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Science, my boy, is made up of mistakes,
but they are mistakes which it is useful to make,

because they lead little by little to the truth - Jules Verne

La science, mon garcon, est faite d’erreurs,
mats d’erreurs qu’il est bon de commettre,

car elles ménent peu & peu a la vérité - Jules Verne






Résumé :

Le premier tube & ondes progressives (TWT, Traveling Wave Tube) a été congu en 1947. Le
concept du TWT consiste & utiliser un faisceau d’électrons incident pour amplifier I’amplitude
d’un champ électromagnétique d’entrée par couplage entre le faisceau et un courant se propageant
dans une hélice. L’intérét croissant pour ce systéme trouve son origine dans le domaine des
dispositifs micro-ondes & haute puissance et haute fréquence, tels que les gyrotrons, les tubes a
ondes progressives relativistes ou les lasers & électrons libres.

Les applications du TWT incluent les systémes de communication par satellite, les contre-
mesures électroniques ou les systémes radar, grice & une large bande passante instantanée, un
gain élevé et un faible poids.

D’autre part, I'accélération d’ions par laser est actuellement I'un des domaines de recherche
les plus dynamiques en raison de sa compacité et de ses nombreuses applications, telles que
le chauffage isochore, la production d’isotopes ou de neutrons, la radiographie plasma et la
fusion nucléaire dans un schéma d’allumage rapide. Parmi tous les mécanismes d’accélération
d’ions par laser, le Target Normal Sheath Acceleration (TNSA) fait partie des plus robustes, et
repose sur l'interaction d’un faisceau laser de haute intensité avec une cible solide d’épaisseur
micrométrique. La pré-impulsion du laser crée un plasma sur la cible, et I'impulsion principale
accélére les électrons qui, lorsqu’ils sortent de la cible, générent une séparation de charges et un
champ électrique statique de plusieurs TV /m. Ce champ accélére les protons, présents a la surface
de la cible sous forme d’impuretés hydrogénées, a des énergies allant de quelques MeV a plusieurs
dizaines de MeV. Cependant, la divergence angulaire de I'accélération par TNSA qui reste encore
trop élevée (£20°), et la distribution énergétique des protons qui décroit exponentiellement avec
I’énergie, limitent les possibilités d’applications.

Dans ce contexte, 'idée d’implémenter un dispositif (cible hélicoidale) couplé au TNSA a
été proposée pour post-accélérer et focaliser le faisceau de protons. Ce concept consiste & faire
propager un courant de décharge, créé lors de l'interaction laser-plasma, dans une hélice. La
physique de la propagation du courant dans cette hélice est analogue & celle des systémes de
transmission couplés (comme les TWT). Cependant, compte tenu de 1’étendue spectrale de ce
courant (impulsion large bande fréquentielle de l'ordre de 10 ps de durée d’impulsion), la dis-
persion du courant le long de I'hélice est plus importante que dans le cas d'un TWT, ce qui ne
permet pas 'obtention d’une post-accélération et d’une focalisation efficace sur toute la longueur
de I’hélice, limitant ainsi son champ d’application.

C’est dans ce contexte que ce manuscrit prend place, présentant dans une premiére partie
le modéle analytique développé durant cette thése ayant pour but de comprendre la physique
et d’optimiser les géométries des cibles hélicoidales. Ensuite, dans une deuxiéme partie, une
expérience sur le laser ALLS, montrant 'impact des cibles hélicoidales sur les spectres de protons
et d’ions carbones, est présentée. Laissant place dans une troisiéme partie & une étude numérique
de 'application des cibles hélicoidales sur des ions a pour la production de radio-isotopes du

scandium pour la médecine.



Mots-clés : Cible hélicoidale, TNSA, Traveling Wave Tube, accélération de protons, accélé-

ration d’ions lourds.

Abstract :

The first Travelling Wave Tube (TWT) was conceived in 1947. The concept of TWT involves
utilizing an incident electron beam to amplify the amplitude of an input electromagnetic field
through coupling between the beam and a current propagating in a helix. The growing interest
of this system takes source with the domain of high power and high frequency microwave devices
such as the gyrotrons, the relativistic travelling wave tubes or the free-electron lasers. Applica-
tions of TWT include satellite communication systems, and electronic countermeasures or radar
systems permitted by a wide instantaneous bandwidth, high gain and light weight.

On the other hand, laser-driven ion acceleration is currently one of the most dynamic research
domains due to its conpactness and numerous applications such as isochoric heating, isotope or
neutron production, plasma radiography, and nuclear fusion in a fast ignition scheme. Among
all laser ion acceleration mechanisms, Target Normal Sheath Acceleration (TNSA) is one of
the most robust. It relies on the interaction of a high-intensity laser pulse with a solid target
of micrometric thickness. The laser’s pre-pulse creates a plasma on the target surface, and
the main pulse accelerates electrons that propagate through the target. When these electrons
exit the target, they generate a charge separation and a static electric field of several TV /m.
This field accelerates protons—present on the target surface as hydrogenated impurities—to
energies ranging from a few MeV to several tens of MeV. However, the angular divergence of
TNSA acceleration, which remains relatively high (around £20°), and the exponential energy
distribution of the protons with energy, limit its potential for applications.

In this context, the idea of implementing a device coupled with TNSA has been proposed
to post-accelerate and focus the proton beam. This concept, known as the helical coil, consists
of guiding a discharge current, generated during the laser-plasma interaction, along a helical
coil. The physics of current propagation in this coil is analogous to that of coupled transmission
systems, such as traveling-wave tubes (TWTs). However, due to the broadband nature of the
current pulse (with a spectral width corresponding to a duration of approximately 10 ps), dis-
persion along the coil becomes significant, which prevents efficient post-acceleration and focusing
over the entire length of the helix, thereby limiting the range of potential applications.

It is within this framework that the present manuscript is situated. The first part presents the
analytical model developed during this thesis, aimed to understand the underlying physics and
optimizing the geometry of the helical targets. The second part describes an experiment carried
out on the ALLS laser facility, highlighting the impact of the helical targets on the spectra of
protons and carbon ions. Finally, the third part is devoted to a numerical study of the application
of helical targets to a-particles for the production of scandium radioisotopes intended for medical

use.
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1.1 Accélération de particules

Les accélérateurs de particules sont des instruments expérimentaux qui permettent d’accélérer
des particules chargées, telles que les électrons, les protons et les ions, & des vitesses proches de
celle de la lumiére. Le principe de base des accélérateurs de particules repose sur 'utilisation
de champs électriques pour accélérer des particules chargées, et de champs magnétiques pour
les confiner et les orienter dans la direction souhaitée. Des découvertes majeures ont ainsi été
réalisées et des applications, notamment en médecine, ont vu le jour, comme le traitement du
cancer par exemple ot ils sont utilisés pour délivrer des rayonnements a haute énergie avec
précision sur des tumeurs, une technique connue sous le nom de radiothérapie. Les accélérateurs
servent également & la production de radio-isotopes médicaux pour I'imagerie et le diagnostic,

tels que le fluor-18 utilisé dans les tomographies par émission de positons (PET scans).

1 030
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FIGURE 1.1 — L’évolution des intensités laser depuis leur invention en 1960. Cette figure est
extraite et adaptée de G. A. Mourou, T. Tajima & S. V. Bulanov, "Optics in the relativistic
regime" |1

D’autre part, les lasers & haute intensité comptent parmi les dispostifs expérimentaux les plus
puissants utilisés en physique moderne. Ces lasers peuvent délivrer des niveaux de puissance ex-
trémement élevés sur de trés petites surfaces, permettant d’explorer les processus fondamentaux

de la matiére et de faciliter une large gamme d’applications, notamment, 1’accélération de par-

31



ticules par laser, comme l’accélération d’électrons par onde de sillage, rendue possible grace a
I'utilisation d’impulsions laser ultra-courtes capables de générer dans le plasma un champ d’ac-
célération extrémement intense (Laser Wakefield Acceleration, LWFA). Cet objectif est rendu
possible grace a l'amplification par dérive de fréquence [13|(Chirped Pulse Amplification, CPA,
cf. Fig. , une technique qui a valu a ses inventeurs, G. Mourou et D. Strickland, le prix Nobel
de physique en 2018.

Un laser & haute intensité produit un faisceau de lumiére avec une densité de puissance
suffisamment grande pour provoquer des effets significatifs sur la matiére tels que I’ablation ou
de l'ionisation de celle-ci. Les principaux paramétres qui déterminent l'intensité d’un laser sont
son énergie E, sa durée d’impulsion 7 et la surface sur laquelle il est focalisé (tache focale).

La puissance d’un laser peut étre exprimée par P = %, ol P est la puissance de I'impulsion.
Dans les lasers a haute intensité, ’objectif est de concentrer 1’énergie sur un temps trés court
et sur une zone trés réduite pour atteindre une intensité extrémement élevée, pouvant dépasser
10 W/ cm? et permettant ainsi certains mécanismes d’accélération de particules par laser tels
que le LWFA pour les électrons ou le Target Normal Sheath Acceleration (TNSA) pour les ions.

Les lasers a haute intensité utilisent des systémes & impulsions courtes, ot ’énergie est dé-
livrée sur des temps extrémement courts (allant de la dizaine de femtosecondes & plusieurs na-
nosecondes). Cela permet d’obtenir une puissance de créte élevée (supérieur au TW), essentielle

pour déclencher des effets non linéaires dans la matiére, tels que I'ionisation (voir Sec. [3.2)).

1.2 Accélération par intéraction laser-plasma

L’une des applications les plus prometteuses des lasers & haute intensité est ’accélération
laser-plasma. L’interaction du laser avec le plasma crée des champs électriques intenses capables
d’accélérer les particules & des vitesses relativistes sur de trés courtes distances.

L’acceleration laser-plasma ouvre la possibilité & des dispositifs compacts et moins couteux,
qui pourraient étre complémentaires des accélérateurs de particules traditionnels dans de nom-
breuses applications, comme les traitements médicaux.

Plusieurs mécanismes d’accélération par laser sont cependant & distinguer. Nous nous focali-

sons ici sur les mécanismes d’accélération d’ions par laser.

1.2.1 Radiation Pressure Acceleration (RPA)

La Radiation Pressure Acceleration (RPA) [14}/15] repose sur le transfert direct de la quantité
de mouvement du laser vers une cible mince. La pression du laser pousse la cible dans son
ensemble, accélérant les électrons qui par séparation de charge accélérent les ions de maniére
quasi-monoénergétique. Ce mécanisme promet des rendements extrémement élevés (plusieurs
dixaines de pourcents) et des dispersions d’énergie étroites (£10 MeV) [16], & condition que

I'impulsion laser ait un contraste temporel élevé et que la cible reste intacte pendant I'interaction.
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1.2.2 Collisionless Shock Acceleration (CSA)

La Collisionless Shock Acceleration (CSA) |17] est un mécanisme ou les ions sont accélérés a
I’avant d’un choc électrostatique sans collision, typiquement dans un plasma surdense. Le choc
électrostatique est généralement généré par un piston induit par la RPA se propageant dans le
plasma surdense. L’onde de choc réfléchit des ions en amont, les accélérant ainsi a des vitesses
égales a deux fois celle du choc. Ce processus repose fortement sur un profil de densité bien
controlé avec des gradients importants et un contraste laser élevé pour assurer une formation

stable du choc et une réflexion efficace.

1.2.3 Problémes du CSA et du RPA

Malgré leurs caractéristiques attrayantes, le CSA et le RPA souffrent de limitations pratiques.
Le CSA nécessite une adaptation précise du gradient de densité et est sensible aux effets de
pré-impulsions qui peuvent détruire le profil souhaité. Le RPA est extrémement sensible au
contraste laser et a la qualité de la surface de la cible; toute expansion précoce du plasma ou
déformation de la cible peut dégrader significativement la qualité du faisceau d’ions. De plus,
ces deux mécanismes fonctionnent généralement dans des conditions expérimentales exigeantes
(controle du grandient de densité, du contrast laser, etc), ce qui limite la possibilité de développer
des systémes & fréquence de répétition élevée.

Etant donné ces contraintes, le Target Normal Sheath Acceleration (TNSA) offre une alter-

native plus robuste et facile & mettre en place.

1.2.4 Target Normal Sheath Acceleration

Le TNSA est I'un des mécanismes les plus étudiés pour 'accélération d’ions par laser. Ce
phénomene se produit lorsqu’un laser de haute intensité (10'® W/cm? a plus de 1022 W/cm?)
interagit avec une cible solide. Lors de l'interaction laser-solide, le champ électrique du laser
ionise la surface de la cible, créant un nuage dense d’électrons dans une région appelée « gaine

» (représentée en bleu en Fig. [1.2)). Le processus se déroule comme suit :

e Interaction laser-plasma : Lorsque la pré-impulsion du laser interagit avec la surface
de la cible, elle crée un plasma dense. L’impulsion principale accélére les électrons dans la
cible et vers la face arriére, générant un nuage d’électrons chauds, tandis que les ions plus
lourds sont peu affectés.

e Formation de la gaine : La sortie des électrons énergétiques de la cible entraine une
séparation de charge entre les électrons et les ions, conduisant & la formation d’un champ
électrique intense au niveau de la surface de la cible.

e Accélération des ions : Les champs électriques créés par la gaine accélérent les ions dans
la direction normale a la cible. Les électrons ayant suffisamment d’énergie (de 1'ordre du

MeV) peuvent s’échapper du champ électrique.

Récemment, plusieurs travaux ont mis en évidence la capacité des installations laser de haute

énergie & produire des faisceaux d’ions de haute qualité. Par exemple, sur les laser PETAL et
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FIGURE 1.2 — Schéma du processus d’accélération par champ de gaine normale a la cible (TNSA).
Reproduit de Roth, M., Schollmeier, M. (2013). "Ion acceleration : TNSA. In Laser-Plasma
Interactions and Applications"

LFEX, des impulsions de plusieurs centaines de femstoseconde jusqu’a plusieurs picosecondes
et de plusieurs centaines de joules jusqu’au kilojoule permettent d’obtenir jusqu’a 10'3 protons
avec une énergie de coupure comprise entre 30 et 50 MeV ,. A Tinverse, les installations
femtosecondes & basse énergie (quelques joules) produisent typiquement 10! protons avec des
énergies de coupure de 6 & 7 MeV, mais & des cadences beaucoup plus élevées de l'ordre de
0.5 Hz sur ALLS par exemple. Ainsi, les lasers & haute énergie présentent un fort rendement
énergétique mais une faible répétition (quelques tirs par jour), tandis que les systémes a haute
cadence offrent une productivité supérieure pour des applications nécessitant une source stable
et répétitive.

L’objectif & long terme de ces recherches est de rendre les sources d’ions laser compétitives
avec les accélérateurs conventionnels, notamment pour des applications médicales (thérapie par
protons, production de radio-isotopes) grace a leur compacité, leur cotit réduit et leur flexibilité

d’utilisation.

1.3 Cible hélicoidale

Les cibles hélicoidales ont suscité un intérét croissant dans le domaine de ’accélération d’ions
par laser, en particulier pour la post-accélération et la focalisation des protons. Pour surmonter
les limitations du TNSA (énergie de coupure trop faible, grande dispersion angulaire, nombre de
protons diminuant exponentiellement avec leur énergie cinétique), il a été proposé de propager les

ions a travers une bobine hélicoidale (HC) connectée électriquement a la cible, comme suggéré par
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FIGURE 1.3 — Schéma de (a) une cible avec bobine hélicoidale et (b) les champs électriques
générés par la propagation du courant de décharge a I'intérieur de la bobine. Reproduit de S. Kar,
H. Ahmed, R. Prasad, et al., « Guided post-acceleration of laser-driven ions by a miniature
modular structure », Nature Communications, vol. 7, no. 1, pp. 1-7, 2016.

S. Kar et al . En effet, comme expliqué dans la section lors de l'interaction laser-plasma,
les électrons échappés de la gaine vont créer un défaut de charge dans la cible solide, qui se charge
alors positivement, et qui, en se neutralisant, va engendrer un courant de décharge ,, qui
se propage & travers la bobine, générant un champ électromagnétique capable de post-accélérer

et de focaliser le faisceau de protons issu de la TNSA.

1.4 Objectifs de la Recherche et Structure du Manuscrit

Les objectifs de cette thése sont la modélisation et ’optimisation des cibles hélicoidales, avec
le développement d’un modéle théorique analytique pour les cibles hélicoidales et I'optimisation
de leur géométrie pour obtenir des spectres de protons adaptés a des applications choisies. Dans
un second temps, une validation expérimentale a été réalisée avec le laser ALLS (INRS-EMT,
Varennes, Canada). Aprés la validation, nous avons exploré des régimes de puissance laser plus
élevés pour étendre ’applicabilité des cibles hélicoidales aux lasers plus puissants, comme LFEX
(Institute of Laser Engineering, Osaka University, Japon), afin d’étudier 'accélération des ions
dans les régimes TW (ALLS) et PW (LFEX). La derniére étape a été I'application des cibles
hélicoidales & la production de radioisotopes, le chauffage protonique isochore ou encore la pro-
duction de neutrons. Durant cette thése, un modéle analytique, des simulations Particle-in-Cell
(PIC) et des expériences ont été réalisés pour fournir une étude compléte et robuste.

La thése est structurée en six chapitres comme suit :

Chapitre 3 : Contexte théorique général

Ce chapitre présente les mécanismes entrant en jeu lors de l'interaction laser-solide, responsable
de l'ionisation de la matiére. Ensuite, je décris les champs responsables de l'accélération par
TNSA ainsi que la charge d’électrons échappés, principale source du courant de décharge récu-

péré par la cible hélicoidale. Pour finir, je présente I’analogie des cibles hélicoidales avec les tubes
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a ondes progressives.

Chapitre 4 : Modélisation Théorique de la Propagation d’'un Courant dans une Cible Hélicoidale
et avec I’écrantage d’un tube

Ce chapitre détaille le développement d’un modéle théorique analytique pour les cibles héli-
coidales. Le modéle décrit la propagation d’un courant pulsé dans la cible hélicoidale, en se
concentrant sur la génération de champs électriques et l'accélération des ions qui en résulte. Il
inclut également I'optimisation, via la variation de la géométrie des cibles hélicoidales, pour ob-

tenir des spectres de protons spécifiques adaptés a différentes applications.

Chapitre 5 : Etude Expérimentale de 'Impact de la Cible Hélicoidale sur les Protons et Carbones
Accélérés par Laser

Ce chapitre se concentre sur la validation expérimentale des modéles théoriques et des simulations
numériques. Une expérience a été réalisée avec des cibles hélicoidales optimisées pour tester leurs
performances dans le régime laser de 150 TW avec le laser ALLS. Les résultats significatifs sur

les spectres de protons et de carbones, sont présentés et comparés a des simulations numériques.

Chapitre 6 : Production Améliorée de Radioisotopes en Utilisant une Cible Hélicoidale avec
Tube

Ce chapitre étudie I'application possible des cibles hélicoidales pour la production de radio-
isotopes médicaux, en se concentrant sur la sélection en énergie, grace aux cibles hélicoidales,

des particules alpha générées par les réactions de fusion proton-bore.

Chapitre 7 : Autres applications intéressantes

Ce chapitre présente deux travaux en cours sur I'application des cibles hélicoidales pour le chauf-
fage protonique isochore et la production de neutrons. La démarche pour la production de neu-
trons est similaire & celle décrite au chapitre 6, ot ’on cherche & sélectionner les protons en
énergie afin d’augmenter la production de neutrons. Concernant le chauffage isochore, nous vi-

sons & modeler le spectre des protons afin d’optimiser le dépoét d’énergie dans la cible.

Chapitre 8 : Conclusions et Perspectives

Le dernier chapitre résume les résultats clés de la thése, mettant en évidence les avantages des
cibles hélicoidales pour 'accélération des particules par laser dans différents régimes d’intensité
laser. Le chapitre se termine par les applications possibles, y compris le chauffage isochorique

des protons et la production de neutrons ou de radio-isotopes, et présente les perspectives pour
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les travaux futurs.

Dans ce manuscrit, toutes les simulations présentées, a ’exception des simulations Monte-
Carlo (Sec. |§| et , et tous les développements analytiques, hors état de 'art (Sec. , ont été
réalisés par mes soins. De plus, mon implication expérimentale se situait au niveau du dimension-
nement de 'expérience, du montage de cibles, de la participation au montage expérimental, de
la réalisation des tirs et du traitement de données de la parabole de Thomson. L’idée d’étendre
I’étude aux ions plus lourds comme les « et les ions carbones étaient aussi de mon fait. Bien
entendu, la recherche est une discpline collaborative, et la contribution expérimentale d’Elias
Catrix, de Simon Valliére, de Sylvain Fourmaux et de Didier Raffestin a été importante pour le
bon déroulement de ces travaux. Tout comme I'implication de Vladimir Tikhonchuk sur le plan
analytique et de Thomas Carriére et Ronan Leliévre pour les simulations Monté-Carlo. Enfin,
la supervision éclairée d’Emmanuel d’Humiéres, de Patrizio Antici et de Matthieu Bardon sur

chacune de ces étapes a été indispensable.
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2.1 Particle acceleration

Particle accelerators are experimental instruments that accelerate charged particles, such
as electrons, protons, and ions, to speeds approaching the light velocity. The basic principle
of particle accelerators relies on the use of electric fields to accelerate charged particles and
magnetic fields to confine and direct them as desired. Major discoveries have been made, and
applications, particularly in medicine, have emerged, such as cancer treatment, where they are
used to precisely deliver high-energy radiation to tumors, a technique known as radiotherapy.
Accelerators are also used to produce medical radioisotopes for imaging and diagnostics, such as
fluorine-18, used in positron emission tomography (PET scans).

On another hand, high-intensity lasers are one of the most powerful tools used in modern
physics. These lasers are able to deliver extremely high power to very small areas, allowing
researchers to explore fundamental processes in matter and enabling a wide range of applications,
such as laser-driven particle acceleration such as electron acceleration by wakefield, made possible
through the use of ultra-short laser pulses which are able to produce extremely intense accelerator
fields in the plasma (Laser Wakefield Acceleration, LWFA). This goal is permitted thanks to
Chirped Pulse Amplification [13] (CPA), which saw its inventors, G. Mouroux and D. Strickland
be awarded the Nobel Prize in physics in 2018.

A high-intensity laser is one that produces a beam of light with a power density large enough
to cause significant effects on matter such as ablation or ionisation. The key factors in deter-
mining the intensity of a laser are its energy E, pulse duration 7, and the area over which it is
focused (focal spot).

The power of a laser can be expressed as P = g where P is the power of the pulse. For
high-intensity lasers, the goal is typically to compress the energy in time and to focus it into a
very small spot, creating extremely high intensity, which can reach intensities of 10'® W /cm?
or more, which permit some laser-driven particle acceleration mechanisms such as LWFA for
electrons or Target Normal Sheath Acceleration (TNSA) for ions.

High-intensity lasers use pulsed laser systems, where the energy is delivered in extremely
short pulses (tenth of femtoseconds to nanosecond scale). When these pulses are focused, it
results in a high peak intensity (above TW), which is critical for triggering nonlinear effects in

matter. These effects can include phenomena such as ionization (see Sec. |3.2]).

2.2 Laser-Plasma Acceleration

One of the most promising applications of high-intensity lasers is laser-plasma acceleration, a
technique that uses high-power laser pulses to accelerate charged particles to very high energies.
The laser pulse interacts with the plasma, creating strong electric fields that can accelerate
particles to relativistic speeds in a very short distance.

Laser-plasma acceleration offers the potential for more compact and less expensive, which
could complement traditional particle accelerators for many applications, such as medical treat-

ments and radiation sources.

40



1 030

—_—

=
[
n

Relativistic Optics

Actual trend
(~5%10??2 W/cm? today)

Bound electrons

Focused Intensity (W / cm’)
=

M

CPA

<«——mode locking

o [<— Q-switching

1960 1970 1980 1990 2000 2010 2020 2030

Figure 2.1 — The growing of laser intensities since its invention in 1960. This figure is extracted
and adapted from G. A. Mourou, T. Tajima S. V. Bulanov, "Optics in the relativistic regime"

In this PhD work we focused mainly on laser ion acceleration.

2.2.1 Radiation Pressure Acceleration (RPA)

Radiation Pressure Acceleration (RPA) relies on the direct transfer of laser momentum
to a thin target. The laser pressure pushes the front of the target, accelerating first electrons, and
then due to the charge separation, ions in a nearly monochromatic manner. This mechanism
promises extremely high yields (effectivness of severeal tenth of percents) and narrow energy
spreads(+10 MeV) , provided that the laser pulse has high temporal contrast and the target

remains intact during the interaction.

2.2.2 Collisionless Shock Acceleration (CSA)

Collisionless Shock Acceleration (CSA) is a mechanism where ions are accelerated at
the front of an electrostatic shock without collision, typically in an overdense plasma. The
electrostatic shock is typically driven by an RPA piston that propagates through the overdense
plasma. The shock wave reflects ions upstream, accelerating them to speeds equal to twice the

shock velocity. This process heavily relies on a well-controlled plasma profile with significant
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gradients and high laser contrast to ensure stable shock formation and efficient ion reflection.

2.2.3 Issues of CSA and RPA

Despite their attractive features, CSA and RPA suffer from practical limitations. CSA re-
quires precise adaptation of the density gradient and is sensitive to pre-pulse effects that can
destroy the desired profile. RPA is highly sensitive to laser contrast and target surface quality;
any early plasma expansion or target deformation can significantly degrade the beam quality.
Furthermore, both mechanisms typically operate under demanding experimental conditions (gra-
dient density control, laser contrast, etc) that are difficult to maintain in realistic environments
or high-repetition-rate systems.

Given these constraints, Target Normal Sheath Acceleration (TNSA) offers a more

robust and easier-to-implement alternative.

2.2.4 Target Normal Sheath Acceleration

Target Normal Sheath Acceleration (TNSA) is one of the most widely studied mechanisms

of laser ion acceleration.
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Figure 2.2 — Scheme of Target Normal Sheath Acceleration (TNSA) process. Reproduced from
Roth, M., Schollmeier, M. (2013). "Ion acceleration: TNSA. In Laser-Plasma Interactions and
Applications" [2]

This phenomenon occurs when a high-intensity (10'® W/cm? to above 10?2 W /cm?), short-
pulse (picosecond) laser interacts with a solid target. Upon laser irradiation, the laser’s electric
field ionizes the target surface, creating a dense cloud of electrons and ions in a region known as

the "sheath" (represented in bleu in Fig. . The key processes involved in TNSA are:
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e Laser-Plasma Interaction: When the pre-pulse of the laser interacts with the surface of
the target, it creates a dense plasma. The main pulse of the laser accelerates the electrons
at the target’s surface, creating a hot electron cloud, while the heavier ions remain mostly

unaffected.

e Sheath Formation: The rapid acceleration of the electrons creates a charge separation
between the electrons and the ions, leading to the formation of an intense electric field at

the rear surface.

e Acceleration of Ions: The electric fields created by the sheath can accelerate ions in
the target’s normal direction (perpendicular to the surface), leading to high-energy ion
acceleration. The ions are typically accelerated to energies of up to several MeV, depending
on the laser intensity, the target material, and the experimental setup. The electrons with

enough energy (above 1 MeV) can escape from the electric field.

Recent studies have highlighted the capability of high-energy laser facilities to generate high-
quality ion beams. For instance, using multi-hundreds of femtosecond to multi-picoseconds,
kilojoule-class lasers such as PETAL or LFEX, up to 10" protons have been achieved with
cutoff energies of 30-50 MeV [18,[19]. In contrast, femtosecond-scale systems delivering only a
few joules typically produce 10! protons with cutoff energies of 6-7 MeV but at a much higher
repetition rate (up to 0.5 Hz on ALLS) [20]. High-energy lasers thus offer strong single-shot
performance but low repetition rates (a few shots per day), whereas high-repetition systems
enable greater stability and reproducibility.

Finally, the goal of this research field is to make laser-driven ion sources competitive with
conventional accelerators, particularly for medical applications, by offering a more compact,

cost-effective, and versatile alternative.

2.3 Helical coil

Helical targets have gained significant attention in the field of laser-driven particle accelera-
tion, particularly for proton post-acceleration and focalization. To overcome the TNSA limita-
tions (too low cutoff energy, high angular dispersion, number of protons exponentially decreasing
with their kinetic energy) it was suggested to propagate the ions through a helical coil (HC) elec-
trically connected to the target by S. Kar et al |3|. Indeed, as explained in Sec. during the
laser-plasma interaction, escaping electrons will create a charge default in the solid target, which
then becomes positively charged and, as it neutralizes, it drives a discharge current pulse [4,21}22]
that propagates through the helix, generating an electromagnetic field that post-accelerates and

focuses the TNSA proton beam.

2.4 Research objectives and manuscript structure

The objectives of this thesis are the modeling and optimization of helical targets, the de-

velopment of an analytical theoretical model for helical targets and the optimization of their

43



Figure 2.3 — Scheme of (a) a helical coil target and (b) the electric fields generated by the
propagation of the discharge current inside the helix. Reproduced from S. Kar, H. Ahmed, R.
Prasad, et al., « Guided post-acceleration of laser-driven ions by a miniature modular structure

» 13

geometry to achieve desired proton spectra tailored to specific applications. In a second step,
an experimental validation was obtained with the ALLS laser (INRS-EMT, Varennes, Canada).
After the validation, we explored higher laser power regimes to extend the applicability of helical
targets to more powerful lasers, such as LFEX (Institute of Laser Engineering, Osaka University,
Japan), to study ion acceleration in both TW (ALLS) and PW (LFEX) regimes. The final step,
has been the investigation of the potential of helical targets for energy bunching for several appli-
cations such as radioisotope and neutron production or isochoric heating. This PhD develops an
analytical model, Particle-in-Cell (PIC) simulations and lead experiments to provide a complete
and robust study.
The thesis is structured into six chapters as follows:

Chapter 3: General theoretical context

This chapter presents the mechanism that come into play during the laser-solid interaction, re-
sponsible for the ionization of matter. Next, I describe the fields responsible for the acceleration
by TNSA as well as the charge of escaped electrons, being the principal source of the discharge
current recovered by the helical target. Finally, I present an analogy between helical targets and

traveling wave tubes.

Chapter 4: Theoretical model of current propagation in a helical coil with varying geometry and
screen tube

This chapter details the development of an analytical theoretical model for helical targets. The
model describes the propagation of a pulsed current in the helical target, focusing on the gen-
eration of electric fields and the resulting acceleration of ions. It also includes optimization,
via variation of helical target geometry, to obtain specific proton spectra suitable for different

applications.
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Chapter 5: Experimental Investigation of the Impact of Helical Coil on Laser-driven Protons
and lons

This chapter focuses on the experimental validation of the theoretical and numerical simulation
models. Using the ALLS laser facility at INRS-EMT in Varennes, Canada, experiments were
conducted with optimized helical targets to test their performance in the 150 TW laser regime.
Significant results from these experiments, including proton and carbon spectra, are presented

and compared to numerical simulations.

Chapter 6: Enhanced Radioisotope Production Using Helical Coil Target with Tube

Building on the results obtained in Chapter 3, this chapter investigates the potential applications
of helical targets for medical radioisotope production. Specifically, the chapter focuses on energy
bunching, thanks to the helical coil, of alpha particles generated through proton-boron fusion
reactions. By selecting particles with specific energies, it becomes possible to optimize the reac-
tion cross-section for producing desired radioisotopes, demonstrating a promising application of

helical targets in nuclear medicine.

Chapitre 7 : Other Interesting applications

This chapter presents two ongoing studies on the application of helical targets for isochoric pro-
ton heating and neutron production. The approach for neutron production is similar to that
described in Chapter 6, where the goal is to select the proton energy in order to enhance neutron
yield. For isochoric heating, our objective is to shape the proton spectrum to optimize energy

deposition in the target.

Chapter 8: Conclusions and Perspectives

The final chapter summarizes the key findings of the thesis, highlighting the advantages of he-
lical targets for laser-driven particle acceleration across different regimes of laser intensity. The
chapter concludes with potential applications, including proton isochoric heating and neutron or

radioisotope production.

In this manuscript, all simulations presented, except for the Monte Carlo simulations (Sec.
|§| and m), as well as all analytical developments, excluding the state-of-the-art review (Sec. ,
were carried out by myself. In addition, my experimental involvement included the design of the
experiment, target preparation, participation in the experimental setup, execution of laser shots,

and data analysis from the Thomson parabola spectrometer. The idea of extending the study
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to heavier ions, such as « particles and carbon ions, also originated from my own initiative. Of
course, research is a collaborative work, and the experimental contributions of Elias Catrix, Simon
Valliéres, Sylvain Fourmaux, and Didier Raffestin were essential to the successful completion
of this work. Likewise, the investment of Vladimir Tikhonchuk for the analytical work and
the Monte Carlo simulations performed by Thomas Carriére and Ronan Leliévre were of great
importance. Finally, the insightful supervision of Emmanuel d’Humiéres, Patrizio Antici, and

Matthieu Bardon at every stage of this project was indispensable.
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3.1 Introduction

To gain a clear, step-by-step understanding of the ion acceleration process, it is necessary to
introduce some theoretical background. The Target Normal Sheath Acceleration (TNSA) mech-
anism involves several distinct physical phenomena. First, a high-intensity laser pulse is typically
composed of a low-intensity pre-pulse, followed by the main pulse. For sufficiently intense laser
systems, the pre-pulse carries enough energy to ionise the solid target upon interaction. This
is why, in Section [3.2] we present the Keldysh ionisation model, which explains how the laser
interacts with the solid target to produce a plasma.

Secondly, the main laser pulse accelerates electrons, which in turn generate strong electro-
static fields capable of accelerating protons. The associated fields and the various processes
involved are described in Section 3.3

Finally, in Section we introduce the concept of Travelling Wave Tubes (TWT), due to
their analogy with our helical coil targets. The underlying physics governing both systems is
remarkably similar, and this comparison provides useful insights for the interpretation of our

results.

3.2 Keldysh Ionization Model

In this chapter, we present the basic equations of the Keldysh model for the target ionization
in the presence of a strong laser field [23]. The model, developed by the Soviet physicist Igor
Keldysh in 1965, is widely used to describe the ionization of atoms or molecules by strong
electromagnetic fields.

The ionization process in the presence of an intense laser field can be categorized into two
distinct regimes: the multiphoton ionization regime and the tunnel ionization regime. The
transition between these two regimes is determined by the so-called Keldysh parameter v, which
is a dimensionless quantity that depends on the laser field strength, the atomic binding energy,

and the photon energy.

3.2.1 Phenomenology of the two ionization processes

In the TNSA experiments, the laser is focused onto a target that is initially in a solid state.
Upon irradiation, the intense laser field ionizes the atoms composing the target, leading to the
formation of a plasma. Two primary ionization mechanisms can occur simultaneously.

The first is the multiphoton ionization |24], in which a bound electron absorbs multiple
photons simultaneously, gaining enough energy to escape from the atomic potential. This process
operates at low laser intensities.

The second mechanism is the tunnel ionization [25], where the electric field of the laser is
sufficiently strong to distort the Coulomb potential seen by the atomic electrons. As a result,
the potential barrier becomes narrow enough for the electron to quantum-mechanically tunnel

through it. When the laser field becomes so intense that the barrier is completely suppressed
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below the binding energy of the electron, the process transitions into what is known as the
Over-the-Barrier Ionization (OBI) [26].

a) Field Free D) Multiphoton ¢) Intermediate d) Tunnel e}-Uver-Fhe—.
lonization lonization barrier lonization
) ' " 11‘JI
- {j
7>1 7 =1 v <1 v 1

Figure 3.1 — Overview of different process of ionization explained thanks to Keldysh’s theory

These ionization processes are schematically illustrated in Fig. 3.1l Other ionization mech-
anisms exist, such as the Above-threshold-ionization (ATI) or the double ionization [27] which
correspond to an intermediate ionization mechanism between multiphoton ionization and tunnel

ionization, but we will not discuss it in this theoretical introduction.

3.2.2 Computation of Ionization Rate

To be separated from the atom, the electrons must acquire in the laser field an energy E;,,

the energy of ionization. In the tunnel ionization case, it is given by:

1
Eion = eElaserltunnel = ime<ve>2, (1113)

where Ejaser is the electric field of the laser, liynnel the characteristic length (as the order of the
Bohr radius) that the electron must cross by tunneling through the potential barrier modified by
the laser field, and m, and (v.) are respectively the electron mass and electron average velocity.

The tunnel frequency, which is the characteristic frequency associated with the tunnel ion-

ization process, is given by:

v,
Vtunnel = < e> = eElaser V 2/meEion' (1114)

ltunnel

We can also define the Keldysh parameter v as:

y= 2wy, WLy 2meEion o Eion
- - - b
Vtunnel eEiqser (I)p

with, ®, = ml A2 the ponderomotive potential, where I and wy, are respectively the laser
intensity and frequency, A is the wavelength of the laser, n = Eio%g’@p + 1 is the number of

photons required to ionize the atom. .
The Keldysh parameter v is the ratio of the binding energy of the electron to the pondero-
motive energy provided by the laser field. When v < 1, the binding energy is insufficient to keep

the electron bound to the atom, and ionization occurs through tunneling.
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Figure 3.2 — Ionization rate of multiphoton ionization and tunnel ionization as function of laser
intensity.

Thanks to this computation, the ionization rates W can be expressed in asymptotic forms
in the limits of large or small . These asymptotic forms are particularly useful because an
exact analytic expression for the full ionization rate is generally too complicated. One gets the

ionization rates of the multiphoton ionization for v > 1 :

Eion 1/2 2
Wysi =w < e ) (2y)~ " (3.2.1)

One can also get the tunnel ionization rate for v <« 1:

W1 = (3.2.2)

V37 Eion (Ez'on’7> 2 exp (_4 Ez‘on’Y)
4 h hw 3 hw
For v > 1 (laser energy lower than ionization energy threshold), the prevailing ionization
process is the multiphoton ionization. The number of photons required to ionize the atom n is
proportional to the energy required to overcome the ionization potential divided by the photon
energy. If v < 1, the ionization is primarily due to the tunneling ionization process (see Fig. |3.2

which presents the ionization rate for hydrogen atom).

3.2.3 Conclusion on Keldysh Model

The Keldysh model provides a framework for understanding the ionization of atoms in strong
laser fields. The transition between the tunnel and multiphoton ionization regimes is determined

by the Keldysh parameter (see Fig. which summarizes it), which depends on both the laser
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field strength and the atomic properties. By applying the Keldysh model, one can predict the
ionization rate and better understand the interaction between intense laser fields and matter.

This model is the basis for understanding laser based matter ionization and therefore for
all the laser-matter applications, such as particle acceleration. In the case of high intensity
lasers that we will consider during this thesis, this ionization takes place mainly during the
interaction of the target and the pre-pulse of the laser, before the main pulse which is greater
than 10'® W /cm?.

3.3 Target Normal Sheath Acceleration

The TNSA mechanism arises when a high-intensity laser pulse ( intensity above 10'® W /cm?
and a time of pulse sub-picoseconds) is focused on a solid target |2829]. The pre-pulse of the
laser ionizes the material, creating an electron population that is accelerated by the main-pulse of
the laser [30-32|. These hot electrons then form a sheath at the rear surface of the target, which
acts as an electrostatic field that accelerates ions. The acceleration of ions is in the direction
normal to the target surface, hence the name "Target Normal Sheath Acceleration." The energy
gained by the ion is mainly determined by the electrostatic potential created by the hot electrons

at the rear surface. The ion energy F; in the TNSA regime can be expressed as:

dsheath
E = / ZeVou,
0

where, Z is the atomic number of the target material, e is the elementary charge, ¢, is the
electric potential created by the hot electron sheath (as the order of the hot electron energy) and
dsheath 18 the acceleration length.

The electric field linked to the potential ¢y, is initially on the order of a few TeV/m and the
acceleration length dspeqrp, is on the order of tens of microns to a hundred (dspeqth ~ ¢/wpe With
Wpe = 1/ (Ney€2/meep) the electron plasma frequency, is defined by the density of hot electrons
and should be sufficiently short for ions be accelerated during the hot electron lifetime, a few
ps), depending on the laser intensity and target properties. This permits to get an estimation of

ion energy of tens of MeV.

3.3.1 Electron heating

During the Target Normal Sheath Acceleration (TNSA) process, the interaction of an ultra-
intense laser pulse with a solid target leads to the acceleration of a large number of electrons.
Several mechanisms contribute to the heating of these electrons: Brunel heating (also known as
vacuum heating) [33], the anomalous skin effect [34},35], resonance absorption [36,37], sheath in-
verse bremsstrahlung absorption |38, stochastic heating by counter-propagating electromagnetic
waves [39-41], and J x B heating [42,43|.

For laser intensities exceeding 10'® W/ cm2, the dominant mechanism is J x B heating. This

regime arises when the plasma density is higher than the critical density, preventing the laser
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from propagating further than the skin depth. Therefore, the interaction between the laser and
the plasma is limited to the surface.

In this context, the magnetic part of the Lorentz force, v x B, becomes significant, which is
characteristic of relativistic laser intensities. Initially, electrons are accelerated transversely by
the electric field of the laser. Simultaneously, the magnetic component of the laser field induces a
longitudinal momentum. Since the laser cannot penetrate beyond the overdense plasma surface,
the electrons are not reflected back by the magnetic field and instead are injected into the target
bulk with the energy acquired during the interaction.

Electrons accelerated through this process follow a thermal distribution [44] and exhibit a
semi-angle divergence about fifty degrees |45], mainly due to the Weibel instability [46]. These
electrons form an intense current [47] of few tens of kA. The resulting charge separation induces
an electrostatic field Ey, = —V¢yy, that slows down lower-energy electrons. Nevertheless, the
most energetic ones can traverse the target and escape through the rear side, provided the target
is sufficiently thin (a few microns or less).

The energy spectrum of electrons generated via J x B heating follows an exponential profile,

and their effective temperature is given by [47]:

2
TV>*B — <\/1 + % - 1) mec?, (3.3.1)

where ag is the normalized vector potential of the laser. This corresponds to temperatures

ranging from a few to several tens of MeV, depending on the laser intensity.

3.3.2 Sheath Formation

To describe the potential, ¢4, created by the sheath, we use the Poisson equation, the Boltz-
mann distribution function for the electron density and we consider that the ions are trapped in
the solid target (it correspond to a Heaviside function distribution n; = n.H(x), where x = 0

defines the target surface):

€lAd, = ¢ [nl — Neexp (6%?1)]

where e is the electron charge, ¢ is the vacuum dielectric permittivity, n, = eomew% /€% the
critical density and T} the hot electron temperature. This hypothesis is valid as long as the
characteristic scale of the ion density is smaller than the hot electron Debye length.

This equation has a divergent solution for the potential in one dimension. A. Poye et al |4}31]
present a method to determine the potential barrier ¢¢,, which is convergent inside and outside
the target. Unlike the ion acceleration problem, where only the electric field at the surface
matters, the problem of electron escape requires knowledge of the whole potential profile. In the

one-dimensional model, we obtain the following electron density distribution:
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Ex
Ne €XP <— exp <—>\—)> , x>0
ne(z) = 07
Ne (exp(0.5) - %) , <0
where Ap = ;ch’g is the hot electron Debye length and x = 0 define the target surface, x < 0

is the sheath and x > 0 is the plasma as represented in Fig. [3.3] The coefficient £ = 0.9288 is

calculated to conserve electroneutrality.
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Figure 3.3 — Normalized electron density n, and ion density n; as function of the x axis where
x = 0 represent the rear surface of the solid target [4]

The potential ¢y, (7, 2) obtained is finally:

e [ni(2") — ne(2")] da'r'dr' df
¢th(ra .CIZ') = .
dmeo J \/(z — 2')2 + 12 + 72 — 27’ cos 0

(3.3.2)

where one particle of cylindrical coordinates (2’,4") create the potential in cylindrical coor-
dinates (z,y). This strong potential is due to the charge separation, and is responsible for the
ion acceleration.

3.3.3 lon acceleration

The field computation previously presented in Sec. [3.3.2 has been developed by Wilks et

al. |29] and Mora [31]. In this section, we will present some scaling laws which have been
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experimentally validated by Snavely et al. |28] and Fuchs et al. [48].
The maximum energy Fy,q, of the accelerated ions in the TNSA regime can be expressed as

a function of the hot electron temperature T}, and a normalized acceleration duration ¢,:

Epar = 2T [m (tp + /12 + 1)}2 : (3.3.3)

where t, = WpiTace/ V2e, and Wpi = \/m is the ion plasma frequency, with Z; the ion
charge state, neg the hot electron density at the rear surface, and 7,.. the effective acceleration
time. Fuchs et al. [48] empirically found 7,cc =~ 1.37j45er Where Tigser is the pulse duration of the
laser pulse.

The temperature of the hot electrons can be estimated using the relativistic ponderomotive

scaling law introduced by Wilks et al. [29]:

IN?[pim?]
Ty, = mec? \/1 -1 3.4
h = Mec ( T 137 x 108 Wom 2 ’ (3.3.4)

where [ is the laser intensity and A its wavelength.

The total number of hot electrons contributing to the sheath field is estimated by:

Ne _ feElaser’

0 (3.3.5)

with Ej.ser the laser pulse energy and f. the fraction of absorbed laser energy, which follows the

empirical scaling law

fo=12x10"1°70™ (3.3.6)

with I in W.cm~2 [48|. Typically, f. ranges from 10% to 40% in the TNSA regime.
The hot electrons interact with the ions in a volume V' = ¢7j4serSsheath, Where Sgpeqrn denotes

the sheath surface area at the rear side, approximated as:
Ssheath = (10 + dtan )?, (3.3.7)

with 7o the laser focal spot radius, d the target thickness, and 6 the divergence angle of the
electron beam.
This gives access to the hot electron density n.g, enabling the use of the analytical model of

Mora [31] to derive the ion energy spectrum:

dﬂ: Ne0CsTaccSsheath exp | — 2E (33.8)
dE \/m T, ) .o

where ¢s = \/Z;kpTy/m; is the ion acoustic velocity.
This model reproduces the experimentally observed features of TNSA-accelerated ion beams:
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a Maxwellian-like energy spectrum with a high-energy cut-off typically ranging from a few to

tens of MeV, depending on the laser intensity and pulse duration [28,29}/48,49].

3.3.4 Ejected Electron Charge

The electron dynamics is due to the interaction of the laser pulse with the target surface, it
accelerates electrons and propels them into the material. As these electrons penetrate the target,
they gradually lose energy, and exit the target if it is thin enough, leading to the formation of an
electric potential at the target surface. This potential acts as a barrier that accelerated electrons
must surpass in order to escape entirely [50|. The charge left behind on the target is determined
by the number of electrons that successfully escape [4].

A key element in this model is the estimation of the potential barrier, which ultimately
dictates the maximum number of escaping electrons. The primary contribution to this barrier
arises from the electron sheath potential, ¢;,, as described in Sec. High-energy electrons
that possess sufficient energy can overcome this barrier and leave the target.

To determine the target charge after laser irradiation, we now integrate the various compo-
nents of the model. Considering the normalized potential barrier ¢y, computed in eq. the
electron temperature T, and the total number of hot electrons N, respectively given from the
scaling law eq. [B:3.4)and eq. [3:3.5)and the electron distribution, according to the Maxwell-Jiittner

distribution :

__ D €e
fe(ee) = 1P <_Th> , (3.3.9)

where €, is the electron kinetic energy, v the relativist factor, p the electron momentum and A is
the normalization factor such that fooo fe(ge)de. = 1. One can directly evaluate the total charge

that successfully escapes beyond the potential barrier :

ch = eNe/ fe(ge)dge (3310)
eAdyp,

However, the residual positive charge on the target surface subsequently produces a global
background potential, ¢4, which extends across the target surface. This positive charge dis-
tributes across the entire target surface, introducing a target size-dependent effect. For infinitely
large or sufficiently extended targets, the background potential remains negligible because the
surface charge density is low. Conversely, for smaller targets, the charge becomes more concen-
trated at the surface, leading to the development of a significant background potential, which
may surpass the potential barrier. To assess the influence of the background potential on the
target charge, we consider the surface charge to be homogeneously distributed over a disk of
time-dependent radius R,(t',t), where ¢ is the time ¢ — dt and ¢ the observation time. The disk

radius evolves according to:

Ry(t',t) = Rp,(t') + c(t — 1), with 0 < ' < t, (3.3.11)
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where Ry (t') is the hot electron emission spot radius at the time of ejection and ¢ the speed
of light. The hot electron current is then defined as the flux of electrons with sufficient energy
and appropriate direction, crossing the surface WR%L. It is given by:

+oo

Tn(t) = efsna()m (1) /| o EE) e (3.3.12)

where fe(e.) is the electron energy distribution (cf. Eq. (3.3.9))) and v(e.) the corresponding
electron velocity and assuming an ejection cone of half-angle 3, we define the geometric factor

fs= # Thanks to this, one gets the electrostatic background potential:

t /
In(t') 2 2
tx)= [ dt ———~—— (R (', ¢ — |z|) . 3.3.13
ltn) = [t o (RA0) +* — o) (3313)
Finally, the effective potential reads:
A¢(t) = gbth(ta €T = 0) + ¢bg(ta €T = 0) — min {qbbg(ta xmin) + ¢th(t7 $min)7 0} ’ (3314)

and therefore, we are able to compute () the total ejected electron charge :

oo

Q@ =eN, fe(ee)dee (3.3.15)
eA¢

This ejection of electronsof several hundreds of nC is responsible for a discharge current of
several kA that we will retrieve thanks to our helical coil and create a secondary electromagnetic
field of GV/m presented in Chap. El which in turn will post-accelerate and focus protons. In
previous articles [4,22,50], this discharge current is described as the neutralisation of the missing
charge in the target himself due to the electron emission. The electrons emitted during the TNSA
process must be distinguished from the electrons in the sheath described in Sec. [B.3:2] While
the sheath electrons are responsible for proton acceleration, the emitted electrons are those with

enough energy to escape the sheath potential given in Eq. [3:3.2

3.4 Traveling Wave Tubes

Traveling Wave Tubes (TWTs), are vacuum electron devices belonging to the same family as
klystrons and carcinotrons. They address two major needs in telecommunications: wide oper-
ational bandwidth and access to very high frequencies. Due to their robustness, high electrical
efficiency and compactness, TWTs are the main radio-frequency (RF) amplifiers used in space
telecommunications [51H53].

They are composed of an electron gun (such as presented in Sec that injects a beam
used to amplify the signal, a periodic waveguide known as a slow-wave structure (as presented in
Sec or delay line, through which the RF signals propagate, and a collector that captures
the electrons exiting the tube. A schematic of a standard TWT is shown in Figure [3.4]
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Figure 3.4 — Schematic of the main components of a TW'T where the oscillating pipe represent
the slow wave structure which is an helix, and the grey lines represent the electron beam. This
structure is longer than helical coils, about hundreds of centimetres compare to tenth of millime-
tres for helical coils, however, the pitch and the radius are the same.

In the helical coil target considered in this manuscript, the electron gun is replaced by the
protons accelerated by TNSA, the slow waves structure is replaced by a helical coil and the
current that propagates through the coil is produced by the electrons escaped from the target
during TNSA. This is why, in Sec[3:4.1] we introduce the electron gun and in Sec[3.4.2] the slow
wave structure. However, for the helical coil targets, the objective is to use the electromagnetic
fields to post-accelerate and focus protons while for TWT, these are the particles (electrons)

which give energy to the field.

3.4.1 Electron Gun

The electron gun injects a uniform, mono-energetic, and focused electron beam along the
tube axis. Most TWTs use Pierce-type guns vacuum diodes composed of a cathode (emission),
an anode (acceleration), and a focusing electrode (beam shaping). The beam, accelerated by the
anode-cathode voltage Vp, generally has a current density insufficient for amplification |54], and
diverges due to space-charge effects. Focusing electrodes optimize the beam cross-section at the
exit, increasing current density, though this is limited by electron trajectory crossing, with area
ratios rarely exceeding 100 ,.

The beam shape depend on the slow-wave line geometry, commonly cylindrical (a, ~ a/3,
where a;, and a are respectively the radii of the electron beam and the slow wave structure), but
may also be rectangular (e.g., folded waveguides). More complex guns (e.g., multi-beam ,
pulsed [57]) are also used.

One can assume a uniform, mono-energetic beam traveling at a velocity

vo = /2|e|Vo/me, (3.4.1)

with e the electron charge and m. its mass. Yet, due to space-charge and dimensional reduction,

the effective velocity seen by RF waves is slightly lower.
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3.4.2 Slow-Wave Structure

Before describing the amplification mechanism in a TW'T, it is important to note that wave-
particle interaction requires synchronism: the electron beam velocity must match the wave phase
velocity. Since reaching relativistic speeds is costly, the phase velocity of the wave is reduced

using a slow-wave structure (SWS), which:
e guides electromagnetic waves along the tube,

e slows them down so that v, ~ vy where vy is the axial phase velocity of the electromagnetic

waves and vg is the electron velocity.

In vacuum tubes like TWTs, this slowing is achieved by introducing periodic metallic struc-
tures. Common SWS types include helices, coupled cavities, and folded waveguides each exhibit-
ing periodicity along the axis.

The most widely used structure is the helical SWS, especially in space applications. It consists
of a metalic helix (copper or tungsten) supported by dielectric rods. Key geometric parameters
include the pitch A, tunnel radius a, and wire thickness a., with a/a, > 1.

The helical structure supports many propagation modes, but only the fundamental (m = 0)
interacts with the beam. It has a wave vector k and a dispersion relation w(k). For example,

the relation dispersion for a single helix [58] is given by:

I(aa)K !
W? = k22 (1 +cot? ¥ M) . (3.4.2)

and for a travelling wave tube [59)] it is given by:

(3.4.3)

22 ( L+ o2 g D@V lo(ab) (Ki(ab)hi(aa) — Il(ab)Kl(aa))>_1 '

Ip(aa) I (ab) (Ko(ab)lp(aa) — Iy(ab) Ko(aa))

where a(w) = /k? — w?/c? is the radial propagation constant, b is the radius of the tube
and I, and K, are respectively the modified Bessel functions of order n of first and second kind.
These dispersion relations will be used to validate our equations of helical coil target in Chap. [4]
which demonstrate the analogy presented in this chapter between TWT and helical coil target.

A major advantage of the helix is its low dispersion. The axial phase velocity is approximately

v, = csin (V) (3.4.4)

with the helix angle ¥ = arctan (%) This allows synchronization over a wide frequency
range, by decreasing the propagation velocity of the current along the helix axis to match to
the electron velocity , enabling amplification over up to three octaves [60]. However, helical
structures sustain lower RF voltage and power than coupled cavities, which are preferred for
high-power, narrowband applications.

Another key parameter is the interaction impedance Z., which quantifies the coupling between
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the axial electric field and the beam: | ‘2
E,

Z )
¢ 2k2P

To interpret this, we compute the axial electric field as function of the voltage V' and consider

(3.4.5)

a Fourrier space (0, = —ik):
E,= -0,V =ikV, (3.4.6)

and relate the RF power to this voltage and an equivalent current I:

B2
227,

1 —i E.
P=|VI|= '2k = (3.4.7)

The helical slow-wave structure, central to the energy transfer in TW'Ts, finds a direct analogy
in helical coil targets used in laser-driven ion acceleration. While TW'Ts inject energy into RF
waves and slow down electrons in the beam, helical coil targets can retrieve the return discharge
current produced during the TNSA process (see Chap. [4]) to generate similar RF fields to post-

accelerate, energy bunch and focus ions.

3.5 Conclusion

While Target Normal Sheath Acceleration (TNSA) remains a robust and experimentally
accessible ion acceleration mechanism, it suffers from key limitations. These include a broad
energy spectrum (from 1 MeV to several tenth of MeV), significant beam divergence (+20) and
a number of protons that decreases exponentially with the energy.

To overcome these issues, one promising approach involves coupling the TNSA source to a
secondary structure inspired by Traveling-Wave Tubes (TWTs), the so called the helical coil
target. In this configuration, the intense discharge current generated during the laser-target
interaction propagates along the coil, producing a strong, transient RF field. Rather than am-
plifying an electromagnetic wave as in a conventional TW'T, this setup transfers energy from the
RF field to the trailing protons, enabling both post-acceleration, energy bunching and focusing.

This inverted operation, where a charged particle beam receives energy from the wave instead
of generating it, is based on beam-wave interaction physics similar to RF devices. It opens new
perspectives for compact, staged acceleration schemes and tailored beam shaping, bridging laser-

plasma acceleration with microwave engineering concepts.
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4.1 Foreword

As described in Chapter [3] the laser first ionizes the solid target, then accelerates electrons
and creates a sheath field at the rear surface of the target. Electrons with sufficient energy escape
from the target and generate a discharge current which is retrieved by an helical coil.

This chapter presents the development of an analytical model |[61] designed to compute the
various components of the electromagnetic field (E,, Ey, E., By, By, B,) generated by the
propagation of a current pulse along a helical conductor. The model expresses these fields as
functions of the helix parameters, namely the radius (a) and pitch (h).

The proposed model is two-dimensional, axisymmetric, and spatiotemporal, and is applicable
to helices with either constant or longitudinally varying pitch and diameter (a(z) and h(z)), with
or without an electromagnetic shielding tube surrounding the structure. The validity domain of
the model is restricted to thin and infinitely long helices (L > a, where L is the helix length),
as the physical cross-section of the wire is neglected.

A preliminary version of this analytical model, limited to constant-pitch, constant-diameter
helices without shielding, had been implemented in the DoPPLIGHT code (see Bardon et al.,
PACMAN 2020 |21], and Arthur Hirsch-Passicos’s PhD thesis |62]). The extended formulation
developed in this work, significantly more complete and robust, has also been integrated into
the same code framework. The objective is to provide a fast and efficient numerical tool to
investigate wave—particle interaction phenomena along the helix and to enable rapid optimization
of the system geometry. The key figure of merit for this optimization is the particle (protons,
ions) energy distribution at the helix output.

The first part of this chapter is devoted to the presentation of the analytical developments
underlying the electromagnetic model. The second part addresses its numerical validation, per-
formed through direct comparison with results from SOPHIE, a 3D particle-in-cell (PIC) code
developed at CEA [63].

4.2 Theoretical model of current propagation in a helical coil with

varying geometry and screen tube

4.2.1 Introduction

Traveling-wave tube amplifiers are devices used to amplify radio frequency (RF) signals in the
microwave range. First electromagnetic models of TWT were presented in 1947 [64], followed
by analytical models in the 1950s [58,[59}|65,|66]. This device is a wave-particle interaction
system that involves an electron beam and an RF signal propagating in a conducting helix.
The waveguide is engineered to create a phase velocity smaller than the speed of light (¢/10),
enabling wave-particle interactions when the wave phase velocity nearly matches the particle
velocities. Electrons are slowed down to amplify the signal that is transmited to an antenna.
In a helical coil target, as shown in Fig. a), during the laser-plasma interaction, escaping

electrons are charging positively the target, which drives a discharge current pulse through the
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Figure 4.1 — (a) Scheme of a single helical coil, (b) a helical coil with a tube. In the model,
the helix is replaced with a thin cylinder which is symmetric by rotation around the z-axis.
Reproduced from A. Hirsch-Passicos et al. "Helical coil design with controlled dispersion for
bunching enhancement of protons generated by the target normal sheath acceleration,” Phys.
Rev. E, 109, 025211 (2024) with permission from American Physical Society. The tube is
symmetric by rotation around the symmetry axis.

helix, generating an electromagnetic pulse (EMP) that post-accelerates and focuses the TNSA
proton beam. The physics of the current propagation in the helix is analogous to what occurs in
coupled transmission systems . However, optimizations are needed for an efficient proton
post-acceleration. The current pulse dispersion limits the length on which the wave-particle
interaction is efficient and the use of longer helical coil (HC) does not produce higher ion
energies. Similar issues have been observed in coupled transmission systems . It was
suggested that the helix dispersion be controlled by adding a conducting tube around it. The
current dispersion was found to depend on the distance between the helix and the tube.

A scheme of a helical coil with a screening tube (HCT) is shown in Fig. [f.(b). Similarly to
the conventional TWT shown in Fig. a conducting tube is set around the helical coil .
Differently from the low-current TW'T, one can not use ties to support the helical coil because of
high current, typically of a few kA, that might generate electrical breakdown inside the ties. The
HCT configuration reduces the current dispersion, increases the ion maximum energy, and pro-
duces a beam bunching . The choice of HC radius and pitch defines the propagation velocity
of the electromagnetic fields, which can be synchronized with the ion velocity. The electromag-
netic fields accelerate ions within a specific energy range depending on the field amplitude and
resonance condition. For a helix with a constant pitch and radius, and a screening tube, scaling
laws have been defined [5| to design an optimal geometry function of the proton input spectrum.

The resonance coupling of the ion beam with the current can be improved by varying the
helix geometry along the propagation direction (z axis) to accelerate the current pulse to main-
tain synchronization with the accelerated protons. Here, we consider two geometries shown in

Fig. The pitch of the helix and/or its radius varies, thus providing an extended length of
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synchronization. We refer to a helix with varying geometry and with a tube as VHCT.

Pitch-tapering is a common feature of TW'Ts, but the current codes used for TW'T simula-
tion, such as CST [67], KARAT [68], or MAFIADIMOHA [69], DIMOHA [53], MVTRAD [70],
CHRISTINE , or BWIS , do not effectively account for it.

The main objectives of the analytical model developed in this chapter are the understanding
of the physics of current dispersion and the optimization of VHCT geometry for an efficient ion
acceleration and bunching. Compared to direct particle-in-cell (PIC) simulations, the analytical
model allows us to consider a large parameter space and save computation time. Using this
model, one may increase the cut-off ion energy, optimize the beam bunching, and increase the
number of high-energy ions. The model is applied for the optimization of a laser-driven ion
beamline such as the one that can be obtained on commercially available multi-hundred TW
laser systems, e.g. the ALLS laser facility at INRS EMT . In this facility, the ion beamline is
driven by a Ti:sapphire laser system generating pulses with an on-target energy of 3.3 J, a pulse
duration of 22 fs, a repetition rate of 2.5 Hz, a central wavelength of 800 nm and a focal spot of

5 um. The peak intensity on target is approximately 1.3 x 102° W /cm?2.

Z axis
radius a =1 mm
radius a =1.3 mm
Y
(a)
step=0.35 mm step=0.525 mm step=0.7 mm
1 | 1
l | |
Z axis

radius a =0.5 mm [-----

radius b =0.7 mm f---

(b)

Figure 4.2 — Examples of geometries of the helical coil with varying (a) radius and (b) pitch
along the z-axis. The tube is symmetric by rotation around the symmetry axis.

This work is based on the theoretical model of a helical coil developed in Refs. ,,
and further applied to HC in Refs . Expressions for the electromagnetic fields are derived
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Figure 4.3 — Schema of the model construction.

E (r=a)= Ff[r =a)
- hiz vacuum + _
W¥(z) = arctan (3,-:(!():)) BI\ - BH
- e Boundary conditions
VR Ej=0 Y

Radius Y N

o vacuum gt g _Milw.2)

2 /',' J2/ sin¥ ! L7 2ratan? (W)
- 1

- L

Figure 4.4 — Diagram showing the direction of current propagation at the surface of a cylinder
at an angle ¥ to the azimuthal direction and the different boundry conditions at r = a.

from Maxwell’s equations in vacuum with the boundary conditions linking fields to the surface
of the helix and the tube. The helix parameters, the pitch and radius, are assumed to vary
slowly along the z axis, so the fields are calculated using the Wentzel, Kramers, and Brillouin
approximation (WKB). The dispersion relations are obtained in the Fourier space, and then

expressions for the fields in real space are analyzed.

4.2.2 Coupling the current to electromagnetic fields

A general scheme of the model development is presented in Fig. I3l The first step consists
in the definition of the current propagating in the helix considered as an infinitely thin perfect
conductor. It then defines the inner and external electromagnetic fields through the boundary
conditions. The electromagnetic fields are computed from the differential equations for the
electrostatic and vector potentials. The equation for the current propagation in the helix is
given in Sec. Following Ref. [5§], the helix is modeled as a continuous cylinder with a
current propagating in an azimuthal direction (see Fig. |4.4])). Equations for the electromagnetic
fields are given in Sec. [£:2:2.2]in the Fourier representation. The boundary conditions for the
VHC case (without tube) are given in Sec. They determine a connection between the
current and the electromagnetic fields, as well as the dispersion relation. Expressions for the
electromagnetic field for VHC in the real space are obtained in Sec. [£.2.2.4] The same process is
then repeated for the VHCT geometry — a helix screened with a conducting tube. The boundary
conditions and the dispersion equation are given in Sec. and the electromagnetic fields in
the real space are given in Sec. [1.2.2.6] The analytical model is compared with PIC simulations
in Sec. £2.3
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4.2.2.1 Current pulse propagation

Following the original sheath helix model 58|, we assume the current is propagating along a
thin cylindrical surface of a radius a in the direction defined by the angle ¥ with respect to the

azimuthal axis . This angle defines a relation between the helix radius a and pitch h:
h =2matan U, (4.2.1)

as shown in Fig. [£.4]
As the current is only propagating within the helix, we can define the full current propagating
along the wire as j,/sin W. Therefore, it is sufficient to consider only the z component of the

current, j,(t,z). It is related to the charge density per unit length ¢ by the continuity equation:
az]z = _atq + 2.]0(15)(5(2),

where the second term on the right-hand side is the source term jp prescribed at the origin z = 0,
and d(z) is the Dirac function. The helix is represented as a lossless transmission line with the
conductance C' and inductance L per unit length. The charge and the current are related by the
telegraph equation:

~C719,q = L.

Taking the derivative of the continuity equation on z, injecting it in the propagation equation,

and performing the Fourier transform in time, we obtain the following equation for the current:
8§jz(wv Z) + kg(wv Z).jz(wa Z) = 2j0(w)6/(z)7 (4'2'2)

where k? = LOw? and w is the frequency. The value of LC depends on the transmission line
structure and may depend on frequency and coordinate.

To solve this equation, we assume that k(w,z) is a slow function of the coordinate and
represent the current wave number in the WKB approximation, j, = Ae’®, where A(w,z) is
slowly varying amplitude and ¢(w, z) is the phase. Injecting this expression in Eq. , we
neglect the second derivative of A being of third order. Conversely, the phase ¢ varies strongly
with z, and its derivative ¢’ is of the first order, same as k. Consequently, we obtain two equations

for the amplitude and phase:
(¢)? =K%, and 2iA'¢e™® 4+ i¢" Ae'® = 2jyd'(2). (4.2.3)

Solving the first equation as ¢ = fozk(w,zn)dzn, we obtain the following expression for the

current:

Jz :jOH(w) g(z), (4'2'4)

where jo = j.(w,z = 0), ko = k(w,z = 0), k(w) = 1 — ik)/2k2, and function g describes the
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current variation along the helix axis:

9(z) = Vko/k exp [z /0 ) k:(w,zn)dzn] . (4.2.5)

4.2.2.2 Propagation of the electromagnetic fields

Starting from the Maxwell equations, one obtains differential equations for the axial compo-
nents of the electric and magnetic fields. They are solved by performing variables separation in
radius and z axis E, = f(r)g(z) and B, = h(r)g(z), where function g(z) describes the
field distribution along the propagation direction in the WKB approximation. A general solution
for the radial dependence of the field components in the axisymmetric geometry can be repre-
sented as a linear combination of two modified Bessel functions, f(r) = Bilp(ar) + BaKo(ar)
and h(r) = Bslg(ar) + ByKo(ar), where B; are constants defined by the boundary conditions
and

a(w,z) = k%2 —w?/c? (4.2.6)

is the radial propagation constant. Using these notations, expressions for all field components

can be written as follows:

E, =g(2) [Bilo(ar) + B2Ko(ar)],

E, =i(k/a) A g(2) [-Bi11(ar) + Bo K (ar)],
By = —i(w/ac?) Rg(2) [BiI1(ar) — BoKy(ar)], (4.2.9
B. =g(z) [Bslo(ar) + ByKo(ar)), (4.2.10
B, =i(k/a) A g(2) [—BsIi(ar) + ByK, (ar)], (4.2.11

4.2.7
4.2.8

—~
~— ~— ~— ~— ~— ~—

Ep =i(w/a) g(2) [Bsli(ar) — B4Ki(ar)], (4.2.12
where A(w, z) = 1 +ik’/2k? and N(w, 2) = 1 + k" /2kw? — 3(K')? /4k>w2.

4.2.2.3 Dispersion relation without tube

The constants B; are defined by the boundary conditions. Since the current sheet is localized
at r = a, there are two distinct zones, » < a and r > a, inside and outside the helix where the
constants take different values. They are noted with superscripts — and +, respectively.

First, we apply the condition that fields should decrease to zero far away from the helix, at
r — oo. Taking expressions for E, and B, (4.2.7)) and (4.2.10), we find:

Bf =0 and Bj =0. (4.2.13)

Another condition is that the fields must have finite values at the helix axis, » = 0. Taking

expressions for E, and B, given by Eqs. (4.2.7) and (4.2.10), we find:

By =0 and By =0 (4.2.14)
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Two more conditions apply to the electric field at the position of the current sheet r = a. The
tangential electric field must be continuous and perpendicular to the current. By applying the
continuity condition to the components E, and Ep and accounting for Eqgs. (4.2.13)) and (4.2.14)),

we find:

_ Ip(aa) _ Ki(aa)
Bf =B d B; =-Bf 4.2.15
2 L Ko(aa) an 3 1 I(aa) ( )
The component of the electric field parallel to the current reads:
E|y=EgcosV¥ + E,sin V. (4.2.16)
Setting to zero this field at r = a, we find:
, Ky(aa)
Bf = —iBy 220 pn v, 121
4 159 w Kl(oza) an ( 7)

Thus, applying these boundary conditions, we expressed all eight constants BZ-i through one,
B, which is proportional to the current amplitude jo. However, we have one more continuity
condition that applies to the component of the magnetic field parallel to the current: B‘Jr(r =
a) = B”_(r = a). Taking expressions for B, and By given by Eqs. (4.2.9) and (4.2.10) along
with Eqs. (4.2.13]) and (4.2.14)), we obtain a relation between the frequency w and wave number

k, which is the dispersion relation:

3(k')2 K" 2y li(ea)Ki(aa)
) k2021 + ( 77z W) cot? ¥ o Rt ()

w =
2 I (aa) K1 (aa)
1+ cot= ¥ Io(aa)Ko(aa)

(4.2.18)

The dispersion relation is plotted in red in Fig. the helix angle ¥ = 6.36°. At large
values of wave number, ka > 1, the dispersion is negligible and w ~ kcsin ¥V, where csin ¥ is
the velocity of the electric current propagation along the z axis. By contrast, the dispersion
effects are important at wavelengths comparable with the helix radius, and the phase velocity
w/k approaches the light velocity. Moreover, the second term in the numerator in Eq. is
supposed to be smaller than 1 in the domain of validity of the WKB approximation. The limits
of validity are discussed further in Sec. Out of these limits, we neglect the first and second
derivatives of k in the equations.

To find a relation of the remaining constant B, with the current jo, we apply the condition
of discontinuity of the tangential component of the magnetic field perpendicular to the direction

of the electric current at r = a. According to the Ampere theorem, it reads:
Bf(r=a)— B (r=a)=(uo/h)jocot ¥, (4.2.19)

where h/cos VW is the length of the current path over one period, jo/sin ¥ is the full current

propagating along the wire, and pg is the vacuum magnetic permeability. Considering expressions
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Figure 4.5 — Dependence of the frequency w on the wave number k& for HC with a radius of
a = 0.5 mm and linearly varying pitch (on a length of I, = 40 mm) of A = 0.35 mm to 0.7 mm,
without tube (red), with a tube of a radius b/a = 1.4 (blue), and b/a = 1.8 (green), and in a
perfect case without any dispersion (dashed black).

for B, and By given by Eqs. (4.2.9)) and (4.2.10)), we find:

iwpgjok I (aa) Ky (aa)
2rac Iy(aa)J(a)

B = cot> U cos U, (4.2.20)

where J(aa) = K1 (aa)lp(aa)+Ko(aa)li(aa). Knowing all constants and the dispersion relation,

we obtain expressions for electric and magnetic fields as a function of time.

4.2.2.4 Expressions for fields without tube

Performing the inverse Fourier transform of Eqs. (4.2.7)) - (4.2.12)) with appropriate values of
constants, we obtain expressions for the electric and magnetic fields in the function of r, z and

t. Here, we show the expressions for F, and B, for r < a:

_ ipo [, jJowk [koIi(aa)Ki(a)
E t) = — d WAl
= (n2t) 2772a/0 YT k Iy(aa)J(aa)

z
x cot> ¥ cos U Ip(ar) exp [z/ k(w, zp)dz, — iwt} , (4.2.21)
0

_ Ho e . ko Kl(oza)
B, (r,z,t) = 27r2a/0 dw jor & J(oa) Iy(ar)

z
x cot? ¥ cos U exp [z/ k(w, zp)dz, — iwt} . (4.2.22)
0
Expressions for other components of the electric and magnetic fields are given in Sec. [£.2.7]
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4.2.2.5 Dispersion relation with tube

Here, we calculate the constants B; for a helix with the screening tube (VHCT). Considering

the tube as an ideal conducting cylinder of radius b, the boundary conditions correspond to zero

electric and magnetic fields at r = b. Taking expressions for E, and B, (4.2.7) and (4.2.10), we
find:

I (ab) Il(ozb)
Bf = —Bf -2 d Bf =B} .
2 U Rolab) ™M P4 T P8 K (b

The condition on the fields at the helix axis, » = 0, is unchanged and given by Eq. (4.2.14])). The

conditions on the electric field at the position of the current sheet r = @ are also the same as in

the case without tube, Eqgs. (4.2.15) and (4.2.17). The condition (4.2.17)) remains unchanged,
and, accounting for the conditions (4.2.23)) at the tube, we can represent Eqs. (4.2.15) as follows:

(4.2.23)

v o Ko(ab)Ip(a)
Br =5 Ko(ab)Ip(aa) — Ip(ab)Ko(aa)’ (4224)

. Ki(ab)Ii(a)
Bf = B Ki(ab)[(oa) — 111(ab)K1(aa)' (4225)

Thus, applying these boundary conditions, we expressed all eight constants BZ-i through one,
B, which is proportional to the current amplitude jo. Using then the continuity condition
for the component of the magnetic field parallel to current: Bﬁr(r =a) = B”_ (r = a). Taking

expressions for B, and By given by Eqgs. (4.2.9) and (4.2.10) along with Eqs. (4.2.23]), we obtain
a dispersion relation for the helix with tube:

1+ <3(k:’)2 B ) cot2 U I (aa)Ip(ab) J(aa) N (aa)
2 k‘2 2

4k* T 2k3 Ip(aa)F(aa)
w’ = (4.2.26)
2 Ii (aa)Ip(ab)J(aa) N (aa)
1+ cot* W Ip(aa)F(aa)

where F'(aa) = Ko(ab)Ip(aa) — Ip(ab)Ko(aa) and

Ki(ab)I)(aa) — I (ab) K1 (aa)
I (ab)J (va) '

N(aa) =

It is plotted in Fig. for the ratios b/a = 1.4 (blue curve) and b/a = 1.8 (green curve). As
one can see, the dispersion decreases as the tube approaches the coil.

To find a relation of the remaining constant B; with the current jo, we apply the condition
of discontinuity of the tangential component of the magnetic field perpendicular to the direction
of the electric current at r = a given by Eq. . Considering expressions for B, and By

given by Egs. (4.2.9) and (4.2.10)), we find:

j jok N
B — iwpojor 11 (aa)N(aa) cot3 U cos . (4.2.27)

2mac Iy(aa)

4.2.2.6 Expressions for the fields with tube

Performing the inverse Fourier transform of Eqgs. (4.2.7) and (4.2.10)) with the corresponding

expressions for constants B;, we obtain the electric and magnetic fields in the real space. As
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an example, we show below expressions for E. and B . Other components of the electric and
magnetic fields are given in Sec.

; e ] ko I N
E (rzt) = — / dw ]OWH\/ ko (aa)N{aa) cos ¥
27%a J, a ko Iy(aa)

x cot® ¥ Iy(ar)exp [z/ k(w, zp)dz, — iwt} , (4.2.28)
0
B (r,z,t) = — Ho /00 dw jok @N(aa) cot? ¥ cos U
2 1% 2% ), V%
x Io(ar) exp [z/ k(w, zp)dz, — iwt] (4.2.29)
0

The electric and magnetic fields in the coil given by Eqs. (4.2.21]), (4.2.22)), (4.2.28]), and (4.2.29)
are calculated with the DoPPLIGHT code described in the next subsection.

4.2.3 Model validation: comparison to PIC simulations

The analytical model describing the current propagation along the helix and electromagnetic
fields, is implemented in the DoPPLIGHT code |74], introduced in Sec. , and compared
to the results obtained with a PIC code, SOPHIE [63|, presented in Sec. The model
validation consists of the comparison of expressions for electromagnetic fields and dispersion
equations with known formulas for specific conditions [59,(65] (Eq. and 3.4.3) and numerical
simulations presented in Sec. Furthermore, the proton energy distributions obtained with
DoPPLIGHT and from PIC simulations are compared in Sec. [£.2.34]

4.2.3.1 Description of the SOPHIE code

The PIC code SOPHIE [63], developed at CEA-CESTA, solves Maxwell’s equations for the
electric and magnetic fields in 3D geometry in matter with boundary conditions defined at
surfaces of arbitrary shape made of conducting, dielectric, or magnetic materials. Maxwell’s
equations are solved on the Yee mesh with centered electric and magnetic fields using the finite-
difference time-domain (FDTD) method [75|. The particles are moved according to the relativis-
tic dynamic equations using a Boris solver |76]. Self-consistence is achieved using a Buneman
currents collector. The Buneman instability occurs when electrons move significantly faster
than ions, generating electrostatic waves that enhance energy transfer and current dissipation.
In a PIC-FDTD code like SOPHIE, the implementation of Buneman current collectors refers
to a technique ensuring consistency between the current carried by charged particles and the
current induced in the electromagnetic grid of the simulation. This helps accurately model
plasma-conductor interactions and prevent numerical artifacts related to improper current rep-
resentation.

SOPHIE is not designed to simulate laser-plasma interaction which requires to resolve the
laser wavelength. It is complementary to laser-plasma interaction PIC codes such as CALDER

[77] or Smilei [78]. It is used to model the current propagation in matter on large spatial scales (of
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the order of several cm) and long-time scales (of the order of a few ns). The code is benchmarked
on test cases and compared with other similar codes.

In our SOPHIE simulations, a helical coil is positioned at the rear side of a foil target. The
target, coil, and holder are considered perfect conductors and are meshed at full scale with a cell
size of Az = Ay = Az = 20 pum, yielding a total of 2 x 10? cells across a volume of 72 cm®. The
electrons and the protons are represented using 10 million macroparticles each.

Inputs for ion energy and angular distributions are taken from experimental data obtained
with TNSA without HC. The input proton energy distribution is obtained experimentally in
previous experiment [20]. The angular distribution is modeled using a super-Gaussian function
given by dN,/df o exp [—(0/6,)'°/2], where 6, = 19°. The temporal emission profile dN/dt
follows a Gaussian shape with a full-width at half-maximum (FWHM) duration 7 of a 3.5 ps.
The emission zone for the protons is set to a transverse size of 200 pm.

The dynamic of the protons within the helical coil are determined solely by the electromag-
netic fields generated by the discharge current. To simulate this current, electrons are emitted
isotropically with an energy distribution similar to that of the protons. The transverse size of
the electron emission zone matches that of the protons and carbon ions (200 pm).

In these simulations, the electron charge emission is set to 160 nC, while the proton charge

emission is 12 nC, both emitted over a duration of 3.5 ps.

4.2.3.2 Description of the DOPPLIGHT code

DoPPLIGHT [74] is a numerical realization of a model describing charge particle motion in
a coil with prescribed electric and magnetic fields varying in space and time. It is used to run
fast computations for a large number of cases. The scheme of this code is presented in Fig. [1.6]

It includes the following steps:

e The first input is the parameters (a, h, L) of the helix geometry.

e The second input is the current as a function of time i(¢) at the beginning of the helix
(= 0)

e The final input is the particle source term defined in terms of particle density depending
on time along with the angular and energy distributions.

e At the same time, the particles’ source terms are defined in terms of particle density
depending on time along with the angular and energy distribution.

e DoPPLIGHT then performs the Fourier transform of the current and uses it to calculate
the fields according to the equations given in Sec. [£.2:2]

e It then calculates the space charge fields |62,74] assuming a Gaussian-shaped non-relativistic
proton beam.

e Finally, the protons and electrons are injected in the coil, and their trajectories are calcu-
lated using the Boris pusher [79]| using the fields interpolated at every time step on each
particle’s position.

This numerical model operates in a 2D-axisymmetric geometry. It is time-resolved and,

contrary to a PIC code, not self-consistent. It is a very efficient code that runs in few minutes
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Figure 4.6 — Diagram of DoPPLIGHT code. The coil parameters correspond to the radius a, the
pitch h and the length L. The source term provides the distribution of particles in energy, angle,
and time. The electric and magnetic fields in the helix are calculated according to Eqs. (4.2.28))
and . The space charge fields account for Coulomb repulsion. Particle displacement is
calculated with the Boris pusher.
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on a laptop computer which allows to perform hundreds of simulations for the helix geometry
optimization. Its simplicity enables the use of many diagnostics, such as the proton spectrum at
the HC exit or values of the electromagnetic fields at the particle trajectory at every time step.
Exactly like SOPHIE, DoPPLIGHT is not designed to simulate laser-plasma interaction. The
source term (input of the simulation) is the emission of particles (electrons and ions) from the
target. The characteristics of this emission (temporal, angular, time distributions) are defined
either by a first PIC simulation (Smilei or Calder) that models the laser-plasma interaction, or
by the experimental results obtained during a TNSA shot (without helical coil). In the next
subsection, the results obtained with this code are compared with the PIC simulations using
SOPHIE.

4.2.3.3 Comparisons
Coil with a constant pitch and radius

By considering k independent of the coordinate, our results can be compared with known

analytic expressions. Dispersion equation (4.2.18]) for a helix without tube reads:
I(ca)K !
WP = K22 (1 +cot? ¥ Il(o‘a) 1(O‘a)> .

It agrees with the dispersion equation given in Refs. [58,65|. Similarly, for a coil with tube, Eq.
(4.2.26) agrees with Refs. [59,/66].

A simple expression can be obtained for the magnetic field on the coil axis in the case of a
DC current j(z,t) = Jy. Inserting this expression in Eq. we find:

B, = (po/h)Jocos W.

In particular, in the case of small pitch, ¥ — 0, this expression reduces to the well-known formula
for the magnetic field of a solenoid, B, = puoNJy, where N = 1/h is the number of turns per
unit length.

Figure @(a) presents a comparison of the z-component of the electric field on the axis
calculated with DoPPLIGHT and SOPHIE for an input current of jo = Joexp [—(t — t0)2/2t}2)],
where Jy = 800 A, tg = 16 ps is the time delay between the proton emission and the current
emission and t, = 3 ps is the pulse duration FWHM. The temporal distribution of the current
is responsible for the different frequencies of the pulse, which is itself in charge of the current
dispersion, as explained in Secs. [£.2.2.3] and [£.2.2.5] Our model estimates that the electric field
component is 300 MV /m for the radial and axial components and 20 MV /m for the azimuthal

component. Concerning the magnetic field, the estimations, given by DoPPLIGHT, are of the
order of 5 T for the axial component and 150 mT for the radial and azimuthal components.
These estimates indicate that the radial and axial electric fields dominate the particle motion in
the helix. These parameters correspond to the coil used in an experiment on proton acceleration

on the ALLS facility [5]. Good agreement between the PIC simulation and the reduced model is
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evident. A similar comparison for the helix with a tube of radius b/a = 1.4 is presented in Fig.

b). Agreement is also good, thus confirming the consistency of our model.
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Figure 4.7 — Coordinate dependence of the axial electric field E, at r = 0.2 mm for the coil
without (a) and with tube (b) at 0.1 ns after emission time (blue curve), at 0.3 ns (yellow curve)
and at 0.5 ns (green curve). Dashed lines show the result of the PIC simulation (SOPHIE), and
solid lines are obtained with DoPPLIGHT code. The helix radius is 0.5 mm, the pitch 0.35 mm,
and the tube radius is 0.7 mm.

One can see in Fig. a) that the velocity of pulse propagation reduces with time. This is
the dispersion effect. By contrast, the presence of the tube in panel (b) mitigates dispersion, and

the pulse propagates faster. This has a positive effect on the proton acceleration and bunching,
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as shown in the next subsection.

Small differences between the model and PIC simulation can be explained by the limits of the
sheath helix model requiring a small helix angle ¥ [58| . However, these differences are smaller
than the typical shot-to-shot variations in experiments [20}22|, which are on the order of 25%.
Furthermore, we estimate the current from the ejected electrons and protons measured during
experiments [73]. The average error of our model is within 20%, smaller than the measurement
error.

The comparison between SOPHIE and DoPPLIGHT for the radial electric field and the
current is presented in Sec. [£.2.7] Good agreement confirms the validation of our model for the

case of constant helix parameters.

Coil with a tube and varying pitch

Here, we consider a coil of length of [, = 40 mm with pitch linearly varying from hg = 0.35 mm
to h1 = 0.70 mm, such that
h(Z) =ho+ (hl — ho)z/lc. (4.2.30)

The coil and tube radii are a = 0.5 mm and b = 0.7 mm. The axial electric field E,(0, 2) is
shown in Fig. for the coils without (VHC) and with tube (VHCT).

Comparison of the solid and dashed lines demonstrates good agreement between the model
and the PIC simulations for the axial component of the electric field. A similar level of agreement
for the radial electric fields is demonstrated in Sec. The average error of 20% is smaller than
the typical measurement errors |20]. Small differences between the model and PIC simulation can
be explained by the approximation made in the solution of Maxwell’s equations. The separation
of variables in r and z direction is not exact if the coil parameters vary along the axis. Also, the
WKB approximation implies a slow variation of the coil parameters.

Other comparisons not shown here confirm the capacity of the model to describe the electro-
magnetic fields in the coil with sufficient accuracy, including the pulse propagation velocity and
the field amplitude. DoPPLIGHT is able to compute the electric fields as a function of z and r

in a few minutes, compared to some ten thousand CPU hours for PIC simulations.

4.2.3.4 Energy distribution of protons accelerated in coil

In this subsection, we show the capacity of our model to calculate the proton acceleration
in the coil by comparing the results obtained with SOPHIE and DoPPLIGHT. The proton
spectrum entering the coil is taken from experiments conducted at the ALLS facility [20L[80]. It

is approximated by an exponential distribution
dNp/de = (N,/T,) exp(—e/T)), (4.2.31)

with the total number of protons N, = 7.5 x 1010, effective temperature T, = 1 MeV, cutoff
energy of 7 MeV, and angular divergence of + 20°. The protons are propagated through the coil
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Figure 4.8 — Coordinate dependence of the axial electric field E, at r = 0.2 mm for the coil
without (a) and with tube (b) and pitch varying linearly with the coordinate at 0.1 ns
after emission time (blue curve), at 0.3 ns (yellow curve) and at 0.5 ns (green curve). Dashed lines
show the results of PIC simulations (SOPHIE), and solid lines are obtained with the DoOPPLIGHT
code. Other parameters are given in the text.

of length [, = 14 mm, radius a = 0.5 mm, and pitch varying linearly from hg = 0.35 mm to
hy = 0.4725 mm. The spectra of protons exiting the coil are shown in Fig. [£.9] for the cases
without (panel a) and with tube of radius b = 0.7 mm (panel b).

In spite of some differences related to a simplified description of the particle dynamics in the

model, the proton spectra obtained with DoPPLIGHT and SOPHIE show similarities concerning
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Figure 4.9 — Energy distribution of the protons accelerated in the helical coil without tube (a)
and with tube (b) calculated with SOPHIE code (red line) and DoPPLIGHT code (blue line)
with a linearly varying pitch. Panel (c) compare the case of a linearly varying pitch and the

constant pitch. Black line shows the input proton spectrum. The parameters of the coil and the
current are given in the text.
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the cut-off energy, position of peaks, and the overall shape for energies above 4 MeV. A similar
agreement for the coils with a constant pitch can be seen in Sec. A comparison of panels
(a) and (b) in Fig. shows that the use of a tube allows an increase in the cut-off energy
from 10 MeV to 12 MeV. This is explained by the mitigation of the coil dispersion by the tube
and a better coupling between the field and the particles. Moreover, the number of protons
with energies above 3.5 MeV is increased by a factor of 20 compared to the input spectrum.
This example shows the potential of coils with a tube and varying geometry to shape the proton
spectrum according to the desired application. A comparison of the obtained result for a helical
coil with tube and a varying helical coil with tube in Fig. |4.9| (c) shows a cut-off energy up to
12 MeV for the VHCT which is higher than the HCT cut-off. The total number of protons at
the HC exit is only few percents of the input TNSA proton. However, because of the focusing
effect of the radial electric field, we get a higher number of protons per solid angle unit. Confirm
that the total number of particles at the exit is less or equal to the number of injected particles.
Figure [£.9] illustrates the positive effect of the tube, but I do not see any effect of the pitch
variation. It is desirable to show it.

Once again, this underlines the reliability of our model. The differences between our model
and SOPHIE simulations is acceptable because of the shot-to-shot fluctuation in the experiments.
As demonstrated in earlier publications [4}/5], the measurement error attributed to shot-to-shot
fluctuations, induced by variations in laser beam energy or laser-plasma interaction, typically
ranges between 25 and 50 %. In our study, we observe an error margin of 31 to 44 %. Further-
more, we suspect that this error comes from, in part, the computation of the space charge in
DoPPLIGHT [62]. This similarity in error magnitude suggests consistency in the computational
outcomes of our model.

A comparison between DoPPLIGHT and SOPHIE results concerning proton acceleration
confirms the acceptable accuracy of our model. It enables the performance of a large number
of simulations and facilitates the exploration of a broad range of coil geometries. Although
SOPHIE and DoPPLIGHT give similar results for the HC geometries presented in this chapter,
there are three major differences between these two codes. The first one comes from the particle
retroaction. Actually, the effect on the electromagnetic field of particles acceleration/deceleration
is not taken into account in DoPPLIGHT, contrary to SOPHIE. The second one comes from the
space charge modelling. It is found from solving the Poisson equation in SOPHIE while in
DoPPLIGHT it is described as a field created by a charged axi-symmetric ellipsoid. The third
one comes from the reflections during the pulse propagation along the helix. SOPHIE describes
the real helical structure of helix with a wire of a finite thickness. So, in addition to the fields
induced by the current, it accounts for the secondary fields induced by reflections from conducting

surfaces.

4.2.4 Limits of the model

In this part, we discuss the limits of the model related to the geometry variation, the range

of wave vectors, and the issue of the variable separation.
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Figure 4.10 — Dependence of the WKB validity conditions (4.2.33]), on the wave number & for
the simulation parameters used in this work.

The WKB approximation implies a slow variation of the coil parameters. This allows us to
neglect the second derivative of the current amplitude in Eq. (4.2.3). However, according to this

equation, A” is proportional to the derivatives of k:

3(1€/)2 k‘”
A" = jor/kork3/? - — . 4.2.32
JoV Rok e 2%3 (4.2.32)
Comparing this expression with the two other terms retained in Eq. (4.2.3)), the conditions

of slow variation of the wave number read:
K| < k? and |K"| < k3. (4.2.33)

These conditions are presented in Fig. for the parameters considered in this work. For ka <
0.3, the conditions are not respected and the model is not valid in this domain. Alternatively,
attempts were made to achieve linear variation in segments, describing a quadratic variation
with distinct linear components. However, the discontinuity of k¥’ at the connecting points
causes additional errors. A small variation between the linear segments is necessary to ensure
the validity of Eqgs. (4.2.33]).

We also note that the coordinate dependence of wave vector k introduces an error in the
variable separation. Indeed, the z dependence of k£ implies that « also depends on z.
Reciprocally, the link between k, w, and « results in imperfect variable separation and errors in
the fields. These errors are small if the WKB criteria are valid.
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4.2.5 Expressions of the other components of the electromagnetic fields in

real space

4.2.5.1 Field expressions without tube

Taking the inverse Fourier transforms of Egs. (4.2.8) and (4.2.10) and injecting Eqs. (4.2.13))

and (4.2.20)), we obtain the fields in real space for r < a:

£

(r,2.1) = 10 / Jowvk ko All(aa)Kl(aa) cos T
0

- 272a a2 Ip(oa)J(aa)

x cot® ¥ I (ar) exp [z/ k(w, zp)dz, — iwt} ,
0
oo ;o2
_ 140 JowwR ko I1(aa) K (aa)

B t) = \|———————— v
o (1:2:1) 2m2ac? /0 a? k Iy(aa)J(aa) o8
x cot® ¥ I (ar) exp [z/ k(w, zy)dz, — iwt} ,

0

*© jovk k K
B, (r,z,t) = Ko / J0 0 kA 1(aa)
0

- 272a a J(aa)

cot® W

cosU x I(ar)exp [z/ k(w, zy)dz, — iwt] ,
0

140 /Oojow/@ ko Ki(aa)
2r2a Jo @« k J(aa)

x cos U I (ar) exp [z/ k(w, zp)dz, — iwt] .
0

E,(r,z,t)=—1 cot? ¥

Similar expressions for the fields are obtained for r > a:

cos ¥

0

27m2a « Ko(aa)J(aa)

x cot> U K (ar) exp [2/ k(w, zy)dz, — iwt} ,
0
oo ;o2
Lo Jow?k ko  Ii(aa)K;(aa)

B t) =— —N—— g
o (r:21) 2772a02/0 a? k Ko(aa)J(aa) o8
x cot® U K (ar) exp [2/ k(w, zy)dz, — iwt} ,

0

o /+°°jovk ko o Ii(aa)
2r2a Jo ! Ki(oa)J(aa)

Bf(r,z,t) = cos ¥

x cot? ¥ K (ar)exp [2/0 k(w, zyp)dz, — iwt} )

1o /+°°j0w*€ ko  Ii(aa)
0

Ej(r,z,t) =— i27r2a — cos ¥

a k Ki(aa)J(aa)

x cot? ¥ K (ar)exp [2/0 k(w, zyp)dz, — iwt} .
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4.2.6 Expressions for the fields in coil with tube
Taking the inverse Fourier transforms of Eqs. (4.2.7)) and (4.2.12)) and injecting Eqs.

and (4.2.27), we obtain the following expressions for the fields for r < a

140 /°° JowvV'k k:g%All(aa)N(aa) s U

Eo(r, 2, ) = —
r(r,2,t) 2m2a a? Ip(aa)

x cot3 W I (ar) exp [z/ k(w, z)dz, — iwt} ,
0

_ Lo > jow?kN | ko Il( a)N(aa)
B t) =— L4
o (r:2:1) 2m2ac? /0 a? & Ip(ea) o8

x cot®> U I (ar) exp [z/ k(w, zy)dz, — Zwt}
0

+oo 5/
Ko / Jovk ko kAN (aa) cot> ¥
0 «

B,(r,z,t)” =— 5.2,
x cos ¥ I} (ar)exp [z/ k(w, zy)dz, — iwt] ,
0

E, (r,z,t) = ;:20 / ‘]OZM I:N(aa) cot? ¥ cos ¥

x I1(ar) exp [z/ k(w, zy)dz, — z‘wt} .
0

[@2.23)

(4.2.42)

(4.2.43)

(4.2.44)

(4.2.45)

Similar expressions for the fields are obtained for r > a:

Ef(r,z,t) = 5
m2a

< jowy/E
il / JV B R0 A Ty (0a) Ko )N ()
0

X (—Il(ozr) + [1})0((0;;)) Kl(ar)> I (aa)Ko(ab) cosW

N 4
x cot® ¥ F((;XZ)) exp [Z/o k(w, zy)dz, — iwt] ,

(4.2.46)
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By (r,z,t) = — 'LLO/ ‘]OMQ\/»/@Nh(aa)KO(ab)N( a)

2m2ac? a2Vk
I (aa) Ko (ab) N (aa) Ip(ab)
s F(aa) <Il(047“) B Ko(ab))
x cot®> U cos U exp [z /OZ k(w, zy)dz, — iwt} ) (4.2.47)
_ Mo Jovk ko, Ki(ab)li(aa)
B (rz,t) = - 27r2a/0 o' Il( b)J(aa)
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X <—I1(ar) + 1 (ad) Kl(ar)>
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i Jowk [k
Ef (r.2,1) =X oa/ 0 0
Ki(ab)1(a) I (ab)
T (ab)J(aa) <Il(o”") " K (ab) Kl(a”)
x cot? ¥ cos U exp [z /OZ k(w, zy)dz, — iwt} . (4.2.49)

4.2.7 Comparison of the model and PIC simulations

Here, we present the comparison of simulations performed with DoPPLIGHT and SOPHIE
for E,(r, z,t), the radial electric field which is responsible for the focusing of the proton beam, in
Fig. [f.11}(a) for HC, (b) for HCT, (c) for VHC and (d) for VHCT. We also present the current
propagating in the helical coil jo/sin ¥, the discharge current, which creates the electric and
magnetic fields, is shown in Fig. [f.12|(a) for HC, (b) for HCT, (c) for VHC and (d) for VHCT.
The calculation parameters are described in Sec. [£.2.3.3] for a helical coil of radius a = 0.5 mm
and of pitch h = 0.35 mm. The radius of the tube for HCT and VHCT, is b/a = 1.4. The
graphs show good consistency between the model and the PIC simulations in the case of VHC
and VHCT. The average error is of the order of 20% for Figs. a) to[£.12(b) and of 33% for
Figs. c) and (d). It is always smaller than the typical measurement errors.

4.2.8 Proton acceleration in the helix

In this subsection, we apply the electric fields to accelerate protons and compare the spectrum
at the end of the coil computed by SOPHIE and DoPPLIGHT. We present results for VHC in Fig.
a) and VHCT in (b). The average error of 33% is smaller than the errors of measurements
as discussed above. A comparison of panels (a) and (b) shows that the use of a tube allows an
increase in the cut-off energy from 10 MeV to 11 MeV and a bunching effect for the protons at
10 MeV. This is explained by the suppression of the coil dispersion by the tube and a better
coupling between the field and the particles. Moreover, the number of protons with energies
above 3.5 MeV is increased by a factor of 20 compared to the input spectrum. The bunch at
high energy is due to the accelerator field at the front of the current pulse (see Fig. @ and the

bunch at low energy is due to the decelerator field at the back of the current pulse. More results
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Figure 4.11 — Coordinate dependence of the axial electric field E, at » = 0.2 mm for the coil
without (a) and with tube (b), and for a pitch varying linearly for the coil without (c¢) and
with tube (d) at 0.1 ns after emission time (blue curve), at 0.3 ns (yellow curve) and at 0.5 ns
(green curve). Dashed lines show the result of the PIC simulation (SOPHIE), and solid lines are
obtained with DoPPLIGHT code. The helix radius is 0.5 mm, the pitch 0.35 mm, and the tube

radius is 0.7 mm.
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radius is 0.7 mm.
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Black line shows the input proton spectrum. The parameters of the coil and the current are
given in the text.

and comparisons between HC and HCT are given in Ref. [5].

The proton spectra obtained with both DoPPLIGHT and SOPHIE are quite similar, see Figs.
a) and (b). As depicted in Fig. the number of protons with energy larger than 3.5 MeV
is increased by a factor of 20 compared to the TNSA spectrum. The positions of peaks in the
energy spectrum and the cut-off energies are similar in DoPPLIGHT and SOPHIE calculations.

Discrepancies between our model and SOPHIE simulations are deemed acceptable due to
shot-to-shot fluctuations observed in experiments and discussed in section III. This similarity in

error magnitude suggests consistency in the computational outcomes of our model.

4.2.9 Optimization of the pitch variation for a synchronized field with protons
4.2.9.1 Fields variation with helix parameters

In the objective to know the pitch variation, we need to understand how the fields depend
on the coil parameters (radius a and pitch h). Fig. show that the longitudinal electric
field and the radial electric field, which are respectively responsible for the post-acceleration and
the focusing of the protons, are maximum at low radius (Fig. [f.14]a) and pitch (Fig. [£.14]b).
Indeed, Fig. show that the maximum electric field decreases exponentially with both the
helix radius and pitch. However, the decrease is more pronounced with the pitch, as indicated
by the steeper slope. To maximize the effect of the helical coil on the proton beam, both the
radius and pitch should be minimized. Nevertheless, for a given characteristic energy, reducing
the pitch is more effective than reducing the radius, and should therefore be prioritized in the
coil design.

Indeed, the geometry of the helical target directly controls the amplitude of the electric fields
experienced by the ions. In particular, reducing the radial electric field for instance by increasing

the pitch or the radius of the helical coil leads to a weaker transverse focusing of the proton beam.
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Similarly, increasing the pitch or the radius of the helical target reduces the longitudinal electric
field, which is responsible for the post-acceleration of the ions. As a consequence, a weaker
longitudinal field results in a reduced post-acceleration efficiency and therefore in a lower proton
cut-off energy. A careful balance must therefore be found in the target design to simultaneously
ensure the synchronism between ions and the pulse without too much mitigation of the electric

field.
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Figure 4.14 — Dependence of the computed maximum electric fields generated by the helical
coil on its geometrical parameters. (a) Computed (using the analytical model presented in this
chapter) longitudinal (E,, blue curve) and radial (E,, red curve) electric fields as a function of
the coil radius a. (b) Computed longitudinal (E., blue curve) and radial (E,, red curve) electric
fields as a function of the coil pitch h. The dots represent the analytical values of the electric
fields and the solid line represent the exponentially decreasing fit.

Although reducing the coil pitch is more effective than reducing the coil radius for enhancing
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the electric fields, practical fabrication constraiunts limit the extent to which the radius can be
decreased. In particular, the finite thickness of the wire used to construct the helical target im-
poses a lower bound on the achievable radius, making further reduction technically complicated.
To address this limitation, we develop an analytical model aimed at synchronizing the maximum
of the electric field with a selected population of protons. This model account for the proton
acceleration dynamics as they propagate along the helical structure. Such a synchronization ap-
proach could provide a novel path to optimize the helical coil post-acceleration without relying

solely on geometric minimization of its parameters.

4.2.9.2 Description of analytical expression

In this analytical work, we would like to get an equation to synchronize the electric field with
a proton during all its propagation inside the helical coil. To do it, we are starting from energy

conservation:

(Y = v0)me® = / eE.dz (4.2.50)
0

with v = % the Lorentz factor associated to the proton velocity vy, v9 = L

vp 1 vp(z:0)2 ’
-5 -

E. the longitudinal electric field, m, the proton mass, e the elementary charge. In our case of
synchronization of the fields with the protons, we search for the wave phase velocity vy = vp.

Therefore, one can express the phase velocity such as :

vg(2) =c |1 — ! (4.2.51)

p2 O\ /2 2
(et (1- %) )

[

Thanks to equation [4.2.51{ and knowing that vy (z) = = one can know the expression

1+(2%)

of the pitch h(z):

2ma

h(z) = (4.2.52)

1
1— 1 —1

vé —1/2\ 2
ﬁjg Eydz+ 177}

4.2.9.3 Proton spectrum results

To compute numerically the eq. we have to compute the maximum electric field as
function of z in DoPPLIGHT with a constant pitch first. Then, we recompute the electric field
knowing h(z). With some iterations, it converges to the pitch profile shown in Fig. a and
the corresponding characteristic energy of the helical coil in Fig. [I5lb. The impact of this
pitch on proton spectra, computed using DoPPLIGHT and presented in red in Fig. [fI5]c, is

to increase the proton energy up to the maximal characteristic energy such as described in the
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model. However, if we compare to the constant pitch (green curve), we see a lower bunching
effect in energy of the varying pitch. Indeed, the theoretical model, takes into account only one
proton and does not take into account the dynamic effect of the beam, such as the space charge.
The space charge is higher at high energy (above characteristic energy), therefore, the number of
protons which is synchronized with the electric field decreases. To increase the bunching energy
with a varying pitch, the discharge pulse should be of higher intensity to compensate the effect
of the space charge. But in experiments, if we increase the discharge current, we also increase
the number of protons at high energy and therefore, the space charge, and finally, we cannot get

a better result with this theoretical model.

4.2.10 Conclusion

In this work, we develop an analytic description of the current propagation in a helical coil
with a screening tube and varying geometry. The tube mitigates the coil dispersion and maintains
a quasi-constant pulse shape and propagation velocity. In addition, a gradual increase of the coil
pitch allows to accelerate the pulse along the propagation direction and maintain resonance with
the accelerated particles over a longer distance.

The model is implemented numerically in the code DoOPPLIGHT, and its accuracy is demon-
strated by comparing it with the results of PIC simulations. Good agreement is obtained for
coils with a constant pitch and radius with and without a tube. Furthermore, the comparison is
extended to the case of a linearly varying pitch.

We demonstrated that coil screening and pitch stretching allows optimizing the proton ac-
celeration. An increase in the number of high-energy protons by an order of magnitude was
observed, together with an increase in the maximum proton energy by 20% and a focusing of the
particles on the coil axis.

Thanks to this model, we optimize of the helical coil geometries to increase the cut-off energy
and the number of high energy protons (note that |81] propose another approach to synchronize
the fields). We have seen that the radial and longitudinal electric fields decrease exponentially
with increasing pitch and radius of the helical targets. Accordingly, an optimization was proposed
that accounts for these field reductions while maintaining the synchronization of the protons with
the discharge current throughout the post-acceleration. The utilization of a more powerful laser
beam could also be interesting because of an increased discharge current and so, a better proton
acceleration and focusing.

Further future improvements of the model foresee taking into account the current reflection
due to the helix inhomogeneity along the propagation direction. Currently, the model neglects
the coil resistance, and the retro-action of the particles on the electric field. The perfect conductor
is a good approximation because the resistance of a realistic coil is about 10 m§2 (accounting for
the skin effect), so, the resistive electric field is much smaller than the inductive electric field.
Adding the retro-action of particles will slow down the performances of the DoPPLIGHT code,
and, in our cases, this contribution is negligible [82].

Nevertheless, the model is sufficiently accurate and allows to perform a large number of
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simulations in a few minutes. It is an excellent tool for optimizing the helical coil geometry for
the proton post-acceleration, bunching and focusing.

Building on these insights, it is essential to confront the predictions with experimental vali-
dation in order to assess both the robustness of the models and their practical relevance. In this

context, an experimental campaigns were carried out and reported in next chapter.
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5.1 Foreword

Thanks to the modeling work presented in the previous chapter, we were able to design
new helical targets specifically tailored for the experiment conducted at the ALLS laser facility
at INRS (Canada). The primary objective of this experiment was to achieve an experimental
validation of helical coil targets with a screening tube (HCT). Unfortunately, due to assembly
issues, such as misalignment between the tube and the coil, and possible physical contact between
them, as well as a lower-than-expected current generation, this initial goal could not be achieved.

However, the performance of helical coil targets without tubes was successfully demonstrated,
and good agreement between simulations and experimental results was observed |83]. The second
objective of the experiment was to implement, for the first time, a Thomson parabola (TP) as
the main diagnostic tool to measure the proton energy spectrum at the coil exit. Until this
experiment, in all experiments involving helical targets, only radiochromic films (RCFs) had
been used for this purpose. RCFs are considerably easier to implement than a TP, since the
focused nature of the proton beam exiting the coil (+2° divergence) requires extremely precise
alignment between the coil and the TP. This technical challenge was successfully overcome,
allowing the observation also for the first time of a significant effect of the coil field on carbon
ions [83].

Following this experiment, new helical targets were optimized to focus, post-accelerate, and
bunch carbon ions [83]. This chapter presents the experimental setup and procedures employed
in this campaign, as well as the main experimental results obtained on proton and carbon ion
focusing and post-acceleration. The simulation input parameters used to align numerical results
with measurements are also detailed. The chapter concludes with a presentation of simulation

results for new helical geometries optimized for carbon ion manipulation.

5.2 Methodology

In this experiment, we used solid tantalum foils of 2 ym thickness as interaction targets for
producing the ion acceleration. The choice of a tantalum target is motivated by the ion beam
stability demonstrated in a previous study [|20]. A schematic of the experimental setup for the
ion acceleration using HC is depicted in Fig. [5.1] The helical coil target setup was assembled by
inserting a circular piece of foil with a radius equal to the radius of the helical coil, which had
been cut out of a 2 ym tantalum foil by ultrafast laser micromachining. The use of a screening
tube does not permit an alignment by the rear side of the foil. The laser cutting of the tantalum
foil allows to align the helical coil target by the front side. In this alignment process, the laser
beam must be focused on the front side of the target foil but also on the coil center. Therefore,
the coil edges must not be hidden by the foil. Fig. shows the helical coil without (a) and
with (b) the target foil. The method for the target foil cutting is presented in Sec. and the
ion acceleration experiment with HC using a Ti:Sapphire laser is presented in Sec. [5.2.2]
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5.2.1 Laser cutting of the TNSA target

Femtosecond laser micromachining is a universal tool allowing for very precise processing of
any material thanks to the extremely short interaction time of the laser beam with the mate-
rial |84]. Thermal diffusion is suppressed in this regime and thus reduces the formation of a heat
affected zone even in high thermal conductivity materials such as metals |85]. Moreover, trans-
parent materials like dielectrics can be modified very locally in the bulk by non-linear absorption
within the laser focus [86].

For the target fabrication, micro-cutting of small disks of 1 to 3 mm diameter out of a 2 um
thickness tantalum foil has been performed (see Fig. [5.2b.) using a commercially available Yb-
doped femtosecond laser source (Tangor 100, Amplitude) operating at 1030 nm wavelength [87]
coupled to a home-built micro-machining station [88]. The cutting process was performed using
a repetition rate of 20 kHz and an average power of 0.67 W, corresponding to a fluence of 8.5
J/em?. The trajectories for cutting the circles out of the metal foil were done using a galvo
scanner (IntelliScan III-14, Scanlab) equipped with a focusing lens of 100 mm. The scanning
velocity was 10 mm/s, and the cutting process was done in a single pass. The sample was held
self-supported using two spring pliers with a distance of 12 mm between the pliers. Once the
samples have been cut, the disks fall down into a plastic cup. Then all disks are sorted with
a micro-suction device and stored in a membrane box. Finally, the dimensions of the disks
have been measured with a measuring microscope equipped with a 20x objective (MF-B1010D
Mitutoyo).

This target fabrication method, by ultrafast laser processing, allows for extremely precise
cutting without causing damage, thereby preserving the quality of the TNSA during the exper-
iments. The TNSA process relies on perfectly flat targets with minimal imperfections, which
optimize the acceleration process during TNSA. In other cutting processes, targets may become
folded, creased, or torn, which can disrupt the laser-plasma interaction, reducing the ion energy

cut-off and the number of accelerated ions

5.2.2 Experimental setup for ion acceleration

The experiments were performed on the laser-driven ion acceleration beamline of the Ad-
vanced Laser Light Source (ALLS) at the INRS in Varennes, Canada. We used the ALLS 150
TW Ti:Sapphire laser (Ao = 800 nm) system delivering 3.2 J on target with a pulse duration
of Trwnm = 22 fs at Full-Width-Half-Maximum (FWHM). The experimental setup (Fig. |5.1)
uses an f/3 off-axis parabola (OAP) to focus the 95 x 95 mm? beam (at e~2) down to a spot
size of wpwmM ~ 5 pm. Parabola alignment and wavefront optimization, using a feedback loop
between a wavefront sensor and a deformable mirror, are both performed at full laser power,
which allows to compensate aberrations arising from thermalization in the laser system. This
results in a peak intensity Iy around 1.3 x 102 W/cm? [20,[73]. Prior to entering the second
Chirped Pulse Amplification(CPA) [13] amplification stage, a cross-wave polarizer (XPW) and

a booster stage relying on a saturable absorber are employed to clean the incoming laser beam,
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Figure 5.1 — a) Top-view of the experimental setup for the laser-driven ion acceleration using
helical coil targets. b) Scheme of a single helical coil and a helical coil with a tube. The tube is
axially symmetric.

achieving an Amplified Spontaneous Emission (ASE) pre-pulse contrast <10~ at -100 ps before
the main pulse, along with a steep power rise with contrast <107% at -3 ps.

The p-polarized laser pulses are incident at an angle of 20°; to avoid specular reflections, with
respect to the target-normal on the circular 2-pm-thick tantalum foils at the tip of the helical coils
to produce ion beams using the TNSA regime. The energy distribution of the accelerated ions is
measured using a calibrated Thomson Parabola (TP) spectrometer positioned at 0° with respect
to the target-normal axis, employing a double Micro-Channel Plate (MCP) detector in
Chevron configuration with a P43 phosphor screen, allowing to acquire images of the ion spectra
for each laser shot. The Thomson parabola spectrometer is used to identify ions and measure
their energy by dispersing charged particles according to their charge-to-mass ratio and kinetic
energy using both electric and magnetic fields. The resulting parabolic traces on the detector
allow simultaneous species discrimination and energy-resolved ion spectroscopy. Additionally,
Time-of-Flight (ToF) spectrometers are employed at 9° and 180° from the main axis, monitoring
the number of protons and their energies in correlation with the TP spectrometer. These ToF
spectrometers are primarily used to get an on-line verification of the laser-plasma interaction
during high repetition rate experiments . This diagnostic is used to characterize proton
emission by measuring the arrival time of particles at a detector placed at a known distance
from the interaction point. Finally, we employed RadioChromic Films (RCF) of type EBT3 to
measure the angular distribution of the ion beam. We position the RCF at the distance of 50 cm
centered on the proton beam axis. After irradiation, the RCF were scanned with an Epson

Perfection 2450 scanner.
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Figure 5.2 — Microscope image of the helical coil a) without target b) with cut out target filed
and pasted on the helical coil.

5.3 Experimental results

5.3.1 Proton acceleration and focusing

Figure a presents the proton spectrum measured for an HC of 5 mm length (red curve),
compared to the classical TNSA spectra obtained on the same day at INRS (black curve) and
to the background noise (blue curve). The HC geometry has been chosen based on previous
simulations , to synchronize the electric field propagation velocity with proton velocity
having energy Epyc = %mpVI%C =4 MeV (stable energy within the proton spectrum for the ion
beamline at ALLS), where Vo = he/vh2 + 41242 is the phase velocity and m,, is the proton
mass.

One can see, that the use of the helical coil increases the cut-off energy from 4 MeV to 5
MeV, enhances the fluence for protons above 2.4 MeV, and reduces the number of low-energy
protons. This reduction of low-energy protons is attributed to space charge effects, as discussed
in previous work .

Figure [5.3]b depicts an RCF, placed at 50 cm from the TNSA target, which clearly shows
a reduced angular dispersion, about 2.3° with our HC compared to 20° as obtained for classical
TNSA. The opening angle of the helical coil is 6.8°, which confirms that the angular dispersion

is reduced thanks to the focusing effect of the helical coil and not just a filtering effect.

5.3.2 Carbon ions measurement

During the TNSA process, multiple ion species are accelerated, predominantly protons and
carbon ions. Until now, no laser experiments have demonstrated an effect of helical coil targets
on carbon ions. This is likely because, in most cases, these experiments were conducted with a
stack of RCF as a unique diagnostic tool, without the use of a Thomson parabola spectrometer.
Carbon spectra are presented in Fig[5.4la. Dotted lines represent carbon ions spectra under the
influence of HC, while the solid line shows the spectra without the influence of the HC. The black

solid line denotes the background noise for carbon ions. This figure shows a decreased number
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b) RCF scan showing the beam radius and highlight the focusing effect, reducing the angular
dispersion from 20° half angle obtained with TNSA, compared to 2.3° obtained with an HC.
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Figure 5.4 — Comparison of carbon spectra between a) a helical coil (dashed line) of radius
a =0.6 mm, pitch h =0.35 mm and length L =5 mm b) a short-circuited helical coil (dotted
lines) and the TNSA carbon spectra (solid lines).

of carbon ions, from 10'° without to 10° with HC. The cutoff energy of the TNSA carbons is
2.5 MeV for C and 4 MeV for C2+, C3+, C**. In contrast, with the HC, the signals above
2.5 MeV are indistinguishable from the background noise.

Figure b shows the carbon ions spectra using a short-circuited HC (dotted lines) and the
comparison to the TNSA without HC (solid lines). A short-circuited HC means that the HC
is present but connected to the tube. Therefore, the major part of the current pulse does not

propagate through the helix but in the tube. The short-circuited helical coil serves as a reference

101



to isolate the effect of the coil itself. If the number of carbon ions observed with a short-circuited
helical coil is similar to the background noise, it indicates that the degradation of laser-plasma
interaction quality caused by the helical coil is responsible for the reduced number of carbon
ions, as shown in Fig. [5.4la. Conversely, if the carbon ion yield with the short-circuited coil is
comparable to that of the TNSA process, the reduced carbon ion production can be attributed
to the discharge current propagating through the coil.

Figure [5.4]b demonstrates that the cutoff energy of carbon ions remains similar between the
HC and TNSA cases, while the total number of carbon ions is reduced by a factor of two.

These comparisons reveal a clear effect of the HC on the carbon ions. In the short-circuited
HC case, a carbon ion spectra similar to TNSA without HC is observed. However, when HC
are employed, the number of carbon ions becomes comparable to the background noise level,
illustrating a notable suppression of carbon ion. This suppression of carbon ion results from
the increased space charge induced by the helical coil [62]. The HC focuses ions and de-focuses
electrons, which induces a beam de-neutralization. This creates a significant space charge effect,
causing the dispersion of the ions non-synchronized with the discharge current, which induces
an explosion of the ion beam. For particles synchronized with the discharge current, the radial
electric field generated by the current propagation through the helix [61] partially compensates
for the space charge. However, for non-synchronized particles (i.e. the carbons, which are slower
because their are heavier), no such compensation occurs, leading to beam dispersion and a
reduction in the number of carbon ions by approximately a factor of 100. Finally, the particle
beam produced at helix exit is composed of only one ion species: the protons. This helical coil

property can be very usefull for medical applications.

5.4 Simulations

To shed light onto the current propagation within the helix we used the code SOPHIE [63].
SOPHIE is a 3D FDTD-PIC simulation code developed to solve Maxwell’s equations in both
vacuum and material environments. The code supports boundary conditions for perfect electric
conductors, dielectrics, and magnetic materials. Relativistic particle motion in vacuum is gov-
erned by Newton’s second law, solved using the Boris algorithm [90]. To ensure self-consistency,
Buneman current collectors are implemented.

An important feature of SOPHIE is its ability to simulate current propagation through a helix
using boundary conditions, such as perfect electric conductors, without requiring macroparticles.
This design choice reduces computational constraints and facilitates large-scale simulations. Un-
like traditional codes that resolve the laser wavelength, SOPHIE is optimized for simulations on
grids spanning several centimeters and time intervals on the nanosecond scale. These capabilities
make SOPHIE an optimal tool for studying the physics of Helical Coil Targets (HCT).

In our SOPHIE simulations, a helical coil is positioned at the rear side of a foil target. The
target, coil, and holder are considered perfect conductors and are meshed at full scale with a cell

size of Az = Ay = Az = 20 pm, yielding a total of 2 x 10 cells across a volume of 72 cm?.
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Figure 5.5 — Discharge current measurement in the SOPHIE simulation at the entrance of the
helical coil as function of time.

Electrons, protons, and carbon ions are represented using 10 million macroparticles each.

Inputs for ion energy and angular distributions are taken from experimental data obtained
with TNSA without HC. The input proton energy distribution is the one represented by the
black curve in Fig. [5.3]a, and the ion ones are represented in blue and red curves respectively for
C3* and C** in Fig. a. The angular distribution is modeled using a super-Gaussian function
given by dN,/df o exp [—(6/60,)'°/2], where 6, = 19°. The temporal emission profile dN/dt
follows a Gaussian shape with a full-width at half-maximum (FWHM) duration 7 of a 7 ps. The
emission zones for protons and carbon ions are both set to a transverse size of 200 pum.

The proton and carbon ion dynamics within the helical coil are determined solely by the
electromagnetic fields generated by the discharge current. To simulate this current, electrons are
emitted isotropically with an energy distribution similar to that of the protons. The transverse
size of the electron emission zone matches that of the protons and carbon ions (200 pm).

In these simulations, to fit with experimental results, the electron charge emission is set to
40 nC, while the proton charge emission is 5.6 nC, both emitted over a duration of 7 ps. Carbon
ions are emitted with a total charge of 6.9 nC and 3.8 nC respectively for C3+ and C**t over the
same emission duration than protons.

The electron emission induces a discharge current in the helix of amplitude 1.8 kA and a pulse
duration of 15 ps (FWHM), which matches perfectly with the values reported in the experiment
of S. Kar et al 3] who measured 60 nC of electron charge and 15 ps of pulse duration for the
discharge current. This current profile is shown in Fig. [5.5 where a rise time of 5 ps and a decay
time of 10 ps are highlighted, which corresponds again to the experiment of S. Kar et al. |3].
The simulation results are shown in Fig. a (blue curve).

In Fig. [5.6la, the proton cut-off energy in the simulation is overestimated compared to the
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Figure 5.6 — a) Comparison of proton spectra between an experimental result using an helical
coil (red line) of radius a =0.6 mm, step h =0.35 mm and length L =5 mm and the experimental
TNSA proton spectra (black line) and the SOPHIE simulation for a current of 1.75 kA, of 15 ps
at FWHM. b) Comparison of carbon spectra between an experimental result of helical coil (red
line) of radius a =0.6 mm, step h =0.35 mm and length L =5 mm and the TNSA proton spectra
(black line), the SOPHIE simulation which is comparable to the background noise in green. c)
Comparison of carbon spectra between a helical coil simulated with SOPHIE of radius ¢ =1.5 mm
and a tube of radius b = 2 mm for HCT n°1 (solid line) or 1.8 mm and b = 2.3 mm for HCT n°2
(dotted line), step A =0.35 mm and length L =15 mm and the input carbon spectra (black line).
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experimental data. During the experiments, the laser-plasma interaction creates a charge sepa-
ration generating an electric field that accelerates the protons, and the most energetic electrons
escape. However, for the simulations, we have to take into account a particle emission similar
to that obtained by TNSA. Therefore, we create a fictive TNSA-like electric field which slightly
accelerates protons on a distance of a few hundreds of micrometers with a field at the order of
a hundred of GV /m. This added field is an artifact, but it cannot be removed from the simula-
tion. To conclude, Fig. [5.6la shows a good agreement between the experimental measurements
and the simulations, with both showing the same number of protons in the plateau level and a
cut-off energy of 5 MeV. This strong correlation validates the accuracy of our input parameters,
enabling us to robustly and reliably design helical coils, specifically for carbon acceleration. In
both the experimental data and the simulations, the proton spectrum above 5 MeV is dominated
by noise. Consequently, the effective cut-off energy is 5 MeV, and higher-energy features are not
considered physically meaningful.

In Fig. [(.6lb, the SOPHIE results show a decreased number of carbon ions, lower than
the background noise level. Experimentally, the number of carbon ions obtained with the HC
designed for the protons is of the same order as the background noise. This comparison confirms
the validity of the results presented in Fig. [5.6la and the input data used in the SOPHIE
simulations.

Now that we have demonstrated that HC is not only acting on protons, but also on carbon
ions, we can design new HCT geometries adapted to carbons. To optimize the HC geometries
for accelerating protons, the phase speed V¢, which corresponds to the longitudinal speed of a
current pulse propagating at the speed of light along the helical coil, is computed. Its expression
is given by Vo = he/vVh? + 4m2a?, where h is the pitch and a is the radius of the helix. This
phase speed determines the group of particles that is synchronized with the electromagnetic
pulse, having an initial energy Epc = %min]C, where m; is the ion mass. To predict the final
energy of the ion bunch, we apply the scaling law presented in our previous work [5]. Here, we
propose to use the same methodology we used for the design of new HCT geometries optimized
for carbon ion acceleration, focusing and bunching.

Sophie simulations were performed using the same input datas as the ones who enabled us to
recover the experimental spectra on protons and carbons (see Fig. b). Figure c presents
the potential effects of the helical coil with a HCT on carbon ions, showing an increase in energy
up to 9 MeV, energy bunching up to 7 MeV, and improved focusing, as indicated by the increased
number of carbon ions per solid angle. This simulation result, based on experimental input data,

demonstrates that HCT can also accelerate, focus and bunch carbon ions.

5.5 Conclusion

This study shows the impact of helical coil (HC) targets on the shaping of proton and carbon
ion beams in laser-driven ion acceleration experiments. By employing the ALLS laser facil-

ity, we observed improvements in proton acceleration, increased cut-off energy, and enhanced
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beam focusing. These results align with our previous theoretical and simulation-based studies,
confirming the potential of HC targets for optimizing proton acceleration schemes.

This experiment is also the first one that demonstrates that helical coil targets can act on
heavy ions. During the HC acceleration scheme, electrons are de-focused, which produces a
de-neutralization of the particle beam and creates a strong space charge. If the HC is designed
for protons, the propagation of the radial electric field produced by the HC is not synchronized
with the one of carbon ions. Therefore, these ions are only subjected to their space charge,
which de-focuses and suppresses them from the main particle beam. As observed during this
experiment, the particle beam at the helix exit is a pure, mono-species, beam only composed of
protons.

Our new PIC simulations, based on experimental input data measured during this experiment,
suggest that proper tuning of the HC geometry can selectively synchronize with ion species,
enabling energy bunching, focusing, and post-acceleration of carbon ions.

The use of helical coils has shown great potential in producing pure, mono-species, ion beams,
which is of great interest for medical applications. Their ability to double the energy of carbon
ions is especially beneficial for oncological applications. Cancer treatments involving ion therapy
require both precise energy control and high carbon ion energies to effectively target and treat
deep-seated tumors. Achieving doubled carbon ion energy on petawatt (PW) laser facilities
could represent a significant step forward in meeting these stringent requirements [91]. This
breakthrough would enable enhanced energy modulation capabilities, making laser-driven carbon
ion acceleration a promising approach for advanced oncological treatments.

However, oncological applications (hadron therapy) require ion energies on the order of 100
MeV /u, whereas the results presented in this chapter reach only about 1 MeV /u. Nevertheless,
laser-driven acceleration has already demonstrated carbon-ion energies up to 50 MeV/u [92].
Combining helical coil schemes with optimized laser parameters could potentially allow further
energy gains, for instance by approximately doubling the achievable ion energy.

In particular, the experiments have revealed a clear effect of the helical coil target on heavy
ions, suggesting that similar mechanisms could be exploited for a particles. This opens the
perspective of optimizing radioisotope production, shaping the spectra of « particles. In the

next chapter, this perspective is developed.
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Chapter 6

Enhanced Radioisotope Production
Using Helical Coil Target with Tube
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6.1 Foreword

The work done in the previous chapter shows the possibility to have post-acceleration and
focalization on heavy ions. This chapter investigates the effect of the helical coil on « ions
produced during pitcher catcher experiments. We show a significant effect on « particle spectra
and an increase in radioisotope production, using interaction of a cadmium secondary target with
the post-accelerated and focused « particles or proton, with helical coil compared to without [93].

The FLUKA simulations were conducted by Thomas Carriére during his PhD.

6.2 [ decay

Beta decay is a radioactive process in which an unstable nucleus emits a beta particle (5~ or
1) accompanied by a neutrino or an antineutrino. This phenomenon is a manifestation of the

weak interaction and allows nuclei to transform into a more stable state.

6.2.1 Beta Minus Decay (57)

Beta minus decay (87) occurs when a neutron in an unstable nucleus is converted into a

proton according to the following reaction:
n—pte + (6.2.1)

In this reaction, a neutron (n) is transformed into a proton (p) with the emission of an electron
(e7), called a beta particle, and an electron antineutrino (7). This type of decay occurs in nuclei
with an excess of neutrons and leads to an increase in atomic number Z, thereby changing the
chemical element.

A typical example of 5~ decay is that of carbon-14:
§'C > 'N+e +7 (6.2.2)

6.2.2 Beta Plus Decay (3")

Beta plus decay (87) occurs when a proton in an unstable nucleus is converted into a neutron

according to the following reaction:
p—=ntet (6.2.3)

Here, a proton (p) is transformed into a neutron (n) with the emission of a positron (e™), also
called a positon, and an electron neutrino (). This process occurs in nuclei with an excess of
protons and results in a decrease in atomic number Z, thus altering the chemical element.

A typical example of 37 decay is that of fluorine-18:

§°F = 0 +et +u, (6.2.4)
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Figure 6.1 — Three different PET scan images of a brain. https://vitalim.ca/awareness/
diagnostic-tests/pet-scan/

Beta decay is an essential phenomenon in the evolution of unstable nuclei. These processes
play a crucial role in astrophysics, nuclear physics, and nuclear medicine, particularly in positron

emission tomography (PET).

6.2.3 PET

Positron Emission Tomography (PET) is a medical imaging technique that uses the principles
of 81 decay. In PET scans, a radiotracer containing a positron-emitting radionuclide, such as
fluorine-18, is introduced into the body. When a positron is emitted, it quickly encounters an
electron, leading to annihilation and the production of two gamma photons of 511 keV moving
in opposite directions.

The PET scanner detects these gamma photons and reconstructs a three-dimensional image
of the tracer’s distribution in the body. This technique is widely used in oncology for detecting
tumors, in neurology for studying brain function, and in cardiology for assessing heart conditions.

The Fig. [6.1] show an example of images that is possible to get thanks to this technique.

6.3 Enhanced Laser-Driven Radioisotope Production Using a He-
lical Coil Target with Tube

6.3.1 Introduction

Radioisotopes, natural or synthetic, are unstable nuclides because of an excess of nuclear
energy. Around 90% of radioisotopes are used for medical diagnostic purposes, mainly 31 (like
18R 43Sc or #4Sc) and short-life emitters (like 231 or 99™Tc) whereas 8~ (47Sc, 17"Lu, '3'1

or 20Y) and alpha emitters (??Ac, 2!'At, ...) are exploited for medical therapy |94]. They
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are produced either with cyclotrons |95] by nuclear reactions induced by protons, alphas, or
heavier ions or with nuclear reactors by reactions initiated by neutrons. The supply of medical
radioisotopes is a sector in constant tension. The main problem is related to the cost of the
necessary infrastructures and their aging. A compact and versatile laser-plasma accelerator able
to produce protons or a-particle beams of several tens of MeV in the same place could answer
this issue.

One of the most widely used methods for laser-driven ion acceleration is the Target Normal
Sheath Acceleration (TNSA) scheme [28]29]. In this regime, a high-intensity laser interacts with
a solid target, inducing electron expulsion from the target’s front to its rear surface via the
ponderomotive force. This process leads to charge separation within the target material and,
when these electrons exit the back side of the target in vacuum, results in the generation of a
static electric field reaching several TV /m. Consequently, protons from surface contaminants on
the initially undisturbed rear surface are accelerated to energies in the MeV range. However, for
radioisotope production, the generated proton beam presents one major drawback: a broadband
energy distribution that is exponentially decreasing with a cutoff energy increasing with the laser
intensity. These features do not allow for efficient aiming of the maximums of the cross-section
reaction. Moreover, the generation of protons at unsuitable energies might produce undesired
radioisotopes.

Meanwhile, the concept of proton-boron (pB) fusion, envisioned as early as the 1930s [96], was
realized through laser-induced fusion |97]. This fusion reaction, p™ + B — 3a+ 8.7 MeV, offers
distinct advantages, notably neutron-free production of a particles. The absence of neutrons
simplifies system design and reduces radiation protection costs. Moreover, pB fusion holds
promise for medical radioisotope production. However, a notable drawback of pB fusion for
radioisotope production, or any application relying on « particle beams, is the quasi-isotropic
nature of the a-particle flux. Another drawback is, as for TNSA, a broad energy spectrum of
the « particle beam that does not allow efficient radioisotope production and might also produce
undesired (harmful) radioisotopes.

To address the limitations on proton beam, several improvements have been studied such as
helical coils |3] or self-guiding through low density plasmas |98]. We propose to use a new design
of helical coil targets with tubes (HCT) that we have developed [5] to overcome the limitations
on « particle beams. The acceleration scheme using helical coil targets was first proposed by S.
Kar [3] et al. to focus, post-accelerate, and bunch a proton beam generated by TNSA. During
the laser-foil target interaction, the expulsion of hot electrons triggers a discharge current [22]
that propagates through the helix connected to the target’s rear side. In this configuration, an
electromagnetic pulse (EMP) is generated inside the helix, and the longitudinal component of the
electric field post-accelerates and bunches the proton beam, whereas the radial component focuses
it. This concept was demonstrated in several experiments |3},21,99-101], but the efficiency of
this scheme in terms of energy bunching and post-acceleration remains limited due to the current
dispersion during its propagation through the helix [21]. To address this issue, A. Hirsch-Passicos

et al. have recently proposed adding a conducting tube around the helix to mitigate dispersion
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and produce a bunching effect [5]. In this chapter, we propose, for the first time, using HCT to
shape not only the proton beam but also the « particle beam generated in the pB fusion reaction
in a pitcher-catcher configuration. In that setup, protons and a-particles are focused using
HCT on a secondary calcium (Ca) target to produce scandium (Sc) isotopes (see Figs and
?7?). This chapter presents preliminary simulation results for optimizing radioisotope production
using HCT. The purpose of this study is to provide a comparative analysis of radioisotope
production using HCT with protons versus HCT with a-particles, with the objective of identifying
the optimal approach to increase the number of produced radioisotopes and select the desired
radioisotope.

As a first step, the different reactions for radioisotope production and their cross sections, as
well as the strategy to optimize the radioisotope production, are presented in Sec. The
setup for protons is described in Sec. and the one for the a-particles in Sec. [6.3.3.2
Section is dedicated to the description of the simulation chain. Finally, the results of
simulations are presented in Sec. [6.3.5] An evaluation of the number of produced radioisotopes,
with or without HCT, is performed for proton and « configurations.

The objectives of this work are to demonstrate our ability to post-accelerate, focus and select
in energy (bunch) laser-produced proton and « particle beams using HCT, and to identify the

most effective way to produce radioisotopes by laser-plasma interaction.

6.3.2 Radioisotope production

This chapter focuses on the production of scandium isotopes, specifically 43>Sc, 44Sc, and 47Sc,
due to their potential in various medical applications [94].

43Sc and *Sc are positron-emitting radioisotopes that are highly suitable for use in positron
emission tomography (PET) |102], a powerful diagnostic tool in oncology and other medical
fields. Compared to conventional PET radioisotopes such as '®F or 68Ga, scandium isotopes offer
advantages such as longer half-lives and more favorable decay properties, which allow extended
imaging time windows and simplified logistics for radio-pharmaceutical preparation and delivery
[954{103,/104].

47Sc, on the other hand, is a particularly promising 3~ emitter for targeted radiotherapy,
where it can deliver therapeutic doses while also allowing real-time imaging through gamma
emission [105[106]. This makes *"Sc an excellent choice for radiation therapy applications,
including radiolabeled drugs for treating tumors.

Furthermore, 3/44Sc and 47Sc being isotopes of the same atom, their chemical properties are
identical: they can be incorporated within the same vector molecules. Thus, a macroscopical
amount of the patient-injected radio-pharmaceutical can be made such that it contains useful
quantities of both types of isotopes. This allows for the theranostic technique |107] but using
the same radio-pharmaceutical for both diagnostic and treatment. This method of using pairs of
matched isotopes allows for personalized medicine, ie. more efficient patient-optimized deposition
of dose |108].
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6.3.2.1 Reactions

To produce scandium isotopes, we use incident protons or « particles to interact with a

calcium target. For protons, the reactions of interest are:

BCa+p—n+*Sc
“Ca+p—2n+*Sc
“Ca+p—>n+*Sc
BCa+p— 2n+1"Sc

and for « particle, the reactions are:

OCa+a—p+1Sc
2Ca+a— X +88Sc
2Ca+a— X +MSc
BCa+a— X +MSc
“Ca+a— p+27Sc

where X means other products, such as protons, neutrons, etc. The *°Ca represents 97 % of
the natural Ca, **Ca represents 2 %, 42Ca represents 0.6 %, “8Ca represents 0.2 %, and 3Ca

represents 0.1 %. These ratios are important for the interpretation results of Sec. m

6.3.2.2 Cross-sections

The proton-calcium cross section is shown in Figa. A production of 43Sc and #4Sc can
begins for proton energies above 5 MeV while 47Sc needs 10 MeV. A cross section for *4Sc starts
at 15 MeV of proton energy. Also, because cross sections are quite narrow in energy, energy
bunching of particles is as important as post-acceleration to select the desired cross-section and
produce the wanted radioisotope.

The cross sections presented in Fig. [6.2]b for incident « particles show two points that must
be taken into account. First, production of 4’Sc and 43Sc only needs 10-25 MeV alphas energy
while 44Sc needs 20-40 MeV. Second, one can observe that the cross sections are also quite narrow

in energy. Therefore, energy bunching is mandatory.

6.3.2.3 Strategy

The growing interest in scandium-based isotopes has motivated efforts to develop efficient
production methods using laser-driven ion acceleration. In this context, we explore how the

implementation of advanced target technologies, such as the helical coil target (HCT), can op-
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Figure 6.2 — Cross-sections of the main reactions between calcium and (a) protons or (b) « to

produce different scandium radioisotopes depending on the energy of the incident particles in
the Center Of Mass (COM).

timize ion acceleration to enhance radioisotope yields. This approach not only aims to validate
simulation predictions but also paves the way for scalable production methods for medical ra-
dioisotopes.

The implementation of the HCT allows for the creation of a concordance between the energy
range of bunched protons and the reaction cross section. For that, we use the capability of the
HCT to post-accelerate and energy bunch proton spectra to increase the number of produced
radioisotopes. The same principle can be applied to heavier ions. Indeed, the work performed
by the electric field, defined as W = fé qFEdl, is solely dependent on the charge and not on the
particle’s mass. Consequently, the energy gain of the « particles should exceed that of protons.

Our challenge is to design, for the first time, an HCT geometry to post-accelerate and bunch «
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particles within the energy range of the nuclear reaction cross section (refer to Figl6.2). To do

this, we focus on the production of protons and a above 10 MeV.

Calcium
Helical coil with tube Target

focalized and
accelerated

protons
Scandium

:> production

Figure 6.3 — Scheme of a helical coil with tube where the laser beam interacts with a foil target,
accelerates protons and creates a discharge current. The latter propagates in the HCT, post-
accelerates, energy bunches and focuses protons on a calcium target and produces radioisotopes.
The helix is surrounded with a thin cylinder which is symmetric by rotation around the z-axis.

6.3.3 Setup
6.3.3.1 Proton setup

We present the conventional HCT configuration in Fig. [6.3] This setup facilitates the gener-
ation of protons and discharge current. The discharge current propagates along the helical coil,
inducing longitudinal and radial electric fields, which lead to proton bunching, acceleration, and
focusing. The electromagnetic field is described in Chap. [4] In the final stage, these accelerated
protons interact with the calcium target to produce scandium radioisotopes. The calcium target

is close enough from the TNSA target (0.5 cm) to interact with the entire proton beam.

6.3.3.2 « setup

In the a configuration, a pitcher-catcher geometry is used as shown in Fig. [6.4)). The laser-
pitcher interaction triggers protons and a discharge current pulse. Protons interact with the
catcher (boron target) and produce « particles through fusion reactions, while the current pulse
propagates through a wire to the HCT. In the third stage, the discharge current propagates
through the helical coil and bunches, accelerates, and focuses the « particles. In the final step,

particles interact with a calcium target to produce scandium radioisotopes (4380, 44G¢ or 4780).

6.3.4 Simulation chain
6.3.4.1 Method

The simulation chain is composed of a three-dimensional (3D) particle-in-cell (PIC) code
SOPHIE to model the particle-wave interaction inside the HCT and the code FLUKA

[109], a Monte Carlo transport code to evaluate the number of produced radioisotopes. In
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Figure 6.4 — Scheme of a pitcher-catcher configuration where the laser interacts with the pitcher
to accelerate protons which in turn interact with the catcher and produce « particles. A wire
conducts the discharge current produced by the pitcher and injects it on a HCT, to focus and post-
accelerate « particles which interact with a calcium target to produce scandium radioisotopes.

this study, TNSA proton spectra are derived from experimental measurements in two different
facilities (INRS/ALLS and ILE/LFEX). They are used as input for SOPHIE simulations. These
experimental data also serve as input in FLUKA to evaluate the reference case without HCT.
The main SOPHIE output is the proton spectrum at the helix exit, which serves as input for
FLUKA simulations.

Simulations in Sec[6.3.5.1] were performed using the ALLS ion acceleration beamline parame-
ters. The Ti:Sapphire ALLS 150 TW laser, operates at a repetition rate of 2.5 Hz with a central
wavelength of 800 nm. The system delivers laser pulses with an on-target energy of 3.3 J, du-
ration of 22 fs, and peak intensity of about 1.3 x 102°W/em?. These simulations are directly
linked with Chap. [] and [5] where we demonstrated the HCT capability to bunch protons around
the energy of the maximum cross-section reaction with 43Ca, #Ca, and **Ca (see Fig. a).
Other simulations were carried out with the data obtained at LFEX (Laser for Fast Ignition
Experiment) laser [110]. The LFEX laser was engineered to achieve specific parameters: a pulse
duration ranging from 1 to 10 ps with an output energy of 1 kJ. Operating at a wavelength of
1.05 pm, the laser achieves a focal spot diameter of 50 pm. In our simulations, we use 1 kJ and
1 ps for the energy and duration of the LFEX laser.

For a particles, we take as a starting point simulations of « particle production data from the
LFEX campaign [111][112]. The baseline simulation of a 200 pm boron target irradiated with a
TNSA proton beam is performed with FLUKA . The « spectrum shown in Fig. is taken
at the rear side of the catcher target and used as input for SOPHIE simulations. This spectrum
also serves as input in FLUKA to establish a reference case without HCT. The SOPHIE output
spectrum is injected into FLUKA to model the interaction with the calcium target. Thanks to
this simulation chain, the number of produced radioisotopes can be evaluated, with and without
HCT, for proton and « configurations. Simulations for « particles were conducted exclusively
using LFEX parameters. Due to ALLS’s lower energy, the « particles produced with it do

not have sufficient energy to trigger the reactions whose cross-sections are shown in Fig. [6.2]
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Figure 6.5 — « energy distribution obtained with FLUKA (blue curve) and the exponential fitting
used for SOPHIE input (red curve).

Additionally, the lower number of particles generated by ALLS means that there are not enough
« particles to use the HCT effectively. As discussed in Sec. [6.3.5.1), HCT introduces significant

particle losses, so a large initial number of particles is required before applying the HCT.

6.3.4.2 SOPHIE

In the simulations, we consider a helical coil attached to the rear side of a foil target. The
target, coil, and holder are modeled as perfect conductors and meshed at real scale (about
20 x 6 x 6 mm?) with a cell size of Az = Ay = Az = 20 pm, resulting in 2 x 10? cells distributed

over a volume of 72 c¢m?

. Electrons, protons, and a-particles are represented using 10 million
macroparticles.

The energy and angular distributions of the injected protons are based on experimental
measurements with TNSA without a helical coil. The energy distribution corresponds to the
black curve in Fig. [6.6la and b, respectively, for the ALLS and LFEX facilities, while the a-
particle energy distribution is shown in red in Fig. [6.5] The angular distribution follows a
super-Gaussian function dN,/df o exp [—(0/6,)'°/2], with 6, = 19° for protons and 8, = 90°
for a-particles. The temporal profile of the particle emission dN,/dt is modeled as a Gaussian
function with a full-width at half-maximum (FWHM) duration 7 of a few ps. Although its exact
value is unknown, it remains negligible compared to the proton transit time (> 100 ps) through
the coil and their final bunch duration caused by time-of-flight dispersion. The transverse size
of the particle emission zone is set to 200 pm.

The proton and a-particle dynamics inside the helical coil are governed solely by the electro-
magnetic fields generated by the discharge current. To model this discharge current, isotropically
emitted electrons are introduced with an energy distribution similar to that of the protons. The

electron emission zone matches the protons’ transverse size of 200 pm.
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For the ALLS facility, the electron emission is set to 160 nC, while proton emission is 12 nC,
both with an emission duration of 7 ps [5,20]. For the LFEX facility, the electron emission is
1600 nC, the proton emission is 1200 nC [18,/111], and the a-particle emission is 4.5 nC, all with
an emission duration of 14 ps.

In this study, the ALLS simulations were performed assuming an optimal (best focus) electron
emission of 160 nC and an optimal (best focus) TNSA proton spectrum (6 MeV of cut-off,
12 nC |20]), whereas the experimental results presented is Fig. corresponded to a significantly
lower emitted electron charge of about 40 nC, a lower emitted proton charge of 5.6 nC and a
lower cut-off energy of 4 MeV. Therefore, we also use an helical coil characteristic energy of about

5.7 MeV in the simulations instead of 4 MeV in the experimental case.

6.3.4.3 FLUKA

The FLUKA code [109,[113] stands as a versatile Monte Carlo simulation tool designed to
comprehensively model the interaction and transport of particles across various mediums. Its
development is rooted in the aspiration to incorporate the most robust and precise physics models,
ensuring a microscopic approach where each computational step is underpinned by sound physical
principles.

This code exists in two versions: one from CERN and one from INFN. Here, the version from
INFN [114] was used with 200 million particles per simulation. The target size is 5 X 5 X 2 mm
of " (Ca inside a very large vacuum region, with 2 mm being in the beam direction. This
length is sufficient because the most energetic o particles of up to 60 MeV only go through
two-thirds of the target. The input used is the proton and alpha spectrum sampled in bins of
0.1 MeV, which is then used for Monte-Carlo type calculation. The 2021 version of the code was
used because special Fortran routines were developed that used MGDRAW results as SOURCE
for FLUKA simulations. These are here needed when using « particle simulation results as
input. The evaporation, coalescence and peanut model modules are activated along with heavy
ions transport. Radioactive decay uses the semi-analogue model for Monte-Carlo sampling of
the physical distribution. Results are then obtained using the RESNUCLE, or Residual nuclei
module, which gives a number of each isotope per code unit. We present in the total

number of radioisotopes obtained.

6.3.5 Results
6.3.5.1 SOPHIE simulations

To determine the helix parameters, radius ¢ and pitch h, we compute the phase speed Vi o,
corresponding to the longitudinal speed of a current pulse going at the speed c along the helical
coil such that Vo = he/ Vh2 4+ 472a2. This phase speed determines the population of particles
synchronized with the electromagnetic pulse having an initial energy Fpc = %miVI%O, where m;
is the ion mass. To determine the final energy of the bunch, one can then use the scaling law

given in our previous publication [5|. Thanks to this scaling law, we know that we have to use
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an helical coil of characteristic energy Fyc = 0.8FE.y—off, Where Eqys_ory is the TNSA cut-off
energy.
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Figure 6.6 — Energy distribution of the accelerated protons at the HCT exit for ALLS (a) and
LFEX (b) calculated with the SOPHIE code. Black lines show the input proton spectrum at
the HCT entrance. HCT parameters are: a radius ¢ = 0.5 mm, a pitch h = 0.35 mm, a tube of
radius b = 0.7 mm and a length L = 15 mm for the ALLS facility, and a radius ¢ = 0.6 mm, a
pitch A = 0.864 mm, a tube of radius b = 1 mm and a length L = 15 mm for the LFEX facility.

To synchronize the phase speed Vo with the proton velocities, two distinct geometries are
required for ALLS and LFEX. For the ALLS facility, the geometry needs to be optimized for
lower energy protons (with a maximum energy of 7 MeV), so we must decrease the pitch h or

increase the radius a to reduce Vgo. In contrast, for the LFEX facility, due to the higher proton
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energies, we need to increase Vi, which can be achieved by reducing the radius or increasing the
pitch. SOPHIE simulations showcase the capability to achieve energy bunching around 3.5 MeV
and 10 MeV (refer to Fig. [6.6la). The input of this SOPHIE simulation is the classical TNSA
spectrum measured on this facility (black curve). In the same way, for the LFEX facility, using
the classical TNSA spectrum obtained on this facility (black curve) as input of the SOPHIE
simulation, then adding a helical coil we get a first bunch at 12 MeV and a second one at 57 MeV
(see Figb). For both cases, one can observe that the number of protons at the HCT exit is low
(yield of about 1%) compared those at the entrance (black curves). This HCT limit is discussed
in Chap. However, what is not shown in these graphics is the number of protons/MeV /sr
which has increased due to the focusing effect of the HCT. These HCT proton spectra are used
as input datas for FLUKA simulations.
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Figure 6.7 — Energy distribution of the « particles accelerated in different HCT geometries. The
black line shows the input a spectrum at the HCT entrance. In this figure, we show three
different HCT geometries a = 0.9 mm A = 0.3 mm and b = 1.3 mm (red curve, HCT n°1),
a=08 mm h =04 mm and b =1 mm (green curve, HCT n°2), ¢ = 0.5 mm h = 0.35 mm and
b= 0.9 mm (blue curve, HCT n°3) and a length L = 15 mm.

With SOPHIE, we can simulate the propagation and acceleration of « particles in the HCT.
Figure [6.7 demonstrates that, even if the number of exiting a particles remains low, the HCT
facilitates significant energy bunching within the range of 20 to 50 MeV, dependent on parameters
such as the radius a and pitch h. What this figure does not show is the increase in the number
of a per solid angle (decreasing the angular dispersion from 45° to 1°), in the energy range of
the bunch, compared to the input « spectrum. These findings represent a pivotal contribution
of this chapter: they demonstrate, our ability to manipulate heavy (heavier than protons) ion

energies using the HCT configuration. These HCT « spectra are used as input datas for FLUKA
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N/shot 438¢ | #8c | 47Sc

no coil LFEX | 44 1144 36

coil LFEX 634 | 2400 | 288

no coil ALLS 5 31 None

coil ALLS 170 | 962 | None

Table 6.1 — Number of radioisotope atoms per shot, obtained using our simulation chain for each
facility, with and without HCT, using the proton setup.

simulations.

6.3.5.2 FLUKA simulations
Proton setup

Radioisotope production of scandium from natural calcium has been looked at for two distinct
proton acceleration laser systems: ALLS and LFEX. The two regimes give varying proton spectra
ranging from 10 to 50 MeV. As such, we numerically study the radioisotope production, with
and without HCT, and compare to the number of protons per shot.

As seen in Table for both facilities, the yield is significantly increased with the HCT
configuration. In the case of the LFEX laser, the number of radioisotopes is increased by a
factor 2 to 14 (2 for **Sc, 8 for 4"Sc, and 14 for 43Sc). For the INRS case, we get an increase
factor of 30 for the two isotopes: 43Sc and #4Sc. Due to the low energy range of protons, no 4”Sc
are produced with or without HCT, in the INRS case.

These increases come from the fact that with the helical coil in the INRS setup, we increase
the proton cut-off energy up to 10 MeV. Thanks to this, one can reach the peak of the cross-
sections for 43Ca(p,n)*3Sc and *Ca(p,n)*4Sc reactions (see respectively blue and green curve in
Fig. a) which were unattainable without helical coil. Concerning LFEX setup, we trigger
44 Ca(p,2n)*3Sc, 4 Ca(p,n)*Sc, ¥ Ca(p,2n)*7Sc reactions (see respectively green, orange and red
curve in Fig. a). The high-energy protons lose energy propagating inside the calcium target
and increase their probability of interaction, enhancing the yield even more. Additionally, thanks
to the helical coil, we increase the number of protons for energies above 20 MeV, which is

approximately the cross-section peak of **Ca(p,n)**Sc and *®Ca(p,2n)*"Sc reactions.

o setup

Cross-sections for the production of different calcium isotopes are shown Fig. [6.2} these
indicate which energy ranges should be aimed for with the « particles spectrum. SOPHIE

simulations have showcased great advance for « particles bunching and acceleration which can
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N/shot | *3Sc | #Sc | 47Sc

no coil 1181 | 0.1 1

HCT n®1 | 53000 | 0.4 6

HCT n°2 | 46000 | 342 | 114

HCT n°3 | 8260 | 242 | 159

Table 6.2 — Number of radioisotope atoms per shot, obtained using our simulation chain for each
facility, with and without HCT, using the a setup

greatly increase the yield of radioisotopes.

As shown in Table for 43Sc and **Sc we have obtained respectively a multiplication by 50
and 3000 using HCT. 47Sc yields have also been improved by factors 100 for the HCT n°2 and
n°3. One can therefore conclude that the energy bunching effect compensates for the reduction
in the number of incident particles, and that, thanks to the helical coil, the number of produced
radioisotopes can be greatly increased.

Indeed, with the HCT n°1, one can increase the number of particles with energy above 15 MeV
which correspond to the maximum of the °Ca(a,p)**Sc and *4Ca(a,p)*"Sc cross-sections (see
respectively blue and purple curves on Fig. b). With the HCT n°2 and 3 one can trigger the
20a(a,X)*3Sc, 42Ca(a,X)*Sc and *3Ca(a,X)*Sc reactions (see respectively orange, green and
red curves on Fig. b), which was unattainable without helical coil. Similarly to protons in the
previous paragraph, a particles of energies higher than those near the peak of the cross-sections
(above 30 MeV) slow down propagating inside the calcium target: their energy is reduced to more
optimal values and thus their probability of reaction is increased. This also allows to trigger the
44Ca(a,p)47SC reaction whose cross-section peak is at lower energies.

« particles are more efficient than protons at producing #3Sc, primarily due to the natural
proportion of calcium isotopes. Protons react with *3Ca, which constitutes only 0.1 % of natural
calcium, whereas o particles react with 4°Ca, which makes up 97 % . Additionally, to fully
understand these results, it is crucial to consider the differences in reaction cross-sections for the

respective processes such as it as been done in this work.

6.3.6 Conclusion

Nuclear reactions require specific energies to take place, and it is necessary to have bunches
of particles at the maximum of the cross-section reaction in order to obtain the highest number
of products. HCT gives the opportunity to correct that aspect in laser-accelerated proton and
« spectra as these are usually too broad to aim for a specific nuclear reaction.

Our numerical study unveils a potential advancement in « particle manipulation enabled

by the innovative helical coil target (HCT) configuration. Through Particle-In-Cell simulations
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using SOPHIE, we have demonstrated the possibility of controlling the energy distribution of
« particle bunches. Moreover, our findings highlight the potential of the HCT for radioisotope
production, with yields exhibiting a significant enhancement ranging from 50 to 3 000 times
greater compared to classical laser plasma acceleration methods.

Furthermore, we have shown the interest of different setups such as the HCT configuration
with protons to produce *4Sc and the HCT configuration with a to produce #3Sc. To pro-
duce 4"Sc, both a and protons with HCT are interesting, multiplying the number of produced
radioisotopes by a factor 100 and 10 respectively.

This enhancement holds promise for various fields reliant on radioisotopes, including medicine,
industry and scientific research. Moving forward, the HCT presents a transformative avenue for
advancing « particle acceleration techniques with high intensity lasers, offering opportunities for
further exploration and application in diverse scientific and technological domains.

However, 10! scandium isotopes are required per patient [115]. Consequently, significant
technological progress is still needed to make laser-driven radioisotope production using helical
coils viable, in particular by increasing both the laser repetition rate and the operational shot
rate of the helical coil.

Currently, radioisotopes are produced using high-energy proton or alpha beams generated by
large cyclotrons, such as ARRONAX in Nantes (France), which can deliver proton currents of
approximately 10'® protons per second. In contrast, large-scale laser facilities can produce up to
10 protons per shot via laser-driven acceleration, although the repetition rate is limited to a few
shots per day. To achieve comparable production rates, a promising alternative is to use medium-
intensity lasers operating at higher repetition rates. For instance, at INRS with the ALLS laser
facility, more than 10'2 protons per shots can be produced at 2.5 Hz. Continuous advancements
are being made in both laser intensity and repetition rate, driven by numerous companies active
in the development of laser technologies. Additionally, parallel efforts are focused on increasing
the proton yield per shot through optimization of laser parameters and target design. Indeed,
the primary target could be optimized to yield more protons and the secondary target could be
enriched in relevant isotopes for more reactions.

Eventually, to implement the helical coil in a high repetition rate setup, its setup will be

adapted, and its multi shot capabilities will be assessed in a future experiment.
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Chapter 7

Other interesting applications
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In this chapter, we present two complementary work in progress carried out during this PhD.
The first one, detailed in Sec. concerns isochoric heating, where the Varying Helical Coil
Target (VHCT) is investigated as a way to shape the proton spectrum in order to optimize
the heating of a sample for warm dense matter studies. The second one, described in Sec. [7-2]
focuses on neutron production. This study explores the use of VHCT to enhance neutron yield.
The approach is similar to that discussed in Chap. [0] on radioisotope production, where the
helical coil target serves to bunch the proton energy at the value corresponding to the maximum
cross-section of the reaction ("Li(p,n)"Be). The FLUKA simulations were conducted by Thomas
Carriére during his PhD, and the Geant4 simulations were performed by Ronan Leliévre during
his PhD.

7.1 Isochoric heating

7.1.1 Introduction

Isochoric heating using laser-driven proton beams has emerged as a promising technique
to study matter under extreme conditions, particularly in the context of warm dense matter
(WDM). In contrast to traditional volumetric heating methods, isochoric proton heating enables
rapid and localized energy deposition on timescales shorter than the material’s hydrodynamic
response. This makes it possible to heat the target while keeping its density nearly unchanged,
thereby facilitating controlled and well-characterized experiments to study high-energy-density
(HED) states.

Over the past two decades, significant progress has been made in generating high-intensity,
short-duration proton bursts using the TNSA mechanism. These protons, typically in the multi-
MeV energy range, efficiently couple their energy to solid-density samples. Studies such as
[116,/117] have demonstrated that proton beams can heat solid foils from several eV to tens of eV
within a few picoseconds, enabling access to WDM regimes with temporal and spatial resolutions
that are difficult to achieve using traditional x-ray or optical heating methods. Despite these
advances, several challenges remain such as the spatial uniformity of heating and the control of
proton spectra.

We propose to use a new design of varying helical coil targets with tubes (VHCT) that we

have developed [61] to shape the proton spectra for the isochoric heating.

7.1.2 Strategy

The growing interest in isochoric heating has motivated efforts to develop efficient investiga-
tion methods using laser-driven ion acceleration. In this context, we explore how the implemen-
tation of advanced target technologies, such as the varying helical coil with tube (VHCT), can
optimize ion acceleration to enhance the homogeneity and the intensity of the isochoric heat-
ing. This approach not only aims to validate simulation predictions but also paves the way for

scalable investigation methods for material equation of state. For that, we use the capability of
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the VHCT to post-accelerate and energy shape proton spectra to increase the temperature and

homogenize the energy deposition in the sample.

7.1.3 Setup

We present the VHCT configuration in Fig. [7.1] In this setup, to get a flat proton spectrum
in energy, we use a varying pitch . The varying pitch permits a higher cutoff energy without

energy bunch. Thanks to this, one can get a more homogeneous heating in the target thickness.

Al Target

Helical coil with tube

focused and
accelerated
b protons

;;, :> heating
a

Target

Figure 7.1 — Scheme of a helical coil with tube where the laser beam interacts with a foil target,
accelerates protons and creates a discharge current. The latter propagates in the HCT, post-
accelerates, energy bunches and focuses protons on a aluminium target to heat it. The helix is
surrounded with a thin cylinder which is symmetric by rotation around the z-axis.

The TITAN laser at Lawrence Livermore National Laboratory is a high-power, short-pulse
laser facility comparable to PETAL and LFEX, which were presented previously. TITAN delivers
laser pulses with energies of the order of 150-200 J on target and pulse durations in the picosecond
regime (typically 1 ps), corresponding to peak powers in the hundred-terawatt range. When

focused onto solid targets, intensities exceeding 10! W /cm? can be achieved.

7.1.4 Simulation chain
Method

The simulation chain is composed of the three-dimensional (3D) particle-in-cell (PIC) code
SOPHIE to model the particle-wave interaction inside the HCT and the code FLUKA ,
a Monte Carlo transport code to evaluate the deposited energy. In this study, TNSA proton
spectra are derived from experimental measurements for the JLF Titan facility . They are
used as input for SOPHIE simulations. These experimental data also serve as input in FLUKA
to evaluate the reference case without VHCT. The main SOPHIE output is the proton spectrum

at the helix exit, which serves as input for FLUKA simulations.

SOPHIE

In the simulations, we consider a helical coil attached to the rear side of a foil target. The

target, coil, and holder are modeled as perfect conductors and meshed at real scale with a cell
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size of Az = Ay = Az = 20 pm, resulting in 2 x 10° cells distributed over a volume of 72 cm?.
Electrons, protons, and a-particles are represented using 10 million macroparticles.

The energy and angular distributions of the injected protons are based on experimental
measurements with TNSA without a helical coil. The energy distribution corresponds to the
black curve in Fig. and the angular distribution follows a super-Gaussian function dN,/df o
exp [—(9/9p)10 /2], with 6, = 19° . The temporal profile of the particle emission dNN,/dt is
modeled as a Gaussian function with a full-width at half-maximum (FWHM) duration 7 of a
few ps. Although its exact value is unknown, it remains negligible compared to the proton
transit time (> 100 ps) through the coil and their final bunch duration caused by time-of-flight
dispersion. The transverse size of the particle emission zone is set to 200 pm.

The proton dynamics inside the helical coil are governed solely by the electromagnetic fields
generated by the discharge current. To model this discharge current, isotropically emitted elec-
trons are introduced with an energy distribution similar to that of the protons. The electron
emission zone matches the protons’ transverse size of 200 pm.

The electron charge emission is 1600 nC taken by analogy with PETAL experiment [18] and

the proton charge emission is 1200 nC taken from previous experimental campaign |118§].

FLUKA

In these simulations, the version from INFN [114] was used with 200 million particles per
simulation. The target size is 5 x 5 x 20 mm of "' Al inside a very large void region, with 20 mm
being in the beam direction. This length is sufficient because the most energetic protons of
up to 60 MeV only go through two-thirds of the target. The input used is the proton spectrum
sampled in bins of 0.1 MeV, which is then used for Monte-Carlo type calculation. Results are then
obtained using the USRBIN, or energy deposition module, which gives the deposited energy in
GeV /cm? /unit primary weight. To get the temperature, we have to multiply by the unit primary
weight and divide by the calorific capacity and the density of the aluminum. We present in [7.1.5]
the produced heating.

7.1.5 Results
SOPHIE simulations

To determine the helix parameters, radius ¢ and pitch h, we compute the phase speed Vi o,
corresponding to the longitudinal speed of a current pulse going at the speed c along the helical
coil such that Vo = he/ VhZ + 4722, This phase speed determines the population of particles
synchronized with the electromagnetic pulse having an initial energy Epyc = %minlc, where
m; is the ion mass. To determine the variation of the pitch, one can try different variations and
choose the best compromise between number of protons and energy spectra. Figure [7.2] shows
that the linear variation case results in a flatter proton spectrum in its energy distribution and
an increased cutoff energy from 40 MeV to 63 MeV. These VHCT-modified proton spectra are
used as input data for the FLUKA simulations.
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Figure 7.2 — Energy distribution of the accelerated protons at the HCT exit for Titan facility,
calculated with the SOPHIE code. Black lines show the input proton spectrum at the HCT
entrance. HCT parameters are: a radius a = 0.6 mm, a linearly varying pitch h = 0.864 to
1.15 mm, a tube of radius b = 1 mm and a length L = 15 mm for the JLF Titan facility.

FLUKA simulations

By injecting the linear variation results obtained from SOPHIE or the TNSA spectra (shown
in Fig. and used as a reference) into the FLUKA code, the temperature distribution shown
in Fig. is obtained. The isochoric heating induced by TNSA alone is presented in Fig. [7.3]a,
while the case combining TNSA with VHCT is shown in Fig. [7:3|b. Finally, Fig. [7.:3lc dis-
plays the temperature difference between the VHCT-enhanced TNSA and the standard TNSA
configuration.

The results clearly highlight a lower maximum temperature with VHCT case, decreasing
from 107 K (TNSA case) to 10° K, along with an overall temperature drop for target thicknesses
below 0.6 mm. This is attributed to the reduced number of low-energy protons. However, with
the implementation of VHCT, the temperature increases and becomes more homogeneous in
the 0.6-1.2 mm region. Additionally, the helical coil contributes to reducing the temperature
gradient, leading to a more uniform heating profile.

The results obtained with the TNSA is in agreement with previous experimental results in the
Gekko laser facility [119]. Indeed, RA. Snavely et al [119] obtained 100 eV of isochoric heating
with an intensity of 3 x 10'® W/cm? With the JLF Titan intensity, which is a similar laser beam,

with 5 x 10 W/cm? we should easily get a factor 10 higher temperature [8].
Ny B,
Ci'paiVaep’
protons, E, is the mean energy of protons, C;;U the specific heat capacity of the aluminium, py;

Furthermore, one can estimate the temperature 7" = where N, is the number of
the density of the aluminium and Ve, the volume of energy deposition. Thanks to PSTAR [120],
one gets a mean penetration length of protons in aluminium of 7.4 pm. Knowing the radius of
the proton beam after 0.5 cm of propagation (radius== tan(207/180) x 5 x 1073), we are able

to estimate the temperature:
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Figure 7.3 — Isochoric heating in °K obtained with TNSA a) and a helical coil b) at JLF Titan.
c) Represents the difference of temperature between the TNSA with helical coil and the TNSA
without helical coil.
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which corresponds to the simulated values.
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7.1.6 Conclusion

In this work, we have investigated the use of Varying Helical Coil Targets (VHCT) to improve
the spectral and spatial characteristics of proton beams generated via Target Normal Sheath
Acceleration (TNSA), with the goal of optimizing isochoric heating of solid targets. Through
electromagnetic simulations, we demonstrated that a linearly varying pitch in the VHCT leads
to significant enhancement in proton energy distribution, including an increase in cutoff energy
and improved spectral flatness.

These modified proton spectra were then used in FLUKA simulations to model energy depo-
sition in aluminium. The results showed a clear improvement in heating performance compared
to standard TNSA spectra, with lower peak temperatures but a more uniform temperature dis-
tribution. It shows a particular interest in the 0.6-1.2 mm thickness region of the target.

In this study, we showed that the number of protons which is reduced in the HC case is
detrimental for the application of isochoric heating. The next step will be to increase the efficiency
of the helical coil to compensate the loss in number of protons. Furthermore, different spectra
have to be tested and above all, hydrodynamic simulations as ESTHER have to be used to take
into account the temporality of the proton heating, phase changing and heat propagation in the

sample. These simulations are necessary to have a complete study.

7.2 Neutron production

7.2.1 Introduction

The development of compact, high-flux neutron sources is of growing interest for a wide range
of applications, including nuclear physics, materials science, non-destructive testing, medical
diagnostics, and security screening. In recent years, laser-driven ion acceleration has emerged as
a promising alternative to conventional accelerator technologies for the generation of short-pulse,
high-intensity neutron bursts. In particular, the Target Normal Sheath Acceleration (TNSA)
mechanism can accelerate protons to several tens of MeV, making it suitable for initiating nuclear
reactions with light or heavy converter materials to produce neutrons.

In this context, neutron generation typically relies on the interaction of laser-accelerated
protons with secondary converter targets such as lithium, beryllium, or deuterated materials. The
nuclear reactions involved—such as “Li(p,n)"Be, “Be(p,n)?B, or D(p, n)pp—have relatively low
reaction thresholds and can be efficiently driven by the broad proton spectra produced via TNSA.
The resulting neutron yield and spectral characteristics depend on various factors, including
the laser parameters, the proton beam energy and angular distribution, and the geometry and
composition of the converter target.

Advances in high-power laser systems and target engineering have significantly improved the
performance of laser-driven neutron sources, achieving neutron fluxes exceeding 107 neutrons
per shot [121] or 10° neutrons per shot with high repetition rate of 0.5 Hz [89]. Moreover, the

ultrashort duration and high brightness of the generated neutron pulses make them particularly
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attractive for time-resolved measurements and probing dynamic processes at the nanoscale.

In certain facilities, such as ALLS (INRS-Canada), 22 fs of pulse duration and 3.2 J of
energy, the maximal proton cut-off energy, obtained thanks to the TNSA mechanism, is too low
to maximize the neutron production (is not in the agreement with the "Li(p, n)"Be cross-section).
However, these kinds of facility, which present a high repetition rate, are interesting to produce
neutron sources at the Hz repetition rate.

In this work, we investigate numerical approaches for optimizing neutron production using
helical coil targets. For that, we use the capability of a varying radius of VHCT to post-
accelerate and energy shape proton spectra to increase the neutron production. The idea is to
increase the agreement between proton energy and 7 Li(p,n)” Be cross-section. To do it, we will
use DoPPLIGHT to simulate the proton spectra and a Monte Carlo code named GEANT4

to simulate the proton transport inside the target and the neutron conversion.

7.2.2 Strategy
Setup

We present the VHCT configuration in Fig. In this setup, to get an energy bunch in
the energy proton spectra, we use a varying radius . The varying radius permits a higher

retrieved number of protons at the exit of the coil.

LiF
focused and
accelerated
protons

Figure 7.4 — Scheme of a helical coil with tube and a varying radius where the laser beam interacts
with a foil target, accelerates protons and creates a discharge current. The latter propagates in
the HCT, post-accelerates, energy bunches and focuses protons on a LiF target leading to the
generation of neutrons. The helix is surrounded with a thin cone which is symmetric by rotation
around the z-axis.

7.2.3 Simulation chain
Method

Neutron production via laser-driven proton acceleration is a prominent method in nuclear

physics research. This approach uses the accelerated protons from TNSA to interact with lithium
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fluoride (LiF) targets. Neutrons are produced primarily through the "Li(p,n)”Be reaction. This
reaction is characterized by a significant cross-section (see Fig. a), making LiF an efficient
neutron converter. The cross-section for this reaction varies with proton energy, influencing the
neutron yield. Understanding the proton-LiF interaction cross-sections is crucial for optimiz-
ing neutron production in experimental setups. Another possibility is to use the F(p,n)'*Ne
reactions.

To compute the neutron production, we propose to first, use DoPPLIGHT [74] to model
the particle-wave interaction inside the HCT and a code GEANT [122,[123], a Monte Carlo
transport code to evaluate the neutron yield. In this study, TNSA proton spectra are derived
from experimental measurements for the ALLS laser facility (already presented in Chap.
and @ They are used as input for SOPHIE simulations. These experimental data also serve as
input in GEANT4 to evaluate the reference case without VHCT. The main SOPHIE output is

the proton spectrum at the helix exit, which serves as input for FLUKA simulations.

DoPPLIGHT

In the simulations, we consider a helical coil attached to the rear side of a foil target. The
energy and angular distributions of the injected protons are based on experimental measure-
ments with TNSA without a helical coil. The energy distribution corresponds to the green
curve in Fig. b and the angular distribution follows a super-Gaussian function dNN,/df o
exp [—(9/9p)10/2], with 6, = 19° . The temporal profile of the particle emission dN,/dt is mod-
eled as a Gaussian function with a full-width at half-maximum (FWHM) duration 7 of a few ps.
Although its exact value is unknown, it remains negligible compared to the proton transit time
(> 100 ps) through the coil and their final bunch duration caused by time-of-flight dispersion.
The transverse size of the particle emission zone is set to 200 pm.

The proton dynamics inside the helical coil are governed solely by the electromagnetic fields
generated by the discharge current. To model this discharge current, we use as input the current
presented in dotted line in Fig. such as the one computed in Chap. 4| with ChoCoLaT |4]

(optimistic theoretical discharge current).

GEANT4

GEANT4 (Geometry and Tracking) is a Monte Carlo simulation toolkit developed by an
international collaboration under the coordination of CERN. It is designed for simulating the
passage of particles through matter and is widely used in high-energy physics, astrophysics,
medical physics, and radiation shielding applications [122}|123].

The toolkit offers a comprehensive set of functionalities for modeling complex geometries,
particle tracking, material definitions, magnetic and electric fields, and detector response. It
includes an extensive library of physical models to simulate electromagnetic, hadronic, optical,
and decay processes over a broad energy range, from a few eV to several TeV.

In the context of laser-driven neutron generation, GEANT4 is particularly suited for simulat-

ing the interaction of laser-accelerated protons with secondary converter targets such as lithium,
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Figure 7.5 — a) Cross sections of the "Li(p,n)"Be and the °F(p,n)!°Ne reactions, as given by
the ENDF/B-VIILO [6] and TENDL-2019 libraries [7], respectively. Proton and neutron spectra
obtained with TNSA b) and VHCT c¢) in Geant4 simulations. The Geant4 simulations were
carried out by Ronan Leliévre during his PhD.
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beryllium, or deuterated compounds. It allows for the calculation of neutron yields and spectra
from nuclear reactions such as "Li(p,n)"Be, ?Be(p,n)?B, or D(p,n)pp, taking into account the
full 3D geometry of the setup and the angular and energy distribution of the incident proton
beam.

GEANT4 offers modular physics lists that allow users to select appropriate models for their
specific application. For neutron production in the 1-100 MeV proton energy range, physics
lists such as QGSP_BIC_HP or FTFP_BERT_HP are commonly used. These combine intranuclear
cascade models (Binary Cascade or Bertini) for hadronic interactions with high-precision neu-
tron transport based on evaluated nuclear data libraries (e.g., ENDF/B-VII [124], JEFF [125],
JENDL [126]), ensuring accurate modeling of neutron interactions and transport down to thermal

energies.

7.2.4 Simulation Results

The neutron production using the TNSA proton spectrum is illustrated in blue in Fig. [7.5]b,
which presents a Geant4 simulation performed by R. Leliévre during his PhD. Additional ex-
perimental results can be found in [89,{127]. However, optimizing the proton spectrum could
enhance the interaction between protons and the LiF target by considering proton deceleration
and the "Li(p,n)"Be reaction cross-section. This philosophy is exactly the same as in Chap. |§|
The proton and neutron spectra using VHCT are shown in Fig. [T.5c respectively in green and
blue solid line. This figure presents an proton spectrum obtained using VHCT (DoPPLIGHT
simulations) at the ALLS facility, along with the corresponding neutron spectrum. The latter
exhibits a neutron yield reduced by a factor of two, but with an increased neutron cutoff energy
(rising from 4 MeV to 6 MeV). This result demonstrates that, for this class of laser facilities
( 100TW), helical coil targets are not relevant for the neutron production. However, for larger
scale facilities (PW-class laser), they could be relevant if they allow to increase the proton cut-off
in order to reach the spallation regime (above 100 MeV).

Spallation is a nuclear reaction in which a high-energy particle, typically a proton with
energies above a few hundred MeV, strikes a heavy nucleus, causing the ejection of multiple
secondary particles, including neutrons. This process is widely used for neutron production in
accelerator-driven systems and is an essential mechanism in applications such as neutron sources
for research reactors, medical isotope production, and transmutation of nuclear wastes. Unlike
fusion or fission, spallation allows for a continuous and controllable neutron flux by adjusting

the incident proton energy and target material, commonly lead, tungsten, or uranium.

7.3 Additional results

A similar work than the one presented in Sec. [7.2.4 has been performed with FLUKA. This
time, a SOPHIE simulation has been used as input for the helical coil to get a more robust
study. The input proton spectrum is the one presented in Fig. [7.5|a, the green curve. The

results presented in Fig. confirm the Geant4 simulations, with a similar number of produced
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neutrons with and without helical coil, but with a higher neutron cut-off energy using HCT
(3 MeV with TNSA and 6 MeV with VHCT). Furthermore, one get two times more neutrons in
total with the HCT.
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Figure 7.6 — Proton and neutron spectra obtained with TNSA (blue curve) and VHCT (red
curve) in FLUKA simulations. The FLUKA simulations were conducted by Thomas Carriére
during his PhD.

7.3.1 Conclusion

The use of varying helical coil with tube (VHCT) for laser-driven neutron generation shows
significant potential for tailoring the neutron spectrum through proton beam shaping. Simula-
tions indicate that the proton spectrum generated with VHCT, although leading to a slightly
lower total neutron yield when interacting with a LiF converter, results in a higher neutron cutoff
energy (from 4 MeV to 6 MeV). This spectral extension is beneficial for applications requiring
fast neutrons, such as active interrogation [128| or time-resolved materials probing.

These findings suggest that VHCT can be a valuable strategy for optimizing neutron sources,
especially when coupled with appropriate converter materials. While LiF remains effective for
low-energy neutron production via the "Li(p,n)"Be reaction, the VHCT-enhanced proton spec-
trum could be more advantageous for spallation-based approaches, which require higher proton
energies and favor heavy-element converters like tungsten or lead.

In summary, although the use of VHCT does not maximize the neutron yield in LiF targets,
its ability to shape the proton energy distribution opens new pathways for designing laser-based
neutron sources with tailored spectral properties. Future work should explore its integration with
spallation targets and investigate the trade-off between yield, energy distribution, and repetition

rate for practical applications.
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This PhD work has laid the foundation for a deeper understanding of the potential of helical
coil targets in the context of laser-driven proton acceleration. Throughout the thesis, the helical
coil concept was investigated from complementary perspectives, combining theoretical analysis,
numerical simulations, and first experimental studies. On the theoretical and numerical side,
we developed analytical models of current propagation within a varying helical coil with a tube,
supported by extensive simulations. On the experimental side, initial campaigns have demon-
strated the influence of the helical coil on ion dynamics, in particular highlighting its effect on
carbon ions and suggesting its potential as a multi-species filter. These results also indicate
possible applications of the coil in domains such as medical radioisotope production, where the
electromagnetic fields generated by the HC can selectively enhance the yield of protons and «
particles in the relevant energy range. Taken together, these achievements provide a consistent
picture of the helical coil’s ability to act as both a spectral shaper and a post-accelerator, paving
the way for more advanced studies. Building on this groundwork, the following perspectives are
dedicated to addressing the main challenges that remain to fully exploit the helical coil targets
such as improving its efficiency through coupling with advanced target designs, adapting it to
high-repetition-rate laser systems, and exploring its potential for practical applications such as

isochoric heating, neutron production, and medical uses.

8.1 High-repetition rate

The development of helical coil targets compatible with high-repetition-rate laser systems
represents a crucial step toward advancing laser-driven proton acceleration and its applications.
During this PhD, the helical coil targets were often optimized for single-shot experiments, which
limits their suitability for future applications. To fully exploit the benefits of the helical coil, it
is essential to design and implement helical targets that can operate reliably at high repetition
rates. High-repetition-rate operation is indispensable for practical applications such as medical
applications (radioisotope production for medicine, oncology ...). A major limitation, however,
is that in the conventional helical coil schema, the Target Normal Sheath Acceleration (TNSA)
targer is destroyed after each laser shot, preventing the reuse of HC.

To overcome this limitation, one promising approach is to decouple the sources of protons and
electrons. In the standard helical coil configuration, the laser simultaneously accelerates protons
and generates the fast electrons responsible for the discharge current. By employing two separate
target systems, one dedicated to proton generation and another to electron acceleration, it may
be possible to sustain high-repetition-rate operation. The proton source could be implemented
as a matrix of TNSA targets, as demonstrated in |20, while the electron source could rely on a
second TNSA matrix optimized for current generation. Such a scheme would allow for continuous
alignment of the proton targets while retaining the laser-driven current discharge.

Another possibility is the direct development of helical coil target matrices, where each coil is
combined with a small TNSA foil. However, this technique requires highly precise fabrication in

order to ensure that the laser beam remains properly focused when translating from one target
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to the next.

8.2 Coupling helical coil

One of the key issues with proton acceleration in laser-driven experiments is the energy
conversion efficiency. Typically, a few tens of percent of the laser energy is transferred to the
electrons, but only a small percentage, around a few percent, goes to the ions, including protons.
This low conversion rate presents a significant limitation in maximizing the overall efficiency of
proton acceleration. It is a critical area of focus in my research, as improving this conversion
rate is essential for advancing of fast ignition. To do it, I suggest optimizing the design of the

helical coil target using curved foils or foams.

8.2.1 Curved foil

Curved foils are a technique used in laser-driven ion acceleration to enhance certain aspects of
acceleration dynamics (see Fig. . In laser ion acceleration setups, curved foils stand out from
conventional flat targets, offering advantages in terms of control and efficiency of ion acceleration.
When the laser beam hits a curved target, the geometry of the foil allows the electric field to be
concentrated at the rear of the target (where the ions are accelerated). This creates a focalization
field and enhances ion acceleration. The curvature can reduce the angular divergence of the ions,

leading to a more collimated and concentrated ion beam [8[129].

400

y[um]

200

0 200 400
z[um]

Figure 8.1 — 2D PIC simulation of TNSA laser—ion acceleration off a curved foil. Three laser
beams are incident on a 20 pm thick, 200 pm wide solid density foil with a curvature radius
of 140 pm. Reproduced from A. Kemp, S. Wilks, and M. Tabak, “Laser-to-proton conversion
efficiency studies for proton fast ignition,” Physics of Plasmas 31 (2024). [8]

8.2.2 Foam

The use of foams (see Fig. [8.2]) in laser-driven ion acceleration is a technique that has gained
attention due to its potential advantages in improving the efficiency and control of the accelera-

tion process. Foam is an underdense target which can be used as a target in ion acceleration and
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is highly studied in simulations and in experiments because it can enhance the con-
version of laser energy into electron and ion energy. The structure of the foam allows for a longer
interaction between the laser beam and the material, which can increase the efficiency of energy
conversion. Furthermore, foam targets have a much lower density (10'? to 10%! cm™3) ||§|| com-
pared to solid targets. This can reduce reflection effects and allow for more effective absorption

of the laser beam, thereby facilitating ion acceleration [132].

Figure 8.2 — Example of a laser-printed target for use in high-power laser—plasma interaction
experiments. Reproduced from V. Tikhonchuk and S. Weber, “Physics of porous materials under
extreme laser-generated conditions,” Matter and Radiation at Extremes 9 (2024). ﬂgﬂ

8.2.3 Idea of combination

The two previously discussed schemes enhance laser-driven accelerated particles through dif-
ferent mechanisms. The curved foil targets improve proton focusing, while foam targets increase
absorption efficiency.

When coupled to a helical coil target, the proton focusing provided by the curved foil can
increase the number of protons injected into the coil, thereby enhancing the space charge. As
already discussed in Chap. o the space charge plays an important role in raising the cut-off
energy thanks to HC.

Similarly, the use of foam targets to enhance laser absorption contributes by increasing both
the number and the energy of accelerated protons and electrons. Coupled with a helical coil
target, the higher number of injected protons further increases the space charge and thus the
cut-off energy. In addition, a larger population of accelerated electrons generates a stronger
discharge current, which in turn improves the focusing and post-acceleration of the proton beam.

Therefore, combining these two techniques with helical coil targets could provide improved

performance and broaden the range of potential applications.

8.3 General conclusion

From Chap. [7] it is clear that considerable work remains to be done in order to fully exploit the
potential of the helical coil for laser-driven proton acceleration. During this PhD, our study has

established a solid theoretical and numerical foundation, developping the physical understanding
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of the current propagation through the helix and the acceleration process. Yet, the transition
towards practical, high-impact applications will require extensive experimental validation. In
particular, a campaign of experiments at high repetition rate and with increased laser energy is
necessary to achieve higher proton energies and to evaluate the long-term stability and robustness
of the acceleration process. Such efforts have to be done to investigate the impact of laser
parameters on the reproducibility and the robustness of the proton beam.

Beyond the purely theoretical and numerical achievements, the first experimental results
obtained during this PhD have demonstrated the effect of the helical coil on carbon ions, opening
the way for further multi-species studies. These findings suggest a new potential role for the
helical coil target: acting as a species filter. In parallel, simulations have been performed to
highlight the potential of the helical coil for specific applications, notably in the field of medical
radioisotope production. These studies indicate that the electromagnetic fields generated by the
coil can significantly increase the number of protons and « particles in the energy range relevant
for radioisotope generation. Depending on the chosen helical coil geometry, we are able to select
the desired energy to increase the desired radioisotope production. Once again, experimental
work has to support these results.

However, much work remains to adapt the helical coil to other promising applications such
as isochoric heating and neutron production. In these cases, the efficiency of proton collection
with the coil, which currently stands at approximately 1%, must be substantially increased in
order to obtain significant results. To do it, the combination of the helical coil with other target
designs could be explored. For example, coupling the coil to curved-foil targets |129] or to low-
density foams [9}/132] could enhance the target absorption which increase in turn, the number and
energy of accelerated protons and the intensity of the discharge current. Another considered way
to increase the helical coil efficiency is to use Artificial Intelligence (AI). Using lots of SOPHIE or
DoPPLIGHT simulations we could train an Al model to optimize the helical coil target geometry

in the same manner as it was previously done for ICF target optimization [133].
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2 Introduction on Laser-Plasma Instabilities

It is important to note that the study of laser—plasma instabilities (LPI) presented in this
section is not directly connected to the work on helical coil targets. The investigation of LPI
was carried out in parallel, as part of a complementary research activity. In this context, I
contributed both to the development of an analytical model and to the experimental campaign
aimed at understanding the effect of an external magnetic field on the growth of such instabilities.
The motivation behind this effort was to clarify how the presence of a magnetic field can modify
processes such as Stimulated Raman Scattering (SRS) and Stimulated Brillouin Scattering (SBS),
which are of central importance for laser—plasma coupling in high-energy-density physics. While
this topic falls outside the scope of helical target studies, it represents an independent line of
research that enriches the broader context of laser—plasma interaction physics explored during
this PhD.

2.1 Laser-Plasma Instabilities

Laser-plasma instabilities are fundamental phenomena occurring in high-intensity laser inter-
actions with plasmas. These instabilities can significantly affect energy coupling, plasma heating,
and particle acceleration. Among the most studied instabilities are Stimulated Raman Scattering
(SRS), Stimulated Brillouin Scattering (SBS), and Cross-talk effects such as Cross-Beam Energy
Transfer (CBET).

2.2 Stimulated Raman Scattering (SRS)

Stimulated Raman Scattering (SRS) is a parametric instability where an incident laser photon
(w1, k1) decays into a scattered photon (wp, ko) and an electron plasma wave (we, ke). This process

is governed by the resonance condition:
w1 =wy+we, ki =ky+ke. (2.1)

SRS can lead to significant energy losses as the scattered photons escape the plasma, and the
plasma waves can accelerate electrons to high energies, potentially leading to preheating in

inertial confinement fusion (ICF) experiments.

2.3 Stimulated Brillouin Scattering (SBS)

Stimulated Brillouin Scattering (SBS) is another parametric instability where an incident
laser photon decays into a scattered photon and an ion-acoustic wave (ws, ks). The resonance
condition is:

w1 = ws +wy, ki =k + ko. (2.2)
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SBS is particularly detrimental in laser-plasma interactions because the ion-acoustic wave can
reflect and redirect laser energy, leading to poor energy deposition and instabilities in fusion

applications.

2.4 Cross-talk and Cross-Beam Energy Transfer (CBET)

Cross-talk (CT) refers to the interaction between multiple laser beams in a plasma, leading
to interference effects and unintended redistribution of laser energy. A specific manifestation of
cross-talk is Cross-Beam Energy Transfer (CBET), where energy is transferred from one beam
to another via ion-acoustic waves. This effect is especially significant in ICF experiments, where
CBET can lead to nonuniform energy deposition and reduced compression efficiency.

The CBET process follows the energy and momentum matching conditions similar to SBS:
w1 —wy = ws, ki —ky=Kk;. (2.3)

This transfer mechanism can be mitigated through techniques such as polarization smoothing
and beam phasing strategies.

Laser-plasma instabilities, including SRS, SBS, and CBET, play a crucial role in high-
intensity laser interactions with plasmas. Understanding and mitigating these effects are essential
for optimizing laser-driven fusion and plasma-based accelerators. Future research aims to develop

advanced simulation tools and experimental diagnostics to better control these instabilities.

2.5 Magnetized Inertial Confinement Fusion

Despite its potential, magnetized ICF faces several challenges:

e Precise control and stability of the magnetic field throughout implosion.
e Understanding and mitigating undesired MHD instabilities.

e Increasing the ion temperature of the fuel.

Future research aims to address these challenges through advanced simulations, improved
experimental techniques, and interdisciplinary collaboration between plasma physics and fusion
science.

Magnetized ICF represents a promising avenue for enhancing inertial fusion performance. By
leveraging external magnetic fields, it is possible to reduce heat losses, and optimize energy gain.
Continued theoretical and experimental efforts will be essential in determining the feasibility of

this approach for future fusion energy applications.

3 Investigation of Laser Plasma Instabilities driven by Coupled

High-Power Laser Beams in Magnetized Underdense Plasmas

Plasma, recognized as a nonlinear medium [134], exhibits a diverse array of phenomena that

significantly influence laser-plasma interactions (LPI) [135,/136] in inertial confinement fusion
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[137H139] (ICF) environments. Among these phenomena, Stimulated Raman Scattering (SRS),
Stimulated Brillouin Scattering (SBS), cross-talk (CT) between laser beams [12]| and Cross-Beam
Energy Transfer (CBET) |140| play pivotal roles in shaping the dynamics of energy deposition
within fusion targets. In indirect-drive ICF [141], for instance, CT facilitates the redirection of
laser energy, which is critical for achieving the desired symmetry in energy distribution [140,/142].
However, it is not the case in direct-drive ICF [143|, where it complicates the homogeneous
implosion. The interplay between these processes is complex, with CT saturation linked closely
to the excitation of SRS, occurring on a rapid timescale of approximately 10 picoseconds [144].
Thus, understanding the mechanisms underlying these interactions is vital for optimizing energy
deposition in fusion experiments.

Recent advancements, simulations [145] and experimental validations [146], in magnetized
plasma research have revealed that external magnetic fields can significantly alter the behav-
ior of plasma and its interactions with laser light. The incorporation of magnetization into
ICF experiments has been shown to enhance fuel temperature and yield [147,|148|. Moreover,
magnetization can improve the stability and propagation of laser beams in plasma, potentially
mitigating the detrimental effects of cross-talk and energy transfer losses. However, a deeper
investigation of its effects on local plasma physics remains critical to harnessing these benefits
fully.

Cross Talk is fundamental and widespread wave-coupling processes that occur alongside other
LPI effects like SBS, SRS, and Two-Plasmon Decay (TPD). These mechanisms can facilitate en-
ergy transfer between laser pulses, particularly in indirect-drive ICF where they help control
hohlraum energy deposition and implosion symmetry |140,(149]. Controlling CT has become a
priority in indirect-drive ICF, as highlighted by recent NIF experiments aiming to enhance implo-
sion performance |150]. To reduce CT effects, various approaches have been proposed, including
beam diameter reduction [151], wavelength detuning [152], and bandwidth enhancement [153].
However, these investigations are largely based on unmagnetized plasma.

The first direct measurements of CT saturation through ion heating at OMEGA identi-
fied CT’s sensitivity to ion temperature |154], suggesting CT can be mitigated by local plasma
heating. Our prior experiments indicate that such heating can be effectively induced through
external magnetic fields, offering a promising pathway to control CT effects in magnetized ICF
setups [10]. This experiment have demonstrated notable improvements in light transmission and
enhanced smoothing of high-power laser beams. We also observed increased SRS backscattering,
attributed in our kinetic simulations to the confinement of hot electrons within the magnetized
plasma environment.

Through a combination of experimental investigations and theoretical modeling, we seek to
establish a clearer study of how magnetization affects cross-talk and energy transfer processes in
laser-plasma interactions. By addressing these critical aspects, our work aims to contribute to
the ongoing efforts to enhance the efficiency and effectiveness of ICF, paving the way for future
advancements in fusion energy research.

This study aims to explore the implications of cross-talk within a magnetized plasma back-
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Figure S1 — Concept of the experiment: (a) Cross-Energy Beam Transfer (CBET) is occurring
in hohlraums near the Laser Entrance Hole (LEH), between beams that are part of different
irradiation cones. (b) Our proposed mock-up: We will use a gas jet to mimic the atmosphere
in the hohlraums and send two long-pulse laser beams that will intersect within the gas jet.
On top of this, we will have the capability to apply a large-scale magnetic field to the setup,
with dimensions on the order of centimeters, compared to the millimeter-scale of the gas jet, as
demonstrated in our previous work . Reproduced from E. Morse, “Inertial fusion,” in Nuclear
Fusion (Springer International Publishing, Cham, 2018) pp. 345-412. with permission.

ground, using a experimental platform specifically designed for investigating strongly magnetized
plasmas. This platform has enabled us to delve deeper into the effects of magnetization on the
dynamics of laser propagation and plasma instabilities, highlighting the importance of under-
standing these interactions.

The magnetization platform itself, developed over the past decade , has been de-
ployed at major laser facilities, to study astrophysically-relevant plasma dynamics or
ICF [12,157,153].

To conduct this work, we will first present the experimental setup and process in Sec. [
followed by the development and explanation of our analytical theory in Sec. |5l In Sec. , wWe
will derive the equations governing the SBS (Sec. and the SRS (Sec. for a single
laser beam. In Sec. we will extend this analysis to the case of two interacting laser beams,
examining the impact on SBS and SRS instabilities. Finally, we will discuss in Sec. the
implications of the analytical model in predicting how magnetic fields and the number of laser
beam influences these instabilities based on the given assumptions. In the final section (Sec.
@, we will present the experimental results and compare them to the predictions made by the

analytical model, allowing us to assess the model’s accuracy.

4 Experimental process

4.1 Diagnostics

The used diagnostics have been thoroughly evaluated to measure the plasma conditions (den-

sity, temperature), the backscattered light and the transmitted light, as illustrated in Fig
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(a) Top-view

Pulsed gas jet at
coil center

(b) Side-view

—— |in

Figure S2 — (a) Proposed setup, illustrating the arrangement of laser beams inside the magnetic
field coil, along with the intended diagnostics. This is a top-view cut in the equatorial plane.
(b) Side view of the same coil, displaying the conical access to the coil for the beams. The coil
employed is identical to the one utilized in our previous studies on magnetized Laser-Plasma
Interactions (LPI) [10].

These examples demonstrate that each diagnostic can yield detectable signals under the pro-

posed experimental conditions . The selected diagnostics include:

e Thomson Scattering: This involves scattering off the ion and electron waves, resolved in
time through the use of streak cameras. It allows for the assessment of the temporal
dynamics of heating and energy transfer [155,[157] (see example in Fig). Therefore,
we are able to measure the plasma temperature. This diagnostic used a probing auxiliary
laser beam, featuring a wavelength of 526.5 nm and delivering up to 15 J of energy, with

a pulse length of 3 ns.

e Mach-Zehnder Interferometry: This diagnostic uses a few mJ, 8 ns laser available in the
LULI area with a wavelength of 532 nm [136]. A Kentech fast gating (50 ps opening time)
unit, coupled to Andor cameras, allowed to capture snapshots of the plasma and quantify

the plasma electron density (see example in Fig).

e SBS and SRS Measurements: To quantify the levels of backward Stimulated Brillouin Scat-
tering (SBS) and Stimulated Raman Scattering (SRS) occurring in the plasma [159,[160],
time-resolved photodiodes were employed. These measurements were performed by collect-
ing the backscattered light over the full aperture of the focusing optics, following standard
procedures in inertial confinement fusion (ICF) experiments to characterize laser—plasma in-
stabilities (LPI) . Two photodiodes with different spectral sensitivity ranges were used
in combination with suitable optical filters positioned in front of each. This configuration

ensured selective detection: one photodiode, sensitive from 0.2 to 1.1 pm, was dedicated
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to SBS, while the other, sensitive from 0.8 to 1.7 pm, was dedicated to SRS. Optical filters
were employed to block the unwanted spectral components for each diode. For SBS detec-
tion, a bandpass filter centered at the laser wavelength (A\g) with a £10 nm full width at
half maximum (FWHM) was used to suppress the SRS-shifted light, which occurs around
w1 — wpe (Where wy is the laser frequency and wy, the plasma frequency) corresponding to
wavelengths in the 1.1-1.2 pym range for the plasma densities considered. Conversely, for
SRS detection, a silicon filter was used to block all wavelengths below 1.05 pum, effectively

eliminating SBS signals, which are shifted by approximately +10 Aaround Ao [162}[163].

e Laser Transmission Measurement: Time-and-space-resolved measurement of the laser trans-
mission using the High-Speed 2D Spatially-Resolved Sampling Camera (HISAC) diagnostic.
HISAC allows capturing snapshots of the 2D distribution of the laser with 30ps resolu-
tion [10,[12}[164] (see example in Fig[S3{d).

The first two diagnostics will be used to quantify plasma conditions, including density and
temperature, which are essential inputs for our analytical model or for hydro-radiative (hydro-
rad) and Particle-in-Cell (PIC) simulations, as demonstrated in previous studies |10]. The latter
two sets of diagnostics will facilitate a thorough assessment of the energetic aspects of the laser

interaction with the plasma and the associated energy transfer.

4.2 Experimental setup

In this study, we aim to evaluate the impact of external magnetization on Cross-Talk (CT)
and systematically investigate the phase space parameters. Our experimental setup, illustrated
in Fig[STh] takes full advantage of the capabilities offered by LULI2000 facility, particularly its
capacity to accommodate multiple long-pulse, high-energy beams.

The two interacting beams had a wavelength of 1.053 pm, with energy levels reaching up
to 100 J, and pulse durations of 15 ns. Each beam was focused using an /8 lens, but was
deliberately kept out of focus at the interaction point, with a spot diameter of approximately
300 pm in the gas jet. This defocusing ensured a stable and well-overlapped interaction region
between the two beams within the plasma. Under these conditions, each beam reached an on-
target intensity of 6 x 10'2 W/cm?. Both beams were linearly polarized along the z-axis and
propagated 0.75 mm above the nozzle exit. They were arranged with a crossing angle of 20°,
consistent with configurations commonly used in Inertial Confinement Fusion (ICF) facilities
such as the National Ignition Facility (NIF). The two laser beam propagate along the x-axis and
is polarized along the z-axis, was shot on the hydrogen gas jet, itself at the center of a coil which
is responsible for the magnetic field of 20 T (see Fig. . The plasma profile had a full-width
at half-maximum (FWHM) length of 1.5 mm, with the peak electron density adjustable in the
range ne = 0.0015 to 0.015 n. by modifying the backing pressure of the gas jet system. This
underdense plasma replicates the hohlraum environment, where laser-plasma interaction (LPT)

processes predominantly occur in indirect-drive inertial confinement fusion (ICF).
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Figure S3 — Examples of raw data for the proposed diagnostics in the experiment, demonstrating
our capability to measure the targeted observables under very similar conditions [10], where
only one propagating laser beam was used instead of two, as proposed here: (a) Ion Thomson
Scattering Spectrum: Time-resolved using an S20 streak camera to measure ion and electron
temperatures. The central wavelength (at 527nm, indicated by the white dashed line) of the
probe beam is blocked by a notch filter. (b) Interferometry: Used to measure the plasma density.
(c) Stimulated Raman Scattering (SRS) Signal: Registered by an InGaAs camera. (d) Two
snapshots of the laser beam profile after propagation through the gas jet, reconstructed from the
HISAC transmission diagnostic [10,/12|. Each snapshot is integrated over 30 picoseconds. The
two snapshots are taken at 0.4 and 1.6 nanoseconds within the evolution of a 2-ns long-pulse,
illustrating the diagnostic’s ability to resolve filamentation and self-focusing.
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5 Theoretical explanation

To simulate Cross-Talk (CT) or Cross-Beam Energy Transfer (CBET), we typically rely on
FLASH [165] or GORGON [166| for hydro-radiative (hydro-rad) modeling and use SMILEI |7§]
for Particle-In-Cell (PIC) simulations [10]. In cases where no external magnetic field is applied,
CT dynamics can also be explored with the IFRIIT code [167], which integrates seamlessly with
the ASTER [168,|169] radiation hydrodynamics framework [170,/171]. However, an analytical
theoretical approach for CT or CBET behavior in the presence of external magnetic fields remains
undeveloped.

For our analytical model, we propose to analyze Stimulated Raman Scattering (SRS) and
Stimulated Brillouin Scattering (SBS) as separate processes. By incorporating the magnetic field
into the SBS equations |172], we derive the interaction between two electromagnetic fields, while

noting that the Maxwell wave equation remains unchanged [173,|174]:

(07 + wie — V) A= —wgenlA (5.1)
and the ion-acoustic (sound) wave equation becomes:

2
(x0F — V2 + 70 ny = %VzAZ (5.2)

with x = Z (dri;/drie) = 1+ kX3, v = (Zme/mi) (1= xB)we + 298, Ap = /eokpT./n.
is the Debye length, A is the electromagnetic potential , wpe = \/W is the electronic
plasma frequency, w. = (eB/me) is the cyclotron frequency, B is the external magnetic field, m,
and m; are respectively the electron and the ion mass, e is the elementary charge, Z the degree
of ionization, n. = ne, + n. and n; = n;, + n; are respectively the electron and ion density,
ny = Me/Ne,, ; and 7, are respectively the low fluctuation of the ion and electron density derived
assuming a Boltzmann distribution, as described in Ref. [174], n., and n,, are respectively the
uniform background electronic and ionic density, ¢y = \/ﬁ/mz is the ion acoustic velocity, vs =
VEkvs (wpi/wpe + €3 /03, exp (—v2/2v7,)) is the Landau damping frequency due to electrons and
ions, Yse = /Fwpe/ (kxp)® exp (—3/2 —-1/2 (k:)\D)2> is the Landau damping frequency due to

electrons [|174,|175], wp; = \/Z%€?n;,/miep is the ion plasma density, vy = ,/% is the
sound speed, vp; = \/T;/me the thermal ion velocity, k is the wave vector, €y is the vacuum

permittivity and kp is the Boltzmann constant. xp and x,op are respectively the ion-to-electron

fluctuation density with and without magnetic-field, v2 and 708

o2 are respectively the electronic

noB
s

Landau damping with and without magnetic-field and 2 and ~ are respectively the Landau
damping frequency due to electrons and ions with and without magnetic-field.
Adding the magnetic field in the equations of SRS [173], we conserve the Maxwell’s wave

equation (eq. [5.1)) but we replace the ion-acoustic wave by the electronic wave equation:
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2
(07 + wge — 2V + (we + 275) o)y = %EV2A2 (5.3)

mg
Zme

where ¢, = ¢, is the electronic thermal velocity. We propose then to describe 4 different

cases, for each SBS and SRS, consider the cases with one and two beams.

5.1 One laser beam

In the study of only one laser beam, one consider:

A =A;(e,n,t) xexpli(kir — wit)]
+ Ao(e,n,t) x exp [i (kor — wot)] (5.4)

and

Ny = Ne/Ney, =n(€,1n,t) X exp[i (k1 — ko) 7] (5.5)

with w1y = w1 — wg and where A1, wy and ki are respectively the electromagnetic potential,
the frequency and the wave vector of the laser beam and Ay, wy and kg are respectively the
electromagnetic potential, the frequency and the wave vector of the scattered beam.

Making the slowly varying envelope approximation, one can show that:

Op A1 = —1i (wf)e/ZwlUl) nAg exp [iw1 L] (5.6)
OyAp = —1 (wﬁe/Qwovo) n* Ay exp [—iwipt] (5.7)

where vy = fi% is the group velocity of the laser beam and vg is the group velocity of the

backscattered wave.

5.1.1 One beam - Stimulated Brillouin Scattering

In the one beam SBS case, the ion-acoustic wave equation becomes:

(Xaf + wfl + 7(%) n = —wglAlAg exp [—iw 1t (5.8)

If, in eq. E, we take B=0 and g;{; = 1/Z, to found the equations presented in previous
publications [173]. To finish, one can compute «; and j; coefficients, which are respectively the

real and imaginary parts of the ion-acoustic response to the ponderomotive force. Such that:
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Op A1 = (ia1_11_sBs — P1-11—sBs) A1]Ao|?

9y Ao = (iap_11-sBs + Bo-11—sB5) |A1|* Ao

and here, injecting eq. in eq. and one get:

whews, (w5, = xwiL)

Qj_1L—-SBS = 5 2 >
2w;v; [(%1 _leL) +wiy }

2,2
WpeWs, TWI1L

Bj-1L-sBS = AR
2w;v; [(wgl - XWlL) +W1L72}

with ws, = ¢5 (k1 — ko) the ion-accoustic wave frequency for one beam.

5.1.2 One beam - Stimulated Raman Scattering

In the one beam SRS case, the electronic wave equation becomes:

(07 + wpe + w2, + (we +297) Or) m

= —wgl A1 Afexp [—iwiLt]

(5.9)
(5.10)

(5.11)

(5.12)

(5.13)

To finish, one can compute «; and 3; coefficients, which are respectively the real and imagi-

nary parts of the ion-acoustic response to the ponderomotive force. Such that:

O A1 = (ic1-11-srs — Bi-11—sRs) A1|Ao|?

Ay Ao = (ico_15—srs + Bo-11—srs) | A1|*Ag

and here, injecting eq. in eq. and one get:

2 2 (2 2 2
_ WpeWe; (wlL — Wpe — wel)
Aj-1L=SRS = 2 2 23\2 2 B\2
2w;v; [(wlL —wpe —w3,) " +wip (we +29F) ]
2 2 B
WpeWe, (wc + 275 ) w1r
Bj-1L—SRS =

with we, = ce (k1 — ko) the thermal electronic wave frequency for one beam.
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5.2 Two laser beams

In the study of two laser beams, one considers:

A =A;(e,n,t) x expli (kir — wit)]
+ Aa(e,n,t) x exp [i (kar — wat)] (5.18)

and

ny = 77P:e/neo :n(€7 m, t) X €xp [2 (k'l - k2) T] (5'19)

with woy = w1 — ws, where Ao, wo and ko are respectively the electromagnetic potential, the
frequency and the wave vector of the second laser beam. Making the slowly varying envelope

approximation, one can show that:

Og A1 = —i (wﬁe/2wlvl) nAs exp [iwart] (5.20)
ayAQ = —1 (w§6/2wgvg) n*Al exp [—inLt] (5.21)

where vy = Z% is the group velocity of the lower-frequency beam and v; ~ vy is the group

velocity of the higher-frequency beam.

5.2.1 Two beams - Stimulated Brillouin Scattering

In the two beam SBS case, the ion-acoustic wave equation becomes:

(xOF + w2, +~0) n = —w? Ay A} exp [—iwart] (5.22)

If, in eq. we take B=0, so gz:z = 1/Z, to found the equations presented in previous
publications [172]. To finish, one can compute «; and j; coefficients, which are respectively the

real and imaginary parts of the ion-acoustic response to the ponderomotive force. Such that:

Ou A1 = (ic—ar,—sBs — Bi-ar—sBs) A1] Az (5.23)
OyAs = (iaa_or—gBs + Po—2r—sBs) |A1]* Az (5.24)

and here, injecting eq. in eq. and [5.21] one get:
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Whew3y (w8, = Xw31)

Qj_2[,—SBS = o2 5 (5.25)

2wjv; [(wgz — Xxwip) + sz’YQ}

2 2
WreWs, YW2r,

Bj-21-5Bs = P2 T, (5.26)

2wjv; [(wg2 — xwi)” + W2L72}

with ws, = ¢s (k1 — k2) the ion-accoustic wave frequency for two beams.
5.2.2 Two beams - Stimulated Raman Scattering

In the two beam SRS case, the electronic wave equation becomes:

(07 + wge + w2, + (we + 298) ) n = —w2, A1 A} exp [—iwar ] (5.27)

To finish, one can compute o; and 3; coefficients, which are respectively the real and imagi-

nary parts of the ion-acoustic response to the ponderomotive force. Such that:

0y A1 = (ia1—21-sRrs — Pr—2r—srs) A1] Az (5.28)
OyAs = (iaa_sr—sRs + Bo—20-srs) |A1|* Az (5.29)

and here, injecting eq. in eq. and [5.21], one get:

2 2 (2 2 2
w2 w2 (w3, —w?, —w
®j_2L—SRS = 5 = e; ( 2L2 — 5 cr) v (5.30)
2wjvj {(sz — Wpe — w€2) + wyy, (we +2757) ]
2 2 B
wi.ws (we + 275, ) war
Bj-2L-SRs = petdey (e + 20sc) (5.31)

2 2
20y | (6l = we —B,)” + oy (we + 298)°]
with we, = ce (k1 — k2) the thermal electronic wave frequency for two beams.

5.3 Model discussion

The responsible for growth rate of instabilities is the 8 coefficient [176]. This is why, we
reason with this coeflicient to understand the behavior of the instabilities in the different cases

that we treat.

5.3.1 Discussion on SBS

For SBS with only one laser:
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B 2, .2
Bitlsps _ 205" [( —xwet)” 4 wlL]

B1L—SBS ~y [(wgl — XTLOBW%L) + 47”032 QL}

noB
If 61};—& > 1 the SBS will decrease under the effect of magnetic field, else the SBS will

1L-SBS
increase under the effect of magnetic field.

For SBS with two lasers:

B3eBeps _ 257" [( i)’ +72W§L]

2 =
Bar—sBs fy[(w XnongL) + dynoB2y, 2L}

If BiiZsps EZL 8BS > 1, the magnetic field will decrease the SBS under the effect of two
’BIL SBS BQL SBS

beams, else the magnetic field and the two beams will increase the SBS.

5.3.2 Discussion on SRS

For SRS with only one laser:

2 2
B?E?SRS 275" [(M%L + wz%e - w;) + (Wc + 2’751) w%L}

B
Bl _srs (we +29B) [(wlL + wZ, — w2 ) + 47”032@'%4

BnoB . (W%L_“ﬂe_wz )2 B ] )
One gets =255 > 1, if w, > L P12 — 242 and so, the magnetic field will decrease

61L;35RS 2y5ePuwiy
the SRS else ngL‘ﬂ < 1 therefore, the magnetic field will increase the SRS.
1L—-SRS

For SRS with two laser beams:

2 2
B32lsrs 23" [(w% Whe = we,) + (we + 272) w%L}

B
Byl _srs (we +29B) {(w%L — w2, — w2 ) + 4nnoB w2L}

BreB B3L
One gets EL SRS X 2L SRS > 1 if:
/BlL—SRS 62L SRS
(Bteted)’ _, p (@Btet—ed) ) p
wc gé 2L pe €9 2 1L pe €1 _ 2'736

2 2
27§Lng2L Tses 27?£BW1L

noB
the magnetic field will decrease the SRS else 'BIBL*SRS Bt Zsns < 1 therefore, the magnetic field
ﬂlL*SRS ’82L SRS

will increase the SRS. One can understand that the effect of the magnetic field depends directly

on the Landau damping, which is higher at low plasma density and high plasma temperature
[174,/175].
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5.3.3 Discussion on Cross-Talk without magnetic field
The CT SRS behavior without magnetic field is defined using:
2 noB

2 2 2 2 2 2
/B?BE;SRS Wal2We 1 Wi1L [(W2L — Wpe — w€2) + w3y (2'75@ ) }

noB 2 2
2 2 2
B31" srs WV WiHwar, [(wlL — wf)e - wgl) + wi; (297908) }

B 2 2 2 92\2_ wovuy o 2 2 22
0 t BTEZ srs 1 if 4 (0B 2 wlywar (Wi, —wpe —wey ) wlvl"-’eﬁ’-’lL("-’zL w2 —w?y)
ne gets gog. - > 1 it 4 (g > Lo R R R , We re-
2L—SRS wlvg Pe1Wo LWL ™ WeaW L W2L

duce the SRS with two beam compared with only one.
The CT SBS behaviour without magnetic field is defined using:

2 2 2 \2 2 2
5711L0§SBS Wal2Wg 1 W1L [(wsz - XnoBWZL) +wap, (27203) }

noB 2 2
B3 sBs w1V WHwar, {(wgl - XnoBW%L) + w?; (2vneB) }

2 2
2 2 2 wavy 2 2 2
/BIL£§SBS . noB\ 2 W32W2L(W517X7LOBW1L) ~wlvg WslwlL(W527XnoBW2L)
One gets =222 > 1, if 4 (v > wav we re-
noB Y S 2 2w2 w2 w _w2 UJ2 w bl
2L—SBS wlog Ps1Wo LWL ™ WeoWy L W2L

duce the SBS with two beam compared with only one.
with wf and yng are respectively the Landau damping frequency due to electrons and ions

with and without magnetic-field.

5.3.4 Discussion on Cross-Talk beam with magnetic field

The CT SRS behavior with magnetic field can be define using;:

2 2 2 2 \2 2 B\2
Bﬁ/—SRS W2U2We WiL [(WQL B wpe - w€2) + Wor, (2756) :|

B 2 2
Ba1—srs w1V W war, [(w%L — U-’;%e — wgl) + w?; (29B) }

B 2 2 2 92\2 wovuy 9 2 2 22
O t BlLstS 1 f 2 B 2 weQUJQL(wlL Wre wel) wlvlwelwlL(w2L Wpe weQ)
ne gets 3E > 1, (we +29) > W33 3 3 — 3.3 , We
2L—SRS wlvg WelWarW1L —WeoWipWaL

reduce the SRS with two beam compared with only one.

The CT SBS behaviour with magnetic field can be defined using:

2 2 2 )2 2 B\2
Bli_sps  “W2V2WsiWiL [(%2 —xBwip) " +wi (277) }

B 2 2
B3l —sBs w1V Whwar, [(W§1 — XBW%L) + w%L (29B) }

2 2 2 \2_wovy 2 2 2 )2
B85 _ . 2 Wsowar (Wi —XBWIL ) — Ty Ws1WiL(Wso —XBWa
Onegetsgim>1’ lf4(’y§) S s ( s oo )2 wlvg ; . ( s ) , we reduce the
BiL—sBs wlvg Ws1WarW1L—WsoWipWar

SBS with two beam compared with only one.

5.3.5 Expected results
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Table S1 — Summary table of the different behaviours of SRS, SBS and of the effect of CT on the latter
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Figure S4 — Map of the minimum magnetic field required to achieve a decrease single-beam SRS,
and correspondingly a two-beam SRS increase, as a function of the plasma electron density and
temperature, when magnetizing the plasma. The red doted lines correspond to iso-values of the
kAp factor. The colormap is capped at 30 T to enhance readability.

Considering SRS and SBS separately, we are able to clarify the effect of the magnetic field on
the instabilities. If the magnetic field affects plasma density, and above all, the ion to electron
fluctuation density (i.e., x), SBS is likely modified. To modify it, the magnetic field can play a
important role on plasma temperature and/or density.

Thanks to this model, we are also able to predict that the effect of the magnetic field on
the SRS depends directly on the Landau damping. If the Landau damping is high, the effect
of the magnetic field will tend to reduce the SRS. The Landau damping is higher with a high
kEXp |174], which corresponds to a low plasma density and/or a high plasma temperature. Indeed,
in previous publications [10], the effect of magnetic field on the SRS was attributed to a trapping
of electrons in the plasma, which is indeed similar to the Landau damping. Regarding the
analytical model and these previous publications, one can attribute an effect of the magnetic
field on the Landau damping.

All these predicted results have been summarized in Tab. Furthermore, thanks to the
SRS conditions presented in this table, one gets the Fig. where the yellow color indicates the
(ne, Te) values where the B-field increases the one beam SRS and decreases the two beam SRS,
and the blue/green indicates the (n.,T.) values where the B-field decreases the one beam SRS
and increases the two beam SRS. This figure is totally fitting with previous numerical simulation
results |177,/178] where the B-field helps to mitigate the SRS. It is also fitting with previous
experimental and numerical results where the B-field increased SRS with one beam [10].

One also gets the Fig. where the values higher than 1 indicates the (n.,Te) values where
the CT with B-field increases the SBS, and the values lower than 1 reciprocally where the CT
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Figure S5 — Map of the the square root of the condition for SBS growth, based on our model,
in Cross-Talk (CT) conditions, normalized to the Landau damping (as defined in Tab. [SI]). The
red doted lines correspond to iso-values of the kAp factor.

with B-field decreases the SBS. The numerical application of the CT SRS conditions imply always
that CT reduces the SRS and it is again reduces using B-field.

6 Experimental results

6.1 HISAC reconstructed images

Fig[S0] presents a sequence of plasma images reconstructed from the High-Speed 2D Spatially-
Resolved Sampling Camera (HISAC) diagnostic, showcasing both scenarios without and with the
application of the magnetic field. The images depict the conditions when solely the South Laser
is active and when both the South and North Lasers are operational at 75 bar pressure.

In FiglS7] the mean intensity profile evolution over approximately 15 nanoseconds is displayed
for different laser and magnetic field configurations at 75 bar pressure. In the absence of the
magnetic field, irrespective of the laser configuration, there is a reported peak intensity around
9 ns after plasma formation, followed by a continuous decline. However, with the application of
the magnetic field, an increase in the intensity change rate is observed after 9 ns. The most
significant difference in intensity without/with the magnetic field is observed between 6-11 ns
when only the South beam is operating.

The information provided highlights the findings from Fig[S8| which focuses on light transmis-
sion analysis from HISAC raw images under various experimental conditions and time windows.
Specifically concerning the south beam (S), in the initial nanosecond (first ns), better transmis-
sion is observed when only the south beam is applied with an external magnetic field (B=20 T).

However, this improved transmission in the first ns does not follow a consistent trend for the
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(a)B=0T,S shot#83  (c)B=0T,S+N shot #81

(b)B=20T,S shot #84 (d)B=20T, S+N shot #82

Figure S6 — Reconstructed images from the HISAC diagnostic using the (a) south beam without
B-field (b) south beam with B-field (20 T) (c¢) south and north beam without B-field (d) south
and north beam with B-field (20 T).

overall duration of the experiment. Similarly, when both South and North beams (S+N) are
applied, better transmission is observed in the first ns with an external magnetic field (B=20 T).

Yet, this improved transmission in the first ns does not exhibit a consistent trend for the
overall duration of the experiment. The findings suggest that the presence of an external magnetic
field (B=20 T) enhances light transmission in the initial nanoseconds for both the single beam and
combined south and north beam scenarios. However, this effect does not persist as a consistent

trend throughout the entire duration of the experiment.

6.2 Thomson scattering-Temperature measurement

Thomson scattering |179] is a widely used diagnostic technique for measuring the electron
temperature in plasmas. It relies on the elastic scattering of an incident electromagnetic wave by
free electrons. When a laser beam with known wavelength and intensity interacts with a plasma,
the scattered radiation carries information about the electron velocity distribution. The spectral
broadening of the scattered light is directly related to the thermal motion of the electrons, which
follows a Maxwellian distribution in thermal equilibrium. The width of the scattered spectrum,

A, can be used to determine the electron temperature T, through the relation:

kBTe
mec?’

AN o A

(6.1)

where A is the laser wavelength, kg is the Boltzmann constant, m. is the electron mass, and ¢
is the speed of light. By analyzing the scattered spectrum, one can extract the temperature and
density of the electrons in the plasma. An example of obtained results is shown if Fig. [S9a and
.b for respectively n. = 0.001n. with B-field and two beams and n. = 0.0015n, without B-field
with one beam. It appears like the electron temperature is respectively T, = 50 + 16 ¢V and

T. =90+ 30 eV. Thanks to this one can estimate that during this experiment, kAp = 0.174+0.11
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Figure S7 — Intensity get from the HISAC diagnostic using the south and the north beam without
B-field (blue line) or with B-field (yellow line) in the case with only south beam (a) or with south
and north (b)

179



(a)istns, S (b)15 ns, S

B | TTE L 7 u = :r:oﬂ

A i ?

: |

o
L]
i i
el
_ u " B=10T ] <AL
- o B=BT § ¢ o Bad
2
| - : :
- - = = o)
D
e "
(c)1st ns, S+N (d) 15ns, S+N

Figure S8 — Light transmission as function of as function of varying electron density n./n. at
1 ns (a) and 15 ns (b) using the south beam, and at 1 ns (c¢) and 15 ns (d) using south and north
beam; with a B-field (red square) or without B-field (white dot).

at low density and 0.34 + 0.22 at high density. This correspond to y =1.03 to 1.1.

6.3 Diode trends

Fig[S10]shows trends in diode signals for forward and backward Stimulated Raman Scattering
(SRS) as well as backward Stimulated Brillouin Scattering (SBS) over a broad range of electron
densities normalized to the critical density (n./n.). Both forward and backward SRS trends
are illustrated in the figure respectively in Fig[S10|(a) and [S10[b), as well as backward SBS (see
Fig[S10|(c). The observations indicate that with both north and south beams active, adding an
external magnetic field reduces the instabilities in SRS and SBS. Conversely, when only the south
beam is present, the magnetic field leads to an increase in these instabilities.

The results presented on Fig suggest that Laser-Plasma Interaction (LPI) is reduced
when multiple beams are active, with this reduction becoming even more pronounced under
the influence of an external magnetic field. These diode signal observations for SRS and SBS
indicate that the interaction between laser beams and plasma weakens significantly with multiple
beam input, and this weakening is amplified by magnetization. The analytical model in Sec.
[£-373 predicts similar behavior, showing strong agreement between our theoretical predictions
and experimental outcomes. Experiment align with the predictions from the analytical model
presented in Sec. [5.3.1] for SBS when xp < xnop and in Sec. [5.3.2] for SRS, as summarized in
Fig. 54} At low densities, backward SRS is intensified under the magnetic field, consistent with

our predictions that attribute this effect to strong Landau damping at lower densities.
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SBS (c) as function of varying electron density n./n. using a magnetic field and south and
north beam normalized with the case with south and north beam without magnetic field (purple
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Figure S11 —
SBS (c) as function of varying electron density n./n. using south and north beam without B-
field (blue dot) or with B-field (red dot), normalized with the case with only one laser without
magnetic field.
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Figure S12 — Map of the hall parameter as a function of electron density and temperature. The
red doted line is the contour line of the kAp factor. This map proves the non-collisional aspect
of our plasma and shows the limit of our model (high density and low temperature).

The model predicts that adding a magnetic field influences SBS by altering the ion-to-electron
fluctuation density ratios (x), while its impact on SRS is strongly linked to plasma density
through Landau damping effects. The experimental results confirm this predicted behavior: in
the absence of an external magnetic field, the presence of two laser beams reduces the growth of
SRS and SBS compared to a single-beam configuration.

Overall, the presence of both an external magnetic field and two laser beams leads to a
reduction in SRS and SBS compared to the two-beam case without a magnetic field. Conversely,
in the single-beam case, the presence of an external magnetic field results in an increase in SRS
and SBS compared to the configuration without a magnetic field. These findings are in excellent

agreement with previous simulations |10] and with our analytical model previously presented.

7 Discussion of the model limits

Figure shows the map of the Hall parameter, which, when greater than 1, characterizes
the plasma as collisionless, thereby defining the domain of validity of our model (non-collisional
model). It shows a Hall parameter during our experiment higher than 10. Thus, it confirms the
validity of our model for our experimental parameters.

Figure illustrates the expected Faraday rotation angle 6 as a function of the electron
density n, for a linearly polarized probe laser with wavelength A = 1.053 pm propagating through
a plasma of length L = 3 mm under a longitudinal magnetic field of B = 20 T. The angle increases

linearly with n. in this density regime, as predicted by the standard expression for the Faraday
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laser of wavelength A = 1.053 um propagating through a plasma of length . = 3mm under a
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effect in magnetized plasmas,

6— 2~ _.B-L (7.1)

3

)

For typical experimental conditions with electron densities ranging from 108 to 2x 10! cm™
the rotation remains below 5°, which justifies the assumption that the probe beam remains
approximately linearly polarized. For upper value of electron density than ~ 10?0 cm™3, the

Faraday’s rotation is not anymore negligible.

8 Conclusion

This extensive study investigates the effects of external magnetization on cross-talk (CT)
and laser-plasma instabilities, yielding significant insights. Using a robust experimental plat-
form alongside well-established diagnostics, we assessed plasma conditions, the evolution of laser
intensity profiles, and the dynamics of light transmission through the plasma.

Our findings reveal a marked influence of an external magnetic field on CT behavior. Notably,
diode signals for stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS)
show clear attenuation when multiple beams are used simultaneously, an effect that is further
amplified by the presence of the external magnetic field.

Furthermore, our theoretical model, which treats SRS and SBS processes separately, aligns

well with the experimental data. It predicts that the introduction of a magnetic field affects SBS
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by altering the ratios of ion to electron density fluctuation, while its impact on SRS is closely
related to plasma density and temperature through Landau damping effects. The experimental
results confirm these predictions showing that SBS decreases under magnetic fields when both
beams are present but increases with a single beam; conversely, SRS is intensified with one beam
and shows increased intensity at lower densities with two beams, linked to the Landau damping,
while decreasing at higher densities.

Future research will focus on calculating the dispersion relation and conducting Particle-In-
Cell (PIC) or hydrodynamic simulations. These efforts will enhance our understanding of how
magnetic fields influence magneto-hydrodynamic behaviors.

In upcoming experiments, we plan to investigate the effects of varying the difference of
frequency between the two laser beams to test the limits and hypotheses of our model. We will
also explore variations in the external magnetic field’s amplitude and direction (both parallel
and perpendicular to the laser beam) to determine their impacts on laser-plasma interactions
and cross-beam energy transfer. This comprehensive approach will refine our model and improve

its predictive capability for future inertial confinement fusion (ICF) experiments.
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