SAPIENZA INFN INRS

UNIVERSITA DI ROMA - Istituto Nazionale Université d'avant-garde
di Fisica Nucleare

Study and implementation of beantines and devices
for the acceleration, transport and manipulation

of laseraccelerated particle beams

Thesis for obtaining the degree of Philosophiae Doctor (Ph.D.)

' VAGSNEAGE 2F wiepdrfnent df phi¢st LIA Sy T I ¢
C

Institut National de la Recherche Scientifiqueentre Energie Matériaux Télécommunications

Scientific supervisors: Evaluators:
Luigi Palumbo Emmanuel lumieres
Patrizio Antici Danilo Giulietti

Ph.D.candidate:

Massimiliano Sciscio

Academic year 2016/2017



Table of contents

FOTBWOIT ...ttt ettt e oo e enb ettt e e e e e e bbb r et e e e e s ame e e e I
EXECULIVE SUMIMAIY.....o oottt eea e e e e e e e e e e e e e e e e e e e e 1
RESUMIG ...ttt e e o4 oo et bttt e e e et e e e e e e e e nab bbbt e e e e e e e e e e e nneenees Vi
1. Introduction: scientific context and objective of the thesis............ccccccciiiiiie, 1
1.1. Conventional accelerators: brief history and state of the.art.............ccocciiiveeieiiiiiieeneen. 1
1.2. Laseraccelerators: brief history and s@abf the art..........ccccovvvviiiiieiii, 4
1.2.1Evolution of lasedriven electron acceleration...............ccoocuvvviiiieee e 4
1.2.2Evolution of lasedriven proton acceleration.............cccccciviiiiiiiiiiiiiiieeeeeeeeee e e 6

1.3. Objectives of the thesis: study of hybrid beam lIN@S............cccvvviiiiiiiii e 7
1.4. Hybrid beam lines for laserccelerated particle beams: state of the art...............cccceee. 10
1.4.1Hybridbeam lines for laseaccelerated eleCtroNS..........cccvviviiiiiiriiiieeieereeeeeeee e, 10
1.4.2Hybrid beam lines for lasexccelerated ProtoNnS...........cevevvveiiiiiiiiiiiee e 12
1.4.3Compact transport and focusing quadrupoles for leeeselerated particle beams.......13
15.hdzit AyS 2F GKS..GKSAAZAQ..Q2Y.0.85y.0.4 e, 15

2. Methodology and tools for the analyis of conventional and lasegenerated particle beams.....22
2.1. Numerical codes for beam dynamics calculations..............ccccoovviiiiiiiie i 23

3.

2.2. Optimization of lasedriven particle beam lines (electrons and protons): iterative metha@8

Analysis of a lasedriven electron beam liNE..............oiiiiiiiiiiei e 33
I 0 I [ 11 o T [T o o SRS 33
3.2. Methodology and content of the StudY.............oooooiiiiiiiii e 36
3.3. Laseracceleration of quagnonoenergetic electron bunches, exploiting the bubble reging¥
3.3.1The bubble regime MECNANISIL............uiiiiieiiiie e 38
3.3.2Techniques for improved lasptasma electron sources: state of the aftelectron beams
from TW and PW laser SYSIEMS.......oooii i 40

3.4. Capture and transport line of high energy (8 GeV), laseelerated electron beams..........43

3.4.10ptimization of a capture quadrupole triplet fon& GeV electron beam with TRACE&D

3.4.2TSTEP simulations of high eneetgctron beams: triplet capture line and multiple triplet
ErANSPOIT TINE ... eeeeeeeeeeeeaeae e A0



3.4.3Analysis of the triplet lattice structure, decreasing the electron beam enerdy0(8 GeV)

3.5. Capture and transport line of low energy (350 MeV), lasarelerated electron kams.......... 52
3.5.10ptimization of the triplet capture line with TRACE3D (350 MeV electron beam)...53

3.5.2Analysis of the emittance growth in the triplet beam line with TSTEP..................... 54
3.5.3Analysis of a quadruplet lattice structure with TSTEPR...........cccooiiiiiiii 57
3.5.4Analysis of a symmetric double tid lattice structure.............cccccccvvvvvivivieiiieeeeeeeeeee, 58
3.5.5Analysis of an achromatic lattice StrUCIUIE..............uuviiiiiiiiiieiiiireeeeeeeeeee e 61
3.5.6Parametric analysis of the best working point for the triplet lattice structure............ 64
3.6, CONCIUSIONS. ...ttt e e e et e e e e e e e e e e e e e e e e e e e nnnneeeae s 67
Analysis of a lasedriven proton beam line...........oooooiii e 71
o [ o1 (o To [F {1 (o] o I TP PSP RPPP T PPPPPPPN 71
4.2. Methodology and cor@nt of the StUAY.........eeeeeeiiiiiiiiiiiie e, 12
4.3. Acceleration of proton beams with hightensity lasers: Target Normal Sheath Acceleratit#h
4.3.1Laserplasma interaction in the TNSA regime...........oeeiiiiiiiiiieeeeiiiiieeeee e 74
4.3.2Theoretical model for the maximum energy of TNSA proton beams........................76
4.3.3Typical parameters of TNSAcalerated proton beams...............ccooeeccciiciiiiininninnee, 77
4.4. Applications of TNSA lasériven proton beams............cccoooi i 81
4.4.11on beam analysis of Cultural Heritage.............ccoooooiiiiciiiiiireeeeeer e 81
4.4.21 aserplasma based injector for conventional acceleration schemes....................... 82
4.5. Optimization of an energy selection device for lagecelerated poton beams.................... 33
4.5.1Beam displacement and energy range of the energy selector................................. 85
4.5.2Parametric analysis of the field intensity and the dipole length...........cccvvvvvveeeennnn. 86

453t N YSOGNRO Fylfeara 2F (GKS asStSOidAy.38%fAlQa
4.5.40ptimization of theenerggg St SO 2NDa ¢g2NJ Ay 3T LRAYIL..®RAGK LI I
4.5.5Analysis of the energy selector with optimized parameterS........ccccccvvvvvvveieeeeeeeeeeenn. 93

460 Yy feara 2F GKS LINRG2Y o6SFY fAySQa F20@@aAiy3a &

4.6.10ptimization and magnetstatic analys of the focusing permanent magnet quadrupoles

4.6.2Particle tracking stasto-end analysis of the proton beam line............cccoooiiiiinnnnl 99
A O] o 11 ] (0] o PP P PP 103



5. General conclusiofiand future ProSPECTS........ccoiiiiiiiiiiiiiiee et 109

Appendix |: Particle beam emMittanCe............oooeiiiiiiiiir e e e e aea 112
[ I o TR o =Yoo = ol =T o g1 =g o] TSP 112
[.II' The normalized RMS €mMIttaNCE..........oeiiiiiiiiiieiie e 114
I.IIl Energy spread contribution to the normalized emittance grawth............c..occvvvieeeennnnnns 116
I.IV Emittance growth in lasaiccelerated electron beams.........ccccvvvvveeeiieieeeiiiiiieeiieeeeeeeeee, 116
Appendix [l:Working point maps of the energy selector, obtained with TSTEP......................... 120

Appendix I1I: httice configurations of the lasedrivenprotond S Y f Ay SQa ,optithigedza A y 3 &G I
{0 R0 111 (=T C=T LA =T L= o =T 127



Foreword

Undertaking the path of academic research as an alternative to a more conventional professional
position as a engineer has not beestraightforwardly planned, easshoice.
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and nothing seemed to leade to extendingmy university studiefurther. What | had not taken

into account were the persuasive skills of Patrizio Antici who had been my thesis supervisor for
the previous six month#le had made me familiar with the topic of proton acceleration via faser
plasma interaction and collaborating with him had given vergdyresults. During a lunch break
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had the conversation that would have determined the following three and a half years ldemy

at least from the scientifipoint of view. He told me about the interesting prospects of continuing
the work that we had started together ansluggested me to apply for a doctoral student position
Fd a[ | .My jpdknSywtirdugtdiverging electron beamand unreliable proton soures

too highemittances andunwieldybeam linesunclearmanuscripts and fussy referedsad just
begun. The collaboration with Patrizio became even stronger about one year latkhe
accepted to become my thesis supervisor at the Institut Nationahdedcherche Scientifigu

when | signed an agreement for an Itali@anadian joint doctorate.

Doingmy Ph.D. under I i N&irbctiod @sibeeran extremely rewarding experience, from the
scientific and personal point of view, that | would repeat at amet 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 alscenfi@yable and amusing
moments, for the many advises and theentoring, and for the continuous support he has given
and still is giving me today/truly thank him for everything.

My doctoral studies would not have been possible without the endorsement and the supervision
of Prof. Luigi Palumhdhe thesis directpat my home university in Romeéle has welcomed me

in hisresearchgroup and has always support@dy work andmy initiatives, drivingme to the
pursuitof valuable scientific results armultural growth.

During this experience | have had the possibititycooperating with the particle accelerator
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impossible to list them albut among them1 would like to thankespeciallyMauro Migliorati

Andrea Mostacgilivia Lancia and Luca Ficcadewtno | have had the pleasure to wowkith in a

continuous way.

| would like to thank thetaff member=f the Canadian institute INRS, the partner university for
the joint supervision of my Ph.D., | have had the honoottaborate with. Among them, a special
thank goes to Prof. Kieffer, Dr. Fourmaux and Dr. Payeur.
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givenme useful advises for improving its quality.



For the sntific collaborations and the margelightful moments spent together, for example
when running the experimentduring the last period of my doctorate, | truly thank Marianna
Barberioof the university UniCal. She has beanre than a collaborator to méay helping me
with all the issues related to material scienggplications of this work, she becamaémost an
additional supervisoand definitely adearfriend. For all what she has done for meshe has my
deepest gratitude.

The last three years would hbave been adelightful as they havevithout the companionship

of my fellow doctoral students. An enormous thank goes to all of them: Anna, Francesco, Martina,
{GSTlry2 YR alNO23X GKS 20KSNJ t K®5 dframilUdiBaSy (G &4 |
and El-Hu; Giacomo, Alessandro, Alessandra, Matteo, Riccardo, Rajesh, Marta and Andrea from
INRSA profuse thank to the friends who stood by my side from outside of the academic world:
Francesco, Roberta, Oliviero, Alessia, Alessandro, Francesca, éesgamlreaand many

others. Lastbut not least,| thankCF 0 R 2 XSNJ G KS . I OKSf 2 NiBBh.D.igR al a
the ultimate course of study thatre haveundertaken together, agood,true friends.

Finally the most heartfelt thank goes to my familmy mother and my father, my siblings, for
having supported my choices once again, for hamagesacrificesand loving mdor what | am
All thisallowed me to pursue mgtudies and educational growttMost of all | heartily thank
Jennyfer, for havingeen the closest and beloved person | have had in these years.

Without the persons | have mentioned, this work would not have been possible. There are many
others, | might have forgotten: my ultimate thank goes to them.

| acknowledge the financiand nstitutional support that | have receiveftom academic and
scientific establishmentduring the period of my Ph.D. studies. Therefore, | thankIgti€uto

Nazionale di Fisica Nucleare (INFN) for having granted me with a full scholdrsHipjversity
of Romeda [ I { I LJA IBsyitutINatiBnal 18 Recherche ScientifiquEnergie Magriaux
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Might the reader have a pleasurable readwoighis thesis.

Rome, February 2017



Executive summary

The study of lasedriven particle beams represents an important field in nowadays research,
both from the theoretical and experimental point of view.

Differently from conventionaladio-frequency(RF technologybased accelerators, lasériven
particle sources accelerate particles (both electrons and ions) with electric fields that are
generated by the interaction of intense laser ges (p ™ ® ta® ) and matter TWpower

class laser sgems, or even n@l PWpower class systems, can produce a plasma whksetric
fieldsare generated that allow accelerating particles over very short distances. The accelerating
field reachesup to TV/mover a fewum in the case of proton accelerationcuap to tens of GV/m

over hundreds ofum in the case of electron acceleratiohhis 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 t®100 MV/m for the stateof-the-art technology) due to electric
breakdown effects.

At current, lasefaccelerated electrons have reached maximumrgres in the range of a few
GeV, whereas for protons, tens of MeV energy beams are routinely achievable.

The features of lasegenerated 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 Lasejd¢FHle case of electrons or lon
Beam Analysis (IBA) for the case of protons, are readily exploitable with the beam energies that
are available today. Howevesomeparameters of lasedriven beams, such as the large energy
spread (a few percent for eleons 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 implementedtf@mse applicationsFor these
reasons, the transport, theailoring and the manipulation of thiaser drivenparticle bunch is
challenging buhecessary.

The objective of this work is to study the implementation of conventional accelerator devices for
laserdriven particle beam lines.oEusing devices such as solenoids and quadrupsidsother
components such as RF accelerating cavities, beam energyselection systemsallow
transportingand manipulaingthe particle beam from the initial source to the experimental end
station. They ar&eommonly used on conventional facilities and can be adapted and optimized to
the parameters of typical lasgrlasma particle sources, leading to improved performances of the
laserdriven beam linesStudying these beam linesnyield to novel beam shapigtechniques,
opening the path tannovative applications.

For analysing these lasdriven 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 prblems, aiming at optimizing the lasR&kNA Sy o6SIY fAySaqQ 02Y
different simulation tools, we have implemented an iteration process that allows improving the
performance of the beam lines by recursively optimizing the particle beam parametdrtha
FSIGdzNBa 2F (GKS o0SIY tAySQa StSySyidao



We address both, electron and proton beam lines, studying the following aspects: fodtassr
electron beam lines, we indicate goal parameters that a kpé&sma electron source needs to
achieve in order tallow 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.

Concening laseraccelerated 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 implemenrdipigjications of IBA.

The first section of the thesis is devoted to the analysis of {degen electron beam lines. We
propose the use of conventional accelerator magnetic devices (such as quadrupoles and
solenoids) as an easy implementable solution wtienlaserplasma accelerated beam requires

to be transported and optimized

¢CKS AYLIX SYSyillidAazy 2F (GKS 02y @SyidiAz2ylt oSlLY
approach, employing particle optics and particle tracking codes that analyze thepte and

the geometric shaping of the electron bealive focus on both, high energy electron beams in
the GeV rangé€8 GeV, as theoretically foreseen by simulatip@as)produced on petawatt (PW)
class laser systems, and on lower energy electron bearttseimundreds of MeV rangé50

MeV), as nowadays routinely obtained on commercially available rhultidred TW laser
systems. For both scenarios, our study allows understanding what are the crucial parameters that
enable laseplasma accelerators to comptwith 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 tems 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
isin 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 1@ BV, we aim to achieve competitive values
implementing a transport line based on a quadrupole triplet lattice. We identify the requirements
at the lasefplasma source (in terms of energy spread and transverse divergence) that the
electron beam needs to aeet in order to compete with conventional FEL sources. The numerical
calculations we reportshow that suitable wiking points require a tradeff combination
between low beam divergence and narrow energy sprehd laseraccelerated electron beam
needs b have a divergence ofl mrad and an energy spread ol % in order to be transported

and maintain a reasonable normalized RMS emittance valug2lomm mrad, i.e. the typical
working point parameter of conventional FEL driving accelerators.

The second s#ion of this work deals with lasalriven 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 {pkesma sarce, has been

t



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 refereheetypical parameters
achievable with the most consolidated acceleration mechanism, theaBed Target Normal
Sheath Acceleration (TNSA) mechanism. This mechanism routinely produces proton beams with
an energy in the order of tens of MeV, a higgam darge(up top 1 protons per shotanda
shortbunch duration(in the ps range, at the las@lasma sourcelusing commercial TWower

class laser systems, representingamplementarysolution to conventional sources for several
applications. Nevertreless,the broadband energy spectrumf TNSA generated protons (up to

100 %)is an open issue thdimits experiments and applications that require monochromatic
proton beams.

Our study is basedn beam dynamics and particle tracking simulatiavih) the goal of analyzing

and developing a beatime for laserdriven proton beams, including devices for egye selection

and beam focusing: deam line made of compact permanent magnet quadrupoles (PMQ)
transports the proton beam from the las@tasma source t@ 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 MeMtheenergies that can be obtained

for ion acceleration using a commogal 250 T\WWpower lasersystem and are typical of many
applications in IBAThe key technical features of the energgiector have been studied in a
parametric way, in order to allown optimization of the device in the energy range of interest.
An optimized solution of the EShased orD0.95 T dipoles with a length of 10 cm and provides

a final energy spread @20 %.

As next stepfor this ESve adapt the beam lie upstream the selection device for tuning the
transmission efficiency of the protonsowering the divergence ohé protons inecessary for
allowing an efficient energy selection proceg® 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 # proton beam into the ES.

To conclude, we performestart-to-end particle tracking simulations of the optimized beam,line
achieving a final energy spread o20 % with an overall efficiency ofl % in terms of particles
transmitted from the laseplasma source.

Our scientific results concerning the beam transport and beam shaping of TNSA proton beams
pave the way to innovative applications, where quasinoenegetic beams with a high bunch
charge are required, such as in the domain of material science and IBA.



Résumé

L'étude des faisceaux de particuggmérés pataser représente un domaine important dans les
recherchesscientifiguesactuelles, tat du point de vue théorique que du point de vue
expérimental.

Contrairement aux accélérateurgle particules conventionnels utilisant des sources
radiofréquencegRF), les sources de particugsérées pataserLISNY SG G Sy i desQl OOS
particules & la fois des électrons et des iordgns des champs électriquesxtrémes par
linteraction d'impulsiondaser ultraintenses (p T ® td® ) avec la matiéreLes systémes

laser de classe TW, ou encore les nouveaux systemes de classe de pl¥sprogéht produire

un plasmadans lesqueldes champs électriquéies élevésont généréspermettant d'accélérer

les particules sur de tres courtes distances. Le champ d'accélération atteint TV/m sur quelques
>Y RIEya €S O despddonstetyusod'd 6 @Gzhihes de Y /m Bur des centaines
RU>Y RIFIya €S OFLa RS fUlFOO0OStSNIiA2y RSa St SO0NZ
d'accélération conventionnels basés sur des champs RF, qui se limitent aux gradients
d'accélération dansalgamme de MV/m (jusqu'2100 MV/m pour la technologie de pointe), en

raison di phénoméne de claquage

A I'heure actuelle, les électrons accélérés par lagteignent des énergies maximales dans la

gamme de quelques GeV, alors que pour les protonsagesdux d'énergide quelques dizaines

de MeV sont routinierement réalisables.

Les caractéristiques des faisceaux de particules générés par laser, en termes déaelgege

par pulse de duréedu pulseet de laminarité, permettent de considérer aairces comme une
alternative potentielle aux sources de particules conventionnelles. Des applications telles que les
lasers a électrons libre§ree Electron LaserSBEL) pour le cas des électrons ou l'analyse par
faisceau ioniquel¢n Beam AnalysisBA)pour le cas des protons, sont facilement exploitables
avec les énergiesle faisceax lj dzS f Q2 y  LI%wpiird'hti.( Cefehdar NiBrtains
parameétresde cedaisceauxde particulegels quele grand étalement egnergie (quelques pour

cent pour les éldrons et jusqu'a 1006 pour les protons) da forte divergence a la source
(quelques mrad pour les électronsgeielquedractions de radian pour les protons) représentent
unobstacleRS G A f f S dds figcyawrishedelicBnfrdlalfmuvants G NE YA A Sy dx
dansces applications. Pour ces raisons, le transport, la confection et la manipulatpzaydet

de particuleggénéréegar laser sont difficilesnais nécessaires.

L'objectif de ce travail est d'étudier la mise en place de dispaBaidsélération conventionnels

pour les lignes de faisceade particuleggénérédaser. Les dispositifs de mise au point tels que

les solénoides et les quadripbles et d'autres composants tels que les cavités d'accélération RF ou
les systémes de sélectiofénergie du faisceau permettent de transporter et de manipuler le
faisceau de particules de la source initiale a la station expérimentale. lls sont couramment utilisés
sur des installationsonventionnelles gpeuvent étre adaptéainsilj dgfdimisés aux arametres

des sources de particulggar accélération laseplasma ce qui permet d'améliorer les
performances des lignake faisceax générés palaser. L'étude de ces lignessdaisceawx peut

donner lieu a de nouvelles techniques de mise en forme dmdaisouvrant ainsal voieaux
applications innovantes.
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Pour l'analyse de ces lignes a faisceau laser, nous avons adopté la méme méthodologie utilisée
pour les accélérateurs conventionnels. Nous aviomdémenté de codes numériques pour

I'analyse des pigdemes de dynamique du faisceau, visant a optimiser les commpssdes lignes

de faisceayar 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 faisoeptimisant
récursivement les parametres du faisceau de particules et les caractéristiqgues des éléments de la
ligne du faisceau.

Nous abordons a la fois les lignes de faisgebgiectrons et de protons, en étudiant les aspects
suivants: pour les ligsede faisceaxd'électrons, nousléterminonsles parametreoptimaux

gu'une source d'électrons lasglasma doit atteindreafin de permettre léransport di faisceay

G2dzi Sy YFIAyaSylryd t£Sa OFNIOGSNRAGA I|jnmz@ent Ay A QA
RQF LILJ AljdzZSNI OS Tl AaOSI| dz LJ2 Nrud cbrSidéroris déiamtet St S ¢
normalis& RMS et la dimension transvals du faisceau comme des indicatewtés de
performance pour ces applications.

En ce qui concerne les faiscedaxprotons accélérés par laser, nous proposons une configuration

de ligne de faisceau, capable de rédueSl i | f d& YéBeygiedu spectred quelques dizaines

de pour centtout en conservant un flux de particules raisonnablement élevé. Nous visons a
obtenir des paramétres de faisceau finaux qui permettent d'implémenter des applications
d'analyse par faisceau ionique (IBA)

La premiére section de la thése est consacrée a I'analyse deslijaissealR &ectrorsgénérés

par laser. Nous proposons lilisation de dispositifs magnétiquesilisésdans desaccélérateurs
conventionnels (tels que les quiadies et les solénoides) comme une solution facile a mettre en
dzdzONB f 2 NB |j dzS fpdblasErpldsmaliSit-éue tranSpOr etPMimisé.

LaYA A4S Sy dzdzdNB RS& RAaLRAAGATA RS fF fA3YyS
approche paramétrigue, en utilisatds parametreoptiques de particules et des codes de suivi
des particules qui analysent le transport et la mise en forme g§é&agne du faisceau d'électrons.

Nous nous concentrons desfaisceaux d'électrons a haute énergie dans la gamme GeV (8 GeV,
théoriquement prévu par les simulations), tel que produit sur les systemes laser de classe
petawatt (PW)ainsisur les faisceaud'électrons a énergie plumssedans lexentaines de MeV

(350 MeV, i St |j dpoklditstde nbRjgUis partir des systémes laser a plusieurs centaines

de TWidisponiblessur le marché. Pour les deux scénarios, notre étude permet de comprendre
guels snt les parametres cruciaux qui permettent aux accélératqas laserplasma de
concurrencer les appareils conventionnelseepdrmettreun transport de faiscaaadéquat

Nous analysons différentes configurations de lignes de faisceau, d'un simptequiudeipolaire

a des structures en symeétriques (et méme achromatiques) plus complexes, en testant leur
efficacité de transport de faisceau en termes d'émittance RMS normalisée finaldiptatesion
transvergledu¥ I A A OSt dzd 9y Y SG i lFyde foSlsatiokidpd fedBnissedtan St SY
gradient de focalisation magnétigudans la gamme de centaines démJ] nous visons a
compenser la divergence intrinseque du faisceau d'électrons, qui se situe dans la gamme de
plusieurs mrad. En outre, nous comparof@énittance du faisceau final des électrons a
accelérationpar laser a ce que l'on peut obtenir avec les accélérateurs classiques utilisés pour
diriger les sources FEL.

P
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Dans lecas des électrons accélérés a 350 MeV, nous chercludmsrardes valeurs congtitives

pour une ligne de transport basée sur un réseau triplet quadripolaire. Nous identifions les
exigences a la source laggasma (en termes dRQS G £ SYSyYy i & LJ20deN) f RS
divergence transversale) que le faisceau d'électrons doit répquinreconcurrencer 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 unétalementd'énergie étrdi: le faisceau d'électrons acceéléré par ladeit avoir une

RA @S NH Syn@aseturR &alerent spectral'énergie de

XMoafin d'étre transporté et de maintenir une valeur d'émittance RMS normalisée raisonnable
de D1 mm*mrad, c'esta-dire le paramétre de travail typique des accélérateurs conwenels
effectuant appliqués a&EL.

La deuxieme partie de ce travail porte sur les liglefaisceax de protonsgénérés pataser. La
possibilité de combiner un dispositif de sélection d'énergie (ES) pour ab@iérll £ SYSy G S
énergiedes particulesavec un stade de focalisation qui capture et transporte le faisceau a partir

de la source lasgslasma, a été étudié. Compte tenu des parametres requis par les applications
IBA, nous visons a obtenir @talementénergétique finkde quelques dizaines geurcensainsi

lj def® charg élevéedu paquet de proton&ans la gammelunC).

Pour le faisceau de protons initial (c'‘@stlire a la source), nous avons pris comme référence les
parametres typiques réalisables avec le mécanisme d'accélération l@paaidé, le mécanisme
TargetNormal Sheath AcceleratiofiTNSA). Ce mécanisme génere systématiguement des
faisceaux de protons avec une énergie de l'ordre des dizaines de MeV, une charge de faisceau
élevee (jusqu'ap 1t protons parpulse et une courtedurée depulse(dans la gamme ps, a la

source laseplasmg en utilisant des systémes laser commerciaux de classe TW, représentant une
solution complémentaire aux sources conventionnelles pour plusieurs applications. Néanmoins,
le spectre énergétique a @ bande des protons générés par TNSA (jusqu'a%doest un
probléme 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 simulationsid#esyparticules, dans

le but d'analyser et de développer une ligne de faisceau pour les faisceaux de géoi@rEs par
laser, y compris les dispositifs de sélection d'énergie et de mise au point du fdiseehgne de
faisceau composée de qugaltles a aimants permanents compacts (PM@nsmet le faisceau

de protons de la source lasglasma a une chicane magnétique fabriquée avec des aimants
permanentgpermettantla sélection d'énergie du faisceau.

La gamme d'énergie que nous étudions va de 2 M@0, c'esta-dire les énergies qui peuvent
étre obtenuesavec de systemea lasercommercaux de 250 TW et sont typique pour de
nombreuses applicatiormmef IBA. Les caractéristiques techniques clés du sélecteur d'énergie
ont été étudiées de maniere @amétrique, afin de permettre une optimisation de I'appareil dans
la gamme d'énergie d'intérét. Une solution optimisézda St S O S exiNJasReCs8ryi&sNH A S
dipbles @ S y’ 20j9BIRayant une longueur de 10 cm et fournih étalement spectral'énergie
finaldQ Sy PhN.E Vv

Comme étape suivante po@S & St S O (0 Sdabladapoisyadige@de fisceau en amont
du dispositif de sélection pooptimiserl'efficacité de transmission des protons. L'abaissement
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de la divergence des protons est nécesspwur 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 gradientsnite au point de 160 et 3001/ nous obtenons une
collimation eficace du faisceau de protons ddaessélecteur

Pour conclure, nous avons effectué des simulations de suivi des particules de bout en bout de la
ligne de faisceau optimisée, obtenam étalement énergétique final de moins 218% avec une
efficacité glob#& deplus del % en termes de particules transmises par la source-fdasma.

Nos résultats concernant le transport du faisceau et la mise en forme des faisceaux de protons
TNSA ouvrent la voie a des applications innovantes, ou des faisceaurquasnergétiques a

forte charge sont nécessaires, comme dans le domaine de la science des matériaux et de I'IBA.



1. Introduction: scientific context and objective of the thesis

The acceleratiorand, more in general, the physics @lementary particles is a comtiuing
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 discoyvatethe
beginning of the last century, accelerated particles are of higportance for studies of
fundamental physics and have a huge number of applications in the most various fields of our
daily life.

Applications of accelerated partid@nd the machines that allowroducingthem, i.e. particle
accelerators, can be found areas such as physics, medicine, biology, pharmacy, environment,
material science and evemultural heritage

Since the end of the 198, particle acceleration is achieved with conventional accelerator
facilities that use static electric fields or radrequency (RF) electromagnetic fields to increase
the energy othe particlesup to the GeV range (even TeV in the case of the LHC synchrotron at
CERN).

1.1Conventional accelerators: brief history and state of the art

In the 20sthe first accéeratingmachines were designagsing D{direct current)electric fields,

i.e. nornttime varying electric fieldsuch as in the case of the Cock#dfalton accelerator (see

Fig. 1) or the Van der Graaff generafbf[2]. In 1932 Cockroft and Walton used a DC generator

to accelerate protons in a vacuum tube up to an energy&030 keV, at the Cavendish Laboratory

in CambridgeThe limit of theseDCmachines based on static fiel[dsowever,wasgiven by the
breakdown limit of the electric field of a few MV/m.

As an alternative, Wideroe developed in 1928 the concept of the firgaA€nate current) or

RF- accelerator that used time@arying electric fields to accelerate partic[8%. The principles of

2 ARSNRPSQa FAYRAy3aa Oly 0SS LW ASR (2 OKIFINBSR
grounding ideas of modern RF accelerators. His work has been taken over by Ernest Lawrence
who invented the cyclotron (Nobel prize in piog 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 ourysangtengineers

make strong efforts to satisfy more and more demanding requirements for improving and
constructing them. The development of H&€hnology based accelerating machines, for both
electrons and ions, has led to various types of acceleratotsasicyclotrons, linear accelerators,
circular accelerators etc.

Modern acceleratorsare used for research and industrial purpesed 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 dens MV/m (up to D100 MV/m for the stateof-the-art prototypes)

Hence, conventional facilities require extremely long accelerating distances for achieving high

1



beam energies. Accelerators for botiasic research purposes (e.g. CERN in Switzerland or SLAC
in the USA) anthdustrial purposes (e.groton-based cancer treatment facilities synchrotron

light sources such as ESRF in France) requiredagde facilities with a cost that can reach billions

of dollars.

As an example,tahe SLAQaboratory, in California, kectron 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 Collid€5{l-BiGiganticyrchrotron

at CERN, is located inside a circular underground tunr&l &m circumference (see FR).and

is capable of accelerating proteap to a central mass energy of 14 TeV (i.e. colliding 2 protons
at7 TeV).

Fig.1 ¢ A CockroftWalton generator using a static eleci
field in the order of magnitude of a few MV/m,
accelerate charged particles.

Fig. 3reports the Livingston chartg.a graph that represents the tendencyaifergyincrease in
particle accelerators (both electrons and protpngrom the slope of the dotted line, it was
estimated that the top energghouldbe increasing by an order of magnitudbout every 710
years.The fastgrowth rate that has been achieved in the past decafle®il the 90s, as can be
seen in Fig. 3has been accomplished by the introduction of new accelerator technologies at
frequent intervals. Howeverthe colored markers, indicating the energgnge of the LHC
accelerator and its upcoming upgrade -HHC (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 energyesaehing 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.
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1.2 Laser accelerators: brief istory 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, if@]98»mpared 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 cangdtiple Joules
within a ps duration (even down to tens of fs), i.e. with a power in the hundreds of TW range.
The ontarget intensity that is achievable with these systems, by focusing the laser light down to
a spot size of a few tensn?, isup top ™ ® t @

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 @f T ¢ f G

Theadvent of highpowerlasershasopened up possibilies of lasetbased particle acceleration.
This novel type of accelerators represent an alternative to RF technology based accelerators:
differently from conventional RF accelerators, ladeven particle sources accelerate particles
(both electrons and ios) with electric fields that are generated by the interaction of intense laser
pulses and matter in a plasma stalite use of TWpower class laser systems, or even novel PW
power class systems, leads to a plasma that can withstand electric fields W¥rtg Which
enables accelerating particles within very short distances.

Henceforth, several laser facilities have been built in recent years with the main purpose of
performing laseiplasma acceleration experiments, and even more are being built or
commissoned in present days. Commercial, operating-6Més systems, for instance, are the
500 TW laser system at ALLS (INRS, Caj@gdRyaco at FZD (Dresden, GermdBy)pr the 250

TW lasefFLAMEat INFNLNF (Frascati, Italj9]. PWclass facilitie®eing operationahre e.g. at

the BELLAaser facility aBNL(Berkeley USA) andthersare being developed, such as the laser
facilities of the Extreme Lightfrastructure (ELI) in Eurog&0] [11].

1.2.1 Evolution of laser driven electron acceleration

The acceleration of electrons throudgiserdriven plasmavakefields 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 B9 In this work, the authors
presented schemes for accelerating electrosgg 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 Me/. The experiment held at LULI (France), using a Nd:glass laser with a wavelength
of D1 um, 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[&8].

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 propagatidmedaser puls¢l4].
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In the early 2000s, 35 fs long pulses from a 10 TW powersyséem have been used at the LOA
laboratories to accelerate electrons from an exploded foil plasma, obtaining electron beams with
a maximum enggy ofD35 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 20d[ -Ray sources via Thompson scatterjih6]

[17].

Intheseexperiments, the energetic distribution of the obtained electron beam has a Maxwellian
like shape, i.e. a wide energy spread causedneyrandom injection process in the relativistic
plasma waves. The profile of tigasma wakefield driven by the laser pulse has been observed
with the use of a chirped laser probe pulse, as reported in[R&Fand shown in . 4.
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Fig. 4¢ Relativistic wakefield, driven by a laser pulse propagating to the
Reprinted from Ref18]

In 2004, abreakthrough has been achieved by reachaéhgctron energies in the range of 860
MeV [19] [20] [21]. Moreover, in 2006the GeVenergy limit has been reachedavith quast
monoenergetic buncheR2]. The injection of the electron bunch has beproduced within a
volumesmaller than the plasma wavelength (typicallyI@ pm), leading to an improved beam
gualty and a temporal duration of the bunch in the range of a few fs, making-lzess¥d electron
accelerator &zomplementarysolution to conventional Rtechnology based machines.

The currently highest maximum energy has been achieved by Leemansrep@l4, with the
BELLA PWower class laser at the LBNL laboratories (USA). An electron bubxh opC has
been accelerated up to an energy of 4.2 GeV with an energy spread of a few ge&jent



1.2.2 Evolution of lase driven proton acceleration

First evidence of proton production by lagmarget interaction was observed at the Los Alamos
National Laboratory (USA) in experiments between 19983 [24], when targets were
illuminated by a 1®c > Xlasér ith pulse length of <1 ns and peak intensitypait
pTtwidd perd

The characteristics of the proton beam were not exceptionally interesting: maximum proton
energy ofD0.56 MeV, electron temperatur@®11.7 keV withhe 2y o6SIFY SYAUGSR
steradians However, the maximum proton energy was found to be proportional to the
temperature of the suprdahermal electrons produced during the lasglasma interactiorf25].

Later evidence of lasaxccelerated protons beams with significantly improved beam
characteristics was reported by experiments in the late 90s using the Lawrence Livermore
National Laboratory (USA) NOVA PetawBitV)laser using picosecond, relativistic lagdaisma
interactions.Targets were irradiated with an intensity ofc  p 1 & @

The use of a magnetic spectrometand radiechromic films (see Fig. Showed energetic
protons with a Bolzmantike energy spectrum and a sharp @ft energy atD58 MeV[26].
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Fig. 5¢ Proton beam detected by Snavely et al. using F
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Further evidence of collimat proton beams with mukMeV energies, obtained when an ulira
intenselaser pulse hits a solid targetere foundin various other experiment$roton bunches
having energies of up to 18 MeV with'Zprotons at energies greater than 2 MeV, were obtained
FNRY | MHp >Y UGKAO1l FfdzyYAydzy Gl NBSG® ¢KS&S
Rutherford Appleton Laboratory (USA), at an intensitp ofp 11 & & . [27] Maksimchuk

et al. used a 10 TW laser with lowetgnsitiesofo  p 1 @ faix  obtaining collimated proton
beams of about 1.5 MeV with aluminum metal targets e $28] ®lurakami et al. did
experiments on the 50 TW GEKKO MI! laser, using peak intensitiespfit & tdd focused
ona5wn >Y FtdzYAydzy GFNBSGZ 20601 Ay AN MeW2IE A Y dzY
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Further experiments have been performed in the last two decades, investigating the scaling laws
that relate the maknum energy and the charge of the proton betmthe laser pulse parameters
[30][31] [32].

Forstate-of-the-art commercial laser systems with a powetthe range of hundreds of TW (up

to a few PW), the dominating acceleration mechanism is the Target Normal Sheath Acceleration
(TNSAJ33]. It is widely recognized as the best known mechanism, allowing to obtain proton
beams with eergies of tens of MeV, routinelf8] [34] [7]. Nevertheless, novel acceleration
mechanisms are being studied at present times, leading to even higleegiea and better beam
quality.

As an example, the Collisibess Shock Acceleration (CSA) uses the longuylse of the laser
(typical duration of ns and intensity usually 6 orders of magnitude lower than the main pulse) to
generate a decompression of tireadiated target, which leads to a shealave 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 mechar{38h Promising experimental
results have been obtained using 60 J pulses from alaér[36] and D300 J pulses from a
Nd:glass las€B7].

In terms of maximum energyhie Break Out Afterburner mechanisshowed promising results,
yieldingenergies in excess of 65 M38].

Experiments have begrerformed, where specially engineered targets have been used, with the
aim of improving the energy and quality of the lasecelerated proton beam. In 2013 Fourmaux

et al. investigated the efficiency of the acceleration process with respect to the tlaslofenm

scale solid target§']. Moreover, Diamondike-carbon, nmthick targets have been used, in order

to exploit the Radiation Pressure Acceleration (RPA). The experimental results show a maximum
energy of 20 MeV (atained with an orarget intensity ofD p 1T @ ta® ) with a spectrum

that shows pronounced peaks at certain energi&3.

Flattop cone targets have been used in combination with agaer class laser system, in orde

to improve the efficiency of the las@cceleration of protons, yielding maximum energies in the
multi-tens of MeV rang40] [41].

The interesting features of proton beams generated by shdalira-intense lasers represent a
challenging new research topic of worldwide interest for numerous fascinating potential
applications.

1.3Objectives of the thesis: study of las@riven beam lines

The main objective ahe work reported in this thds, is to study the implementation of laser
driven particle beam lines.

Even if laseplasma 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. &pplicationsvhere laser
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driven particle beam do not meet the required parameters obtained with conventional imesh
are, for example, Free Electron Laser (FEL) sources in the case of elgthiod$]. Laser
generated protons still lack of beam quality for being implemented in several material scienc
applicationsmedical applications and noveilltra-short neutron sourcef47][48] [49].

On conventional accelerators, the final beam parameters that are requiredthf® given
application, are commonly achieved with devices such as RF accelerating cavities, focusing
devices such as solenoids and quadrupoles, beam ersiggtion systems etc., thabnstitute

I a2 OFtftSR ao0SIY fAYyS¢ ¢hk padisle béand frgna thi2iltiala | vy R

source to the experimental end station.

Since lasedriven particle sources produce particle beams with characteristics that are different
from what is obtained on conventional accelerators and are alatayswell suited br several
applications, the tailoring and the manipulation of the particle bunch is necessary. The
convertional devices mentioned beforalow tailoring the parameters of the lasdriven beams

that need to be improved, if their implementation is optimizéor the case of lasgslasma
sources. Moreover, the methodologies that are typical for conventional accelerators, which use
beam quality indicators, simulation codes etc., can be applied for optimizingdasen beam
lines[50][51] [52] [53] [54] [55].

As represented in Fig. 6,hgbrid laserdriven beam linds a system that reckons on a patrticle
source that is based on lasplasma interaction. For both electrons and protons, these types of
sources provide beams that need to be transportedhe application and tailoredh order to

meet theneededrequiremerts. The devices that are used on conventional facilities to build up

a beam line can be adapted for the characteristics of a {pmma particle sourcé&or example,
laserdriven proton beams have a very large intrinsic divergence at the source thataswunon

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.

Laser-driven accelerator beam line

| Initial particle beam | =) | Manipulation beam line devices | =) ’ Final particle beam ‘

-0 —HEN BHE —eo

Laser-plasma interaction Electromagnetic devices for beam transport, Application

focusing and shaping L
» generates and accelerates e » requires final beam
the bunch with initial > optimization/improvement parameters
beam parameters of the beam parameters

Fig. 6¢ Qualitative schematic of a hybrid lasdriven particle beam line. The particle sot
generates and accelerates the beam via a lggasmainteraction. Downstream, the bee
is manipulated with conventional devices that shape the beam parameters, according
is required for the applications.



The handling blaseraccelerated particles using naronventional techniques has been studied,

as well. Using a las#riggered plasma micrktens allowed successfully focusing and energy select

a TNSA proton beam via a strong electrostatic fiefij, as described in Fig. 7. Similar results have
been obtained using the intense magnetic fields generated with the Jalsasma interaction of

a secondary target, where a TNSA proton beam travels through and is fd&r§ed

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 waftect 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 elementsxhstream the laseplasma source.

CPA,
Divergemv Hollow RCF oK
ion cylinder
=

CPA, beam |

v
Focused
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Debye sheath of
hot electrons

CPA,

initial stage expansion stage

Fig. 7¢ A focusing microlens for TNSA proton be:
The protons travel through a hollow cylerd that it
irradiated by a secondary laser pulse (top scheme
cylinder is ionized and a hot electron sheath gene
an electrostatic field that focuses the passing prot

The goal of my research is tbtain final beam parameters that make laggasma sources a
viable alternative to REechnology based accelerators for novel applicatidfa. achieving this,

| studied the typical feates of the laseplasma sourcgn order to improve the parameters that
need to be improved usingeam line devicedownstream the laseplasma interaction point
Therefore, the research within my Ph.D. is focused on three aspects:

) the study of the lageplasma interaction processes that leadthe particle acceleration and
the assessment of typical characteristics of ladigwen particle beams (routinely available), in
terms of energy and beam dynamics parameters;

II) the study of conventional accesor techniquesapplied to laseiplasma sourcesyith a focus

on beam dynamics (transverse and longitudinal) and on devices that are usedniwolling
conventional beam lines;

ll) the implementation of conventional accelerator devices for the transpod manipulation

of laseraccelerated particle beams.

The combination of these aspects enables to study innovative solutions for improving the quality
of laserdriven particle acceleration. It is possible to adapt lac@ven proton and electron
beamsto applications that require very specific beam parameters, which are not currently
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obtained at the laseplasma source, with the use of beam lines that manipulate the particle
bunch downstream the lasgrlasma interaction point. Throughout the Ph.D., btle cases of
proton and electron beams have been investigated.

1.4Hybrid beam lines for laseaccelerated particle beams: statef-the-art

Investigating on the implementation of beam lines based on conventional devices for the
optimization of lasedriven 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 laseiaccelerated electrons

In the field of laseiaccelerated electrons, the focus has been put on tackling the challenge to
compete with conventional accelerators, mainly for two applications: achieving the similar
performances of electronolliders, using laseaccelerated beams and replacing the conventional
accelerators that drive Free Electron Lasers with plasrakefield electron sources.

We focus on the FEL applications, as they require less challenging parameters, compared to the
caseof 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 perimed using focusing quadrupoles. In 2007, analyzing the
implementation of lasedriven electron beams for FEL applications, Griener et al. have studied
the possibility of using electron bunches with an energy of hundreds of MeV (up to a few GeV)
and a sha duration (tens of fs) for generatingrdys from a magnetic undulat¢8]. For FEL
applications, in 2009, an experimental 4gt involving a focusing stage based on magnetic
guadrupoles, has been proposdé9]. 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 softays.

In 2011, Weingartner et al.dve 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{6@j. 8
The use of focusing quadrupole triplet for lagkiven electras 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 201[1]. This effect, tygal of laseraccelerated electron beams is
discussed more in detail in Appendix | and is taken into account in the analysis of Chapter 3.
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Recently, studies concerning more complex transport lines, optimized fordaisen electron
beams have been pfarmed (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 lasmrcelerated electron bunches (typically betwegand

10%). This beam line is optimized for a 50 MeV electron beam and is meant to be implemented
in a multistaged system, i.e. a system where the electron bunch is transported and accelerated

throughout multiple laseiplasma acceleration stag¢s4]. M. E. Couprie et al. propose the use
of a beam line involving the use of a magnetic chicane to guide adaseterated electron beam
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longitudinal slice/fraction of the bunch). Moreover, the design of a transport line for 180 MeV

laserplasma electrons is reported in RE§2].

Studies concerning hybrid beam lines have been supported by the optimizdtmnventional
beam transport devices, according to the parameters of lgpd@sma electron bunches. As an
example, in 2007ichner et al[63] have designed miniature quadrupole magnets, optimized for
the compactnessf a laserdriven electron beam line (see paragraph 1.4.3 for further details).
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1.4.2 Hybrid beam lines for laseaccelerated protons

The studies of proton beam lines based on a lggdasma source coupled with conventional
elements, mostlyaim to adapt the beam characteristics according to the specific application.
Laserdriven 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 laseaccelerated proton beams with pestceleration deemes, aiming to reach
energies in the mukhundred MeV range which would allow a breakthrough in medical
applications (e.g. 230 MeV are required in order to perform hadhmmapy to in depth located
organs).

The first experimental evidence of the faaiity of a beam line that involves RF cavities, coupled
with a laserplasma proton source, has been provided by Nakamura et al., who used a 40 kV/20
mm RF resonator to postccelerate a proton beam with energies in the maliindred keV
range, obtaininga final energy spread of about 7%].

A more complex beam line, involving the pastceleration 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 laseplasma source driven by a 630 mJ, 45 fs long laser [i8e

The use of accelerating cavities for the pasteleration of TNSA beams with higher energy, has
been proposed by Antici et al. between 2088d 2011. The implementation of accelerating
cavities that are commonly used in conventional proton accelerator facilities, i.etudétlinac

(DTL) cells, has been studied. The proton beam that has been considered had an initial energy of
7 MeV and nmerical calculations showed how it could be accelerated upt6 MeV with the

use of 48 DTL cells, over a distance of B3)[52].

There have been also studies about the collimation (i.e. the capture and transport) of laser
generated proton bams, using conventional focusing devices such as quadrupoles and
solenoids. Quadrupoles for the focusing and monochromatization of a-éaserlerated proton
beam, have been used by TAvetisyan et al. and Schollmeier et al., in 2J68] [67]. The first
group managed to select and foclsp 1 protons, with a central energy of 3.7 MeV, out of a
TNSA beam generated by a TVsss laser. The latter group used permanent magnet
guadrupoles, such as those of Réf3], to focus a 14 MeV proton beam accelemtsith a PW
power class laser.

The implementation of higipower solenoids, downstream a lasglasma proton source, has
been tested by Burridog et al. (2011) and Busold et al. (2013), performing experiments that
involved magnetic solenoid fields in timeulti-Tesla rang¢68] [69]. The experimental setup of
BurrisMog 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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Fig. 9¢ Experimental sefu used by BurridMog et al.. The soleno
reaching up to 16 T axial field, is placed downstream the Jalssme
interaction point and captures the TNSA protons. Extracted fron@8¢

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 [€tl]a]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 energs 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 R@fl] 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 knd 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 linmash 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 lassrcelerated particle
beams

Some of the studies concermnthe focusing of lasegenerated 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 benanipulated.

The focusing strength of these devices is high enough for debkrggh values of energy spread

(up to 10% for electron beams and 100 % for proton beamd)transverse divergendenultiple

mrad for the electron beams and fractions of raali for the proton beamsdf the laserplasma
beans.
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In Fig.10 we report the design of a PermanektagnetQuadrupole, designed by Eichner et al.,
[63] that has been optimized for focusing a lasecelerated electron kem with the aim of
exploiting FEL applications

Such a devicis 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 iaquired
order to compenste the high beam divergence that is typical of lagenerated electrons,e.

from a few up to tens of mrad:he size of these devicaBows havinga transport beam line that
iscompactenough to keep the advantage of using a lasased electron accelator.

The study of this kind ofomponentsand even more complex beam focusing elements (e.g.
sexupoles) in combination with lasdriven particle sources is a topic of research thas been
gaining popularity in recent years. An efficient transpor fiar laseraccelerategarticleswould

lead to the possibility of shaping the beam parameters accordingly to the requirements of a given
application

Fig. 10¢ Schematic view and photograofithe 12 segment design of the PMQ developed by Eichner et al. The bore radi
quadrupole has a radius of about 3 mm and the field strength at the tip is about 1.5 T. Extracted fri@3] Ref.

The analysis that we have performgdChapter 3elies on the possibility to use specific devices,
optimized for the characteristics of lasaccelerated electron beams.

For laseraccelerated 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)).

TKS lylrfeaira 2F (GKS LINRG2y oSIFY fAySQa 7F20dza
guadrupoles with parameters similar to those obtained by Eichner et al. ifd3¢f.
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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 Jalsesma based particle
acceleration techniques of electrons and protons.

In Chapter?, we present themethodologieghat we have used for our studie®/e 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 iterativenethod that has been used for the analysis of both
electron and proton beam lines.

In Chapters3 and 4 we reportthe results ofoursii dZRA S&> ¢6KSNB GKS | dzi K2 N
been major.

The analysis of electron beam liniegeported in ChapteB. Wehave performed a parametric
study of several beam line configurations, optimizing the transport elements of the beam line
and varying the parameters of the lasdriven electron beam.

Two different scenarios have been considered: a high energy electam bf 8 GeV, generated
with the use of a PWower class laser, and a low energy electron beam of 350 MeV, obtained
with a commercial TWower class laser.

With the goal of indicating the required beam parameters at the lgga@sma source that allow

an dficient beam transport, we compare the performances of ladeven beam lines with what

is obtainable on conventional facilities.

In Chapterd we report on a study, based on beam dynamics and particle tracking simulations,
about a beam line for lasedriven proton beams, including devices for energy selection and beam
focusing.We analyze docusingbeam linethat transports the protonbunch from the laser
plasma source to a magnetnergy selectar

The range of energy we investigate goes from 2 td/2¥/, i.e the typical energies that can be
obtained for ion acceleration using a commercial 250gMier laser system.

The key technical features of the energglector have been studied in a parametric way, in order

to allowan optimization of the devici 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 lasgFnerated
particle beams

As discussed in thatroduction of thi thesis, the conductedesearch 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 @ivemtional particle beams. When dealing
with beam dynamics issues related to conventional accelerators, the beam linenimapulates

the particle bunch parameters, is previously analyzed with particle optics and particle tracking
codes. These codes calate the envelope of the buncfbeam optics codeyr the trajectory of
single particles,ni the case of particle tracking codedong its path in the beam line, after the
initial source. It is possible to evaluate the final beam parameters, obtainedavgitienlattice

of a beam line, starting from a specific set of initial parameters. Customizintypiaal initial
parametersof laserplasma beams, allows simulating these types of sources and investigating
the performance of a beam line based on convenal 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 Hmsesed particle sources coupled
with conventional beam line devices.

We have stdiedvarious configurations alectron beam line(see Chapter 3) araiproton beam

line (see Chapter 4hasingour calculations on initial beam parameters that are routinely
achievable by lasgrlasma sources. Thiaseracceleratedparticles are manipubted by the
transport devices of the beam linksading to thefinal 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 otdeybtain a final particle beam that

can compete with the performances of a conventional accelerator.

In this chapter, we discugbe main tools that we have used for simulatitigg dynamics othe
laseracceleated particle beamsThe physical quantés, the physical effects and the particle
accelerator devices that wetudy, are commoty used in the field of conventional particle
accelerators, but thegan be adaptedor the analysisof laseraccelerated particle sources.
Moreover, we briefly introdce the normalized emittance growth effect, which is typical of kaser
generated electron beams and which we address more in detail with the study of Chapter 3.

Laser-driven accelerator beam line

‘ Initial particle beam | s==p [ Manipulation beam line devices | s [ Final particle beam [

-0 —=HNEN HH —o

Laser-plasma interaction Electromagnetic devices for beam transport, Application
focusing and shaping
» generates and accelerates » requires final beam
the bunch with initial » optimization/improvement parameters
beam parameters of the beam parameters

Figure1l ¢ Qualitative scheme of a hybrid las#tiven beam line. Differently frc
conventional accelerators, the particle source is based ondasma interaction. Tt
devices of the transport/manipulation line are those commonly used on ctoral
facilities, as well.
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2.1.Numerical codes for beam dynamics calculations

We usedhe numerical codes TRACH3Pand TSTER] 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 suitied 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 parameterdhat 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 ptessrthat

can be optimized with such a code.

However, TRACE3D cannot simulate realistic customized particle distributions, thus, in order to
simulate lasefaccelerated beams more accurately, a particle tracking code named TSTEP, has
been used additionall The initial bunch parameters that are typical of lagkxsma 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 lemerelerated electrons leads to sigo#nt
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 bewulded again for both the cases

of a proton and electron beam line, with TSTEP. By doing so, it is poss#seitdhebeam line

is optimized for the initial parameters of a lasealriven particle beamconsidering a realistic
scenario

The particle optis code TRACE3D has been replaced by a similar codeX A 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 algorithwich is better suited for treating complex
configurations of transport beam line.

The beam optics code TRACE3D

TRACE-B is a numerical code that calculates the envelopes of a bunched beam through a
transport system, i.e. a transport line, made of ekms defined by the user. It is possible to
simulate beam transport devices such as drift spaces, quadrupoles, dipoles etc.

The particle beantan be represented by adordinate vector asafofchoi & 1 dho

FYR AG A& LI&aairotsS G2 Lyl fie])drtrandv@se LINR2SOlGA2Y
véy-

(@ eo @ LIFYySe ¢KS @SO0G2NDa St SYSydaadoNieLINE a
transverse divergencesand weethe longitudinal dimension and the momentum spread of

the beam.

The most useful projection plang®r the purpose of our studieare the transverse phase planes

in which thebeam can be represented with the parametric function of an ellipseshown in Fig.

2 . The ellipsés characterized byhe Twiss parameters and emittance, as it follo@snsidering

the case of the beam projection on the transverse x plane pigem can be represented by the
matrix
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or in terms of the Twiss parameters matrix

To- | woe
" | 0w -
The area occupied by the beam (i.e. the area wheredheusdor &0 wgeoouples of all the
particles are) as shown in Fig. 2sthe geometric emittancée®w ¢ @ T ® - with

T r p and| — (see Appendix | for further details about the beam emittanddje

function - is the parametric repremtation of an ellipsewandaad NB GKS o6SFyYQa N
dimension and divergence respectively. The quantjtigs and/ define the geometric shape of

the beam in the transverse phaspace.

The elements of the matrix on the transverse pine are shown in Fig. 2 and it is that

() -1, B w I -andw Pf -Foro w (andforo @ )itis that

® | -X (@ande | -7 ), following S —

Fig. 2¢ Representation of the particle beam on the transverse pl
space (herethe-E Q LJ | yS A& O2-gpack scCupidif
the beam is can be represented by an ellipse. Extracted frorflRef

For calculating the beam parameters along the transport line, TRACE3D uses a transport matrix
formalism.Given a set of bem parameters at the position of the beam line, represented by
the 6 coordinates of thdbeamvector or the transverse plane matrixrRACE3D calculatide
transport to the positiori  with

w | Yt, i tY 8
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The matrix R represents the transport elements betweeandi . The different elements of the
beam line are representebly 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 antld geometric parameters of the beam allows the user to
obtain information about the evolution of the particle bunch along any kind of -deéined
transport line.

Theuser 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 namelist of TRACES3D the user needs to define the initial Twiss paranjetensl , the
emittance-, the energy of the beam, the longitudinal dimensiof 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 defocusingpdient 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.

Severaklementfitting and beammatching options are available: it is possible to optimize the
physical paameters 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
parametersFor instance, as also reported in Chapter 3 and 4, the beansdim&e matched for
obtaining a desired final value of the Twiss parameteasidl , i.e. for obtaining specific features
2F (KS 0SI YQ&sizeanddyeigenseNEnSuser £da ¢hoose which parameters of the
GNI yaLR2 NI fAySQa StSYSyda INB GFENAIofES FyR Ol
the spacing betwen 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 initiahahdéam with the
values of andf ; 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 thenba®e are reported. If

a matching algorithm has been activated by the user, these data will show the optimized value
F2NJ 6KS o6SIY ftAySQa StSySyidao
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Fig. 3¢ The output interface of TRACE3D. The initial and final beam parameters are shown in the itep @due and red phase

spaces for the transverse dimensions and green phase space for the longitudinal). The code also shows optimized \ealues for th
beam line elements (numerical values in the center). The beam line configuration is shown in the huttehere the beam
envelope, as a function of the distance from the source, is reported with the colored curves. The blue and red cureekendicat
transverse dimension of the particle beam, the lighte curve and the purple curve indicate thé&nction in x and y direction.

Particle tracking code TSTEP

TSTEP is a patrticle tracking code thrafats real particle distributions for simulating the
accelerated bunch.

Each patrticle, similarly to TRACE3D, is characterized by a set of coordinatescepediabtes

X, Y, and z, its dimensionless momentum components , I [ and T [ (being (W)

the velocity and the relativistic factorof the particles) its dimensionless energy [, and its
mass and charge. In additipwe know the particle phadg andz B its remaining phase step to

the end of the current masteclock step. Indeed, TSTEP discretizes the longitudinal dimension
of the simulation domain with a master clockvirag a user defined frequenc2. The phase of
each particle is calculated with reference to the phase of thestereclocklz , defining the
longitudinal position.

The patrticles, at each iteratiorf the beam dynamics calculatiaf TSTEP, are shifted by a phase
advances Bwith 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 stgpeading 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 fra distributed elements. Using the new longitudinadlocity
TSTEP finds the distaneé@that the drifting particle walld travel in the phase interval 5

At the beginning of each integration step, the code checks to see if it should applydEage
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 eX,NtAhat TSTEP
computes the motion of single pactes along the transport lind.heuser can define a particle
distribution and customize the phase space of the particle bunch at the beginning of the transport
line. The beanenvelope is not calculated idealyith 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. Trasdead
more accurate results, compared to what is obtainable with oteeam optics codes.

Moreover, the code allows retrieving the information concerning each partrcterms of spatial
position, divergence of the trajectory, energy and longitudinal phasany gven position of the
beam line. Tie particle bunch is repsentedwith atable, where each line refers to one particle

of the simulation, indicating all the parameters mentioned befdriee output data of TSTEP are
shown in Fig. 4.

In principle, itis as if TSTEP performed one TRACE3D simulation for each qiatielbeam.

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 chgasie 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 #fi®ulation 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 agéhoc routine. The latter option is a particularly powerful tool, especially

when there ighe need of simulating complex and ngtandard 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 clge, 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 nosidealities of the beamAlly SQa St SyYSydaod C2N SEI YL
O2YLIzGS KAIKSNI 2NRSNJ I LILIINREAYIFGA2y&a F2NJ GKS (
fringe fields in account. Moreover, differently from TRACE3D, with TSTEP it is possible to import

field profiles (déectric and magnetic) from electromagnetic solvers (e.g. SUPERFISH, see

LI NI NI LK HPHUE gKAOK |fft2ga +y S@Sy Y2NB | OO
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allowing a statistical analysis of the particle beam distribution.

Fig. 4¢ TSTEP output data, as represented with MATLAB. The top plot shows the transverse phase
particle beam, calculated with TSTEP for both@ &y(R L&t | ySa o60f dzS | yR N
below show the parameteis each particle simulated by the particle tracking code.

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 buretimgra
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 erteobtain approximately optimized values for
GKS o60SIY ftAYyS RSOAOSEAQ LI NFXYSGISNERO®
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