeV electron beam from the laser-plasma source. Bottom 
plot: the envelope of the electron beam, as transported by the doublet of 
magnetic quadrupoles (L1 and L2). Extracted from Ref. [60]. 
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1.4.2 Hybrid beam lines for laser-accelerated protons 
 
The studies of proton beam lines based on a laser-plasma source coupled with conventional 
elements, mostly aim to adapt the beam characteristics according to the specific application. 
Laser-driven proton acceleration most commonly yields beams with an extremely wide energy 
spectrum (100% for the TNSA, the most studied and exploited acceleration mechanism) and 
therefore the beam line downstream the source is usually optimized for a central energy that will 
be selected out of the whole beam. Furthermore, attempts have been made to increase the 
energy of the laser-accelerated proton beams with post-acceleration schemes, aiming to reach 
energies in the multi-hundred MeV range which would allow a breakthrough in medical 
applications (e.g. 230 MeV are required in order to perform hadron-therapy to in depth located 
organs).  
 
The first experimental evidence of the feasibility of a beam line that involves RF cavities, coupled 
with a laser-plasma proton source, has been provided by Nakamura et al., who used a 40 kV/20 
mm RF resonator to post-accelerate a proton beam with energies in the multi-hundred keV 
range, obtaining  a final energy spread of about 7% [64]. 
A more complex beam line, involving the post-acceleration by a RF cavity, has been implemented 
by Nishiuichi et al., in 2010. The central energy of the obtained proton beam is of 1.9 MeV, 
obtained with a laser-plasma source driven by a 630 mJ, 45 fs long laser pulse [65]. 
The use of accelerating cavities for the post-acceleration of TNSA beams with higher energy, has 
been proposed by Antici et al. between 2008 and 2011.  The implementation of accelerating 
cavities that are commonly used in conventional proton accelerator facilities, i.e. drift-tube-linac 
(DTL) cells, has been studied. The proton beam that has been considered had an initial energy of 
7 MeV and numerical calculations showed how it could be accelerated up to Ḑ15 MeV with the 
use of 48 DTL cells, over a distance of 8 m [53] [52].    
 
There have been also studies about the collimation (i.e. the capture and transport) of laser-
generated proton beams, using conventional focusing devices such as quadrupoles and 
solenoids. Quadrupoles for the focusing and monochromatization of a laser-accelerated proton 
beam, have been used by Ter-Avetisyan et al. and Schollmeier et al., in 2008  [66] [67]. The first 
group managed to select and focus Ḑρπ protons, with a central energy of 3.7 MeV, out of a 
TNSA beam generated by a TW-class laser. The latter group used permanent magnet 
quadrupoles, such as those of Ref. [63], to focus a 14 MeV proton beam accelerated with a PW-
power class laser. 
 
The implementation of high-power solenoids, downstream a laser-plasma proton source, has 
been tested by Burris-Mog et al. (2011) and Busold et al. (2013), performing experiments that 
involved magnetic solenoid fields in the multi-Tesla range [68] [69]. The experimental setup of 
Burris-Mog et al. is reported in Fig. 9.  
Moreover, the combination of a solenoid and a RF cavity, is being studied by the latter group, as 
well [70]. 
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In order to lower the energy spread of TNSA proton beams, magnetic energy selectors have been 
proposed. The experiments performed in 2014 by Chen et al. and Scuderi et al. [71] [72],  
implement a magnetic chicane, based on permanent magnet dipoles, that disperses the proton 
beam which can be spatially selected with a movable slit. This kind of scheme allows tuning easily 
the beam line for different energies of the proton beam and has been studied in detail in Chapter 
4 of this thesis. In particular, the aim of the study reported in Chapter 4 is to combine the use of 
a device such as studied in Ref. [71] and [72] with an optimized focusing beam line for laser-
accelerated protons, based on permanent magnet devices similar to those designed by Eichner 
et al. [63] for the case of an electron beam line. 
Such kind of beam line represents the most novel technique for selecting a proton beam in 
energy, keeping the fluency of particles high. In our study, we analyze in detail the parameters 
that have to be optimized for improving the performance of the beam line as much as possible, 
in terms of obtained energy spread of the proton beam and number of available particles at the 
end of the beam line. 
 
 
 

1.4.3 Compact transport and focusing quadrupoles for laser-accelerated particle 
beams  

 

Some of the studies concerning the focusing of laser-generated particles, mentioned in 
Paragraphs 1.4.1 and 1.4.2, use high magnetic field, permanent magnet quadrupoles. 
With these devices, the beam dimensions (both transversely and longitudinally) can be kept 
under control and/or be manipulated.  
The focusing strength of these devices is high enough for dealing the high values of energy spread 
(up to 10% for electron beams and 100 % for proton beams) and transverse divergence (multiple 
mrad for the electron beams and fractions of radiant for the proton beams) of the laser-plasma 
beams. 
 

Fig. 9 ς Experimental setup used by Burris-Mog et al.. The solenoid, 
reaching up to 16 T axial field, is placed downstream the laser-plasma 
interaction point and captures the TNSA protons. Extracted from Ref. [68]. 
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In Fig. 10 we report the design of a Permanent-Magnet-Quadrupole, designed by Eichner et al., 
[63] that has been optimized for focusing a laser-accelerated electron beam with the aim of 
exploiting FEL applications.  
Such a device is capable of providing magnetic gradients of up to 500 T/m, with dimensions of a 
few cm. The high focusing strength, achieved by using NeFeB permanent magnets, is required in 
order to compensate the high beam divergence that is typical of laser-generated electrons, i.e. 
from a few up to tens of mrad. The size of these devices allows having a transport beam line that 
is compact enough to keep the advantage of using a laser-based electron accelerator. 
The study of this kind of components and even more complex beam focusing elements (e.g. 
sexupoles) in combination with laser-driven particle sources is a topic of research that has been 
gaining popularity in recent years. An efficient transport line for laser-accelerated particles would 
lead to the possibility of shaping the beam parameters accordingly to the requirements of a given 
application. 

 
The analysis that we have performed in Chapter 3 relies on the possibility to use specific devices, 
optimized for the characteristics of laser-accelerated electron beams. 
 
For laser-accelerated proton beams, the focusing stage of the beam line needs to compensate 
the high divergence of the bunch at the source. This is necessary in order to transport the beam 
efficiently and select the protons within a narrow energy spread, keeping the particle flux as high 
as possible (e.g. applications in the domain of material science often require a bunch charge as 
high as 1 nC (see Paragraph 4.4.1 for further details)). 
TƘŜ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ǇǊƻǘƻƴ ōŜŀƳ ƭƛƴŜΩǎ ŦƻŎǳǎƛƴƎ ǎǘŀƎŜ ƛƴ /ƘŀǇǘŜǊ п ƛǎ ōŀǎŜŘ ƻƴ ƳŀƎƴŜǘƛŎ 
quadrupoles with parameters similar to those obtained by Eichner et al. in Ref. [63].  
 
 
 
 
 
 
 

Fig. 10 ς Schematic view and photograph of the 12 segment design of the PMQ developed by Eichner et al. The bore radius of the 
quadrupole has a radius of  about 3 mm and the field strength at the tip is about 1.5 T. Extracted from Ref. [63]. 
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1.5 hǳǘƭƛƴŜ ƻŦ ǘƘŜ ǘƘŜǎƛǎΩ ŎƻƴǘŜƴǘǎ 
 
We report a brief outline of the contents that we address within this work. This study concerns 
topics from both the physics of conventional accelerators and the laser-plasma based particle 
acceleration techniques of electrons and protons. 
 
In Chapter 2, we present the methodologies that we have used for our studies. We describe the 
numerical tools, i.e. the software, that have been used for the simulations of the electron and 
proton beam lines that we have analyzed. 
Furthermore, we present the iterative method that has been used for the analysis of both 
electron and proton beam lines.  
 
In Chapters 3 and 4 we report the results of our sǘǳŘƛŜǎΣ ǿƘŜǊŜ ǘƘŜ ŀǳǘƘƻǊΩǎ ŎƻƴǘǊƛōǳǘƛƻƴ Ƙŀǎ 
been major. 
 
The analysis of electron beam lines is reported in Chapter 3. We have performed a parametric 
study of several beam line configurations, optimizing the transport elements of the beam line 
and varying the parameters of the laser-driven electron beam.  
Two different scenarios have been considered: a high energy electron beam of 8 GeV, generated 
with the use of a PW-power class laser, and a low energy electron beam of 350 MeV, obtained 
with a commercial TW-power class laser.  
With the goal of indicating the required beam parameters at the laser-plasma source that allow 
an efficient beam transport, we compare the performances of laser-driven beam lines with what 
is obtainable on conventional facilities.  
 
In Chapter 4 we report on a study, based on beam dynamics and particle tracking simulations, 
about a beam line for laser-driven proton beams, including devices for energy selection and beam 
focusing. We analyze a focusing beam line that transports the proton bunch from the laser-
plasma source to a magnetic energy selector.  
The range of energy we investigate goes from 2 to 20 MeV, i.e. the typical energies that can be 
obtained for ion acceleration using a commercial 250 TW-power laser system. 
The key technical features of the energy-selector have been studied in a parametric way, in order 
to allow an optimization of the device in the energy range of interest. Furthermore, we adapt the 
beam line upstream the selection device, according to the beam parameters that are necessary 
for allowing an efficient energy selection process. 
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2. Methodology and tools for the analysis of conventional and laser-generated 
particle beams 

 
As discussed in the introduction of this thesis, the conducted research activity has addressed the 
analysis of both electron and proton beam lines. 
The methodology that we have used, for optimizing the beam line schemes of electrons and 
protons, is very similar to what is done in the case of conventional particle beams. When dealing 
with beam dynamics issues related to conventional accelerators, the beam line that manipulates 
the particle bunch parameters, is previously analyzed with particle optics and particle tracking 
codes. These codes calculate the envelope of the bunch (beam optics code) or the trajectory of 
single particles, in the case of particle tracking codes, along its path in the beam line, after the 
initial source. It is possible to evaluate the final beam parameters, obtained with a given lattice 
of a beam line, starting from a specific set of initial parameters. Customizing the typical initial 
parameters of laser-plasma beams, allows simulating these types of sources and investigating 
the performance of a beam line based on conventional elements. 
 

We have studied the possibility to obtain particle beam parameters that are comparable to what 
is obtained on conventional accelerators, with the use of laser-based particle sources coupled 
with conventional beam line devices.  
We have studied various configurations of electron beam lines (see Chapter 3) and a proton beam 
line (see Chapter 4), basing our calculations on initial beam parameters that are routinely 
achievable by laser-plasma sources. The laser-accelerated particles are manipulated by the 
transport devices of the beam line, leading to the final beam parameters, as represented in Fig. 
1, which we report once more from Chapter 1. We have performed an extensive research 
concerning the optimization of the beam line devices, in order to obtain a final particle beam that 
can compete with the performances of a conventional accelerator.  
 

In this chapter, we discuss the main tools that we have used for simulating the dynamics of the 
laser-accelerated particle beams. The physical quantities, the physical effects and the particle 
accelerator devices that we study, are commonly used in the field of conventional particle 
accelerators, but they can be adapted for the analysis of laser-accelerated particle sources.  
Moreover, we briefly introduce the normalized emittance growth effect, which is typical of laser-
generated electron beams and which we address more in detail with the study of Chapter 3. 

Figure 1 ς Qualitative scheme of a hybrid laser-driven beam line. Differently from 
conventional accelerators, the particle source is based on laser-plasma interaction. The 
devices of the transport/manipulation line are those commonly used on conventional 
facilities, as well.  
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2.1. Numerical codes for beam dynamics calculations 
 
We used the numerical codes TRACE3D [1] and TSTEP [2] for analyzing both electron and proton 
beam lines. The first is an optical code that accounts for the envelope equations of the particle 
bunch throughout the beam line. It is very well suited for optimizing the scheme of the beam 
line, under the assumption that the particle bunch has a uniform, ideal particle distribution. It 
allows obtaining the best parameters of the elements of the beam line, and their spacing, for a 
set of goal parameters that the beam has to match at the end of the beam line. The strength of 
the focusing devices (i.e. quadrupoles, sextupoles, solenoids etc.), the intensity of the beam 
bending fields (i.e. magnetic dipoles), the length of the drift regions etc. are all parameters that 
can be optimized with such a code.  
However, TRACE3D cannot simulate realistic customized particle distributions, thus, in order to 
simulate laser-accelerated beams more accurately, a particle tracking code named TSTEP, has 
been used additionally. The initial bunch parameters that are typical of laser-plasma sources, 
involve effects that can be studied only if the trajectory of each particle is calculated. For 
example, the high value of energy spread of laser-accelerated electrons leads to significant 
chromatic effects within the focusing elements of the beam line, which can be correctly 
evaluated only if the beam has a realistic initial distribution in space and in energy. For this 
reason, the initial simulations run with TRACE3D have been simulated again, for both the cases 
of a proton and electron beam line, with TSTEP. By doing so, it is possible to test if the beam line 
is optimized for the initial parameters of a laser-driven particle beam, considering a realistic 
scenario.  
The particle optics code TRACE3D has been replaced by a similar code, MAD-X [3], in the case of 
the calculations of Paragraphs 3.5.4 and 3.5.5. The two code rely on the same principles but MAD-
X has a more sophisticated optimization algorithm, which is better suited for treating complex 
configurations of transport beam line. 
 
 
The beam optics code TRACE3D 
 
TRACE 3-D is a numerical code that calculates the envelopes of a bunched beam through a 
transport system, i.e. a transport line, made of elements defined by the user. It is possible to 
simulate beam transport devices such as drift spaces, quadrupoles, dipoles etc. 
The particle beam can be represented by a 6-coordinate vector as ὼȟὼȟώȟώȟί ᾀ ὧὸȟ 
ŀƴŘ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ŀƴŀƭȅȊŜ ƛǘΩǎ ǇǊƻƧŜŎǘƛƻƴ ƻƴ ǘƘŜ ƭƻƴƎƛǘǳŘƛƴŀƭ όί   or transverse (
(ὼ ὼᴂ , ώ ώᴂύ ǇƭŀƴŜΦ ¢ƘŜ ǾŜŎǘƻǊΩǎ ŜƭŜƳŜƴǘǎ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ǘǊŀƴǎǾŜǊǎŜ ŘƛƳŜƴǎƛƻƴǎ ὼ and ώ, the 
transverse divergence ὼᴂ and ώᴂ, the longitudinal dimension ί and the momentum spread  of 
the beam.  
The most useful projection planes, for the purpose of our studies, are the transverse phase planes 
in which the beam can be represented with the parametric function of an ellipse, as shown in Fig. 
2 . The ellipse is characterized by the Twiss parameters and emittance, as it follows. Considering 
the case of the beam projection on the transverse x plane, the beam can be represented by the 
matrix 
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„
ὼ ὼὼᴂ

ὼᴂὼ ὼ
 ȟ 

 
or in terms of the Twiss parameters matrix 
 

„
‐ ὼὼᴂ

ὼὼ ‐
 Ȣ 

 
The area occupied by the beam (i.e. the area where the ὼ ὼᴂ (or ώ ώᴂ) couples of all the 
particles are) , as shown in Fig. 2,  is the geometric emittance ὼ ςὼὼ ὼ ‐ with 

   ρ and   (see Appendix I for further details about the beam emittance). The 

function ‐ is the parametric representation of an ellipse. ὼ and ὼᴂ ŀǊŜ ǘƘŜ ōŜŀƳΩǎ ǘǊŀƴǎǾŜǊǎŜ 
dimension and divergence respectively. The quantities ,  and  define the geometric shape of 
the beam in the transverse phase-space. 
The elements of the matrix „  on the transverse plane are shown in Fig. 2 and it is that 

 ὼ ‐Ⱦ, ὼ ‐Ⱦ, ὼ ‐ and ὼ Ѝ‐. For ὼ ὼ  (and for ὼ ὼ ) it is that 

 ὼ  ‐Ⱦ (and ὼ  ‐Ⱦ ), following   . 

 

 
For calculating the beam parameters along the transport line, TRACE3D uses a transport matrix 
formalism. Given a set of beam parameters at the position ί of the beam line, represented by 
the 6 coordinates of the beam vector or the transverse plane matrix, TRACE3D calculates the 
transport to the position ί with 

„ί Ὑẗ„ί ẗὙ Ȣ 

Fig. 2 ς Representation of the particle beam on the transverse phase-
space (here the x-ȄΩ ǇƭŀƴŜ ƛǎ ŎƻƴǎƛŘŜǊŜŘύΦ ¢ƘŜ ǇƘŀǎŜ-space occupied by 
the beam is can be represented by an ellipse. Extracted from Ref. [1]. 
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The matrix R represents the transport elements between ί and ί. The different elements of the 
beam line are represented by different matrixes. 
With this formalism, the code is able to calculate the elements of sigma at any given point in the 
transport line, i.e. before and after any of the elements that compose the line. The relationship 
between the elements of sigma and the geometric parameters of the beam allows the user to 
obtain information about the evolution of the particle bunch along any kind of user-defined 
transport line. 
 
The user can define the physical parameters of the elements that compose the beam line and 
analyze the evolution of the particle bunch traveling through them, in terms of beam envelope.  
In the name-list of TRACE3D the user needs to define the initial Twiss parameters,  and , the 
emittance ‐, the energy of the beam, the longitudinal dimension of the bunch. Once the beam 
parameters are fixed, the elements of the transport line can be defined with their physical 
parameters. For example, in the case of a magnetic quadrupole, the magnetic length and the 
strength of the focusing (or defocusing) gradient need to be defined. The empty drift spaces with 
their length (defined by the user) fix the distances between the elements of the beam line. 
 
Several element-fitting and beam-matching options are available: it is possible to optimize the 
physical parameters of the elements of the transport line with the aim of obtaining the desired 
particle beam characteristics at the end of the line, starting with a given set of initial beam 
parameters. For instance, as also reported in Chapter 3 and 4, the beam line can be matched for 
obtaining a desired final value of the Twiss parameters  and , i.e. for obtaining specific features 
ƻŦ ǘƘŜ ōŜŀƳΩǎ ǘǊŀƴǎǾŜǊǎŜ ǎǇƻǘ-size and divergence. The user can choose which parameters of the 
ǘǊŀƴǎǇƻǊǘ ƭƛƴŜΩǎ ŜƭŜƳŜƴǘǎ ŀǊŜ ǾŀǊƛŀōƭŜ ŀƴŘ Ŏŀƴ ōŜ ƻǇǘƛƳƛȊŜŘ ōȅ ǘƘŜ ŎƻŘŜ όŜΦƎΦ ǘƘŜ ŎƻŘŜ ƻǇǘƛƳƛȊŜǎ 
the spacing between the quadrupoles of triplet lattice structure or their focusing strength).  
 
The final beam parameters and the optimized beam line can be visualized with an interface, as 
shown in Fig. 3. In the top plots, the transverse phase space of the initial and final beam with the 
values of  and ; in the bottom scheme, the structure of the beam line with all the elements 
and the envelope of the particle beam as a function of the distance from the source is pictured. 
At the center, the numerical values of the physical parameters of the beam line are reported. If 
a matching algorithm has been activated by the user, these data will show the optimized value 
ŦƻǊ ǘƘŜ ōŜŀƳ ƭƛƴŜΩǎ ŜƭŜƳŜƴǘǎΦ 
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Fig. 3 ς The output interface of TRACE3D. The initial and final beam parameters are shown in the top squares (blue and red phase 
spaces for the transverse dimensions and green phase space for the longitudinal). The code also shows optimized values for the 
beam line elements (numerical values in the center). The beam line configuration is shown in the bottom plot where the beam 
envelope, as a function of the distance from the source, is reported with the colored curves. The blue and red curves indicate the 
transverse dimension of the particle beam, the light-blue curve and the purple curve indicate the -function in x and y direction. 

 
 
Particle tracking code TSTEP 
 
TSTEP is a particle tracking code that treats real particle distributions for simulating the 
accelerated bunch. 
Each particle, similarly to TRACE3D, is characterized by a set of coordinates: spatial coordinates 
x, y, and z, its dimensionless momentum components  ,  and  (being  ὺȾὧ 

the velocity and  the relativistic factor of the particles), its dimensionless energy , and its 
mass and charge. In addition, we know the particle phase ɮ and ɝɮ, its remaining phase step to 
the end of the current master-clock step.  Indeed, TSTEP discretizes the longitudinal dimension 
of the simulation domain with a master clock having a user defined frequency Ὢ. The phase of 
each particle is calculated with reference to the phase of the master-clock ɮ , defining the 
longitudinal position.  
 
The particles, at each iteration of the beam dynamics calculation of TSTEP, are shifted by a phase 
advance ɝɮ with respect to the elements of the transport line of the simulation. It is possible to 
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increase the frequency of the master clock in order to obtain smaller phase steps ɝɮ, leading to 
a finer longitudinal resolution. 
At each step, the code calculates and applies the impulse resulting from all the fields in the 
element, including the fields from distributed elements. Using the new longitudinal velocity 
TSTEP finds the distance ɝᾀ that the drifting particle would travel in the phase interval ɝɮ. 
At the beginning of each integration step, the code checks to see if it should apply space-charge 
effects, i.e. modify the trajectory of the particles according to the electric interactions with the 
surrounding space charge field.  
 
The main difference with other beam optics codes, such as TRACE3D or MAD-X, is that TSTEP 
computes the motion of single particles along the transport line. The user can define a particle 
distribution and customize the phase space of the particle bunch at the beginning of the transport 
line. The beam envelope is not calculated ideally with a uniform particle distribution and the 
parameters of each particle, i.e. the information concerning position, divergence and energy, are 
taken into account when computing, for instance, the RMS emittance of the beam. This leads to 
more accurate results, compared to what is obtainable with other beam optics codes. 
Moreover, the code allows retrieving the information concerning each particle, in terms of spatial 
position, divergence of the trajectory, energy and longitudinal phase, at any given position of the 
beam line. The particle bunch is represented with a table, where each line refers to one particle 
of the simulation, indicating all the parameters mentioned before. The output data of TSTEP are 
shown in Fig. 4. 
In principle, it is as if TSTEP performed one TRACE3D simulation for each particle of the beam. 
 
The number of particles that are simulated by TSTEP can be chosen by the user and is limited 
only by the computing capabilities of the computer one is using. 
The user can define the input distribution of the bunch in the name list by choosing one of the 
standard distribution of the TSTEP library (e.g. a Gaussian distribution): in this case, the 
parameters of the single particles will be randomly generated by the code, according to the 
chosen distribution. Otherwise, it is possible to run the simulation using a customized distribution 
where all the parameters of each particle are defined by the user, i.e. the distribution is computed 
previously with an ad-hoc routine. The latter option is a particularly powerful tool, especially 
when there is the need of simulating complex and non-standard particle distribution as it can be 
the case for TNSA proton beams (see Chapter 4). 
Other parameters of the simulated beam need to be defined by the user, as well (beam energy, 
particle rest mass, particle charge, bunch charge etc.). 
The elements of the beam line are defined in the name list after the beam parameters.  
The elements are ideal, unless differently defined by the user. TSTEP allows involving complex 
calculations for the non-idealities of the beam lƛƴŜΩǎ ŜƭŜƳŜƴǘǎΦ CƻǊ ŜȄŀƳǇƭŜΣ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ 
ŎƻƳǇǳǘŜ ƘƛƎƘŜǊ ƻǊŘŜǊ ŀǇǇǊƻȄƛƳŀǘƛƻƴǎ ŦƻǊ ǘƘŜ ŎŀƭŎǳƭŀǘƛƻƴ ƻŦ ǘƘŜ ŘƛǇƻƭŜǎΩ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ǘŀƪƛƴƎ 
fringe fields in account. Moreover, differently from TRACE3D, with TSTEP it is possible to import 
field profiles (electric and magnetic) from electromagnetic solvers (e.g. SUPERFISH, see 
ǇŀǊŀƎǊŀǇƘ нΦнύΣ ǿƘƛŎƘ ŀƭƭƻǿǎ ŀƴ ŜǾŜƴ ƳƻǊŜ ŀŎŎǳǊŀǘŜ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ōŜŀƳ ƭƛƴŜΩǎ ŘŜǾƛŎŜǎΦ 
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¢ƘŜ ǇǊƻŎŜǎǎƛƴƎ ƻŦ ǘƘŜ ǎƛƳǳƭŀǘƛƻƴΩǎ Řŀǘŀ Ŏŀƴ ōŜ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ ƴǳƳŜǊƛŎŀƭ ǘƻƻƭǎΣ ǎǳŎƘ ŀǎ aATLAB, 
allowing a statistical analysis of the particle beam distribution. 

 
 
 

2.2. Optimization of particle beam lines (electrons and protons): iterative method 
 
The numerical codes presented in the previous paragraph, allow implementing an iterative 
method for optimizing the physical parameters of the devices of a particle beam line. Such a 
methodology can be applied to both the cases of electron and proton beam line. 
 
With TRACE3D, as already mentioned, it is possible to simulate an ideal particle bunch, traveling 
through a transport beam line. Even if the code calculates the beam Twiss parameters only for 
the envelope of the particle beam, i.e. it is not possible to define a realistic particle distribution 
(e.g. a Gaussian distribution), it is useful in order to obtain approximately optimized values for 
ǘƘŜ ōŜŀƳ ƭƛƴŜ ŘŜǾƛŎŜǎΩ ǇŀǊŀƳŜǘŜǊǎΦ 

Fig. 4 ς TSTEP output data, as represented with MATLAB. The top plot shows the transverse phase space of a 
particle beam, calculated with TSTEP for both x-ȄΩ ŀƴŘ ȅ-ȅΩ ǇƭŀƴŜǎ όōƭǳŜ ŀƴŘ ǊŜŘΣ ǊŜǎǇŜŎǘƛǾŜƭȅύΦ ¢ƘŜ ŎƻƭǳƳƴǎ 
below show the parameters of each particle simulated by the particle tracking code. 


