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Titre : Synthèse de l'antihydrogène par échange de charge en vol d'antiprotons décélérés avec le positronium pour l'expérience GBAR Mots clés : Gravitation, Antimatière, Relativité Générale, Antiproton, Antihydrogène, Décélérateur Résumé : L'expérience GBAR vise à mesurer l'accélération gravitationnelle de l'antimatière via la chute libre d'un atome d'antihydrogène. Il s'agit d'un test du principe d'équivalence faible qui, bien que bien vérifié à un niveau de précision de 10 -15 pour la matière, n'a jamais fait l'objet de test expérimental concluant avec l'antimatière. La première étape consiste à produire un ion d'antihydrogène qui peut être refroidi à des températures de l'ordre du µK. Ensuite, la charge supplémentaire est photodétachée et on peut observer la chute libre d'un atome d'antihydrogène neutre -« au repos »sous l'effet seul de la gravité.

Le principal défi de GBAR est la production de l'anti-ion à partir d'une double réaction d'échange de charges, d'antiprotons sur le positronium Ps (un état lié d'un positon et d'un électron). Dans la première réaction, un antiproton se lie à un positon du positronium pour former un antihydrogène de quelques keV. Lors de la seconde réaction, le nouvel atome d'antihydrogène réagit à nouveau avec un atome de positronium pour former un ion antihydrogène positif, composé de 2 positons et d'un antiproton.

La première réaction, qui produit de l'antihydrogène à des états d'excitation faibles à partir de l'impact d'un faisceau d'antiprotons de 6keV sur un nuage de positronium, est démontrée dans cette thèse. Le schéma spécifique de production « en vol » et le dispositif expérimental utilisé pour la prise de données sont décrits. D'après les calculs théoriques, l'énergie optimale pour la production d'anti-ions, compte tenu de la conjugaison des sections efficaces des deux réactions, est d'environ 6 keV. Pour décélérer davantage les antiprotons de 100 keV délivrés par l'anneau ELENA au CERN, GBAR a développé un décélérateur linéaire utilisant un « tube à dérive » pulsé. Cela permet d'obtenir une efficacité très élevée par rapport aux « dégradeurs » couramment utilisées. Ce dispositif a été largement retravaillé au cours de cette thèse. Les différents problèmes rencontrés et les solutions développées sont décrits.

Une simulation complète de la ligne antiproton GBAR a été développée dans le logiciel SIMION et est présentée ici. L'optimisation de la ligne pour transporter le faisceau d'antiprotons décélérés jusqu'à la chambre de réaction où ils se mélangent au positronium est également détaillée.

Enfin, la question de la section efficace pour la réaction de synthèse de l'antihydrogène est discutée.

Title : Synthesis of antihydrogen from in-flight charge exchange of decelerated antiprotons in positronium for the GBAR experiment Keywords : Gravitation, Antimatter, General Relativity, Antiproton, Antihydrogen, Decelerator Abstract : The GBAR experiment aims at measuring the gravitational acceleration of antimatter via the free fall of an antihydrogen atom. This is a test of the Weak Equivalence Principle which, although well verified at a precision level of 10 -15 for matter, never had any conclusive experimental test with antimatter. The first step is the production of an antihydrogen ion which can be cooled down to µK temperatures. Then the additional charge is photodetached and one can observe the free fall of a neutral antihydrogen atom -"at rest" -under gravity only.

The main challenge of GBAR is the production of the anti-ion from a double chargeexchange reaction of antiprotons on positronium Ps (a bound state of a positron and an electron). In the first reaction, an antiproton binds with a positron from positronium, to form an antihydrogen at a few keV. During the second reaction, the new antihydrogen atom reacts again with a positronium atom, to form a positive antihydrogen ion composed of 2 positrons and 1 antiproton.

The first reaction, producing antihydrogen at low excitation states from impact of a 6keV antiproton beam on a positronium cloud, is demonstrated in this thesis. The specific "in-flight production" scheme and the experimental setup used for data taking are described.

From theoretical works, the optimal energy for the anti-ion production, considering the conjugation of both reactions' cross-sections, is around 6 keV. To further decelerate the 100 keV antiprotons delivered by the ELENA ring at CERN, GBAR developed a linear decelerator using a pulsed drift tube. This allows a very high efficiency compared to the commonly used degrader foils. This device was largely revised during this thesis. Various problems encountered and the developed solutions are described.

A complete simulation of the GBAR antiproton line has been developed within the SIMION software and is presented here. The optimization of the line to transport the decelerated antiproton beam up to the reaction chamber where they mix with positronium is also detailed.

Finally, the question of the cross-section for the antihydrogen synthesis reaction is discussed.
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Résumé de la thèse en français

Chapitre 1 : Introduction L'existence de l'antimatière telle que définie par la physique moderne a d'abord été prédite théoriquement par Paul Dirac en 1928. Son équation conçue initialement pour intégrer les concepts de la relativité restreinte dans l'équation de Schrödinger contenait une seconde solution en plus de celle de l'électron, décrivant une particule similaire mais de charge opposée. Cette prédiction fut confirmée expérimentalement en 1932 par Carl David Anderson avec l'observation via une chambre à brouillard de positons dans les rayons cosmiques.

Cette découverte a ouvert la voie à tout un nouveau champ de recherches avec notamment la découverte expérimentale de nombreuses antiparticules au cours du XX e siècle (1951 : positronium, 1955 : antiproton, 1956 : antineutron, 1965 : antideuteron, 1996 : antihydrogène, ...). Les expériences autour de l'antimatière sont fondamentales pour répondre à certaines des plus grandes questions actuelles de la physique : notamment l'apparente asymétrie matière-antimatière dans l'univers, alors que les modèles actuels prévoient une production égale lors du Big Bang. La comparaison de la matière avec l'antimatière permet également de tester la symétrie CPT. Celle-ci prévoit l'invariance des lois physiques par des transformations combinées de Charge, Parité et de Temps. Le passage de la matière à l'antimatière correspond ici à une symétrie de charge (C). Aujourd'hui plusieurs expériences (AL-PHA, ASACUSA, BASE, ...) testent la symétrie CPT en mesurant précisément les propriétés de l'antimatière au sein du hall AD au CERN, aussi connu sous le nom de « Antimatter Factory » pour « fabrique d'antimatière », seul endroit au monde permettant ces études à basse énergie.

Trois de ces expériences cherchent à observer l'effet de la gravitation sur l'antimatière : ALPHA-g, AEgIS et GBAR. En effet, le principe d'équivalence faible qui affirme que « l'effet de la gravitation sur un corps en chute libre est indépendant de sa nature et de sa composition » (ou l'égalité de la masse inertielle avec la masse gravitationelle) a depuis longtemps été vérifié pour la matière, avec une précision allant jusqu'à 10 -15 aujourd'hui. Cependant, à date de ce travail de thèse, aucune mesure conclusive n'a été réalisée pour l'antimatière. Il est intéressant de noter que l'idée de particules sujettes à une gravité différente de celle de la matière normale est à l'origine même du terme « antimatière ». Aujourd'hui cette définition a changée mais il convient de tester expérimentalement le principe d'équivalence pour l'antimatière, d'autant que certains modèles théoriques prédisent effectivement un comportement différent et que toute écart, même mineur, pourrait modifier grandement notre compréhension de l'univers.

Chapitre 2 : L'expérience GBAR GBAR est l'acronmyme de « Gravitational Behaviour of Antihydrogen at Rest » (comportement de l'antihydrogène au repos dans un champ gravitationnel). En effet, la spécificité de GBAR parmi les expériences cherchant à étudier l'effet de la gravitation sur l'antimatière est le passage par la formation d'un ion antihydrogène H + , beaucoup plus facile à manier que l'antihydrogène neutre. Cela permet de refroidir l'antiatome au maximum pour réellement observer sa chute libre « au repos ».

La production de cet anti-ion est le principal défi de l'expérience. Le schéma retenu pour sa création est une double réaction d'échanges de charge entre des antiprotons (p) et du positronium (Ps, état lié d'un électron e -et d'un positon e + ). Un antiproton récupère un premier positon pour former un atome d'antihydrogène neutre H (équation 1), puis cet antiatome va réagir une nouvelle fois avec le positronium pour créer un ion antihydrogène H + (équation 2).

p + Ps → H + e - (1) 
H + Ps → H + + e - (2) 
Cette double réaction requiert de faire interagir un grand nombre d'antiprotons et de positons. Pour cela l'expérience est organisée autour de deux lignes de faisceaux principales (voir figure A). D'un côté les positons sont créés via un accélérateur linéaire, propre à GBAR, qui envoie des électrons à 9 MeV sur une cible de tungstène. Les positons formés sont ensuite accumulés et refroidis dans une série de piège de Penning-Malmberg : une première fois dans un piège à gaz tampon avant une seconde étape d'accumulation dans un piège avec un champ magnétique de 5 T. Le paquet de positons accumulé est ensuite envoyé sur une cible de silice nanoporeuse qui agit comme un convertisseur e + /Ps. Cela produit un nuage de positronium au centre de la chambre de réaction.

De l'autre côté, les antiprotons sont fournis par le CERN à 100 kV via l'anneau de décélération ELENA. Ce faisceau est encore trop énergétique pour permettre une production optimale des antihydrogènes. Pour remédier à cela, un décélérateur linéaire (détaillé dans le chapitre 4) est installé à l'entrée de la zone expérimentale GBAR pour réduire l'énergie des antiprotons en dessous de 10 keV. Dans le schéma final, ce faisceau sera piégé et refroidi par un autre piège de Penning à 5 T. Les antiprotons sont enfin focalisés au centre de la chambre de réaction où ils peuvent se mélanger avec le positronium pour former des H et H + .

Les différentes espèces produites sont ensuite séparés électrostatiquement en aval de la chambre de réaction. Par exemple, les antihydrogènes neutres vont continuer leur trajectoire sans être affectés par les champs électromagnétiques et peuvent donc être détectés en ligne droite au bout de la ligne. A contrario, les anti-ions sont redirigés vers une ligne spécifique où ils seront piégés et refroidis sympathiquement par un nuage d'ions Be + . Une ultime étape de refroidissement dans un piège de précision permet d'obtenir des H + à des températures de l'ordre du micro-Kelvin.

Un laser est alors utilisé pour photodétacher le positon excédentaire de l'antiion et observer la chute libre de l'atome H neutre, alors sensible uniquement au champ gravitationnel terrestre. Le temps de chute est délimité par le pulse laser au départ et l'annihilation de l'antiatome contre les parois de la chambre à la fin. Connaissant précisément la hauteur de la chambre de chute libre, on peut alors remonter à la valeur de l'accélération gravitationelle terrestre pour l'antimatière : g. L'expérience GBAR a pour objectif une mesure à 1% dans un premier temps, puis avec un schéma utilisant les états quantiques gravitationnels, la collaboration vise une précision allant jusqu'à 10 -5 .

Chapitre 3 : Transport du faisceau d'antiprotons au sein de GBAR

Avant toute installation expérimentale il est important de simuler la trajectoire des particules dans les lignes de faisceau pour optimiser la disposition des différents éléments optiques nécessaires à un transport du faisceau avec une grande efficacité. Au cours de cette thèse, une simulation complète de la ligne antiproton GBAR a été réalisée à l'aide du logiciel d'optique ionique SIMION.

Un fichier de particules à 100 keV est généré à l'entrée de la ligne par un programme python, à partir d'un modèle du faisceau réalisé par l'équipe d'ELENA. On peut ensuite simuler et optimiser les différentes parties de la ligne antiproton. Un environnement complet de simulation a été développé autour de programmes Lua, avec seulement quelques paramètres simples à modifier pour être facilement utilisable par des non-experts. Les fichiers de données obtenus peuvent ensuite être analysés à l'aide d'une librairie python dédiée. En 2022 le piège à antiprotons prévu entre le décélérateur et la chambre de réaction n'était pas encore prêt pour être installé en position finale. La simulation a permis de concevoir une ligne de transfert temporaire avec la position des différents éléments nécessaires pour le transport du faisceau décéléré jusqu'à la cible de positronium (figure C). Les valeurs de tension sur chaque élément ont été optimisées dans la simulation. En particulier, le triplet de quadrupôles situé juste avant la cible a été optimisé à l'aide d'un algorithme du simplexe. L'aimant du second piège de la ligne positons produit un important champ de fuite dans toute la zone expérimentale GBAR et notamment le long de la ligne antiproton. Ce champ complique le transport du faisceau car il a tendance à dévier le faisceau de p vers le haut. Pour corriger la trajectoire, de nombreux déflecteurs sont placés tout au long de la ligne. La carte de champ magnétique calculé par Pascal Debu à l'aide du logiciel COMSOL a été ici implémentée dans SIMION. Cela permet d'estimer les corrections nécessaires pour bien guider le faisceau. Cela est particulièrement important pour le déflecteur situé entre la zone de réaction et le détecteur H. En effet, c'est le seul moyen d'estimer la trajectoire des antihydrogènes neutres produits (insensibles aux champs électromagnétiques) par rapport à la trajectoire des antiprotons chargés.

En parallèle, un réglage expérimental du faisceau a été réalisé et il a été décidé de figer les paramètres pour la prise de données en vue de mettre en évidence la production d'atomes H. La simulation du transport du faisceau avec ces paramètres donne une information essentielle sur les efficacités de transmission attendues, notamment pour le calcul de la section efficace (voir chapitre 5).

Enfin la tension optimale sur les électrodes du séparateur électrostatique en aval de la chambre de réaction a été définie avec la simulation de la géométrie actuelle de l'élément.

Chapitre 4 : Décélération des antiprotons

La section efficace de la double réaction produisant l'anti-ion H + est maximale pour une énergie d'impact des antiprotons de 6 keV (avec le Ps dans son état fondamental). Il faut donc décélérer davantage le faisceau de 100 keV fourni par ELENA. La plupart des expériences utilisent des dégradeurs qui ont l'inconvénient d'avoir une faible efficacité et de créer une importante dispersion en énergie. Or le schéma de GBAR requiert de focaliser un faisceau dense et intense au centre de la chambre de réaction pour espérer produire des ions antihydrogène. Pour cela, la collaboration a opté pour l'installation d'un décélérateur avec un tube à dérive à l'entrée de la ligne antiprotons. Les particules de charge négative sont ralenties par le potentiel électrostatique à l'entrée du tube, puis on commute rapidement la tension à la masse lorsque les particules se trouvent à l'intérieur pour éviter qu'elles soient ré-accélérées à la sortie du tube (voir figure D). Le système étant directement connecté à l'anneau ELENA, qui est maintenu à une pression inférieure à 10 -11 mbar, un très bon niveau de vide est imposé pour ouvrir la connexion vers GBAR. Dans la première version du décélérateur, de nombreux pics de pressions étaient observés dû à des « étincelles » dans le vide à la haute tension (des irrégularités microscopiques à la surface des électrodes sont vaporisées). Cela déclenchait les vannes de sécurité dans la ligne d'extraction d'ELENA, empêchant de recevoir le faisceau. Pour réduire la fréquence de ces pics et améliorer le vide, plusieurs évolutions ont été apportées, notamment : le dessin des isolants a été modifié pour réduire leur surface et utiliser un matériau plus adapté aux exigences de l'ultravide (voir figure E1) et le schéma de fonctionnement de la décélération a été revu pour limiter le temps où le tube est à la haute tension. Les multiples améliorations ont permis d'atteindre aujourd'hui un vide meilleur que 10 -10 mbar.

Un autre problème observé sur la première version du dispositif était la présence d'un courant de fuite important à la haute tension. Du fait du schéma électrique du système du commutateur haute tension, cela résultait en une baisse de la tension réellement appliqué sur le tube à dérive, et donc du potentiel de décélération. Plusieurs sources de courant dans le vide ont été identifiées et corrigées : les pompes ioniques ont été remplacées, la conception des supports isolants a été revu et les différents éléments ont été soigneusement polis et nettoyés pour éviter tout renforcement localisé du champ électrique. Les passages haute tension à l'extérieur de la chambre à vide ont également été arrondis pour limiter l'effet de couronne observé dans l'air auparavant. Enfin, le schéma électrique a été modifié avec des valeurs de résistance plus faible pour limiter l'effet des variations de courant sur l'énergie finale du faisceau décéléré (voir figure E2). Le schéma du décélérateur en lui même a été amélioré pour augmenter l'efficacité de décélération. Le tube à dérive allongé de 5 cm, couplé avec un paquet d'antiprotons plus court fourni par ELENA et une constante de temps RC améliorée ont permis d'obtenir une décélération plus homogène et moins sensible au timing de commutation de la haute tension.

Un nouveau programme LabVIEW a été développé permettant une opération stable du décélérateur, avec une interface simplifiée pour être utilisable facilement par n'importe quel membre de la collaboration (voir figure E3).

La décélération du faisceau p de 100 keV a été démontrée pour plusieurs énergies en dessous de 10 keV et est conforme aux simulations (voir figure F1). Les améliorations apportées sur le système ont permis d'utiliser le décélérateur 24/7 pendant toute la période de prise de données en 2022 avec un faible courant de fuite (voir figure F2). Cela a permis l'exploitation d'un faisceau décéléré stable pour la production d'antihydrogènes (voir chapitre suivant). (2) Courant de fuite moyen sur le tube de dérive pour chaque jour de la période de prise de données en 2022

Chapitre 5 : Synthèse de l'antihydrogène

En 2022, l'objectif principal était de démontrer la production d'atomes d'antihydrogène au sein de l'expérience GBAR. Les positons sont envoyés sur la cible de silice ce qui produit un nuage de positronium au centre de la chambre de réaction. Cette éjection est synchronisée avec le cycle ELENA pour que les antiprotons décélérés traversent la chambre de réaction au bon moment pour interagir avec le Ps et produire des antiatomes H (équation 1).

Les antihydrogènes neutres produits continuent leur route en ligne droite, insensibles aux champs électromagnétiques. On peut les observer au bout de la ligne avec un détecteur « galette de microcanaux » (appelé « MCP » pour « microchannel plate »). Un déflecteur est installé juste après la cible pour annihiler les p chargés restants contre les parois de la chambre de réaction. Cela permet d'éloigner la principale source de bruit de fond du détecteur, à la fois en distance et en temps (les pions résultants de l'annihilation sont beaucoup plus rapides que les H et sont donc dans une fenêtre de temps différente au niveau de la MCP). Ce schéma est détaillée dans la figure G. À l'aide du temps de vol des antiprotons au niveau de la MCP-p5 en l'absence de déflecteur, on détermine la zone de recherche temporelle pour les signaux de H (5.37 ± 2 × 0.096 µs). On peut montrer que dans cette fenêtre, le bruit de fond créé par les positons et le positronium est négligeable. Ainsi l'objectif de la période de prise de données sera de comparer le signal observé lors de séries de « mixing », mélangeant des p et des e + pouvant produire des H, avec des séries de « bruit de fond p » où les e + sont stoppés avant la chambre de réaction.

Deux types d'information sont recolletées sur la MCP : le signal électrique et l'image formée par les particules (voir figure H).

Chaque événement sur la MCP produit un court pic sur le signal électrique (typiquement 2 ns σ). Un effet parasite de « ringing » reproduit le signal toutes les 130 ns avec une moindre amplitude (figure H2). Cependant cet effet est très reproductible et l'on serait donc capable de distinguer plusieurs événements distincts d'une simple répétition. Aucun « double événement » à l'intérieur de la fenêtre de recherche n'a été trouvé dans les données, ainsi seul le pic maximum sera considéré dans l'analyse.

En traçant la distribution de l'amplitude des pics se trouvant dans la fenêtre d'analyse (figure I1), on observe un excès d'événements « mixing » pour les fortes Le temps d'ouverture de la caméra qui a enregistré les images était de 1 µs, il est donc impossible de les associer parfaitement avec les pics observés dans la fenêtre d'analyse plus courte (384 ns) du signal électrique. Mais la forme des images peut apporter une information supplémentaire. Un algorithme de regroupement a été utilisé pour identifier les événements par groupes de pixels voisins au dessus d'un certain seuil d'intensité. Pour chaque groupe on peut définir sa « charge », c'est-àdire la somme des valeurs des pixels le composant. En regardant la charge du plus gros événement de chaque image ayant un pic dans la fenêtre d'analyse, on observe une forte corrélation qui nous donne une correspondance d'environ 5 × 10 6 unités de charge/ V.

On peut également tracer la distribution des charges de chacun de ces événements pour les jeux de données « mixing » et « bruit de fond » (figure I2). On observe ici aussi un excès des événements « mixing » pour les hautes valeurs de charge. Pour un seuil de 5 × 10 5 unités de charges (équivalent du seuil à 0.1 V dans l'analyse du signal électrique), on retient 22 événements « mixing » pour 4 événements « bruit de fond ». De même, un test binomial conclut à la production d'antihydrogènes avec une significativité statistique de 4.1 σ.

Section efficace

On peut calculer la section efficace de production de l'antihydrogène à l'aide de la formule (3) :

σ(oP s(1s), p) = N H f (t,z,y,x) oP s(1s) (3) 
Où N H est le nombre d'atomes d'antihydrogène produits par pulse et f

(t,z,y,x)
oP s(1s) est la fonction décrivant l'interaction p/o-Ps. La valeur de cette fonction a été estimée à l'aide d'un programme de simulation en python et des caractéristiques des faisceaux p et e + , et du convertisseur e + /Ps. Pour estimer le nombre d'antiatomes H produit à chaque cycle, on peut s'appuyer sur l'analyse précédente et estimer l'efficacité du détecteur pour remonter au nombre d'antihydrogènes produits dans la chambre de réaction. À l'aide d'une analyse spécifique sur des images d'antiprotons uniques sur la MCP-p5, on estime l'efficacité de détection pour le seuil choisi à 50%. Il reste à déterminer l'efficacité de transmission entre la chambre de réaction où sont produits les H et le détecteur (efficacité géométrique de la MCP). Malheureusement, une déviation parasite au niveau de la chambre de réaction nous empêche de connaître avec certitude l'angle initiale des antiatomes neutres au niveau de la cible et donc la trajectoire du faisceau. On peut tout de même faire le calcul en considérant l'hypothèse où l'angle est correct et l'efficacité optimale est ainsi donnée par la simulation SIMION (68% des H produits doivent atteindre la MCP). Cela donne une limite inférieure pour la section efficace :

σ(oP s(1s), p) = N H f (t,z,y,x) oP s(1s) ≥ (8.4 ± 2.8) × 10 -3 (8.0 ± 2.4) × 10 12 = (1.1 ± 0.5) × 10 -15 cm 2
Compte tenu des barres d'erreur, cette limite inférieure est en dessous des deux principaux modèles théoriques à 6.1 keV (voir figure J). À l'avenir, des améliorations significatives seront apportées sur les lignes de faisceau pour améliorer l'efficacité et préciser les estimations du nombre de particules à chaque étape. Des outils supplémentaires devront être installés pour garantir la précision de l'angle des H sur la cible, permettant ainsi une mesure précise et conclusive sur la section efficace. 

Abstract

Summary of original contributions

The GBAR experiment aims at measuring the gravitational acceleration of antimatter via the free fall of an antihydrogen atom. This is a test of the Weak Equivalence Principle which, although well verified at a precision level of 10 -15 for matter, never had any conclusive experimental test with antimatter. The first step is the production of an antihydrogen ion which can be cooled down to µK temperatures. Then the additional charge is photodetached, and one can observe the free fall of a neutral antihydrogen atom -"at rest" -under gravity only.

The main challenge of GBAR is the production of the anti-ion from a double charge-exchange reaction of antiprotons on positronium (a bound state of a positron and an electron). From theoretical works, the optimal energy for the anti-ion production, considering the convolution of both reactions' cross-sections, is around 6 keV. To further decelerate the 100 keV antiprotons delivered by the ELENA ring at CERN, GBAR developed a linear decelerator using a pulsed drift tube. This allows a very high efficiency compared to the commonly used degrader foils. This device was commissioned but could not be used for data taking due to several issues impeding the stability of the output beam. Most notably, a leakage current limited the decelerated beam energy above 10 keV-insufficient for antihydrogen production given the available numbers of antiprotons and positronium. The decelerator setup was completely refurbished during this thesis, with new electrodes, new insulated supports, and a new switching circuit to limit leakage current and its effects. As a result, the decelerator now runs with minimum leakage current and efficiently decelerates the antiproton beam to 6 keV with reliability that allowed for weeks of data taking for antihydrogen production.

Using the ion optics program SIMION, a new optical scheme was developed to simplify the deceleration process. A complete simulation of the GBAR antiproton line has also been developed and is presented here. The optimization of the beamline to transport the decelerated antiproton beam up to the reaction chamber where they mix with positronium is also detailed. This work, in parallel with experimental tuning of the beam, led to the production of the first antihydrogen atoms of GBAR in 2022 (first charge-exchange reaction). The specific "in-flight production" scheme and the experimental setup used for data taking are described. The data analysis first performed by members of the GBAR collaboration and repeated here demonstrates the production of antihydrogen with a confidence level over 3σ.

Finally, a very first discussion of the antihydrogen production cross-section is presented in this thesis, and a lower limit estimation for 6 keV antiprotons is derived. 
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Résumé en français

ih ∂ψ ∂t (p, t) = (mc 2 γ 0 + c⃗ γ.⃗ p)ψ(p, t) (1.1)
Where ψ is a four-dimensional wave function for an electron, m is its mass, c the speed of light in vacuum, ⃗ p = -ih ⃗ ∇ is the momentum operator, and γ 0 , ⃗ γ are the Dirac matrices:

γ 0 = 0 1 1 0 , ⃗ γ = 0 ⃗ σ ⃗ σ 0 (1.2)
Where ⃗ σ are the Pauli matrices. Dirac wanted to find a relativistic version of the Schrödinger equation that could explain the "duplexity phenomena" observed for the electron. This actually corresponded to the values of positive and negative CHAPTER 1. INTRODUCTION spin and was not described by the previous relativistic equation of 4] which only fit with spinless particles. For positive energies, the Dirac equation has two solutions which well describe the two spins and the "duplexity phenomena" as Dirac was looking for. However, this equation had also two other solutions for negative energies, which Dirac thought was a flaw of his model: "Since half the solutions must be rejected as referring to the charge +e on the electron, the correct number will be left to account for duplexity phenomena." -P.Dirac [START_REF] Adrien | The quantum theory of the electron[END_REF] In another paper in 1930, Dirac discussed the nature of these solutions and introduced the model of the "Dirac sea" where the vacuum is an infinite sea of electrons with negative energy. A positron (the antiparticle of the electron, as called today) would be a hole in this sea of electrons [5]. It was first imagined that these positive particles could be protons (the only known positive particle at the time). But some studies showed that these should have the exact same mass as the electron [START_REF] Weyl | Quantenmechanik und Gruppentheorie 2nd ed[END_REF], which led Dirac to conclude: "A hole, if there were one, would be a new kind of particle, unknown to experimental physics, having the same mass and opposite charge to an electron." -P.Dirac [START_REF] Adrien | Quantised singularities in the electromagnetic field[END_REF] The Dirac equation originally describes the physics of the electron but it can actually describe all spin 1 2 particles. Thus, all these particles should have an antiparticle and it was later extended: all particle of the standard model has its antimatter counterpart identical at any point but of opposite charge and quantum numbers (see fig. [START_REF] Anderson | The apparent existence of easily deflectable positives[END_REF][START_REF] Anderson | The positive electron[END_REF]. He used a Wilson cloud chamber (a chamber with supersaturated gas revealing the tracks of the particles passing through it) with a magnetic field of 15000 G to observe cosmic rays. He found a track going through a lead plate with a curvature indicating a positive charge (see fig. 1.2). The difference of curvature before and after the plate, i.e. between two energies, indicates the direction of the particle and so the charge of this particle deflected by the known magnetic field. Assuming that this was a proton, such curvature would indicate an energy of 300 keV. However, the length of the observed track was about 10 times too long for such an energetic proton. This led Anderson to conclude that he observed a positive particle with a mass (at least) comparable to that of an electron. It was the anti-particle of the electron predicted by the Dirac equation, which he named "positron" (e + ) for "positive electron". He was awarded the Nobel Prize in 1936 for his discovery. A few months before Anderson, Irène Joliot-Curie and Frédéric Joliot also observed some positrons in a cloud chamber but wrongly interpreted the tracks as electrons travelling in the opposite direction [START_REF] Joliot-Curie | Sur la nature du rayonnement pénétrant excité dans les noyaux légers par les particules alpha[END_REF][START_REF] Leone | Frédéric joliot, irène curie and the early history of the positron (1932-33)[END_REF] "several tracks, having the same appearance as the electron tracks, showed a curvature opposite to that of others" -I.Joliot-Curie and F.Joliot reported in [START_REF] Joliot-Curie | Sur la nature du rayonnement pénétrant excité dans les noyaux légers par les particules alpha[END_REF] They finally contribute to the field with the discovery of e + /e -pair production in 1933 [START_REF] Joliot-Curie | Électrons de matérialisation et de transmutation[END_REF].

1.2 Why study antimatter ?

CPT symmetry

The idea of invariance under Charge conjugation, Parity and Time reversal was postulated in the early 1950s [START_REF] Schwinger | The theory of quantized fields[END_REF][START_REF] Lüders | On the equivalence of invariance under time reversal and under particle-antiparticle conjugation for relativistic field theories[END_REF][START_REF] Pauli | Niels bohr and the development of physics: essays dedicated to niels bohr on the occasion of his seventieth birthday[END_REF] from the results of quantum field theory. It was first thought that all physical processes should be invariant under any of these transformations separately. However, some experimental counter-examples were found over the years.

• Parity: P-symmetry is like observing a world that would be the reflection of ours in a mirror (opposite coordinates). Physical laws should be invariant to this transformation if the symmetry is respected.

Parity is conserved in electromagnetism and gravity and was first thought to be a universal law. But in 1957, Wu et al. demonstrated the violation of Psymmetry in the 60 Co decay phenomenon, which was a very unexpected result at the time [START_REF] Wu | Experimental test of parity conservation in beta decay[END_REF].

Physicists then proposed to add a new symmetry, the C-symmetry, so that the combined CP-symmetry would remain valid in all cases. In other words, the laws of physics must be invariant by conjugation of the C and P transformations.

• Charge: C-symmetry replaces all particles with their antiparticle (of opposite charge).

Among the fundamental interactions, only the weak interaction is known to violate the C-symmetry.

In 1964, Christenson et al. found CP-violation in the disintegration of neutral kaons [START_REF] Christenson | Evidence for the 2π decay of the K 0 2 meson[END_REF]. It showed that the weak interaction also violate the CP-symmetry.

Then it was needed to add again a new symmetry, the T-symmetry, so that the laws of physics should be invariant by conjugation of the C, P, and T transformations (CPT symmetry).

• Time: T-symmetry corresponds to observing a phenomenon while inverting time.

CPT symmetry has been proposed to solve the problems of CP violation. It postulates that if the CP symmetry is violated, then the T symmetry must be violated too. This is the case for example for the transformation of neutral kaons: the transformation of an antikaon into a kaon is slightly faster than that of a kaon into an antikaon (T-symmetry violation). This is one of the first possible explanations of the matter-antimatter asymmetry (see section 1.2.2).

No violation of CPT has been found to date. However, an important part of current physics experiments is still trying to test CPT as much as possible. The Standard model is both a precise and predictive description of experimentally observed physical phenomena, but it is also highly incomplete, and large questions are still to be solved. If we found any violation of the CPT symmetry, it would open a new era for new physics and could greatly improve our comprehension of the world. It would also probably raise a lot of new questions to investigate for both experimentalists and theoreticians. Among the large holes of the Standard Model are the description of gravity (no link with General Relativity), the accelerating expansion of the universe [START_REF] Riess | Observational evidence from supernovae for an accelerating universe and a cosmological constant[END_REF][START_REF] Perlmutter | Measurements of Ω and Λ from 42 high-redshift supernovae[END_REF], or the matter-antimatter asymmetry.

Matter-Antimatter asymmetry

The Big Bang theory [START_REF] Lemaître | Un univers homogène de masse constante et de rayon croissant rendant compte de la vitesse radiale des nébuleuses extra-galactiques[END_REF][START_REF] Hubble | A relation between distance and radial velocity among extragalactic nebulae[END_REF] predicts the creation of equal amounts of matter and antimatter in the universe. However, the world around us is overwhelmingly composed of matter. The origin of this difference is referred to as the problem of matter/antimatter asymmetry or the baryon asymmetry problem and is one of the main unsolved issues in modern Physics.

One of the main hypotheses to explain the present observations is an initial excess of matter over antimatter created during the "baryogenesis" in the early universe. This would have allowed a small quantity of matter to avoid annihilation with its antimatter counterpart and to eventually form the universe as we know it.

In 1967, Andreï Sakharov proposed three necessary conditions [START_REF] Sakharov | Violation of CP invariance, C asymmetry, and baryon asymmetry of the universe[END_REF] to observe a higher production of matter over antimatter:

• Violation of the baryon number conservation law (B = 1 3 (n q -n q ), where n q is the number of quarks and n q is the number of antiquarks). Sakharov simply states that some reactions should produce more antiquarks for the baryogenesis to happen.

• C and CP violations: otherwise if we assume no violation, then the processes that led to the production of more antiquarks in the first condition would have its counterpart producing more quarks.

• Interactions should be out of thermal equilibrium, otherwise it would tend to equalize the baryons and antibaryons numbers.

While C and CP violations have already been observed for a few processes, no sign of violation of the baryon number conservation law was detected yet.

Other theories, for instance involving special values for g, exist to explain the apparent excess of antimatter in our visible universe (see section 1.3.2).

Following these conclusions, tests of CPT symmetries with antimatter are of great interest in Physics. This is the purpose of most of the modern antimatter experiments which aim at comparing the well-known properties of matter with the -still relatively unknown -properties of antimatter.

A brief history of antimatter experiments

Since the prediction of Dirac and the observation by Anderson, Antimatter has been an active field of research in experimental Physics.

New antiparticles

The first matter-antimatter compound was observed by Martin Deutsch in 1951 [23]: the "positronium" (Ps) which is a bound state of a e + and an e -.

To continue exploring the antimatter world and observe heavier elements, physicists had to turn to particle accelerators. The "Bevatron" was built in Lawrence Berkeley National Laboratory (California) to search for the antiproton which was eventually found in 1955 [START_REF] Chamberlain | Observation of antiprotons[END_REF]. Once again the experiment yields a Nobel Prize to its American discoverers: Emilio Gino Segrè and Owen Chamberlain, in 1959. The "antiproton" (p, pronounced "p-bar") is the first compound of antimatter since it is composed of 2 "anti-up" (u) and 1 "anti-down" (d) quarks. This was also the first antimatter particle observed besides the positron, which was an important and strong hint towards the statement that every particle has its antimatter counterpart. Indeed a question remained on the fact that the Dirac equation could, whether or not, describe other particles than the electron. The Bevatron also enabled the discovery of the "antineutron" (n: u d d) just one year later, in 1956, by Bruce Cork [START_REF] Cork | Antineutrons produced from antiprotons in charge-exchange collisions[END_REF].

In 1965, these two antiparticles were combined in the Proton Synchrotron (PS) at CERN to form the first antinucleus: an antideuteron composed of an antiproton and an antineutron [START_REF] Massam | Experimental observation of antideuteron production[END_REF]. In parallel, a team at Brookhaven National Laboratory (New York State) also observed antideuteron using the Alternating Gradient Synchrotron (AGS) and published their results the same year [START_REF] Dorfan | Observation of antideuterons[END_REF].

In 1983, the first proton-antiproton collider: the Super Proton-Antiproton Synchrotron (SppS, derived from the SPS) at CERN, lead to the discovery of the W and Z bosons [START_REF] Arnison | Experimental observation of isolated large transverse energy electrons with associated missing energy at s=540 GeV[END_REF][START_REF] Banner | Observation of single isolated electrons of high transverse momentum in events with missing transverse energy at the CERN pp collider[END_REF][START_REF] Arnison | Experimental observation of lepton pairs of invariant mass around 95 GeV /c 2 at the CERN SPS collider[END_REF][START_REF] Bagnaia | Evidence for Z 0 → e + eat the CERN pp collider[END_REF].

Decelerate antimatter

These experiments were limited by their design involving high energy for the antiparticles produced, with direct use and detection. To further study antimatter properties, it was necessary to start decelerating and accumulating the antiparticles in circular decelerators. Such projects were built at CERN in the early 1980s with the Antiproton Accumulator (AA) [START_REF] Billinge | The CERN Proton-Antiproton colliding beam facilities[END_REF] and the Antiproton Collector (AC) [START_REF]Design study of an Antiproton Collector for the Antiproton Accumulator (ACOL). 130th meeting of scientific policy committee[END_REF]. This took advantage of the CERN accelerator complex: protons at 26 GeV/c from PS were sent to a tungsten target (now replaced with iridium), and a beam of antiprotons at 3.5 GeV/c was formed from the collision products [START_REF] Billinge | The CERN Proton-Antiproton colliding beam facilities[END_REF][START_REF]Design study of an Antiproton Collector for the Antiproton Accumulator (ACOL). 130th meeting of scientific policy committee[END_REF]. After a rather complex sequence with AC, AA, and PS, this beam was eventually sent to the Low Energy Anti-Proton Ring (LEAR) which could cool it down to 100 MeV/c [START_REF] Klapisch | The low energy antiproton ring -LEAR[END_REF].

Since the observation of e + and p, one had to wait another forty years before the first antiatom was produced by combining both antiparticles in the LEAR experiment PS210 in 1995 [START_REF] Baur | Production of antihydrogen[END_REF]. There, "antihydrogen" (H, pronounced "H-bar") was created "in-flight" at GeV energies. Despite the low cross-section1 , the H synthesis was possible thanks to the good luminosity provided by the LEAR. This simple antiatom is perfect for CPT tests since its properties can be "easily" compared to the well-known Hydrogen atom (H), both theoretically and experimentally.

Anticipating the programmed end of the LEAR program, the antimatter community started thinking of a new solution that could decelerate the 3.5 GeV/c p produced by the PS to 100 MeV/c (i.e. 5.3 MeV p) with a single machine. This resulted in the construction of the Antiproton Decelerator (AD) from a modification of the AC, in 1999. [START_REF] Baird | Design study of the antiproton decelerator: AD[END_REF] AD experiments at CERN Since then, the AD hall (also known as the "Antimatter Factory") at CERN has been the core of antimatter studies at low energies, hosting many experiments that benefit from the unique p beam delivered by the AD. In 2005, a project for an "Extra Low ENergy Antiproton ring" (ELENA) was proposed to further improve antimatter studies at lower and lower energies [START_REF] Charlton | Extra Low ENergy Antiproton ring between the present Antiproton Decelerator and the experiments at AD/CERN[END_REF][START_REF] Oelert | ELENA: An Upgrade to the Antiproton Decelerator[END_REF]. This ring decelerates the 5.3 MeV p from the AD to 100 keV, before extracting them to AD experiments. ELENA get its first beam in 2016 and delivered the first antiprotons to GBAR in 2018 at the end of LHC Run 2. The rest of the experiments were linked to ELENA during LS2 and received their first beam in 2021. In addition to the experiments focusing on gravity (discussed in the following section), a number of past and present experiments have been carried out: • ATRAP (AD-2): Continuation of the TRAP collaboration which already took data from the LEAR and achieved the first trapping of antiprotons in 1986 [START_REF] Gabrielse | First capture of antiprotons in a penning trap: a kiloelectronvolt source[END_REF]. The goal of the ATRAP experiment is to perform precise spectroscopy of the antihydrogen atom for CPT tests. They also produced some cold H in 2002 [START_REF]Background-free observation of cold antihydrogen with field-ionization analysis of its states[END_REF].

• ASACUSA (AD-3): Atomic Spectroscopy And Collisions Using Slow Antiprotons ASACUSA also uses spectroscopy to test the CPT symmetry but using hybrid matter-antimatter atoms like antiprotonic helium pHe + (2 p, 1 n, 1 e -, and 1 p instead of the second e -). Their last published result to date revealed an unexpected narrowing of spectral lines in the laser resonance spectra of such atoms in cold helium targets, opening new options for some antimatter precision measurements [START_REF] Sótér | High-resolution laser resonances of antiprotonic helium in superfluid 4he[END_REF].

• ACE (AD-4): Antiproton Cell Experiment

This experiment showed that a potential "antiproton cancer therapy" would require four times fewer antiparticles than the number of particles needed for existing proton therapies, which could reduce harmful side effects on healthy cells around the tumor [START_REF] Bassler | Antiproton radiotherapy[END_REF]. Note that antimatter is already used in medicine with PET scans for instance (Positron Emission Tomography).

• ALPHA (AD-5): Antihydrogen Laser Physics Apparatus Antihydrogen atoms were trapped successfully for the first time in 2010 in the ALPHA experiment, using the magnetic moment properties of the neutral H [START_REF] Andresen | Trapped antihydrogen[END_REF]. Once trapped, the ALPHA experiments can perform multiple measurements on the antiatoms to test CPT. An additional experiment called ALPHA-g is looking at the gravitational effect on the H atoms (see below).

• BASE (AD-8): Baryon Antibaryon Symmetry Experiment This experiment is designed for high precision measurements of antiproton charge-to-mass ratio and magnetic moment [START_REF] Smorra | A parts-per-billion measurement of the antiproton magnetic moment[END_REF][START_REF] Borchert | A 16-parts-per-trillion measurement of the antiprotonto-proton charge-mass ratio[END_REF]. The collaboration recently launched a new project called "BASE-STEP" whose aim at moving trapped antiprotons outside of the AD hall to perform precision measurements in a calmer magnetic environment [START_REF] Smorra | Technical Design Report of BASE-STEP[END_REF].

• PUMA (AD-9): antiProton Unstable Matter Annihilation This experiment aims to study the interactions between antiprotons and exotic nuclei at the ISOLDE facility at CERN [START_REF] Obertelli | Probing the density tail of radioactive nuclei with antiprotons[END_REF]. Since ISOLDE is located a few hundred meters away from the antimatter factory, the first big challenge for PUMA is to accumulate antiprotons in a transportable trap (as for BASE-STEP). To date, all CPT tests achieved by these experiments found no violation of this principle. For a recent review on physics with antiproton compounds, see [START_REF] Doser | Antiprotonic bound systems[END_REF]. Three other experiments at the Antimatter Factory are looking at the last interaction that is not treated by the Standard Model: gravity. All these three experiments are aiming at measuring the gravitational acceleration for antimatter, which we call g (pronounced "g-bar"). This is one of the "simplest", yet unanswered, question in physics: "how does antimatter fall ?"

1.3 Measuring g: motivations

Weak Equivalence Principle

The Weak Equivalence Principle, one of the cornerstones of General Relativity, states that:

" The effect of gravitation on a body in free fall is independent of its nature and composition " Historically, this hypothesis also known as the "universality of free fall", was already stated by Galileo in the early 17th century, which successfully modeled the idea already postulated during the 16th century that the acceleration of objects in free fall is independent of their mass [START_REF] Coulston | The Edge of Objectivity: An Essay in the History of Scientific Ideas[END_REF]. He even correctly hypothesized, in his last work in 1638, that the actual free fall speed discrepancies observed experimentally between objects of different masses may be due to air resistance [START_REF] Galieo | Discorsi e dimostrazioni matematiche, intorno à due nuove scienze[END_REF]. His experiments were designed to observe any speed difference for different masses rolling on inclined planes, where air resistance is minimized (contrary to the famous free fall experiment from the top of the Leaning Tower of Pisa with two cannonballs of different masses, which was probably just a thought experiment) [START_REF] Humphreys | Galileo, falling bodies and inclined planes: an attempt at reconstructing galileo's discovery of the law of squares[END_REF].

Galileo's assumption survived the different gravitational theories over the years. In 1687, Isaac Newton published his "Principia" where he established several major laws of a new Physics, among which we can find two formulas which are now refereed as:

• "Newton's law of universal gravitation":

F A/B = F B/A = G M A M B d 2 (1.3)
where F A/B is the gravitational force of an object with gravitational mass M A acting on an object with gravitational mass M B , d is the distance between their respective centers of mass, and G is the gravitational constant.

For on object of mass M on the surface of Earth, we can define the gravitational acceleration g:

F = G M M Earth R 2 Earth = M g (1.4) 
• "Newton's second law of motion"

⃗ F = m⃗ a (1.5) 
where ⃗ F is the sum of the forces acting on an object with inertial mass m and with an acceleration ⃗ a.

Thus if we combine these two equations, for a body only subject to gravity (free fall):

ma = M g (1.6)
If the inertial mass m and the gravitational mass M are the same, then the acceleration a = g, independent from the mass of the body. In other words, with Newton's interpretation, the Weak Equivalence Principle can be reformulated as the "equality between inertial mass and gravitational mass".

In 1905 Einstein introduced the concept of special relativity [START_REF] Einstein | Zur elektrodynamik bewegter körper[END_REF] and 2 years later, in 1907, he stated his interpretation of the Weak Equivalence Principle, now known as the "Einstein Equivalence Principle" (EEP), saying that the WEP is true and "locally, the effects of gravitational and inertial acceleration are indistinguishable for a non-gravitational experiment" [START_REF] Einstein | Relativitätsprinzip und die aus demselben gezogenen folgerungen[END_REF][START_REF] Haugan | Principles of equivalence: their role in gravitation physics and experiments that test them[END_REF]. This was an important step toward his theory of General Relativity [START_REF] Einstein | Die feldgleichungen der gravitation[END_REF] which he finalized in 1915 and which is still the leading theory today. Several predictions made by Einstein continue to receive experimental confirmations in recent years [START_REF]Observation of gravitational waves from a binary black hole merger[END_REF][START_REF]GW170814: a three-detector observation of gravitational waves from a binary black hole coalescence[END_REF][START_REF]First M87 event horizon telescope results. IV. Imaging the central supermassive black hole[END_REF].

The Strong Equivalence Principle (SEP) is a generalization of the EEP, even for "gravitational experiments". It also applies to self-gravitating objects (planets, stars, ...).

Naturally, a violation of the Weak EP would result in a violation of Einstein's EP and of the Strong EP.

Tests of the WEP

The Weak Equivalence Principle has been subjected to continuous and increasingly precise experimental tests for a long time. Already before Galileo, around the year 500, and against the prevailing Aristotelian view, John Philoponus wrote that "if you let fall from the same height two weights of which one is many times as heavy as the other, you will see that the ratio of the times required for the motion does not depend on the ratio of the weights, but that the difference in time is a very small one" [START_REF] Raphael | A source book in greek science[END_REF]. While establishing its theoretical model, Galileo conducted a few experiments with rolling balls on inclined planes and observed no difference [START_REF] Galieo | Discorsi e dimostrazioni matematiche, intorno à due nuove scienze[END_REF]. With this method, he could achieve better precision than with simple free fall experiments because air resistance is reduced and he could obtain better timing resolution with slower movements. Newton measured the period of pendulums with different masses, which was again a more precise test of WEP [START_REF] Newton | Philosophiae naturalis principia mathematica[END_REF]. In 1885, Loránd Eötvös invented the torsion pendulum which allowed him to verify the WEP with an accuracy of 1 in 20 million [START_REF] Eötvös | Über die anziehung dee erde auf verschiedene substanzen[END_REF]. The difference of the ratios of gravitational (m g ) and inertial (m i ) masses divided by their average for two masses A and B is now referred to as the Eötvös parameter (eq. (1.7)). This is the usual value reported when testing the equivalence principle. If the WEP is true, m g = m i so η = 0.

η(A, B) = 2 ( mg m i ) A -( mg m i ) B ( mg m i ) A + ( mg m i ) B (1.7)
Final results of the Eötvös experiment were published in 1922, after his death. After some improvements of his experimental setup with his team, they reach a precision of 10 -8 [START_REF] Eötvös | Beiträge zum gesetze der proportionalität von trägheit und gravität[END_REF][START_REF] Bod | One hundred years of the eötvös experiment[END_REF].

Several experiments improving previous techniques such as the torsion pendulum have led to further confirmations of the WEP. In 1976, an analysis of data from the Lunar Ranging Experiment gave a test of the WEP at the level of 10 -12 [START_REF] Shapiro | Verification of the principle of equivalence for massive bodies[END_REF] 2 . The best precision to date is achieved by the french satellite MICROSCOPE ("MI-CROSatellite à traînée Compensée pour l'Observation du Principe d'Équivalence"). The idea is to measure the difference between two test masses orbiting the Earth inside the satellite. The last results from the MICROSCOPE experiment [START_REF]MICROSCOPE mission: final results of the test of the equivalence principle[END_REF] found no violation at the level of 10 -15 , while future experiments, such as MICROSCOPE 2, are already aiming at even higher precision about 10 -17 . However, all these experiments were obviously performed on ordinary matter and we still ignore the effect of gravity on antimatter. The only result to date, from the ALPHA experiment, sets very wide limits on the gravitational acceleration constant for antimatter g (ratio g/g is comprised between -65 and 110) [START_REF] Charman | Description and first application of a new technique to measure the gravitational mass of antihydrogen[END_REF]. Even the sign of this constant is still to be determined.

Antimatter and gravity

The idea of particles subjected to a gravity different from that of normal matter is prior to the modern notion of antimatter. A few theories involving "negative matter" that would be subject to "negative gravity" has been proposed during the 19th century [START_REF] Mr | On the problem of two pulsating spheres in a fluid[END_REF][START_REF] Pearson | Ether squirts[END_REF], before the introduction of General Relativity by Einstein in 1915. The term "antimatter" itself has been first used in one of these proposals by Arthur Schuster in 1898, in a dreamy letter to Nature [START_REF] Schuster | Potential matter.-a holiday dream[END_REF]. This was not meant to be a strong theory, but rather an invitation to imagine some exotic Physics in the holes left by unanswered questions at that time. His definition of "anti-matter" was something with the same properties as normal matter and "gravitating towards its own kind, but driven away from" usual matter. This repulsion would be the exact opposite of the gravitational force between two matter objects. This behavior is not naturally excluded by CPT symmetry for the modern definition of antimatter. Indeed, if we simply apply the C-symmetry to a gravity experiment on matter, both components applying gravitational force on each other have to be replaced by antimatter. Thus, for CPT to be verified, the two components of antimatter should attract each other with the same intensity as that observed for matter, as Schuster imagined. However, for the case of matter-antimatter interactions, CPT does not tell us anything about what should happen. Therefore, observing the free fall of an antiparticle at the surface of our matter-composed Earth could well result in the antiparticle going up or having an acceleration g ̸ = g ! Now let's look at it from the WEP point of view. The inertial mass of antimatter is well known to be equal to that of matter (m i = m i ). For instance, the first observation of a positron by Anderson [START_REF] Anderson | The positive electron[END_REF] clearly showed that the curvature of the positron trajectory is the exact opposite of that of an electron. This, and any experiment with charged antimatter being deflected by any field, is a simple evidence of this equality since otherwise the positron would have been differently deflected by the Lorentz force. Thus if one observes a difference in gravitational acceleration of antimatter, it would be a violation of the WEP (m g ̸ = m g ).

Since General Relativity is incompatible with the other successful theory of quantum mechanics, the field of gravitational theories remains one of the most active in modern Physics. Concerning antimatter, some theories try to solve the matterantimatter asymmetry problem (see section 1.2.2) with the help of "antigravity" between matter and antimatter, which would be repulsive. In this model, the universe is equally composed of matter areas and antimatter areas that repulse each other, and we just would live in a matter part [START_REF] Chardin | Gravity, antimatter and the diracmilne universe[END_REF]. Since the photons we receive from interstellar objects are their own antiparticle (a photon has no charge), it is impossible to be definitive about the fact that the star we are looking at is not an "anti-star" (the AMS experiment installed on the ISS is looking for such antimatter atoms coming from other galaxies [START_REF] Battiston | The antimatter spectrometer (AMS-02): a particle physics detector in space[END_REF]). An argument against this hypothesis opposes the fact that if such areas of antimatter exist, we would expect to see large walls of annihilations at the frontier with matter areas. However, it is also possible that the matter area we live in is actually bigger than the observable universe, with these borders being beyond our horizon. Another unsolved question in Physics is the source of the acceleration of the expansion of the universe [START_REF] Riess | Observational evidence from supernovae for an accelerating universe and a cosmological constant[END_REF][START_REF] Perlmutter | Measurements of Ω and Λ from 42 high-redshift supernovae[END_REF]. It is currently attributed to a "dark energy" whose origin or nature is not known. The existence of antigravity could open the way to new hypotheses [START_REF] Benoit-Lévy | Introducing the dirac-milne universe[END_REF][START_REF] Chardin | Gravity, antimatter and the diracmilne universe[END_REF]. Some other theoretical studies claim that for some "Beyond the Standard Model" (BSM) theories like supersymmetry, antigravity is needed [START_REF] Scherk | Antigravity: a crazy idea?[END_REF]. Others predict that antimatter is not repelled by matter but has a slightly different gravitational acceleration to that of matter-matter interactions [START_REF] Goldman | Gravitational acceleration of antiprotons and of positrons[END_REF]. These concepts of "antigravity" have been controversially discussed in last decades [START_REF] Morrison | Approximate nature of physical symmetries[END_REF][START_REF] Schiff | Gravitational properties of antimatter[END_REF][START_REF] Good | K 0 2 And the equivalence principle[END_REF][START_REF] Scherk | Antigravity: a crazy idea?[END_REF][START_REF] Macrae | Long-range antigravity[END_REF][START_REF] Goldman | Gravity and antimatter[END_REF][START_REF] Martin | The arguments against "antigravity" and the gravitational acceleration of antimatter[END_REF][START_REF] Benoit-Lévy | Introducing the dirac-milne universe[END_REF][START_REF] Chardin | Gravity, antimatter and the diracmilne universe[END_REF]. A precise experimental measurement would be the perfect and necessary way to finally settle the question.

Antimatter gravity experiments

One of the main obstacles to a measure of free fall with antimatter is the weakness of gravitational effects with respect to the electromagnetic force that prevents any attempt with charged light antiparticles. For example, the gravitational force on an (anti)proton at the surface of Earth is about the same as the Coulomb force exerted by a single charge located at 10 cm, or by the Earth's magnetic field for a transverse velocity of only 20 mm/s. The second challenge is the high energy of antimatter when produced which affects the final precision.

First attempts at measuring gravity for antimatter

Some experiments have been proposed to test the gravitational effect on charged antiparticles. For instance, an experiment by Witteborn and Fairbank measured the free fall of electrons [START_REF] Witteborn | Experimental comparison of the gravitational force on freely falling electrons and metallic electrons[END_REF] and intended to do the same for positrons [START_REF] Henderson | Proceedings of the 17th international conference on low temperature physics : LT17[END_REF]. However, they faced large uncertainties coming from the disproportion of parasitic electromagnetic effects compared to the gravitational effects that they were trying to measure. This result, not conclusive enough with electrons, plus some additional challenges to create, store, and cool positrons for this specific experiment, prevented them to perform the comparison with positrons. Another experiment with a similar principle was proposed by an international collaboration in 1986, which was finally installed at the LEAR at CERN [START_REF] Beverini | CERN Proposal -A measurement of the gravitational acceleration of the antiproton[END_REF][START_REF] Beverini | Response to the PSCC questions on proposal P-94: a measurement of the gravitational acceleration of the antiproton[END_REF] (the PS200 experiment). The goal was to compare the free fall of matter H -ions and antimatter p (both with charge -e and with similar mass). For the same reasons, the experiment did not get convincing results. For a review of the multiple issues faced while trying to measure gravity on charged (anti)particles, see [START_REF] Darling | The fall of charged particles under gravity: a study of experimental problems[END_REF].

Indirect measurements

In 1907, Einstein described the phenomenon of "gravitational redshift" where a frequency produced in a gravitational field is seen as a lower frequency for an observer in a lower field region [START_REF] Einstein | Relativitätsprinzip und die aus demselben gezogenen folgerungen[END_REF]. This prediction had several experimental evidences since then (a few historical and recent examples: [START_REF] Daniel | Red shift in the spectrum of 40 eridani b[END_REF][START_REF] González Hernández | The solar gravitational redshift from HARPS-LFC moon spectra -a test of the general theory of relativity[END_REF][START_REF] Mediavilla | Testing einstein's equivalence principle and its cosmological evolution from quasar gravitational redshifts[END_REF]). Regarding this, some physicists expect any difference in gravitational interactions between matter and antimatter to reveal when looking at some specific phenomena.

For instance, on this basis, in 1961 before the discovery of CP-violation, Good claimed to constrain the difference between gravitational mass of neutral kaon and anti-kaon to "a few parts in 10 -10 " [START_REF] Good | K 0 2 And the equivalence principle[END_REF]. However, this conclusion needs a few assumptions and approximations beforehand, which have been criticized by Nieto and Goldman [START_REF] Martin | The arguments against "antigravity" and the gravitational acceleration of antimatter[END_REF], and Chardin and Rax [START_REF] Chardin | CP violation. a matter of (anti)gravity?[END_REF]. The latter also proposed to reinterpret the CP-violation results under the light of antigravity.

A similar approach was proposed by Hughes and Holzscheiter in 1991 by looking at the cyclotron frequency of antiprotons and positrons [START_REF] Hughes | Constraints on the gravitational properties of antiprotons and positrons from cyclotron-frequency measurements[END_REF]. In 2022, one of the AD experiments at CERN, the BASE collaboration (see section 1.2.3), claimed to constrain the violation of the WEP below 1.8 × 10 -7 from a measure of p cyclotron frequency supported by an analysis using the position of the Earth around the sun [START_REF] Borchert | A 16-parts-per-trillion measurement of the antiprotonto-proton charge-mass ratio[END_REF]. Again such indirect measurements are model-dependant and, therefore, the subject of theoretical debate. For example, the demonstration by Hughes and Holzscheiter requires the CPT symmetry to be true. Some critical analyses of these measurements can be found in [START_REF] Martin | The arguments against "antigravity" and the gravitational acceleration of antimatter[END_REF][START_REF] Chardin | CP violation. a matter of (anti)gravity?[END_REF][START_REF] Chardin | Gravity, antimatter and the diracmilne universe[END_REF][START_REF] Gabriel Chardin | Experimental and observational tests of antigravity[END_REF].

Direct free fall measurements

As we discussed above, attempts at measuring (anti)gravity with charged antiparticles were not successful, while indirect measurements suffer theoretical debates. The possibility to use antihydrogen H, the simplest neutral atom of antimatter, was already discussed a long time ago [START_REF] Beverini | Possible measurements of the gravitational acceleration with neutral antimatter[END_REF]. As it is neutral, it is sensitive only to gravity, which is both a crucial advantage to avoid large parasitic effects as in previous attempts, and a huge challenge since it is way much harder to handle with simple electromagnetic fields.

Three experiments are aimed at measuring the gravitational acceleration g on antihydrogen in the AD hall at CERN:

• ALPHA-g: In 2013, the ALPHA collaboration demonstrated that they could set first wide limits on the value of g by observing the excess of H annihilations on one or another side of their trap. From this we know that -65 < g/g < 110 [START_REF] Charman | Description and first application of a new technique to measure the gravitational mass of antihydrogen[END_REF]. This was also a proof of concept for a new side experiment using a perpendicular trap specially designed to perform the measurement of g. The ALPHA-g experiment wants to measure the sign of g as a first goal and aims at a 1% precision on its value in a second phase. It received its first beam in 2021.

• AEgIS (AD-6): Antimatter Experiment: gravity, Interferometry, Spectroscopy The AEgIS scheme first produce neutral H with the same positronium reaction as in GBAR (eq. ( 2.3)) but directly in a trap. This should produce a "pulsed" antihydrogen beam which is subject to gravity. Finally, the AEgIS collaboration wants to observe the deviation of the beam due to gravity thanks to a Moiré deflectometer with a precision goal of 1% [START_REF] Yu | Proposal for the AEGIS experiment at the CERN antiproton decelerator[END_REF]. They observed their first antihydrogen in 2018 [START_REF] Amsler | Pulsed production of antihydrogen[END_REF].

• GBAR (AD-7): Gravitational Behaviour of Antihydrogen at Rest

The GBAR experiment has a unique approach with the production of a charged antihydrogen ion H + which is much easier to handle and cool to micro-Kelvin temperatures. The main challenge of GBAR is the production of such antiion. Then the free fall experiment can finally be performed "at rest". Among the three experiments seeking to measure the effect of gravity on antimatter, GBAR is the one aiming for the greatest precision.

The work presented in this thesis is a part of the GBAR experiment which is detailed in the next section.

Given the multiple theoretical debates and existing models for different values of g, it is essential to precisely test the WEP with antimatter. For example, Goldman et al. predict about 1% greater acceleration for the antiproton [START_REF] Goldman | Gravitational acceleration of antiprotons and of positrons[END_REF]. Therefore it is necessary to measure g with an accuracy better than one percent.

Chapter 2

The GBAR experiment 

The idea of GBAR

The GBAR collaboration was initiated in 2007 with a letter of intent to the SPSC (SPS and PS Experiments Committee) for an experiment to measure the free fall of antihydrogen (Perez et al. [START_REF] Pérez | A new path to measure antimatter free fall[END_REF]). This follows on from the idea expressed in 2004 by J.Walz and T.W.Hänsch [START_REF] Walz | A proposal to measure antimatter gravity using ultracold antihydrogen atoms[END_REF] of using an antihydrogen ion to measure the free fall of ultra-cold neutral antihydrogen.

Indeed, GBAR's distinctive feature among experiments investigating the equivalence principle with antimatter, such as AEgIS or ALPHA-g, is the use of an antihydrogen ion H + , which is much easier to handle than neutral antihydrogen.

This anti-ion can be then cooled to micro-Kelvin temperatures (about 10 µK) and transported to a "free fall chamber" with almost no velocity (about 1 m/s) where its additional e + is photo-detached with the help of a laser. There, one can finally reproduce Galileo's "Leaning Tower of Pisa experiment" with the resulting neutral antihydrogen atom, (almost) at rest. The neutral anti-atom is then only affected by gravity, and we can observe its free fall until it hits the matter walls of the vacuum chamber. The fall time is determined by the photodetachment laser pulse at the start, and the annihilation at the end, recorded by detectors surrounding the vacuum chamber (see detailed scheme in section 2.5.4). Now that all the necessary variables are known, one can compute the gravitational acceleration for antimatter using the formula (2.2).

Height of the particle at time t:

z(t) = - 1 2 gt 2 + z 0 (2.1) ⇒ g = 2h (t 1 -t 0 ) 2 (2.2)
where h is the height of the free fall, t 0 the starting time, and t 1 the time of the H + annihilation.

This unique approach allows GBAR to aim for 1% accuracy at first step, and to look further for even more precision. Using the properties of gravitational quantum states, the collaboration could measure g with a reduced number of annihilations events and a precision level up to 10 -5 (see section 2.5.4).

The global scheme of the GBAR experimental setup described below is detailed in the proposal from 2011 [START_REF] Chardin | Proposal to measure the Gravitational Behaviour of Antihydrogen at Rest[END_REF].

Producing the H + ion

The main challenge of the GBAR experiment is to produce the antihydrogen ions. To achieve this, the selected option is a double charge-exchange reaction with positronium Ps (a bound state of a e + and an e -). The first reaction is an impact of an antiproton on a positronium (2.3). This creates a neutral antihydrogen H, which will react again with another positronium to create the charged antihydrogen ion H + (2.4).

p + Ps → H + e - (2.3) 
H + Ps → H + + e - (2.4) 

First reaction (H production)

The production of H from collisions of p with Ps has been proposed even before the first antihydrogen was observed in the LEAR [START_REF] Humberston | On antihydrogen formation in collisions of antiprotons with positronium[END_REF][START_REF] Deutch | Antihydrogen production by positronium-antiproton collisions in an ion trap[END_REF]. The formation of H is a three-body reaction since an additional particle has to carry the excess of energy for a p and a e + to bind together. Using simple mixing of e + and p (as in LEAR [START_REF] Baur | Production of antihydrogen[END_REF]), a second e + should interact to conserve energy and momentum, while for the Ps reaction (2.3), the e -carries the excess of energy. Theoretical calculations have shown that the cross section of the latter reaction (fig. Using the charge conjugation and time-reversal invariance properties of CPTsymmetry, one can conclude on the cross section of this reaction. From the crosssection measurements of the matter counterpart (C-symmetry, reaction 2.5) and/or reverse reaction (T-symmetry, reaction 2.6):

p + Ps → H + e +
(2.5)

H + e + → p + Ps (2.6)
Two experimental measurements of the reaction (2.6) were performed during the 1990s [START_REF] Weber | Results of the Bielefeld-Brookhaven e + -H experiment[END_REF][START_REF] Zhou | Measurements of total and positronium formation cross sections for positrons and electrons scattered by hydrogen atoms and molecules[END_REF]. In the meantime, three points (for 11. 3) from Ps depending on p energy [START_REF] Lévêque-Simon | Antihydrogen formation from laserassisted antiproton-positronium collisions[END_REF]. The optimal cross-section for ground state Ps(1s) is 6 keV. The 3 experimental points in green are from [START_REF] Merrison | Hydrogen formation by proton impact on positronium[END_REF].

The antimatter version of the reaction (eq. ( 2.3)), producing H, has been first performed by the ATRAP collaboration. In 2004, they reported the results of a proof-of-principle experiment using laser-excited Caesium (Cs) atoms reacting with positrons to form Ps, which eventually then reacted with p in a trap, forming some H atoms [START_REF]First laser-controlled antihydrogen production[END_REF]. Using silicon targets as e + /Ps converter, the production of H from trapped p and pulsed Ps was performed by the AEgIS experiment in 2018 (with H in Rydberg states) [START_REF] Amsler | Pulsed production of antihydrogen[END_REF]. This reaction has been demonstrated in the frame of the GBAR experiment, with an "in-flight production" at low excitation states, last year (this thesis: chapter 5). This is an important milestone for GBAR towards the production of the anti-ion H + .

Second reaction (H + formation)

The second reaction to produce H + (2.4) has never been performed experimentally yet, nor its matter counterpart that produces an H -ion (2.7). A few theoretical calculations have been performed for the latter within the frame of astrophysics studies [START_REF] Straton | Formation of positronium in e + + Hcollisions[END_REF][START_REF] Chaudhuri | Positronium formation from hydrogen negative ion, H[END_REF][START_REF] Mcalinden | Positron scattering by the negative hydrogen ion[END_REF][START_REF] Roy | Formation of negative hydrogen ion in positroniumhydrogen collisions[END_REF].

H + Ps → H -+ e + (2.7)
Theoretical calculations for this second reaction are of higher complexity since one has to study a four-body reaction. However, some calculations have been performed for the antimatter reaction (2.4). The first study of both successive reactions within the frame of GBAR can be found in [START_REF] Comini | H + Ion production from collisions between antiprotons and excited positronium: cross sections calculations in the framework of the GBAR experiment[END_REF][START_REF] Comini | H + Production from collisions between positronium and keV antiprotons for GBAR[END_REF][START_REF] Comini | Study of the antihydrogen atom and ion formation in the collisions antiproton-positronium[END_REF] (with corresponding corrigendum [START_REF] Comini | Corrigendum: ion production from collisions between antiprotons and excited positronium: cross sections calculations in the framework of the GBAR experiment[END_REF], from the work in [START_REF] Lévêque-Simon | Collisions assistées par LASER pour la formation d'antimatière[END_REF]). A quick review of the previous studies on both reactions and respective charge/time conjugate is also included. Some more recent work is also available in [START_REF] Yamashita | Near-threshold behavior of positronium-antihydrogen scattering cross sections[END_REF]. 2). The cross sections can be improved using excited states of Ps with laser, and mixing with lower energy p [START_REF] Comini | H + Production from collisions between positronium and keV antiprotons for GBAR[END_REF][START_REF] Yamashita | Near-threshold behavior of positronium-antihydrogen scattering cross sections[END_REF]. In this case, the p energy threshold for the reaction is lowered from ∼ 6 keV to ∼ 1 keV. In addition, one could use some laser field to enhance the cross section of the first reaction [START_REF] Lévêque-Simon | Antihydrogen formation from laserassisted antiproton-positronium collisions[END_REF].

No laser excitation of positronium has been attempted yet. Thus first H atoms of GBAR have been produced from 6 keV antiprotons (see chapter 5).

Scheme of the experimental setup

To achieve the production of antihydrogen ions H + , which is the core of GBAR, the experimental area is organized in mainly two lines that meet in the so-called "reaction chamber" where the anti-ion should be produced:

• The positron line: e + are created by a LINAC, accumulated in different trapping stages, and sent to a e + /Ps converter to form a positronium cloud in the reaction chamber (Section 2.2)

• The antiproton line: p are delivered at 100 keV by the ELENA ring, decelerated to a few keV and focused onto the Ps cloud to form H and

H + (Section 2.3)
Compared to other experiments using directly H atoms for their measurements, the concept of GBAR requires more of the primary reagents (p and e + ) to effectively produce antihydrogen ions. Hence a very high efficiency in both lines is crucial. This results in some technical choices like the use of a LINAC for the positrons or the installation of a pulsed drift tube for the antiprotons.

Each component is detailed in next sections and in respective references. 

LINAC

To produce e + , other experiments usually have a 22 Na radioactive source with a moderator. GBAR chose a different solution with the installation of an electron LINAC for high intensity and long-term production (while 22 Na has a half-life of 2.6 years).

Positrons are produced by a dedicated 9 MeV electron linear accelerator (socalled "LINAC") [START_REF] Charlton | Positron production using a 9 MeV electron linac for the GBAR experiment[END_REF]. Electrons are fired onto a 1 mm thick tungsten target (high atomic number [START_REF] Dahm | Electro-produced slow positrons[END_REF]) with which they interact by bremsstrahlung effect, producing high energy gamma rays. These photons eventually create e -/e + pairs. Positrons produced may have an energy of up to 7 MeV, which is too high to transport and trap them. This is why a "positron moderator" is placed just after the target to slow down e + to a few eV (fig. The slow positron beam generated is then selected and guided thanks to electromagnetic coils. These produce an axial magnetic field to transport e + through the 7.5 m long transfer line to the first trap. The LINAC is located inside a shielding bunker made of large concrete blocks. The energy limit of 9 MeV was chosen to get a good e + beam intensity while avoiding neutron activation of surrounding materials, which would have required a larger bunker to meet CERN's safety requirements. The transfer line leaves the LINAC bunker forming an "S" shape to limit leakage of gamma radiation (fig. 2

.4b).

The LINAC is designed for a maximum repetition rate of 300 Hz and a peak electron current of 330 mA [START_REF] Charlton | Positron production using a 9 MeV electron linac for the GBAR experiment[END_REF]. During 2022 beamtime, the LINAC was operated at 200 Hz, producing around 2.9 × 10 7 slow e + per second.

Positrons trapping and accumulation

Trapping charged particles

In order to trap charged particles, one would like to enclose them with electrostatic potential wells. However, Earnshaw's theorem [START_REF] Earnshaw | On the nature of the molecular forces which regulate the constitution of the luminiferous ether[END_REF] is preventing this. Indeed, we want a three-dimensional minimum in an electrostatic potential with the form:

ϕ(x, y, z) = Ax 2 + By 2 + Cz 2 (2.8)
with A, B and C positive.

However the Laplace's equation states that: ∆ϕ = 0 (2.9)

⇒ A + B + C = 0 (2.10)
Therefore having a three-dimensional minimum in a static potential field is impossible. One could retain charged particles in -at most -2 dimensions, and it will for sure escape into the third one.

Thus to trap charged particles, we need to either:

• Use oscillating electric field. This is the principle of "Paul traps" (or quadrupole ion traps, radio frequency (RF) traps) invented by Wolfgang Paul in 1953 [START_REF] Paul | Notizen: ein neues massenspektrometer ohne magnetfeld[END_REF], Nobel prize in 1989. An RF Paul Trap will be used to cool H + ions before entering the free fall chamber (see section 2.5.3).

• Use a magnetic field in addition to the electrostatic field. This is the concept of "Penning traps" (actually developed by Hans Dehmelt [START_REF] Dehmelt | Radiofrequency spectroscopy of stored ions I: storage[END_REF], also Nobel prize in 1989). All traps used in GBAR up to now are variations of Penning traps.

The ideal shape for a Penning trap is three hyperbolic electrodes (2 endcaps and 1 ring electrode, see fig. 2.5) because it produces a quadrupole electric potential at the center of the trap, along the magnetic field. This configuration was used for the first high-precision experiments with such traps.

However this design has some drawbacks: in addition to the complex manufacturing of the electrodes, the trap is basically closed. This makes it difficult to load showed that some design with open cylindrical endcaps could work when one just wants to store and accumulate particles [START_REF] Gabrielse | Open-endcap penning traps for high precision experiments[END_REF]. In such traps, the particle is trapped between 2 electrostatic potential barriers on the longitudinal axis (simple electrodes with voltage greater than particles energy). In addition, a uniform magnetic field on the same axis prevent particles to escape radially (see fig. Penning-Malmberg traps are a variation of Penning traps that are optimized to be able to trap non-neutral plasma (developed by John H. Malmberg [START_REF] Malmberg | Long-time containment of a pure electron plasma[END_REF]).

Buffer-Gas Trap

The first element of the GBAR positron line is the "Buffer-Gas Trap" (BGT). This is a three-stage cylindrical Penning-Malmberg trap, based on the concept by Murphy and Surko [START_REF] Murphy | Positron trapping in an electrostatic well by inelastic collisions with nitrogen molecules[END_REF] from 1992. In Surko's Trap, each stage is composed of electrodes of increasingly large diameters, and with progressively lower pressure. Electrode voltages are set so that it creates a potential well progressively deeper towards the third stage. Nitrogen N 2 is injected into the low-diameter first stage. There, e + inelastic collisions with N 2 gas lower their energy. Note that low-energy e + end up being trapped in the third stage without the necessary energy to go out, while high energy e + can travel between the third and first stages. However, since the pressure is higher in the first stage, they have more interactions with N 2 atoms and end up slowing down and being trapped in the third stage. There, the reduced pressure enables to limit the e + losses from parasitic reactions (mainly Ps formation), allowing longer-term storage.

The N 2 gas is used for trapping of the positrons but it has low cooling capabilities. This means that the output beam would have a large emittance, energy dispersion, etc. Regarding this issue, Greaves and Surko proposed to add another gas with faster cooling time [START_REF] Greaves | Positron trapping and the creation of high-quality trap-based positron beams[END_REF]. They found the combination of N 2 (best trapping efficiency) and SF 6 (high cooling capabilities despite low trapping efficiency) to be the best configuration.

There are a few changes in GBAR's version of the Buffer-Gas Trap (fig. 2

.8).

The third stage is separated from the two first one by an additional pumping station, allowing for a more compact system and further accumulation in the third stage, thanks to a better vacuum. Therefore the trapping is carried out in two steps. First e + are trapped with N 2 and cooled with CO 2 in the first and second stage (respectively at ∼ 10 -3 and 10 -4 mbar). After 100 ms of accumulation, they are extracted to the third stage (pressure of ∼ 10 -6 mbar) where they are again trapped and cooled. The GBAR's BGT was tested at CEA (Saclay) using SF 6 [START_REF] Mafalda | Development of a buffer gas trap for the confinement of positrons and study of positronium production in the GBAR experiment[END_REF] but it was decided to replace it by CO 2 for the installation at CERN [START_REF] Niang | Optimisation of positron accumulation in the GBAR experiment and study of space propulsion based on antimatter[END_REF]. SF 6 is a corrosive gas that may destroy sensitive parts of the GBAR setup.

In addition to trapping and cooling with buffer gases, we can use the "rotating wall" technique to radially compress the beam. This technique, also introduced by Greaves and Surko [START_REF] Greaves | Inward transport and compression of a positron plasma by a rotating electric field[END_REF][START_REF] Greaves | Radial compression and inward transport of positron plasmas using a rotating electric field[END_REF], uses an oscillating field "rotating" around a foursplit electrode, in order to add an angular momentum to trapped particles. This is essential to compensate for the natural broadening of the beam. GBAR includes two "rotating wall" electrodes in the second and third stages of BGT.

A bunch of e + leaving the first stages is referred to as a "stack". We accumulate 10 stacks in the third stage before extracting to the HFT [START_REF] Blumer | Positron accumulation in the GBAR experiment[END_REF]. The High-Field Trap of GBAR was first developed at RIKEN laboratory, Tokyo and CEA-Saclay [START_REF] Dupré | Piégeage de positons dans un piège de Penning Malmberg, en vue de leur accumulation avec un faisceau pulsé[END_REF][START_REF] Grandemange | Piégeage et accumulation de positons issus d'un faisceau pulsé produit par un accélérateur pour l'étude de l'interaction gravitationnelle de l'antimatière[END_REF] before being installed in the experimental area at CERN in 2018 [START_REF] Niang | Optimisation of positron accumulation in the GBAR experiment and study of space propulsion based on antimatter[END_REF].

The HFT is the main source of the stray field present in all GBAR experimental area, causing an additional deflection to charged particle trajectories. Some iron bars were added in 2022 all around the magnet as an additional return yoke (see fig. 2.9). This reduced approximately by half the stray field, but this is still a variable to take into account when tuning the p beam (see section 3.5).

The GBAR collaboration managed to accumulate 1.4×10 9 e + in 1100 s [START_REF] Blumer | Positron accumulation in the GBAR experiment[END_REF][START_REF] Niang | Optimisation of positron accumulation in the GBAR experiment and study of space propulsion based on antimatter[END_REF]. This is a world record for such a short accumulation time. The ATRAP collaboration holds the record for the number of e + trapped but with an accumulation time more than 13 times longer. They reached 4 × 10 9 e + in 14400 s [START_REF] Fajans | Plasma and trap-based techniques for science with antimatter[END_REF]. To meet GBAR proposal numbers, the number of positrons has still to be increased to 10 10 e + per AD cycle (∼120 s) [START_REF] Chardin | Proposal to measure the Gravitational Behaviour of Antihydrogen at Rest[END_REF].

In 2022, during antiproton beamtime, the typical rate was 1.5 × 10 8 e + accumulated in the HFT per ELENA p pulse. The overall efficiency of the positron line from the entrance of HFT was then about 5%. Before leaving the HFT, positrons are accelerated to 4.3 keV by a pulsed drift tube (for the principle of drift tube accelerators/decelerators, see chapter 4) in order to escape the high-field region [START_REF] Cooke | Positron extraction to an electromagnetic field free region[END_REF]. During 2022, a typical 35% transport efficiency was achieved, resulting in 5.2 × 10 7 e + on target.

Antiproton line

AD/ELENA

The "Antimatter Factory" at CERN (also known as "AD hall") at CERN is the only place in the world where low-energy antiprotons are delivered and, thus, where lowenergy antihydrogen atoms H can be produced and studied. Today, the AD hall hosts various antimatter precision experiments (section 1.2.3).

The journey of particles in the CERN accelerator complex usually starts with the H -ion source of LINAC4 (since LHC Run 3, it was in a hydrogen gas bottle of LINAC2 before LS2). These H -ions (1p, 2e -) are accelerated by LINAC4 up to 160 MeV [START_REF] Vretenar | Linac4 design report[END_REF]. The two e -are stripped before entering the "Proton Synchrotron Booster", and the resulting protons are accelerated to 2 GeV before being sent to the "Proton Synchrotron" (PS) [START_REF] Regenstreif | The CERN Proton Synchrotron[END_REF]. This circular accelerator brings the protons up to an energy of 26 GeV. Some of the bunches are sent to the "Super Proton Synchrotron" (SPS) and subsequently to the LHC for high-energy Physics experiments. Other protons are fired onto an iridium target, producing some antiprotons with a momentum of 3.5 GeV/c. These are selected and guided to the "Antiproton Decelerator" (AD) [START_REF] Baird | Design study of the antiproton decelerator: AD[END_REF].

The AD deceleration cycle comprises alternating steps of deceleration and beam cooling (Figure 2.10). Stochastic cooling [START_REF] Möhl | Physics and technique of stochastic cooling[END_REF] is first applied to the p beam produced by PS at 3.5 GeV/c, before a deceleration to 2 GeV/c where the beam undergoes a second stochastic cooling level. After the next deceleration stage down to 300 MeV/c, electron cooling [START_REF] Budker | An effective method of damping particle oscillations in proton and antiproton storage rings[END_REF] is used a first time, and a second time after an ultimate deceleration to reach 100 MeV/c. This corresponds to a p kinetic energy of 5.3 MeV [START_REF] Baird | Design study of the antiproton decelerator: AD[END_REF][START_REF] Maury | ELENA: the extra low energy anti-proton facility at CERN[END_REF].

Until 2018 (end of LHC Run 2), the antiprotons at 5.3 MeV were sent to most of the AD experiments. Since this beam is still too energetic for Physics studies, it was further decelerated passing through a sequence of degrading foils. The problem of this technique is its very low efficiency to produce p at a few keV. At most, about 0.3% of the antiprotons exiting the AD could be used by the experiments [START_REF] Chohan | Extra Low ENergy Antiproton (ELENA) ring and its Transfer Lines: Design Report[END_REF]. The goal was to reduce the kinetic energy to 100 keV in order to reduce degrader foils thickness and improve their efficiency. But it also allows for new schemes with pulsed decelerators to obtain much better p deceleration efficiencies to a few keV, close to 100% (see chapter 4). The ELENA cycle (Figure 2.12) is similar to the AD cycle with alternate deceleration and cooling levels. Antiprotons are injected from the AD at 100 MeV/c and first decelerated down to [START_REF] Baur | Production of antihydrogen[END_REF] MeV/c where it undergoes the first electron cooling [START_REF] Tranquille | The ELENA electron cooler[END_REF]. Another plateau of electron cooling occurs at 13.7 MeV/c. Thus, the p beam is extracted to the antimatter experiments at a kinetic energy of 100 keV [START_REF] Maury | ELENA: the extra low energy anti-proton facility at CERN[END_REF][START_REF] Chohan | Extra Low ENergy Antiproton (ELENA) ring and its Transfer Lines: Design Report[END_REF].

GBAR was the first experiment to receive antiprotons from the ELENA ring in 2018, before LS2. Other experiments received their first 100 keV antiprotons in 2021. Thanks to a specific source installed next to the ring, ELENA is also able to provide 100 keV H -when the p beam is unavailable or in between two p cycles. The H -ion is very similar to antiprotons since it has the same negative charge and almost the same mass (only 2 e -in addition to the proton). Therefore it is very convenient for Figure 2.12 : "A schematic view of the ELENA cycle" [START_REF] Chohan | Extra Low ENergy Antiproton (ELENA) ring and its Transfer Lines: Design Report[END_REF] beam tuning and various tests. It can be used in principle on periods when the rest of the CERN accelerator complex is closed. And especially, it is only limited by the ELENA cycles repetition rate, and thus can deliver bunches about every 16 s. This is an important feature when it comes to tuning the beam in GBAR's antiproton line or test devices as the drift tube decelerator.

GBAR antiproton decelerator

Before LS2, antiprotons were distributed to all Antimatter Factory experiments by the AD at 5.3 MeV. These anti-particles were too energetic to be trapped and studied. The different collaborations had to use "degrader foils" where about 99.9% of the p were lost, and only a few particles were usable at a few keV for being trapped. Since 2021, these experiments have been connected to the new ELENA ring, which now delivers p at 100 keV. Some further deceleration is still necessary, but it enabled the use of thinner foils with efficiencies up to 30%, but still with large energy dispersion of several keV [START_REF] Nordlund | Large nuclear scattering effects in antiproton transmission through polymer and metal-coated foils[END_REF].

The optimal energy for the double charge-exchange reaction producing H + in GBAR was estimated to be 1 keV or 2 keV with laser excitation of Ps, or 6 keV at ground state [START_REF] Comini | H + Production from collisions between positronium and keV antiprotons for GBAR[END_REF]. Therefore, 100 keV antiprotons from ELENA entering GBAR had to be decelerated. The solution of degrader foil, commonly used in AD experiments to get p of a few keV, cannot be installed in GBAR because of its low efficiency. In addition, the energy dispersion would be a problem for optimal focusing onto the target with the current setup, and trapping with p-trap in the future.

The GBAR concept with the production of H + requires a dense beam of p to achieve the double charge-exchange reaction (Equations (2.3) and (2.4)).

Therefore, a linear pulsed drift tube decelerator was developed at the entrance of GBAR to further decelerate the 100 keV p from ELENA to energies below 10 keV. This allows a transmission efficiency close to 100% and tunable energy. During 2022 beamtime, p were decelerated to 6 keV. This device and its operation are detailed in Chapter 4.

p-trap

For an optimal reaction with a dense Ps cloud in the reaction chamber, the antiproton beam has to pass through a 1x1 mm aperture of a 20 mm long cavity. With the current ELENA beam emittance -amplified by the drift tube decelerator -even with the best focusing and transmission, only a small part of the antiprotons would be able to enter such a small window. Then a larger cavity target could be considered, but it would reduce the production of H and H + with a sparser Ps cloud [START_REF] Maria | Study of the antihydrogen atom and ion production via charge exchange reaction on positronium[END_REF].

To solve this issue, an antiproton trap is developed and is expected to get decelerated p from the decelerator [START_REF] Yoo | Design study of an antiproton trap for the GBAR experiment[END_REF]. This trap is based on a design from the MUSASHI trap of ASACUSA [START_REF] Kuroda | Development of a monoenergetic ultraslow antiproton beam source for high-precision investigation[END_REF]. Once trapped, the antiprotons should undergo electron cooling [149] and some radial compression with the rotating wall technique [START_REF] Greaves | Inward transport and compression of a positron plasma by a rotating electric field[END_REF][START_REF] Greaves | Radial compression and inward transport of positron plasmas using a rotating electric field[END_REF]. Finally, the beam can be extracted, with reduced emittance, to the reaction chamber. In the future, this trap should also enable the accumulation of several bunches from ELENA, to improve the final number of H + ions produced. It is planned to be installed in its final position between the decelerator and reaction chamber on the antiproton line later this year.

Reaction Chamber

A few optical elements are installed at the entrance of the reaction chamber to precisely focus and steer the beam on target for optimal mixing with positronium. For instance, a triplet of quadrupoles enables a different focusing in the y (horizontal) and z (vertical) axes. The description of optical elements can be found in section 3.1.3.

At the center of Reaction Chamber, a "target holder" can be moved vertically to use different elements at target position for tests, different runs, etc. (fig. 2.14).

Ps converter

The e + beam is focused onto a nanoporous silica target. There, positrons bounce inside the pores of the cavity and eventually extract an e -from SiO 2 to form Ps atoms [START_REF] Liszkay | Positronium reemission yield from mesostructured silica films[END_REF][START_REF] Liszkay | Mesoporous silica films with varying porous volume fraction: direct correlation between ortho-positronium annihilation decay and escape yield into vacuum[END_REF][START_REF] Crivelli | Measurement of the orthopositronium confinement energy in mesoporous thin films[END_REF]. Positronium being a bound state of e + and e -, two spin 1

• The para-positronium p-Ps: quantum singlet state with anti-parallel spins (S=0). The lifetime of p-Ps is about 124 ps [START_REF] Al-Ramadhan | New precision measurement of the decay rate of singlet positronium[END_REF][START_REF] Savely | Precision study of positronium: testing bound state qed theory[END_REF].

• The ortho-positronium o-Ps: quantum triplet state with parallel spins (S=1). The lifetime of o-Ps is 142 ns [START_REF] Thraenert | Ortho-positronium lifetime measurement -positron source activity and statistics[END_REF].

The lifetime of p-Ps is too short to react with antiprotons and form antihydrogen. Therefore, only o-Ps is considered for GBAR.

After being formed inside silica, the Ps is thermalised with the target and extracted at low energy due to its negative work function [START_REF] Søren | Positronium formation from porous silica in backscattering and transmission geometries[END_REF], forming a Ps cloud at the center of the reaction chamber. Different shapes for the silica target have been studied. The optimal solution would be a rectangular cavity of 1 mm x 1 mm x 20 mm with a mesoporous film on the inner walls [START_REF] Comini | Study of the antihydrogen atom and ion formation in the collisions antiproton-positronium[END_REF][START_REF] Chardin | Proposal to measure the Gravitational Behaviour of Antihydrogen at Rest[END_REF]. Positrons would enter by the 20 mm window on the side, bouncing on SiO 2 , and o-Ps formed would stay well localized inside the cavity. Then they could mix with a dense p beam entering through the 1x1 mm window on the other side.

However, this solution requires a high-quality antiproton beam with low emittance, which is a first challenge (see chapter 3), in order to focus 100% of the beam inside the target (same for e + ). This is why, other temporary solutions have been studied and prepared to optimize the formation of H and H + with different beam quality. The first one being a larger cavity with 2x2 mm aperture on the p side (see fig.

2.14). Another Ps converter was installed in the reaction chamber: the so-called "flat target" which is a simple 19x19 mm plate on which a nanoporous silica film was deposited. Here the o-Ps produced form a larger cloud in the center of the reaction chamber. This solution degrades the optimal interaction with the Ps cloud for a well-focused dense p beam. However, depending on the actual antiproton beam quality, it can be necessary to have a larger, although sparser, positronium cloud to overlap with the antiprotons [START_REF] Maria | Study of the antihydrogen atom and ion production via charge exchange reaction on positronium[END_REF].

In 2022, in the absence of p-trap to reduce the beam emittance (section 2.3.3) and due to spurious effects, we were not able to fire the p beam through the 2x2 mm cavity. Therefore, we used the flat target for the antihydrogen synthesis (chapter 5). It was estimated that 18 ± 3% of the e + were converted into o-Ps, corresponding to (6.8 ± 1.5) × 10 6 o-Ps available for mixing with the antiproton bunch.

Once the Ps cloud has formed inside the reaction chamber, we have to fire an intense, dense beam of antiprotons through it to form H and H + for the free fall measurement. 

After Reaction Chamber

Lamb shift experiment

The "Lamb shift" in the fine structure of the hydrogen was discovered by Willis Lamb in 1947 [START_REF] Lamb | Fine structure of the hydrogen atom by a microwave method[END_REF]. It corresponds to the difference between the two energy levels 2S1 /2 and 2P1 /2 , while the Dirac equation predicts them to be the same. This discrepancy was later found to be related to vacuum polarization. This surprising result was an important piece in the development of new models of quantum electrodynamics. The Lyman-alpha (Ly-α) line refers to the photons emitted with the de-excitation of an atomic electron from n=2 to ground state n=1.

The Lamb shift was measured for hydrogen at a precision of 9 × 10 -6 [START_REF] Lundeen | Measurement of the lamb shift in hydrogen, n=2[END_REF]. This is a value of interest since one can derive the proton charge radius from it (at 3% accuracy here) [START_REF] Karshenboim | What do we actually know about the proton radius?[END_REF]. For another important test of CPT, one would like to compare the respective proton and antiproton charge radius and so their Lamb shifts. Some experiment was proposed with relativistic H atoms at Fermilab in 1998, which would have had a precision of 5% [START_REF] Blanford | Measuring the antihydrogen lamb shift with a relativistic antihydrogen beam[END_REF]. Indirect estimation of the Lamb shift for H has been performed to the precision level of 11% by the ALPHA collaboration in 2020, from frequency and Ly-α measurements in a 1 T field [START_REF] Ahmadi | Investigation of the fine structure of antihydrogen[END_REF]. The unique scheme of GBAR involves the production of some antihydrogen atoms in the 2S state in a (quasi)-zero field region. Therefore it was proposed to perform a parallel experiment using the GBAR setup to measure the Lamb shift of H with a precision better than 0.1% (and up to 10 -6 with improved production rate) [START_REF] Crivelli | Antiproton charge radius[END_REF][START_REF] Kuroda | Lamb shift measurement of antihydrogen for determining the charge radius of antiproton and a stringent test of CPT symmetry[END_REF]. The Ly-α detector setup was installed at the exit of the reaction chamber, on the same line (it is necessary to avoid any electric field that could quench the anti-atoms states in an uncontrolled way) [START_REF] Janka | Lamb Shift of Exotic Atoms: Precision Measurement in Muonium and Progress Towards the First Direct Determination in Antihydrogen[END_REF]. As for experiments with matter, the proposed scheme (Figure 2.15) uses microwave fields to first select the specific 2S states to study and excite the rest to 2P states (will quickly de-excite to ground state). Then H atoms pass through a static electric field that quenches the remaining 2S antiatoms in 2P states. These will de-excite in 1.6 ns to H (1S), emitting a Ly-α photon that can be detected. From the quenched fraction, one can extract the Lamb shift of antihydrogen. This principle was already achieved with matter and recently demonstrated with Muonium at PSI [START_REF] Janka | Intense beam of metastable muonium[END_REF][START_REF] Ohayon | Precision measurement of the lamb shift in muonium[END_REF].

Switchyard

After p mix with Ps at the target in the center of the reaction chamber, three different species are expected to continue their paths:

• The main part is composed of remaining negative p which did not react inside the target.

• The neutral H atoms produced by the first reaction (eq. (2.3)), which did not undergo the second reaction

• The positive H + ions from the second reaction of H on Ps (eq. (2.4))

This would obviously create a large background if we were trying to detect only H or H + just after the target, or trying to perform the free fall measurement at this point. To separate the different particles obtained downstream of the reaction chamber, an electrostatic "switchyard" was installed. It consists of 4 electrodes including two long curved plates following the 35 • angle between the antiproton line and the three downstream beamlines. By applying opposite voltages on symmetric plates, the charged particles are deflected on one or another side depending on their charge. Since p and H + have similar masses and exact opposite charge, the same voltage will bend the two species' trajectories with the exact opposite curve. For simulations of this deflection, see section 3.7. The neutral H atoms from the first reaction will not be affected and will continue their path in a straight line. In principle, a detector (MCP, see section 3.1.3) can be placed at the exit of this switchyard to detect H without having the signal from charged particles (see chapter 5).

Remaining p are bent to the right and dumped. Some studies are ongoing to install an "antiproton recycler" in this line that would reflect back the particles to the p-trap where they could be re-trapped and re-used for the next mixing with positronium. One can also think of installing other experiments that could benefit from the low energy antiproton beam provided.

Finally, the H + ions are sent on the left to the "Ion Line" (section 2.5.3) where they will be trapped and cooled before performing the free fall experiment.

In 2022, antiprotons were sent to the Ion Line where the p-trap was temporarily installed for first commissioning (see section 2.3.3).

Ion Line & Be + cooling

Since, at most, only a few H + will be produced per AD cycle, the transport from the reaction chamber to the free fall chamber has to be super efficient, as well as the capture of these anti-ions in the final chamber.

The trapping and cooling of H + ions is achieved in two main steps. First, the ion is trapped in a radio-frequency Paul Trap (oscillating electric field, see section 2.2.2) biased just below the beam energy (5980 V for a 6 keV beam [START_REF] Hilico | Preparing single ultra-cold antihydrogen atoms for freefall in GBAR[END_REF]) in order to allow a first deceleration to eV energies. The beam is then sympathetically cooled with a cloud of Be + (scheme of the trap in fig. 2.17a). Beryllium ions are previously trapped and laser-cooled. Coulomb interactions between the two charged ion species tend to equalize the temperature, and thus the antihydrogen is cooled, down to the Doppler limit [START_REF] Hilico | Preparing single ultra-cold antihydrogen atoms for freefall in GBAR[END_REF].

In a second phase, the H + ion is transferred to another smaller Paul Trap, called "precision trap" (Figure 2.17b) where it will form a Be + /H + ion pair. Raman side- band cooling [START_REF] Leibfried | Quantum dynamics of single trapped ions[END_REF] can be used on this system to reach micro-Kelvin temperatures.

Finally, the antihydrogen is ready for the free fall experiment.

Free fall chamber

At this point, the antihydrogen ion should have a velocity below 1 m/s and is ready for photodetachment of its additional charge. This is done with a laser with energy just above the threshold. The main uncertainty on the initial velocity of the neutral H produced is due to the recoil of the excess e + [START_REF] Hilico | Preparing single ultra-cold antihydrogen atoms for freefall in GBAR[END_REF][START_REF] Indelicato | The gbar project, or how does antimatter fall?[END_REF].

Classical free fall

The photodetachment laser pulse is a well-defined starting time for the H free fall. Due to the RF field of the Paul trap, the ejected e + will be kicked out at high velocity.

Its annihilation against the chamber walls will produce two 511 keV gamma photons which can also be used as a precise starting time for the free fall. At this moment, the antihydrogen stops being affected by the electric trapping potential and falls under gravity until eventually hitting the walls of the vacuum chamber. There it annihilates with the matter-composed wall, creating another pair of 511 keV γ from the e + /e -annihilation and, in 95% of the cases, a set of charged and neutral pions from p/p interaction. The latter will quickly decay in a pair of high-energy γ [START_REF] Bendiscioli | Antinucleon-nucleon and antinucleon-nucleus interaction. a review of experimental data[END_REF]. MICROMEGAS detectors [START_REF] Giomataris | MICROMEGAS: a high-granularity position-sensitive gaseous detector for high particle-flux environments[END_REF] are placed all around the chamber to track these particles and reconstruct the point where the anti-atom annihilated. This constitutes a small "Time Projection Chamber" and ensures that the signal is coming from an annihilation inside the chamber, and not from cosmic rays for example. It also enables to disentangle an H "falling down", which will thus hit the bottom of the chamber, from an H "falling up" which will annihilate on the top. The free fall chamber is also surrounded by plastic scintillators to detect the precise timing of the annihilation, which marks the end of the free fall. Now that we have access to the free-fall time, and knowing precisely the height of the chamber, we can extract the acceleration g from the simple formula:

z(t) = 1 2 gt 2 + v 0 t + z 0 (2.11)
with z(t) being the height of the particle at time t, v 0 and z 0 the initial velocity and position of the anti-atom at the start of the free fall. If the H touches the floor at time t 1 , we know that z(t 1 ) is equal to the height h of the chamber and can then estimate g. The main uncertainty limiting the precision on g is the initial velocity v 0 . This is why cooling the anti-ion to a few µK is essential. Using this scheme, GBAR aims to measure g at a 1% precision level with 1500 events [START_REF] Chardin | Proposal to measure the Gravitational Behaviour of Antihydrogen at Rest[END_REF]. This could be reduced to 0.5% for 1000 events with an ingeniously designed drop area in the chamber [START_REF] Rousselle | Improving the statistical analysis of antihydrogen free fall by using near-edge events[END_REF].

Quantum free fall

Just as an electron can have a limited number of positions in an electromagnetic field, a particle can only be at certain heights in a gravitational field, as already observed for neutrons [START_REF] Nesvizhevsky | Quantum states of neutrons in the earth's gravitational field[END_REF][START_REF] Nesvizhevsky | Measurement of quantum states of neutrons in the earth's gravitational field[END_REF]. This effect, coupled with Casimir-Polder/van der Waals force at the surface of solids, could induce some quantum reflections for the H before annihilating on free fall chamber walls [START_REF] Friedrich | Quantum reflection by Casimir-van der Waals potential tails[END_REF], and thus delay the "end of free fall" timing. Although having a small probability due to the large kinetic energy after the fall, it is another uncertainty on the classical free fall measurement, but it can also be used to aim at further precision.

Indeed, if we intentionally induce some quantum bounces on a mirror surface close to the drop point (very low energy H), only a finite number of trajectories is allowed by quantum mechanics. Thus, the multiple trajectories having different probabilities will interfere, similarly to photons passing through Young's doubleslit interferometer for instance. Thanks to the MICROMEGAS detector, we will have access to the exact positions of annihilations. By reconstructing the map of these annihilations, we should be able to reconstruct the interference pattern (see fig. 2.20b). Since this latter is very sensitive to the value of g, it would be possible to conclude on its value with a precision up to 10 -5 with only 1000 H events [START_REF] Rousselle | Quantum interference measurement of the free fall of anti-hydrogen[END_REF]. With this scheme, a little kick at the start is needed to give the particle a horizontal velocity with small dispersion. Otherwise, the probability for the H to annihilate directly on the mirror surface is too important.

The GRASIAN project intends to do the first observation of gravitational quantum states with atoms [START_REF] Killian | GRASIAN: towards the first demonstration of gravitational quantum states of atoms with a cryogenic hydrogen beam[END_REF] (it was only observed with neutrons to date). This will be an important step for the use of quantum gravity in GBAR since it will demonstrate the principle and test several experimental schemes that would be replicated.

Chapter 3

Antiproton beam transport through the GBAR experiment 

Concepts and simulation tools

Before any hardware operation, it is important to simulate the trajectory of particles within the experiment in order to determine the optimal geometry and position for each element and the potentials to apply to the electrodes used to transport the beam.

One of the tools used by the GBAR collaboration is the ion optics simulation software "SIMION" [START_REF] David | Simion for the personal computer in reflection[END_REF]. This software allows several geometries to be modeled and assembled in a single workbench, to set the voltages for each electrode and compute the resulting field map. Once the potential is known in every point of the 3D mesh, the trajectory of ions within it can be simulated.

SIMION basics

Geometry definition and Potential Arrays refining

To start a SIMION simulation, one should define the geometry of its system to produce a so-called "potential array" (PA). It corresponds to a 3D array where all points are defined by their potential and a flag indicating whether it is an electrode point or not. This can be done using the specific SIMION geometry language with ".gem" files, by converting some 3D CAD files into SIMION geometries, or even from a 2D png file that could define a cut plane of a cylindrical geometry. The important thing is to define the voltage of each element of the geometry (usually the electrodes and chamber walls).

Then SIMION first computes the value of the potential on each non-electrode point of the geometry between the previously defined fixed boundaries. This is done by solving the Laplace equation for the electrostatic potential ϕ (eq. (3.1)). Electrode points are used for Dirichlet boundary conditions, while the non-electrode edges of the geometry are taken as Neumann boundary conditions [START_REF] Manura | SIMION ® 8.0/8.1 User Manual[END_REF]. This phase is known as "Refining" a PA in SIMION.

∇ 2 ϕ = 0 (3.1)
SIMION computes the potential in each point using a finite difference method called "over-relaxation" [START_REF] Forsythe | Finite-Difference Methods for Partial Differential Equations[END_REF] enabling faster refining of the potential array.

If one wants to include space charge effects or dielectric materials, SIMION will solve a Poisson equation. This is shown in Equation (3.2) with relative permittivity ε r (dielectric constant), space charge density ρ, and permittivity of free space ε 0 (electric constant) for an electrostatic potential ϕ. Note that for ρ = 0 (no space charge) and ε r = 1 (perfect vacuum), one retrieves the Laplace Equation (3.1).

∇(ε r ∇ϕ) = -ρ/ε 0 (3.

2)

NB: A potential array can either be electrostatic OR magnetic. However, for magnetic PA, SIMION does not compute the field as a magnetic circuit program would do. It can only solve the Laplace equation in each point as it does for the electrostatic PA. Then SIMION defines its own "magnetic potential" in a custom unit called "Mags". Mags are G × gu ("gauss times grid units"). The magnetic field in Gauss is then simply the gradient of Mags potential.

If one wants to set a constant magnetic field in a region, one should define two electrodes at the borders with different magnetic potentials. Thus it will produce a constant gradient in between.

For the simulations discussed here, the magnetic field is computed by another program (COMSOL), and the field on each point is directly implemented in SIMION (see section 3.5).

SIMION workbench file

Once the potential arrays have been generated, one can include them in a single workbench where the actual simulation will be performed. All the properties for a given simulation (geometries positions, electrode voltages, etc.) are stored in ".iob" workbench files. This file contains the link to PA files, particle files, etc. It is often associated with a user program file, coded in Lua, which greatly extends the customisation possibilities (see section 3.1.4).

The different PA of the workbench are ordered in a list in such a way that, if at some point several arrays are superposed, SIMION will only consider the electrostatic PA and the magnetic PA with the highest priority levels.

Particle definition

There are two principal ways to define the initial conditions of the ions in SIMION.

The first one is the ".fly2" format. Particles are generated from statistical group properties. For example, one can define a 3D Gaussian distribution as a source with a specific mean and standard deviation for each axis. N particles are generated for each new simulation run, using these parameters.

The second option is the ".ION" files. Here, each line defines the exact characteristics of a particle at the start of the simulation (mass, charge, x, y, and z positions, azimuth and elevation angles, kinetic energy, time-of-birth, CWF, and color). CWF ("Charge Weighting Factor") is a SIMION notion to give different weights to ions when "charge repulsion" is activated (space charge), and "color" is simply the display color inside SIMION view window. The number of particles is defined by the number of lines in the file. For GBAR p line simulations, we use a Python file that generates an ION file with the appropriate properties (see section 3.2).

Trajectory computations

For each time step, and for each ion, its current position and velocity are considered to compute the forces acting on it. Electric and magnetic forces are calculated with the Lorentz force law (eq. (3.3)), considering the local gradient ⃗ E for the electrostatic PA of highest priority, the local magnetic potential gradient ⃗ B for the magnetic PA of highest priority and the current particle velocity ⃗ v and charge q.

⃗ F = q( ⃗ E + ⃗ v ∧ ⃗ B) (3.3)
If the charge repulsion is activated, SIMION will estimate the position of all particles for this time step before starting the calculations for the next time step (while other simulations can be done ion per ion).

Considering its current position, velocity, and all forces acting on it, SIMION can estimate the position of the ion at the next time step, where this cycle is repeated. The numerical integration of the 3D ion's trajectory is done by a 4th-order Runge-Kutta method (RK4) [START_REF] Hornbeck | Numerical methods. QPI series[END_REF].

Fast-adjustable arrays

It could be quite time-consuming to refine a potential array each time one wants to change the voltages on the electrodes. Thankfully SIMION has a feature to create "fast-adjustable" arrays. When defining the geometry, each independent set of electrodes has to be defined with a different voltage number. For instance: electrode(1), electrode(2), ... (electrode(0) sets the electrode at ground). Then one should save the PA file with the extension ".pa#". During the refining operation, SIMION will generate a specific PA solution for each set of independent electrodes (".pa1", ".pa2", ...) with all electrodes set to zero, except these ones.

Then SIMION takes advantage of the additive solution property of the Laplace equation to calculate the potential at each point from a linear combination of all the sub-PA files. A specific factor is applied for each sub-solution, given the voltage set by the user for each set of electrodes. This operation, performed before or even during the simulation, is called "fast adjustment". This is for example necessary when one wants to include a non-static potential. For instance, the drift tube switching simulation in the GBAR antiproton decelerator is simulated thanks to a fast-adjustable array in combination with a Lua workbench program (see section 3.3).

Some notions of beam optics

Charged particle beams can be guided and focused as for light in optics. Many elements are analogous, but beam optics include a few additional notions.

In the following, the "GBAR reference frame" is used. The origin (0,0,0) is the center of reaction chamber (crossing point of the positron and antiproton lines). The x-axis is following the antiproton line axis, while the y-axis is oriented in the opposite direction to that of the e + (see fig. 3.14). The z-axis is the vertical axis, pointing upwards. In this chapter, we discuss mainly the antiproton line; hence the longitudinal axis is x, and the transverse axes are y (horizontal) and z (vertical).

Beam dynamics

From the Lorentz force equation (3.3), one can find Hill's equations of motion in a circular accelerator for a transverse axis u:

u ′′ + K(s)u = 0 (3.4)
Where K(s) is a periodic function (s is the position in the ring): repeats at least once per turn, describing the effect of quadrupoles and bending magnets in the ring. One can perform analog calculations for non-periodic systems and define transfer matrices for any optical system (calculations can be found in [START_REF] Martini | An introduction to transverse beam dynamics in accelerators[END_REF]). Here, K describes the focusing power of the element of length L, and the transfer matrix can be written as:

• if K < 0 (defocusing):   cosh( |K|L) sinh( √ |K|L) √ |K| |K|sinh( |K|L) cosh( |K|L)   • if K = 0 (drift space): 1 L 0 1 • if K > 0 (focusing): cos( √ KL) sin( √ KL) √ K -|K|sin( √ KL) cos( √ KL)
The evolution of a particle in transverse position/momentum phase space (coordinates (u,u')) is given by a product with the transfer matrix. For instance, in the thin lens approximation L → 0 as KL remains constant. Therefore the evolution through such a system between points 0 and 1 is described by:

u 1 u ′ 1 = 1 0 -KL 1 u 0 u ′ 0 (3.5)
These matrices can be combined to completely described the trajectory of a particle through a linear optical system [START_REF] Humphries | Principles of Charged Particle Acceleration[END_REF][START_REF] Humphries | Charged particle beams[END_REF]. From Hill's equation, one can also derive the Courant-Snyder invariant (eq. (3.6)) which defines the Twiss parameters [START_REF] Martini | An introduction to transverse beam dynamics in accelerators[END_REF] -see below.

Beam emittance

One of the most important concepts in beam optics is the "beam emittance". This is the main value that determines beam quality. It corresponds to the area of the ellipse formed by the particles of the beam in position/momentum phase space (see fig. The equation of the transverse emittance ε for the y-axis is given by Equation (3.6), where y is the position, y ′ the momentum, and α, β, γ are the "Twiss parameters" (also known as "Courant-Snyder" parameters). These variables can also be extracted from the phase space ellipse (fig. 3.1-right). They are used to describe to beam at a given point.

ε = π(γy 2 + 2αyy ′ + βy ′2 ) (3.6)
One of the result of Liouville's theorem is that the beam emittance is conserved through any linear lensing system, in the absence of non-conservative forces (cooling, ...). Thus the emittance limits the combination of smallest beam size and beam divergence at focal point: reducing the beam size is at the expense of an increase in beam divergence and vice-versa. As the Twiss parameters are interdependent, only two of the three parameters are needed to fully describe the beam at a given point. At focal point, α = 0. 

Acceleration/Deceleration

Acceleration is a change in the beam energy. Emittance is also modified when the beam undergoes acceleration (or deceleration). Thus the "normalized emittance", independent from the beam energy, is also commonly used when one wants to compare the emittance of beams with different velocities (normalized emittance ε n = ε × vx c ). However, only the absolute value of emittance is of interest when one wants to guide and focus a beam. The increase in transverse emittance goes with the inverse square of the energy. For instance, in GBAR, a deceleration from 100 keV to 6 keV increases the emittance by a factor 100 6 ≃ 4 (and by a factor 10 for a deceleration down to 1 keV).

Likewise, the relative energy spread of a beam increases with deceleration, resulting in a loss of "focusing power". For the same voltage on an electrostatic lens (see section 3.1.3), two particles with different energies will be deflected on different trajectories, i.e. different focal points. Hence the larger the beam energy spread, the broader the actual minimum beam size at focal point.

Beam cooling

Beam cooling refers to techniques that reduce beam transverse emittance and/or beam energy spread. Decelerator rings, such as the AD or ELENA, alternate between decelerating and cooling phases in order to optimize the efficiency and compensate for emittance rise during deceleration.

In GBAR final scheme, after the deceleration to a few keV by the pulsed drift tube (section 3.3), the p beam will be trapped and cooled with electron cooling (section 2.3.3). This should enhance the focusing efficiency onto the Ps target at the center of the reaction chamber.

Space-charge effects

When beam current density starts to be important, particles can experience deflection due to the electromagnetic fields generated by other particles within the beam. This phenomenon is known as "space charge effect" [START_REF] Chauvin | Space-Charge Effect[END_REF]. Since particles repel each other, this results in higher emittance.

SIMION is able to compute space charge effects, at the expense of much longer calculation times. However, developers do not claim to give a precise description of these effects, but rather a rough estimation to check first if one should take care of it [START_REF] Manura | SIMION ® 8.0/8.1 User Manual[END_REF]. In our model, a few tests have been performed to simulate the effect of 10 7 p in a bunch (more than in the present ELENA beam). They did not reveal any significant effect on the beam size. Thus space charge effects are considered negligible and will not be taken into account.

Optical/Electrostatic elements

The GBAR antiproton beamline uses a few common optical elements.

Einzel Lens

An "Einzel Lens" (EL, from German "Einzellinse", also known as unipotential lens) is an electrostatic element, analogous to a simple lens in optics, used to focus charged particle beams. The basic scheme is three successive electrodes with the middle one at high voltage and the two others at ground. Its forms a kind of "hill" in the potential energy map, that will symmetrically focus off-axis particles back to the center (see fig. It is also possible to have different electrode lengths, or different voltages on external electrodes to get a similar effect but it may also act on other beam properties. The charge on the middle electrode can be the same as the particles (decelerating mode) or with the opposite sign (accelerating mode), but the effect is stronger in decelerating mode [START_REF] Kalvas | Beam Extraction and Transport[END_REF].

Steerers

Steerers, as their name suggests, are used to steer the beam in the line. It consists of 2 plates facing each other. When applying some differential voltage on the two plates, one can create a uniform field in between that will simply deflect the particles along this axis. Several geometries for steerers are possible. A 4-plate steerer allows for steering in both axes (fig. 3.4). Having non-cylindrical -and especially non-axially symmetric -elements such as the 2-plate steerers can be risky if an EL at high voltage is nearby. Indeed, the plates could act as grounded boundaries on one axis while the other is empty, producing an asymmetric focusing effect that would deform the beam. This effect was detected in simulations before installing the steerer at the exit of the decelerator. On the other hand, when applying a steering voltage, a 2-plates steerer has a better uniform field between the plates than the 4-plates configuration. Steerers are necessary to have regularly in a beamline, to precisely guide the beam experimentally and also correct for parasitic effects such as magnetic field. In GBAR antiproton line, the main difficulty is the stray field coming from the HFT of the positron line that tends to deflect the beam upwards (section 3.5).

Quadrupole triplet

Quadrupole lenses are electrostatic elements composed of four electrodes facing each other, forming a hyperbolic potential at the center (fig. 3.5). By applying a positive voltage +V on the two electrodes of the horizontal axis and -V on the two others, a negatively charged beam will be focused on the vertical axis and defocused on the other.

Figure 3.5 : Schematic and simulation of a triplet of quadrupoles

If we combine two or three quadrupoles, we may have a global focusing effect in both axes if each quadrupole focuses in different directions (decelerating focusing is stronger than accelerating defocusing) [START_REF] Humphries | Principles of Charged Particle Acceleration[END_REF]. A triplet of quadrupoles (quad-triplet) is installed at the entrance of GBAR reaction chamber. The advantage over a simple Einzel Lens is that the quad-triplet can be precisely tuned to focus differently in the two axes -see fig. 3.6. This allows for an optimization of the fraction of the beam that will hit the target. 

MicroChannel Plate (MCP)

To image the beam at regular locations on the line, the GBAR collaboration uses microchannel plate detectors (MCP). MCPs are used to amplify and image a signal of particle beam [START_REF] Ladislas | Microchannel plate detectors[END_REF]. It is made of hundreds of thousands of microscopic holes, slightly titled (∼ 10 • ), and usually in a chevron configuration (see fig. 3

.7).

A differential voltage is applied between the front face and the back of the MCP. Thus, when particles hit the front face, they trigger an electron avalanche that will amplify the signal up to the back. There, a phosphor screen can be installed, with again a stronger positive bias, to collect the secondary particles and form an image of the initial beam. An oscilloscope can be connected to the grounded section to measure the charge produced. This allows us to observe the time shape of the beam or simply measure the charge it produced (see section 4.4 and chapter 5).

GBAR SIMION framework

A full simulation of the antiproton line has been created. To easily perform simulations on the beamline for different tests and tuning, a complete SIMION framework has been developed. With only a few user-friendly settings, anyone should be able to run simulations of the line without an extensive knowledge of SIMION. A detailed manual of this framework can be found in appendix C.

The line was divided in a few geometries, while making sure that the potential is zero at the frontiers, with fast-adjustable elements inside. In SIMION, each workbench file (= project) can be associated with a user program coded with Lua.

For each new project, the user has to copy the main Lua file and adapt a few predefined variables depending on what he wants to adjust (with or without magnetic field, steering, focusing, ...). This program will call all necessary custom Lua libraries that are common to all simulations. This structure allows for easy updates on all simulations. In this main "workbench program", the user can change the definition of the main segment from SIMION (segment.flym()). A collection of Lua functions has been developed to easily and automatically perform specific studies, such as voltage scans, beam characterization, focusing optimizations, etc.

Finally, the user can decide to record the data in csv formatted files. A complete Python library has also been developed to perform analyses on this data.

SIMION simulation pitfalls

When performing SIMION simulations, one should be particularly attentive to some points that could produce misleading results.

When using multiple PAs in a project, it is important to be aware that SIMION does not support any interaction between the different geometries. This means that if a high-voltage electrode is placed close to the border of one PA, its potential will not propagate to the neighboring PA. As a result, there can be a "potential gap" between the two PAs, leading to non-physical behavior. For example, if a 10 keV particle passes through a 7 kV electrode, it will be slowed down to 3 keV. If it leaves the PA still in the 7 kV region and enters another PA at 0 V, it will not be re-accelerated even across the potential gap. The particle ends up at 3 keV instead of the realistic 10 keV. This has the same effect as a perfect pulsed drift tube (see section 3.3). To avoid this effect, the delimitation of the different geometries must be located in planes where the voltage is constant, whatever the values set on the electrodes (usually a region that is always at ground).

Another aspect that one should be careful about is the beam definition. SIMION does not provide a simple way to generate a beam with a given emittance. This can easily lead to over-optimistic simulations if the beam is generated with simple SIMION tools. If the beam has zero emittance, then it is generally easy to transport and focus an important part within the simulation. But this will not correctly reflect the real situation and one might have surprises when doing the experiment. Even when adding some divergence to the beam, other parameters such as dispersion may not be taken into account, leading to misleading interpretations. For GBAR antiproton line simulations, the beam is generated by an external Python program, using the parameters of the beam measured by the ELENA team (section 3.2.2).

Properties of the ELENA beam delivered to GBAR

Design values and actual 2022 p beam

The nominal parameters at the extraction of the ELENA ring are detailed in the design report from 2014 [START_REF] Chohan | Extra Low ENergy Antiproton (ELENA) ring and its Transfer Lines: Design Report[END_REF]. In 2022, most of these characteristics, measured by the ELENA team, were even better than design (see Table 3 

Bunch Rotation

The bunch length of extracted p bunch from ELENA is normally 75 ns σ (see table 3.1). But simulations showed that it approached the limit for efficient deceleration in our drift tube (bunch too long, see section 4.2.3). To overcome this, in 2022 the ELENA team implemented "bunch rotation" [START_REF] Griffin | Time and momentum exchange for production and collection of intense antiproton beams at fermilab[END_REF] specially for our beamline. The extraction to GBAR has been delayed in the ELENA scheme, so that the first bunches are extracted to other experiments (with long bunches and low energy spread), before performing bunch rotation during additional turns in the ring and extracting the beam to GBAR. With this scheme, the bunch length is compressed to 40 ns σ, with an energy spread around 200 eV (measured by ELENA team)

2022 ELENA beam model from SEM-grid measurements

The LNE50 line (the extraction line from ELENA to GBAR) is composed of a collection of focusing elements and diagnostic tools (see appendix B). In particular, two sets of "SEM grids" (Secondary Electron Monitors [START_REF] Camas | Screens versus SEM grids for single pass measurements in SPS, LEP and LHC[END_REF]) are used to measure the size of the beam at several locations. It consists of a mesh of metallic wires placed in the beamline. When the particles hit the wires they produce secondary electron emissions [START_REF] Sternglass | Theory of secondary electron emission by high-speed ions[END_REF]. The signal produced is then collected at the extremity of each wire and one can rebuild the projection of the beam intensity along the horizontal and vertical axes.

SEM monitors are a (partially) non-destructive diagnostic tool. The SEM installed in ELENA extraction lines are estimated to cause 10% beam loss (about 20% for the 2 SEMs in LNE50). Therefore, they are moved out of the beam during data taking, when we want to maximize the number of p in the line. MCPs (section 3.1.3) installed in GBAR antiproton line are another diagnostic tool to look for the ELENA beam size, but it is destructive. However, it has some advantages over the SEM grids: it provides a full image of the beam. For example, one can see if the beam shape is tilted, which is not visible in the projections provided by the SEMs. It can also give information on beam intensity and timing.

An analytical model of the LNE50 line was made by Yann Dutheil from ELENA, with the help of a scan of the quadrupoles of LNE50 extraction line (see appendix B) and matched with experimental SEM-grid measurements. It gives the theoretical characteristics of the beam all along the line. Given the emittance conservation, we need only two of the three Twiss parameters to get complete knowledge of the beam at one point. In free-flying regions (in the absence of optical elements), knowing these parameters at any location gives access to the full description of the beam at any other point.

Generate SIMION particles file

A Python program (details in appendix C) is used to generate a set of particles following the statistical distributions given by the emittance ε and Twiss parameters α, β. Each particle is generated from a multivariate Gaussian from the mean vector M, and sigma matrix S (eq. (3.7)) at a given point P1 where all these parameters are known. Where y 0 , z 0 is the mean position and dy /dx, dz /dx the mean angles at P1 (all set to 0 in our case). t 0 is the mean time-of-flight (set arbitrarily to 100 µs at generation point, because SIMION does not support negative TOF) and p 0 is the mean momentum. The γ parameter is determined from the relation with the two other Twiss parameters: γ = 1+α 2 β . The position and angular dispersion functions dy, dz and dp y , dp z add some correlations between all the terms (except with TOF). The parameters of the sigma matrix are given at x = -4009 mm by the previous ELENA model (Table 3.2). The two last parameters σ p (momentum spread) and σ t (bunch length) are taken for ELENA measurements (Table 3.1).

M =         y 0 dy /dx z 0 dz /dx t 0 p 0         ( 
The generation point of the particles in the simulation was chosen to be the handover point with ELENA, on the downstream side of the valve to our experiment (x=-6680 mm in GBAR reference frame). The particles data is stored in a .ION file (see section 3.1.1) to be read by SIMION. The 100 keV p beam generated with 10000 particles is loaded in SIMION and perfectly match the ELENA model when no optical elements are used (see fig. 3.10). However, some discrepancies are observed with the MCP images.

Comparison with experimental antiproton beam

Without deceleration, the ELENA p beam can be observed in the 3 first MCPs of the antiproton line MCP-p1, MCP-p2 and MCP-p3 (see fig. 3

.9).

The beam appears larger than predicted in both axes, on the 3 MCPs (see fig. 3.10), even if it still fits with SEM measurements. The best hypothesis is that the actual p beam produces a lot of secondary particles that trigger neighboring channels on the MCP, broadening the signal that appears larger on the screen due to the thickness of the MCP. 

Deceleration of antiprotons using a pulsed high-voltage drift tube

For the experiments of the AD hall (see section 1.2.3), the 5.3 MeV beam from the AD, and now the 100 keV p beam from ELENA is still too energetic for their final studies. Most of these experiments use a degrader foil to get low-energy p, with a major drawback: a large part of the particles are lost in the material and the resulting beam may have a large energy dispersion [START_REF] Nordlund | Large nuclear scattering effects in antiproton transmission through polymer and metal-coated foils[END_REF].

The GBAR scheme requires a dense beam of p at the center of the reaction chamber to mix optimally with positronium and eventually produce an antihydrogen ion H

+ . Therefore, a linear decelerator was installed at the entrance of the GBAR area to produce a low energy p beam with good efficiency.

Principle and simulation

The idea of the pulsed drift decelerator is to slow down antiprotons that enter into the tube high potential, and switch down this potential to ground while particles are inside to prevent their re-acceleration at the exit. The concepts are detailed in Chapter 4.

There are a few variables to adjust for an optimal deceleration:

• Voltage of the drift tube before switching: defines the energy of the beam after deceleration. Here we set the potential to -94 kV to decelerate 100 keV antiprotons to 100 -94 = 6 keV.

• Voltages of the 5 "pre-deceleration" electrodes V1, V2, V3, V4 and V5 (the first electrode V0 is grounded). They are used to compensate for the strong focusing effect induced by the entrance of the tube.

• Timing of the HV switch. The delay from the ELENA trigger signal to the switch of the drift tube to ground has to be precisely tuned to optimize the deceleration of all the particles of the beam.

In this chapter we present the SIMION simulations of the setup. For development and hardware results of the decelerator see Chapter 4.

Pre-deceleration electrodes

Until 2021, the settings used on decelerator electrodes were V1=-20 kV; V2=-70 kV; V3=-20 kV; V4=-40 kV and V5=-60 kV (from results in [START_REF] Husson | Deceleration of antiprotons from CERN's ELENA synchrotron and transport of antimatter beams through the GBAR experiment[END_REF] and experimental work). This was meant to compensate for the drift tube focusing effect with the first triplet V0/V1/V2 and to create a smooth potential ramp with the second triplet V3/V4/V5 to minimize the strong gradient when entering the tube.

During this thesis, we tried another solution, using only V1=-57.5 kV as an Einzel Lens to focus on the focal point of the optical system formed by the drift tube entrance (Figure 3.11). Thus the particles are expected to leave the tube in a parallel beam, as in an optical telescope. To compare the efficiency of these two configurations, we run simulations with the same set of 10000 p (generated as in section 3.2) and we observe the characteristics of the beam after deceleration for both solutions. EL out is set to 0 V in these simulations, and the switch timing is adjusted in such a way that a single 100 keV particle on the axis is decelerated to the exact same energy. The value of V1 in telescope configuration was chosen to minimize the divergence of the beam after deceleration. The resulting kinetic energy distributions are almost identical (Figure 3.12a). A Gaussian fit with a mean of 6014 eV and a σ = 204 eV is a good description of both distributions. The beam size and divergence at the same plane (x=-4385 mm in GBAR reference frame, at the exit of the decelerator) are even smaller for the telescope configuration (see fig. The telescope configuration, with V1=-57.5 kV and V2 to V5 at 0 V, was chosen for 2022 beamtime. This solution solves some technical challenges, with only a single electrode that has to hold high voltage besides the drift tube.

Likewise, during the last refurbishing of the decelerator setup in 2023, we decided to remove the second triplet of electrodes V3/V4/V5 and directly ground V2 inside the vacuum chamber (see section 4.3). This reduces the complexity of the system, lowering the risk of vacuum leaking feedthroughs, bad connections, misalignment, etc. Removing V5 changes the field lines at the entrance of the tube. The same simulations have been performed that do not show any significant deviations from the telescope solution with all other electrodes at ground.

Switch timing

The correspondence between "SIMION time" (where t0 is the generation of the particles) and "experimental time" where t0 is the ELENA trigger, is made from the timing of the 100 keV beam in MCP-p2. Thus the value set on the delay generator experimentally can be directly tested in SIMION.

By scanning this delay for HV switching with the same set of particles in SIMION, we can optimize the energy distribution of the decelerated beam. The τ = RC constant for drift tube fall time is set to 20 ns. Figure 3.13 shows the center and sigma of fitted energy distribution of particles at the exit of the decelerator (in telescope configuration). We note that the deceleration is rather stable between delays of 4.34 µs and 4.36 µs. This is thanks to the short bunch rotated beam, well contained inside the 450 mm drift tube, and with a fast fall time to ground. Otherwise, we would have some particles that would be re-accelerated or non-decelerated (see section 4.2.3). 

Compute low-energy antiprotons trajectories through GBAR

2022 Antiproton beam line layout

During 2022 beamtime, the p-trap was not ready to operate in its final position between the decelerator and the reaction chamber. It was moved to the end of the Ion Line, after the switchyard, for first tests. Thus, a simple transfer line has been built as a replacement, following transport simulations performed within SIMION. It is composed of two EL and a steerer to efficiently guide the decelerated beam to the reaction chamber (fig. 3.15). At this point, we expect some neutral H to be formed and continue their trajectory without being affected by any field. Thus, all the optical elements downstream are only to transport the remaining antiprotons, either to limit their annihilations close to our detectors or for other uses (p-trap at the end of the line) or re-uses (idea of an "antiproton recycler" to accumulate more particles per cycle). For instance, the switchyard (section 2.5.2) should bend the remaining particles to the ion line at 35 • .

Figure 3.16 : XY SIMION cut view of the reaction chamber and switchyard

The geometrical acceptance of the neutral H beam produced is limited by the aperture of the Ly-α setup (20 mm, see section 2.5.1) installed between the reaction chamber and the H detector (MCP-p5). Again a highly focused beam on target with low divergence (i.e. with a low emittance) is crucial to get a good transmission efficiency downstream of the reaction chamber.

A few steerer plates are placed all along the p line to guide the beam and compensate for the effect of the stray magnetic field from the e + HFT (section 3.5).

5 MCPs (see section 3.1.3) allow for imaging the p beam at regular locations in the line, to help experimental tuning and steering of the beam. The MCP-p5 is used as a detector for H atoms in the data-taking scheme (see Chapter 5).

Guiding voltages optimization

An example with EL out

The Einzel lens placed at the exit of the decelerator (so-called "EL out") can be used to focus the beam inside the low-diameter (21 mm) trapping electrodes of the p-trap in GBAR final configuration.

However, for 2022 beamtime, since the trap is not yet installed we just want to optimize the transmission through the temporary transfer line to the reaction chamber. This line is composed of two larger EL (inner diameter = 66 mm) to transport a beam with higher emittance. Therefore the values chosen for voltage optimization are the beam size at the entrance of the next focusing element, and the divergence of the beam (we want to keep a parallel beam to limit the losses). Figure 3.17 shows the optimization scan performed on EL out voltage in SIMION. Particles characteristics are recorded at the center of the first Einzel lens of the transfer line ("TL-EL1", next focusing element after EL out). The smallest beam is obtained for V ELout = -5400 V. The next step is the optimization of the first EL of the transfer line, with all the optimal parameters found for the elements upstream. Then with the second EL, etc.

p line optimization

Likewise, we perform the same type of simulations to obtain the optimized values for the two Einzels of the transfer line (TL-EL1 and TL-EL2) -see results in Figure 3.18.

Quad-Triplet focusing on target

Once we have transported the beam up to the reaction chamber, we have to optimize the focusing on the target to mix with positronium. To achieve this, a triplet of quadrupoles (so-called "quad-triplet", see section 3.1.3) allows for a different focusing in the two directions, to maximize the number of particles that will enter the target.

To simulate the production of H and study the neutral atoms trajectories, all p that cross the plane x=0 (GBAR reference frame origin) are neutralized (set charge to 0) in SIMION.

The optimization of the quad-triplet is more complex than that of an EL since it is composed of 12 polarised electrodes. To find the voltages to apply on the quadtriplet, we use a Nelder-Mead simplex optimization [START_REF] Nelder | A simplex method for function minimization[END_REF] program from SIMION (Lua user program). We run the optimization on 3 independent variables: the value of each pair of electrodes top/bottom in each of the three quadrupoles. The value of the left and right electrodes are set to the opposite value (focusing on one axis, defocusing on the other). The simplex algorithm is configured to maximize the number of "H" that hits the MCP-p5 plane, within the 40 mm diameter. An H is defined as any particle that passes through a 5x5 mm square at x=-10 (approximate Ps cloud) and is inside a 5 mm diameter at x=26, with y > -1.5 mm (flat target collimator). All particles are neutralized at x=0. 

Compensating the ambient stray magnetic field

Any parasitic magnetic field is an additional challenge to transport the beam and focus onto the target. For instance, a 6 keV p travelling in a constant field B y = -2 G will be deflected upward (+z) by 9 mm in only a meter (and the deflection goes with the square of the distance).

In GBAR antiproton line, steerers are placed regularly in the beamline to compensate for the Earth's field, and, more significantly, for the stray field of the HFT located in positron line.

Magnetic field from HFT

The High-Field Trap installed at the end of the e + line (section 2.2.2) requires a strong 5 T field (50000 G) to efficiently accumulate positrons. It produces an important stray field in all the experimental area, especially on the antiproton line. The two components transverse to the p beam are susceptible to deflect it but hopefully the vertical field is almost null since the line is at the same height as the HFT magnet. However, the horizontal y component (parallel to e + line axis) has a significant impact and tends to deflect the antiprotons first downwards and then stronger upwards in the reaction chamber area.

To reduce the field in the reaction chamber, where the steering needs to be the most precise and where the field is the strongest because closer to the HFT, iron plates have been placed all around the chamber. This is sometimes referred to as the "blue box shielding" because of the color of the plates. In addition, iron bars were added in 2022 all around the HFT magnet as an additional return yoke, reducing this parasitic field by about 50%. The remanent B y field is now about 2 G in the reaction chamber (see fig. 3

.19).

The antiproton trap which is planned to be installed between the decelerator and the reaction chamber (see section 2.3.3) also uses a 5 T field. However it is actively shielded with additional coils, so the stray field is really limited. The effect of this magnet on the transport is negligible in the current configuration.

Field map from COMSOL & experimental corrections

A magnetic field map corresponding to the stray field of the HFT has been computed in COMSOL by Pascal Debu. This model includes the magnetic shielding around the reaction chamber, the iron bars around the magnet, and the additional coils used to guide positrons.

We measured the magnetic field experimentally on some points along the p line to correct the field from COMSOL. These corrections are mainly from Earth field and a remanent field of about 1 G opposite to the HFT inside the blue box shielding. A 2D map xy is extracted from COMSOL and implemented in SIMION with the previous corrections (Figure 3.19). This approach is kind of a distortion of SIMION principles and one might get warning messages, but this is now the recommended approach by one of the developers of SIMION. The old technique was similar, using an empty PA and a Lua program to load the field from specially formatted csv files. But this new technique has several advantages, especially when the field map starts to be large: the execution is way much faster, the files are way much lighter, and the convention is clearer and more human-readable (so easier to check).

Steering in the antiproton line

The optimization of steering in SIMION is achieved by simulating the trajectory of a single 100 keV p generated on the axis. This is assumed to represent the core of the beam, and so particles in the beam are expected to be approximately evenly distributed around this average trajectory.

Opposite plates are set to opposite voltages. For instance, if one wants to deflect a p upward, a voltage +V will be applied on the top plate, while the bottom plate will be set to -V. Simulations demonstrated that this solution produces less beam deformation than applying the voltage on only one of the plates while letting the other at ground.

For each steerer, the voltage value is optimized in order that the p pass at the center of the next focusing element. In the ideal case, focusing elements such as Einzel lenses should not deflect the center of the beam (if the beam is on the edge, the Einzel will have a strong steering effect). This optimization is repeated for both vertical and horizontal axes.

The two last steerers before the target ("QB-Steerer" and "QT-Steerer") are finally fine-tuned to correct the angle on target while keeping the position y=0 and z=0. Indeed, at target position (x=0), the beam trajectory has to fulfill two conditions: pass through the center of reaction chamber to meet with the positronium cloud, and be on a zero tangent with respect to the antiproton line axis. This way, neutral antiatoms formed at this position will be directed straight to the detection MCP 1.7 m downstream. Antiprotons that did not react are still bent by the magnetic field and one had to correct their trajectory with "RCout-Steerer" to observe them at the center of MCP-p5. Note that for every focusing setting, the optimal steering settings may be different since the focusing elements also have a steering effect on particles that are not perfectly on the axis.

Steering for simulation optimized solution

About steering optimizations

The simulation is efficient to describe the effect of focusing elements or relative deviations induced by steerers. However, it is difficult to directly apply experimentally the steering values found in SIMION and vice versa. Indeed, any small change in initial angle (ELENA settings), alignment, voltage, etc. may induce a large change in the path of the particle, if the trajectory is going through the edge of an EL for example.

Then when we want to estimate with the simulation the efficiency of a focusing setting found experimentally, we do not use the experimental values found for steerers. We use specific settings compatible with the simulation to optimize the angle in target for the given focusing voltages (see Figure 3.22 for 2022 experimental settings).

Simulated transmission efficiency along the antiproton line

Optimized settings

We run a set of 10000 p in SIMION with optimized focusing settings found in section 3.4 (values in fig. 3.18) and steering settings found in section 3.5 (values in fig. 3.20). We obtain the transmission efficiency along the line displayed in table 3.3.

The flat target collimator is a 5 mm diameter hole with a vertical cut on the right, at y=-1.5 mm, corresponding to the position of the flat target. With these optimized settings, we expect to have up to 41% of the p from ELENA capable of producing an H atom that will hit the MCP-p5. The geometrical acceptance of the MCP located 1664 mm downstream of the 5 mm collimator is about 68%.

2022 experimental settings

In parallel to simulations, experimental tuning of the beam has been achieved for the antiproton line. Some values have been first tested from the results of the simulation, and then fine-tuned with experimental observations. The main characteristics that are observable and optimized during experimental beam tuning are the beam size and position in the different MCPs, and the signal collected from the multiple scintillators placed along the line. From the position of these detectors and the time distribution of the signal obtained, we can estimate the positions where antiprotons are annihilating. Thus the objective of the beam tuning work was to reduce these annihilation peaks (we assume that fewer annihilations means that more particles are going through the obstacle, this can be confirmed by another peak downstream in the line). The experimental value of steerer RCout in fig. 3.22 is set to ±500 V to annihilate all antiprotons in the reaction chamber during H search in 2022 (see section 5.2.1). One can note that the value of Steerer QT, just before the target, is much larger in experimental values than the one found in the simulation. This was the hint for a spurious deviation in the reaction chamber (see section 5.4.1).

Expected transmission efficiency with 2022 experimental settings

We run the same set of 10000 particles as in section 3.6.1, but with experimental focusing settings (fig. The simulation results shown in table 3.4 are the expected transmission efficiencies during 2022 beamtime and data taking for H search (see chapter 5).

With this configuration, we expect to have about 26% of the antiprotons provided by ELENA to be susceptible to produce an H atom that can be detected in MCP-p5.

According to these simulations, beam transport in the line and focusing on target can be improved to get up to +58% more H detectable on MCP-p5. Antihydrogen production could also greatly improve from progress in beam quality, either from ELENA or from our beamline. For instance, simulation also demonstrated that dividing the emittance by 2 would induce an increase of +70% of H on MCP-p5 with the same present settings, or +62% if the optimized settings are used. Beam emittance is expected to be greatly reduced by the p-trap (section 2.3.3).

Conclusion

The antiproton beam was transported up to MCP-p5, where H are expected to be detected. To achieve the production of such antiatoms, the beam focusing was optimized on target, at the center of reaction chamber. Table 3.4 gives the expected transmission efficiencies during 2022 beamtime. These values are used to estimate the number of antiprotons at different points of the line during data taking (see chapter 5).

Several steerers along the line were used to correct the trajectory of the beam. The angle on target has to be in line with the beamline axis because neutral H produced continue their trajectories from that of the p in a straight line, since they are not affected by electromagnetic fields. This is why SIMION is used to simulate the different trajectories of p and H between the reaction chamber and the detection MCP, and choose the values for steerer RC out at the exit of reaction chamber.

However, the large difference in steerer QT (before target) settings between experimental and simulation values (fig. 3.22) pointed out the existence of an additional deflection in reaction chamber. This issue is discussed in section 5.4.1.

Separating antiprotons from neutral antihydrogen

The electrostatic switchyard at the end of the antiproton line is used to sort the differently charged species produced in the reaction chamber (see section 2.5.2).

The first design study of the switchyard was performed assuming an angle of 30 • between the p line and the ion line [START_REF] Husson | Deceleration of antiprotons from CERN's ELENA synchrotron and transport of antimatter beams through the GBAR experiment[END_REF].

The switchyard is now installed in the experimental area with the ion line at 35 • . Therefore the geometry was revised in SIMION and implemented within the simulation of the whole line. The optimal voltage scales linearly with the beam energy. For instance, to deflect a 6.1 keV p by 35 

Motivation & Principle

Why use a decelerator ?

CERN provides 100 keV antiprotons to GBAR via the ELENA ring. This beam is still too energetic for low-energy antimatter experiments. For instance, the crosssection for the production of antihydrogen from positronium is highly reduced as the energy increases. Most of the collaborations in the AD hall were using degrader foils to reduce the 5.3 MeV beam energy from the AD. Since their connection to ELENA during LS2, they were able to use thinner foils to improve the transmission efficiency and continue using p of a few keV. However, a large part of the particles are still lost, and the resulting low-energy beam has a large energy dispersion [START_REF] Nordlund | Large nuclear scattering effects in antiproton transmission through polymer and metal-coated foils[END_REF]. To be able to produce antihydrogen ions, the GBAR scheme requires a high number of p and e + in the reaction chamber, hence a very high efficiency. This is why a linear pulsed drift tube decelerator was developed at the entrance of GBAR to further decelerate the 100 keV p from ELENA to energies below 10 keV.

GBAR was the first experiment to test this type of device. The newly installed PUMA experiment (see section 1.2.3) reproduced this principle to decelerate the antiprotons before trapping them (first tests were performed in 2022 [START_REF] Oliver | SPSC report on the activities of[END_REF]).

Principle of a pulsed drift tube decelerator

Let's consider that we want to decelerate an antiproton beam from 100 keV to 1 keV. The main component of the decelerator is a Drift Tube held at -94 kV before particles arrive. The negatively charged p beam is slowed down entering this potential. The effective p energy is then 100 -94 = 6 keV inside the uniform -94 kV potential of the tube. However, if particles continue their path, they will eventually exit the potential and be re-accelerated by the electrostatic gradient at the exit of the tube.

To avoid this, one could either: place all the experiment at high voltage to keep particles in a uniformly high potential (adds a lot of technical complexity and is incompatible with some other elements); or switch down the potential to ground when particles are in the field-free region. Provided this can be achieved during the time of flight inside the tube, the antiprotons do not experience any re-accelerating gradient when leaving it and one can then benefit from a 6 keV beam downstream. Drift tubes are commonly used in linear accelerators, usually with oscillating fields to accelerate successive bunches. The principle is analogous to decelerators but, in this case, the voltage is raised when particles are inside so that they are accelerated when leaving the tube. Using a series of tubes with increasing lengths, it is possible to accelerate particles to high energies. This technique is still largely used in recent linear accelerators such as the LINAC4 at CERN [START_REF] Vretenar | Linac4 design report[END_REF], which is the starting point of protons ending up in the LHC.

The use of a pulsed drift tube for deceleration comes with additional challenges compared to accelerators. The beam is only decelerated along the tube axis while the transverse velocity is conserved. Thus, the beam emittance is increased. For example, when decelerating a beam from 100 keV to 1 keV, the emittance is multiplied by 10. This prevents the option of having long series of decelerating tubes as done for accelerators since beam deceleration requires some focusing and cooling to reduce the emittance blow-up.

The ISOLTRAP experiment developed a beamline to trap and decelerate radioactive ion beams from the ISOLDE facility at CERN, from 60 keV to 2.5 keV [START_REF] Herfurth | A linear radiofrequency ion trap for accumulation, bunching, and emittance improvement of radioactive ion beams[END_REF]. The ions are first trapped in a Paul trap using a buffer gas for cooling (section 2.2.2).

The whole system is placed on a High-Voltage platform, in such a way that ions are slowed down when entering the platform, and thus ions can be trapped at low energy. The beam is cooled in the trap and extracted with low emittance. There, the beam enters a pulsed cavity which is switched to ground when particles are inside, preventing a re-acceleration of the beam when leaving the platform. This design has the advantage to fix the issue of emittance increase by directly cooling the beam at high voltage. However, it requires to be able to achieve trapping and cooling at high voltage, but usual buffer-gas cooling cannot be used for antiprotons.

For GBAR it was decided to use a simple pulsed drift tube and cool the resulting low-energy beam afterward downstream in the p-trap (section 2.3.3). The beam provided by ELENA has a lower emittance than the ISOLDE beam, but the final beam quality requirement for GBAR is also higher (focus through a 1x1 mm large and 20 mm long cavity).

Original design

The first design proposed for the GBAR antiproton decelerator was inspired by the ISOLDE scheme. In this configuration, the Drift Tube is placed in between a static electrode at -99 kV (similar to the HV platform of ISOLTRAP) and a grounded electrode downstream. Particles are already at low energy when entering the tube, which is switched to ground before they leave [START_REF] Lunney | Beam preparation for studying the gravitational behavior of antimatter at rest (GBAR)[END_REF]. This design requires handling two different electrodes at voltages close to 100 kV which is already a technical challenge for each one. Indeed, the main challenge of the decelerator device is to hold a negative voltage of 100 kV with limited leakage current (see section 4.2).

Then, the decelerator was developed at CNRS (Orsay) and the new design was first described in 2016 in [START_REF] Husson | An antiproton deceleration device for the GBAR experiment at CERN[END_REF]. The 400 mm long Drift Tube is surrounded by 6 cylindrical electrodes upstream and an Einzel lens downstream (fig. The group of six electrodes before the tube is divided into 2 identical triplets. The idea was to use the first triplet as an Einzel lens to compensate for the strong focusing effect induced by the tube entrance, and the second one to create a smooth potential ramp to minimize this strong gradient when entering the tube (fig. 4.3). 

High voltage switch

The Drift Tube should be connected to a fast high-voltage switch in order to transition from almost 100 kV to 0 V in a few ns while particles are still inside the tube. Two different schemes were considered in A.Husson Ph.D. thesis [START_REF] Husson | Deceleration of antiprotons from CERN's ELENA synchrotron and transport of antimatter beams through the GBAR experiment[END_REF]: one with a single switch (Behlke HTS 1501-20-LC2) and another one with a push-pull switch (Behlke HTS 1401-20-GSM) (see fig. 4.4). The original idea was to first test and commission the decelerator with the single switch before changing for the push-pull switch to be able to switch from -49 kV to +50 kV and implement techniques such as rebunching and time-focus [START_REF] Husson | Deceleration of antiprotons from CERN's ELENA synchrotron and transport of antimatter beams through the GBAR experiment[END_REF][START_REF] Cooke | Enhanced anti-hydrogen ion production[END_REF].

The power supply is a Spellman SL100PN150 set in negative charge, which can deliver 100 kV and 1.5 mA. A 1 GΩ resistor is installed in series to limit the current when the switch is closed to ground (1 mA current for 100 kV on the resistor) and increase the drift tube re-polarizing rise time in order to limit corona effects (see section 4.2). The major drawback discovered afterward is that this causes the system to be highly sensitive to any leakage current fluctuations, i.e. 1 µA of current results in 1 kV drop on the actual drift tube voltage, hence the beam energy (section 4.2).

Another resistor is placed on the drift tube side to avoid exceeding the limit of 150 A set by Behlke in the switch data sheet when discharging the tube. The value for this resistor has been chosen to the limit of 1 kΩ to avoid increasing Drift Tube fall time. This resistor was later found to be useless since the current is going through the switch for only a very short time. A last resistor of 120 Ω is installed to match the switch impedance and stray capacitance [START_REF] Husson | Deceleration of antiprotons from CERN's ELENA synchrotron and transport of antimatter beams through the GBAR experiment[END_REF][START_REF] Husson | A pulsed high-voltage decelerator system to deliver lowenergy antiprotons[END_REF]. 

First tests

The decelerator was first mounted and tested in Orsay with a 50 keV beam [START_REF] Husson | An antiproton deceleration device for the GBAR experiment at CERN[END_REF]. It was installed at CERN in June 2017 just upstream the reaction chamber, and connected to ELENA. After some vacuum improvements, GBAR received its first antiprotons from CERN in 2018. However, the beam was unstable and not well understood by the ELENA team. Despite this, the first imperfect decelerations of a p beam to 8 keV were performed in GBAR before LS2, with an estimated efficiency of about 25% reaching the reaction chamber just after the decelerator [START_REF] Husson | A pulsed high-voltage decelerator system to deliver lowenergy antiprotons[END_REF], although this beam was not effectively usable to be transported and focused on the Ps target.

In 2020 the apparatus was moved upstream to the ELENA wall in order to leave space for future installation of the p-trap between the decelerator and reaction chamber (see section 2.3.3). The discussion below focuses mainly on the issues encountered and improvements made to the system since 2020 (beginning of this PhD work).

Problems encountered with first version(s)

or "What you should avoid in your vacuum HV system"

Vacuum issues

The pressure in the ELENA ring is maintained below 10 -11 mbar. This is essential to limit beam losses due to interactions with the rest gas. As the decelerator is installed at the entrance of GBAR, a very low pressure is required inside the vacuum chambers to avoid polluting the ELENA ring. Any incident with a sudden pressure rise could take weeks to recover. Therefore some "fast valves" are installed in the ELENA extraction line to GBAR (LNE50 line), which can quickly close if the pressure goes above a defined threshold. In addition, the vacuum system of the decelerator is subject to strict rules and designed in agreement with CERN vacuum teams.

Vacuum improvements in the decelerator chambers

When first installed, the stainless steel drift tube was supported by two plain PEEK (PolyEtherEtherKetone) disks. This insulator material had a long outgassing time constant and thus prevented from reaching ultra-high vacuum (UHV) levels. It was then replaced by a ceramic cradle (made of MACOR ® ), with holes in order to reduce the material area that may outgass [START_REF] Husson | Deceleration of antiprotons from CERN's ELENA synchrotron and transport of antimatter beams through the GBAR experiment[END_REF].

In 2020, with the drift tube at constant high voltage (above 90 kV), we had a high number of sparks that "burnt" and vaporized some elements resulting in large pressure peaks under vacuum. This regularly triggered the ELENA fast valve, preventing a smooth continuous operation of the decelerator.

Several changes have been made to improve the vacuum level and limit the rate of pressure peaks. First, the ceramic cradle supporting the drift tube has been replaced by thin MACOR ® rods, to again reduce material area (this choice was also motivated by high voltage consideration, see next section). The running scheme of the decelerator was also changed to limit the time when the drift tube is at high voltage. The basic pattern for the deceleration is usually the tube holding highvoltage until particles arrive. At this moment the HV switch closes to ground and the tube is depolarized, before being loaded again just after the particles left. In the new scenario, the drift tube is always at ground and is loaded only 3 s before the deceleration (early trigger from ELENA) where it goes back to 0 V. Thus, the tube experience high voltage only 3 s every ELENA cycle (16 s with H -, 110 s for the p). The high voltage time where sparks can occur is greatly reduced. Today, after the multiple improvements achieved during the last years, the vacuum in the decelerator is better than 10 -10 mbar. Another side of improving vacuum is the reduction of leakage current at high voltage that may cause some outgassing and pressure peaks.

Leakage current

Conditioning and operation of positive high voltage systems are well known and widely developed. The use of negative polarization with voltages as high as 100 kV is much rarer (if not unique to GBAR). Except for the corona discharges outside vacuum chambers, all following current sources were not observed when conditioning the drift tube with positive voltage (0 µA at 100 kV when applying +100 kV).

The "high-voltage conditioning" is a usual process that has to be carried out when working with high field strengths in vacuum. When voltage is applied on a new surface, some microscopic imperfections may produce localized field enhancements that start to emit electrons. This highly localized current can cause a rapid overheating of the microscopic tip, which may eventually explode producing a plume of vapor that is ionized and can cause breakdown [START_REF] Faircloth | Technological Aspects: High Voltage[END_REF].

In practice, conditioning is the operation of slowly increasing the voltage until some discharges happen. This should progressively polish the surface by selfvaporizing the microscopic tips. Each spark results in current spikes and pressure peaks. If the system starts to produce more and more discharges of higher and higher intensity, it is better to slightly reduce the voltage and wait for conditioning at this level. Once no sparks are observed anymore, one can slowly raise the voltage again until the next discharges zone. This is repeated until the desired working voltage is reached. When shutting down the voltage and then going back to already conditioned voltage zones, the electrode should hold high voltage with no sparks. It is recommended to condition the electrodes slightly above the working voltage, to greatly reduce the rate of remaining sparks during nominal operation.

The conditioning is, and must remain, a long operation. If the voltage is increased too fast, the important discharges can create new irregularities instead of polishing the surface. This would have a detrimental effect on the leakage current, and the tracks formed may be irreversible on certain surfaces.

In addition to current spikes, one could observe a small continuous current that may rise slowly until eventually creates a discharge and falls to 0 µA, or remain stable for a long period. The causes of such current can be difficult to identify. Discharges activity is susceptible to produce X-rays by bremsstrahlung effect [START_REF] Faircloth | Technological Aspects: High Voltage[END_REF][START_REF] West | An underappreciated radiation hazard from high voltage electrodes in vacuum[END_REF]. Using a NaI crystal detector from outside the chamber, we were able to identify the position of some field emission around the drift tube.

Why is leakage current a problem?

After the pressure peaks have disappeared, the small remaining current in vacuum causes only a slight increase in pressure, while the leakage current drawn outside the chamber has no effect on pressure. However, the HV switch setup includes some high-value resistor between the power supply and the drift tube. Thus, if we have a 1 GΩ resistor and 1 µA of current, when we apply 100 kV with the power supply, the actual voltage on the tube is 100 kV -(1 GΩ * 1 µA) = 90 kV. Thus 100 keV p could be decelerated only to 10 keV at best. Then only a few µA of current prevent operation of the decelerator. One could think of increasing the initial voltage setpoint on the power supply to finally reach the desired voltage on the electrode. This is not possible for two main reasons: the Spellman SL100PN150 power supply connected to the drift tube can only generate 100 kV, and increasing the voltage would anyway result in increasing the current as well. At some point, the increase in voltage can even be detrimental since it is overcompensated by the increase in current, resulting in a higher voltage loss.

To reduce this voltage loss, the 1 GΩ resistance was replaced by progressively lower resistor values: 200 MΩ, 100 MΩ, and finally 5 MΩ. With this resistance, the power supply would need a 20 mA current to maintain a constant 100 kV voltage when the switch is closed to ground. The opposite scheme was actually chosen: a current limit of 100 µA is set on the power supply. Thus, when the switch is closed, the power supply is limited at 100 µA with a voltage of 100 µA * 5 MΩ = 500 V. 3 s before the bunch, the switch is opened and the tube is charged as the power supply rises its voltage to the setpoint (the voltage ramp on the power supply may be limited by its own current limit with the load current). After the bunch deceleration, the switch is closed again and the current limit constrains again the voltage on the power supply. This scheme also enables to set a low current limit, hence protecting the system from large discharges (such a big spark shortened the end of 2021 beamtime, it was not possible to operate over 80 kV without having mA currents).

In 2022, after major problems were fixed, the leakage current slowly oscillates between 7 µA and 50 µA throughout the year (see fig. 4.16). The use of a lower resistor is also a big improvement in beam stability. It greatly reduces the effect of current fluctuations, which lead to variations in voltage drop and, in the end, fluctuations in beam energy.

Even after the current spikes disappeared during conditioning, a remaining leakage current between 0 µA and 50 µA was still there with some slow oscillations. Sometimes it ended in sudden drops to 0 µA as one should expect from normal conditioning, but other times some "anti-conditioning" behaviour was observed with current continuing to increase endlessly. Therefore, it was decided to keep the running scheme with HV on the drift tube only 3 s per cycle to limit these detrimental effects.

Corona discharge

Corona discharge is a phenomenon that may happen in the air in a high-field region. Such points are usually due to a tip (sharp edge) on an electrode producing localized field enhancement. When the strength of the field exceeds a critical value, the gas around is ionized and initiates an electron avalanche between the electrode and the ground [START_REF] Faircloth | Technological Aspects: High Voltage[END_REF]. Once the discharge is triggered, the phenomenon is self-maintained, until decreasing the voltage below another value, lower than the voltage needed to initiate it. The corona effect cannot be suppressed with conditioning, it can conversely increase with time.

Corona discharges were occasionally observed in GBAR decelerator setup, with both polarities. This can be identified with the current increase on the power supply uncorrelated from any pressure rise in vacuum, the noise produced by the discharges, or with more effort, by the light emitted visible when shielding the area from the AD hall lighting. The corona effect usually occurs above 80 kV and was found to be highly dependent on weather conditions. 

Insulator surfaces

Insulators are the more sensitive part of a high-voltage system. Insulating supports are necessary to hold HV electrodes away from the chamber walls or any grounded surface. But even if the dielectric strength of an insulator is high, its surface is an ideal place for discharges to propagate because electrons can be ionized at the interface [START_REF] Faircloth | Technological Aspects: High Voltage[END_REF]. In addition, for some material, if a large discharge occurs on the solid insulator, it can create tracks that will just continue self-build up with increasing leakage current and can be irreversible.

Consequently, their design should be carefully thought in order to avoid any voltage breakdown (see next sections). In addition, some precautions must be taken during the installation. For instance, we tend to store any element intended to be in vacuum in aluminum foil, including insulators. This can leave some traces on the surface which will reduce the effective length of the insulating part, and favor discharges on the surface.

In general, any irregularity should be avoided to prevent localized field enhancement. During the 2022 refurbishing, the drift tube was polished and the ceramic support feet were sand-blasted (polishing and cleaning).

Voids in insulators

Having some voids in an insulator can create a localized field enhancement due to the sudden change of permittivity, and thus partial discharges [START_REF] Faircloth | Technological Aspects: High Voltage[END_REF]. It can be explained by analogy with a capacitive voltage divider (fig. 4.6a, fig. 4.6b). The field between the insulator and the electrode is actually increased, which makes it more prone to discharges.

The ceramic cradle design for the drift tube contained such holes (fig. 4.6e). They were used to install adjustment screws for the tube alignment and reduce insulator area compared to previous PEEK plain disks, for vacuum considerations [START_REF] Husson | Deceleration of antiprotons from CERN's ELENA synchrotron and transport of antimatter beams through the GBAR experiment[END_REF]. The design support for the two first triplets of electrodes upstream also included some holes for screw ventilation for instance (fig. 4.6c, fig. 4

.6d).

These insulators were replaced in 2021 with a new uniform design with Macor ® feet (fig. 4.7b). Concerning the decelerator, this change was also motivated by the will of reducing insulating areas that were suspected to charge up and deflect the beam during H -beamtime in 2020. This new light design was made possible thanks to a change of drift tube material from heavy stainless steel to aluminum (see section 4.2.3).

During 2021 operation, it was suggested that the new ceramic rods had some cracks inside (due to strong constraints during installation, alignment, etc.). This would create some voids in the insulator and then generate partial discharges. These rods have been extensively tested during early 2022 refurbishing, and no clear evidence of such cracks has been found. The new insulating supports have been tested before being installed for 2022 beamtime.

In 2021, the feet were tightened using metallic screws inside the rods. Considering that it constitutes a conductive tip in high voltage, in addition to reducing the actual length of insulation inside the ceramic, it was replaced by Macor ® screws in 2022. Having the same material for the support and the screw is a good thing to do in order to avoid permittivity changes, and so an effect similar to voids. However, these Macor ® screws were too fragile and broke during the installation. Therefore it was not possible to precisely align the drift tube for 2022, and it was finally replaced by PEEK screws in early 2023. "The triple junction effect is a localized geometric field enhancement caused when insulators of two different permittivity meet at an electrode" [START_REF] Faircloth | Technological Aspects: High Voltage[END_REF]. This effect cannot be completely suppressed because, at the contact between the electrode and its insulating support, the surface is never perfectly flat (fig. 4.7a). Thus there is a triple junction between the conductive electrode, the insulator, and the insulating vacuum. 

Ion pumps

In order to reach UHV pressure level in the decelerator chambers, a large ion getter pump was installed below (Agilent VacIon Plus 300). The ion pumps do not directly pump the rest gas but sputter a metal getter that will pump and improve the vacuum (getters are chemical material deposits that adsorb molecules from the rest gas). This type of pump is known to release a lot of unwanted particles that may interfere with the experiments [START_REF] Partanen | High voltage conditioning of the electrostatic deflector of MARA. Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms[END_REF]. It is possible to shield the pump from the rest of the vacuum chambers but it is imperfect and reduces the pumping power.

The ion pump installed below the GBAR decelerator was found to be the source of the largest leakage current observed on the drift tube. Some tests demonstrated that when turning on the pump, current could suddenly rise to ∼ 100 µA and continue rising if not stopped. Our hypothesis is that some elements may have been deposited on the insulators, which favored discharges. There is both a short-term (when ion pump is turned on) and long-term effect since the deposit can stay once sputtered inside the chamber. This pump was replaced in early 2022 by a NEG pump (Non-Evaporable Getter), which uses the same principle of getters but without the drawback of uncontrolled sputtering within the chambers. A small ion pump is included behind the NEG to pump the gases that are not reacting with the NEG. To be on the safe side, we chose to turn it off and pump the remaining gas with a turbomolecular pump downstream in this line (this pump also replaced a second ion pump).

Leakage current in HV switch

The last source of current is in the HV switch unit itself. When the switch is opened (high voltage on the drift tube), there may be a constant leakage current < 20 µA according to Behlke's data sheet. The minimum current observed on our switch was 7 µA (can be identified when there is no corona discharge and no effect on pressure or simply by connecting the switch alone).

Improvements on deceleration timing and efficiency

The timing of the HV switching is crucial for achieving good deceleration efficiency. If the voltage is switched to ground when particles are not yet completely in the uniform high potential region at the center of the drift tube, they will not be slowed down as much as wanted ("early" curve on fig. 4.8). Conversely, if the high voltage is switched, once the particles are already at the exit of the tube, they will be partially re-accelerated before the switching is completed ("late" curve on fig. There are a few reasons that may cause this situation to arise:

• Timing jitter on the trigger: In 2020, during first deceleration tests with H -ions, there were about 20 ns (standard deviation) of time jitter on the signal that is used to indicates that a bunch is arriving from ELENA. Thus sometimes, a portion of the particles was not fully decelerated, and other times the early particles in the bunch were partially re-accelerated. This was improved by the ELENA team, and the time jitter on the trigger is now around 4 ns.

• The bunch is too long: If the bunch of particles is too long and the switch timing is correctly set for the center, then the first particles will be re-accelerated while, at the same time, the last particles will not be completely slowed down. The bunch length is particularly important if the time The nominal design value for p bunch length in ELENA is 75 ns σ. SIMION simulations demonstrated that this value was at the limit for the deceleration in our drift tube, requiring perfect timing to have the highest deceleration efficiency. At the end of 2021 beamtime, the ELENA team tested "bunch rotation" (see section 3.2), which was finally fully implemented in 2022 [START_REF] Ponce | ELENA -from commissioning to operation[END_REF]. Bunch rotation allowed shortening the p bunches to about 40 ns σ, but as a side-effect, the energy spread was doubled.

• The drift tube is too short: Following the same idea as the bunch length, the tube length is also important to ensure that all particles are well contained inside when switching. The longer the tube, the more uniform the potential inside.

The original decelerator design included a 400 mm long stainless steel tube.

Considering the position of the neighbouring electrodes and the size of the chamber, it was replaced by a lighter 450 mm aluminum tube during 2021 refurbishing. This change also enabled the use of thinner insulating supports.

• Switching time constant: The last parameter is the fall time of the drift tube voltage when switch is closed. It can be modeled as a Resistor-Capacitor circuit; thus the fall time depends on the constant RC. The capacitor is defined by the tube, while the resistor is chosen when installing the HV circuit.

The initial design included a 1 kΩ resistor in addition to another 120 Ω resistor between the tube and the switch (see fig. 4.4). The tube capacitance is estimated to be around 25 pF [START_REF] Husson | Deceleration of antiprotons from CERN's ELENA synchrotron and transport of antimatter beams through the GBAR experiment[END_REF]. Thus it results in a fall time constant of 1120 Ω * 25 pF ≃ 30 ns. It was found that the 1 kΩ resistor used to limit the current going through the switch below 150 A as advised by Behlke, was not necessary because of the very short duration of the current peak. Therefore it was possible to operate without this resistance and theoretically gain about a factor of 10 in fall time.

All these changes offered more margins to correctly decelerate all the particles, thus improving the global deceleration efficiency.

NB:

The timing precision is more important for higher energies. A p at 6 keV will go through a 400 mm distance in about 400 ns, while at 1 keV it will travel the same distance in more than 900 ns. Then it is easier to switch the voltage for a low energy particle since we have "more time". Likewise, the bunch length stays constant in time, but not in longitudinal size. A 1 keV bunch is better contained in the tube than a 6 keV one. This also defines the length of the drift tube depending on the foreseen deceleration energy range and the required output energy dispersion.

Other various issues

Insulator charging up

Insulators can charge up with the beam current over several shots until a threshold is reached and a discharge happens. Then the cycle starts again. If the insulator is not shielded from the beam, it can deflect it and cause beam instabilities in addition to complicating the understanding of the beam trajectory. Large insulator surfaces as visible in fig. 4.6e have been removed from the system. It was also found that the front face of MCPs (see section 3.1.3) can cyclically charge up, resulting in apparent beam movements on the image. This was fixed by changing the biasing of the MCP: front face at ground, back and screen with a gradual positive bias (instead of negative front, back at ground, and positive screen).

HV Cables

During 2022 beamtime, we faced successive HV cable failures between the power supply and the drift tube. Current suddenly increased on the power supply up to its limit, preventing operation (short circuit). Each cable appeared to have burn marks under its plastic shielding. The cables were rated for 100 kV DC but could probably not stand the new "pulsed" running scheme for a long time. The new scheme with low current limit requires that the power supply charges up at its maximum speed when the switch opens, which is closer to an AC voltage scheme. We finally removed the shielding around the last cable and it did not fail again.

Voltage on upstream electrodes

The original scheme for the decelerator used high voltage on five of the six electrodes located just before the drift tube to focus and limit the gradient induced by the tube entrance [START_REF] Husson | Deceleration of antiprotons from CERN's ELENA synchrotron and transport of antimatter beams through the GBAR experiment[END_REF]. Nominal voltages for these electrodes were between 20 kV and 70 kV.

We faced some similar difficulties with current on these electrodes at high voltage, even if the effects were limited by the lower voltage (most of the issues start above 80 kV or 90 kV) and the lower current impact (no strong resistor and thus no voltage loss). The design of their insulators was revised at the same time as the drift tube in 2021, which improved some aspects but there was some problems remaining. For instance, it was shown that some connecting wires were too close to other electrodes.

When applying the voltage on the electrode, some current started to be drawn and voltage on the neighbouring electrode also increased. Some simulations demonstrated that we could use only V1 as an Einzel Lens, with no detrimental effect on deceleration or transmission efficiency (see section 3.3.2). As in a telescope, V1 is used to focus on the so-called "focal point" of the lens equivalent that constitutes the drift tube entrance. Thus the beam is expected to be parallel at the exit of the decelerator (not refocused because the tube is at 0 V when particles leave it). Therefore we operated with V1 at 60 kV and other electrodes at ground for 2021 and 2022 beamtimes.

Summary of decelerator commissioning and operation

After moving the decelerator next to the ELENA wall in 2020, deceleration has been first demonstrated with H -. The beam was still unstable and not ready for further transport.

Following the first experimental observations and simulation work conducted in this thesis, a first refurbishing has been performed in 2021 with major upgrades such as a new insulators design or a longer 450 mm aluminum drift tube to replace the old 400 mm stainless steel tube. First deceleration of p was achieved during the 3month beamtime. However, various problems with the HV switch and electrostatic elements on the line prevented from achieving a mixing with positronium in optimal conditions.

A new refurbishing of the drift tube was performed to reduce the source of leakage currents. A careful polishing and cleaning of all the insulators, electrodes, and supports has been performed. The screws used to bond the tube with its feet were replaced by ceramic screws to limit discharges risks inside the insulator. Unfortunately, some of these screws broke during the installation inside the chamber, preventing a precise alignment of the tube. However, the decelerator was finally operational 24/7 for several months of beamtime, with a low leakage current. It was then possible to efficiently mix with positrons and produce the first H atoms of GBAR (Chapter 5).

The decelerator was opened again in early 2023 to correct for the misalignment with new PEEK screws. This operation was also motivated by several small problems such as small vacuum leaks on HV feedthroughs, bad connections, etc. All these were partially fixed during 2022 beamtime, but it was decided to properly replace these elements that could cause bigger troubles in the future.

New revised decelerator setup

New design

SIMION simulations carried out during this thesis demonstrated that the decelerator could be operated with only V1 as a pre-focusing electrode to compensate for the strong focusing effect induced by the strong gradient at drift tube entrance (see section 3.3.2). Only the first triplet of electrodes is necessary to act as an Einzel Lens. Removing the second triplet only changes the gradient at drift tube entrance and moves the position of its focal point, and consequently the optimal voltage to apply on V1. To simplify the system and reduce the risks of misalignment, bad connections, insulator charge-up, etc., it was decided to remove this second electrode triplet and unused HV feedthroughs during 2023 refurbishing. The new scheme is illustrated in Figure 4.9. The decelerator is now operated with a 100 µA current limit on the drift tube power supply. The single switch (Behlke HTS-1501-20-LC2) is closed to ground most of the time. With the 5 MΩ resistor to the power supply, the voltage is then around 500 V.

An early trigger from ELENA is used to open the switch and load the tube 3 s before the extraction of the particles. The power supply (Spellman SL100PN150) regulates itself and reaches the high voltage setpoint (94 kV for a deceleration to 6 keV). About 10 µA is now generated by the power supply.

The switch is closed again when the bunch is well contained inside the drift tube. For a precise deceleration, a second trigger is received from ELENA and the timing is fine-tuned thanks to an additional delay generator (Standford DG645). The decelerator was previously controlled by a LabVIEW [START_REF] Elliott | National instruments LabVIEW: a programming environment for laboratory automation and measurement[END_REF] program which had some issues and was not adapted to the new running scheme. For instance, it included a feedback loop with the voltage read by the power supply, which did not work correctly when the power supply is in current limit. These issues resulted in voltage setpoint instabilities and eventually in beam fluctuations.

A new LabVIEW software was developed from scratch to control all the highvoltage power supplies of the decelerator setup (see block diagram in appendix A). All important values (voltages, currents) are logged in simple "csv" files. The current on the tube when the switch is open is detected and recorded with a higher frequency. The user is warned if the leakage current suddenly rises above the normal value or if the voltage is lower than expected. Both the voltage and current curves of each power supply can be monitored specifically.

Characterisation tests and results

Demonstration of decelerator operation

The p beam is delivered at 100 keV by ELENA with a precise trigger to indicate that the beam is going to be extracted. This signal is delayed with an adjustable delay generator to fine-tune the HV switch timing. The beam is focused by the first triplet of electrodes V0/V1/V2, forming an Einzel Lens with V1 at 60 kV. This compensates for the strong focusing effect experienced by the beam at the drift tube entrance, traveling from a 0 kV to an above 90 kV potential region. The HV switch is closed to ground when particles are well slowed down inside the tube. Finally, an Einzel Lens at the exit of the tube corrects for the divergence of the beam and focuses onto an MCP placed half a meter downstream. The beam is well contained on the 40 mm diameter MCP (fig. 4.13a). Simulations predict 100% transmission at this point (see section 3.6). The beam is then ready to be transported further, up to the reaction chamber for mixing with positronium. 

Effect of HV switch timing

The HV switch timing has first to be precisely set to maximize the deceleration efficiency, and have most of the particles at the correct energy at the exit. By scanning this parameter with the adjustable delay generator, one can observe some "early peaks" corresponding either to early re-accelerated particles or to late nonfully decelerated particles (see fig. 

Leakage current over beamtime

The current on the power supply has been logged during the decelerator operation over the beamtime. Most of the time this current is at the defined limit of 100 µA when the HV switch is closed to the ground. It corresponds to the actual leakage current on the drift tube only for every 3 s periods before the bunch arrives, when the switch is opened again. We can isolate these periods to follow the evolution of the leakage current during the beamtime. From SIMION simulations, we get that these variations should induce a difference in particles' time-of-flight at MCP-p5 of 39 ns. This is coherent with the few "passthrough" shots (antiprotons flight up to MCP-p5) recorded during the beamtime (TOF between 5.36 µs and 5.40 µs). However, only a few passthrough shots can be analyzed for the year, with large holes in some periods of beamtime. In future data-taking beamtimes, these "control runs" will have to be carried out more regularly with extra care, in order to obtain more reliable data for analysis. In 2022, run 3 of LHC started, and antimatter experiments benefited from several months of p beamtime in the AD hall (from the beginning of May to the end of November, a bit shortened by the energy crisis). A notable milestone was achieved as all components of GBAR successfully operated synchronously for the first time. Parallel development of the positron line and the antiproton line ended up in the successful mixing of p and Ps inside the reaction chamber with the production of the first H atoms of GBAR demonstrated here.

Experimental setup for H search

GBAR 2022 setup

In 2022, the GBAR experimental area was organized to transport antiprotons and positrons at the center of reaction chamber, for mixing and first production of antihydrogens, which are expected to be observed downstream in the central exit of the switchyard.

The antiproton trap was placed at the very end of the beamline, after the switchyard, in the future "Ion Line" (see figs. 5.1 and 5.2). This was to test and commission the trap before its final installation between the decelerator and the reaction chamber. Once in this final position, it will be very complex and (beam)time-consuming to fix anything on the trap. A simple transfer line with two Einzel lenses and The beamtime was divided into different periods (typically 8 hours) of data taking and tests. We can define the two main run types as:

• "Mixing" runs: p and e + beams are transported to the target. Antiprotons should react with positronium. There we expect some antihydrogen atoms to be produced and observed in the MCP 1.7 m downstream (see below).

• "Background" runs: Essentially "p background" runs (main source of background, see section 5.2.1) i.e. Exact same conditions as mixing runs, except that e + are not sent to the target (so no positronium). The objective is to evaluate the signal produced by the antiproton annihilations in the beamline.

Scheme of mixing runs

The main objective of this beamtime was to observe neutral antihydrogens on the MCP detector placed at the exit of the switchyard (MCP-p5), about 1.7 m downstream of the Ps target. Antiprotons are focused on the target and a few of them eventually interact with positronium and produce antihydrogen atoms. These neutral anti-atoms start with the same initial conditions as their precursor p, but they are no longer sensitive to electromagnetic fields.

The original idea is to deflect the remaining charged p into the ion line with the help of the switchyard, while neutrals will remain undeflected, hitting the MCP. However, it was observed that the present transport line and beam emittance (should be improved by p-trap in the future) do not allow to achieve this without a lot of p annihilating in the switchyard area close to the MCP (details in section 5.2.1). In order to improve the signal over background ratio, we used a deflector just after the target to intentionally crash the antiprotons on the wall of the reaction chamber, as far as possible from the detection MCP (fig. 5.3). Thus it was also possible to distinguish signal from background with the help of timing data. Indeed, the background is mainly coming from the pions produced by p annihilations, which are faster than the 6.1 keV H atoms that we are trying to detect (see section 5.2.1). The steerer at the exit of the reaction chamber is used as an additional deflector to get rid of charged antiprotons after target when looking for H. The switchyard is also active to deflect the charged particles, as a backup.

Flat target

The design objective of the GBAR proposal is to shoot the antiprotons through a 1x1 mm cavity that is 20 mm long, for optimal mixing with a dense positronium cloud. Depending on the beam quality, and so the portion of p we are able to fit in the cavity, it may be advantageous to do a compromise and use a larger target. In 2022, we had two different options on the target holder at the center of reaction chamber (fig. Probably due to some parasitic deflections in the reaction chamber (see section 5.4.1), we did not manage to get a significant number of antiprotons through the cavity during this beamtime. We finally opted for the flat target solution (fig. 5.4). The positron beam is fired onto this target and the resulting o-Ps atoms diffuse from the nanoporous surface to form a cloud at the center of the reaction chamber. The e + bunch has been measured to be 7 ns (σ) long. Timings are set for the antiproton bunch to arrive 30 ns after positrons for an optimal overlap with orthopositronium (see fig. 

MCP

The detector used to identify H events is an MCP (see section 3.1.3) in chevron configuration. It is an "Advanced Performance Detector" (APD) model from Photonis, with a gain of 1.76 × 10 7 at 2200 V. The "quality diameter" (area where the particles can be detected) is 40 mm. A fast decay (∼ 100 ns) P46 phosphor screen is installed behind to image the beam.

The front side of the MCP is connected to an oscilloscope to observe the signal. During mixing and background runs, the back side is biased to 2200 V and the phosphor screen to 4000 V.

A "pixelfly" camera from PCO, with a Sony ICX285AL image sensor, is triggered by the ELENA trigger signal precisely delayed with a Standford DG645 delay generator. The shutter speed is set to the higher limit (integration over only 1 µs). This is still longer than the analysis time window chosen for H search (see section 5.2.1). Thus the image is not sufficient to select candidate events. Images are saved into 16 bits ".tif" files (see analysis in section 5.3.2).

Backgrounds

p path and background

From simple calculations and simulations (chapter 3), we find that the time-of-flight for H atoms between their production in the reaction chamber and their detection in the MCP 1.7 m downstream is 1.6 µs. This is also confirmed by the signal of the antiproton beam in the so-called "passthrough mode". Here the settings on the p-line are the same as for the mixing runs, except that the deflector after target and the switchyard plates are off, and that the steerer after the reaction chamber is set to observe the antiproton beam at the center of MCP-p5.

The ELENA trigger signal defines the origin t=0. Over 153 "passthrough shots", the mean time-of-flight of p at MCP-p5 is measured to 5.37 µs with a bunch length of 96 ns σ (see fig. When hitting the wall, the antiprotons will mostly annihilate creating charged and neutral pions [START_REF] Bendiscioli | Antinucleon-nucleon and antinucleon-nucleus interaction. a review of experimental data[END_REF]. The latter will quickly decay into γ rays, participating in the prompt peak at the moment of interaction in the reaction chamber. But a few charged pions may reach the MCP and produce background in our analysis time window.

For these reasons, we want to keep the annihilation point of the antiprotons as far away as possible from the detection MCP, in position and, more importantly, in time. With the present beam emittance, many p are annihilating between the reaction chamber and the MCP, and in the switchyard area (see fig. 5.7). This produces an important background on the MCP. Therefore we decided to deflect the antiprotons right after the target (scheme on fig. 5.3) against the reaction chamber wall to reduce the background on the MCP in the analysis time window. 8468 p background shots have been recorded during data taking. This data is used for analysis and comparison with mixing runs in section 5.3.

Ps production and background

Production of positronium

The positron beam is tuned thanks to an MCP on the target holder (see fig. 2.14) that can be moved in place of the target (so-called "MCP-e4" as it is the fourth MCP on the e + line). The beam is focused and shaped in such a way that the resulting positronium atoms have a chance to react with the antiproton beam (see beam profile on fig. 5.4). Using the charge on the MCP, the number of e + reaching the target plane is estimated to (5.2 ± 0.5) × 10 7 per ELENA cycle.

A second silicon plate on the holder can be placed at the target position as a reference (does not produce positronium). A PbWO 4 crystal scintillator is placed next to the chamber to detect the γ rays produced by the e + annihilations and, eventually, Ps annihilations [START_REF] Kim | Development of a PbWO 4 detector for single-shot positron annihilation lifetime spectroscopy at the GBAR experiment[END_REF]. The number of o-Ps produced is measured with the SSPALS technique (Single Shot Positron Annihilation Lifetime Spectroscopy) [START_REF] Cassidy | Single shot positron annihilation lifetime spectroscopy[END_REF]. The graph obtained with this method is shown in Figure 5.8. The reference curve is obtained using the silicon target (grey line). Convolution with the o-Ps decay exponential is performed to get the expected curve with Ps production (light blue). This is finally matched with the experimental curve obtained with e + on the actual converter target (dark blue). The best fit is obtained for an 18% conversion ratio. We can clearly show the longer decay time due to the production of ortho-positronium (the dashed line represents the o-Ps decay alone). Background from e + and Ps All the positrons annihilate on target (or somewhere in reaction chamber) or form positronium. The annihilation of each e + produces two 511 keV γ around time t 1 when the e + bunch hits the target. The analysis window starts at t 1 + 1.4 µs. Therefore we do not expect to see any signal from e + annihilations in the analysis. Likewise, the produced para-positronium (p-Ps) has a lifetime of only 125 ps. Thus the eventual resulting background from its annihilations is negligible. There remains only the question of ortho-positronium (o-Ps), which has a longer lifetime of 142 ns.

A few hundred "Ps background" shots have been recorded in 2022 with the same exact conditions as for mixing runs, but without antiprotons. We found no significant signal on the MCP. The following reasoning demonstrates that this background is also negligible.

The total number of ortho-positronium produced in reaction chamber per pulse is estimated to be 18% of 5.2×10 7 , i.e. (9±2)×10 6 , rounded up to 10 7 o-Ps per shot.

Each o-Ps usually decays in 3 γ rays. We can calculate the number of potential γ photons remaining at the beginning of the ∼ 400 ns time window (±2 × 96 ns) where we are looking for H signal:

3 × e -1400 142 × 10 7 = 1568

The solid angle for the photons emitted in reaction chamber to hit the 4 cm diameter MCP placed 1.7 m downstream is Among the signals produced by γ rays on the MCP, only a few are likely to exceed the threshold used in the analyses. We can study this effect by placing a 22 Na source next to the MCP (fig. 5.9) and observing the amplitude histogram of the γ events. Only a percent of these events exceed 50 mV. Thus even if we choose a very low 50 mV threshold for the analysis, less than 0.2 Ps background events are expected for the whole set of 6897 mixing shots (0.01 × 18 = 0.18).

Other backgrounds

No other significant source of background has been found. A few "environmental background runs" have been performed in 2021 and revealed no parasitic signal that could have come from the AD, cosmic rays, or other experiments in the hall. This is coherent with previous studies on the MCP detection [START_REF] Maria | Study of the antihydrogen atom and ion production via charge exchange reaction on positronium[END_REF].

Analysis of antihydrogen production

6897 shots have been recorded during mixing runs from October to November 2022. These runs were alternated with shifts of antiproton background (8468 shots) and tests on the p-trap. Each event recorded by the MCP is characterized by the electrical signal produced and measured by the oscilloscope, and by the image recorded by the camera on the phosphor screen. Analysis programs of electric signals and MCP images were first developed in Python by Philipp Blumer, Bruno Mansoulié, and Takumi Tanaka.

Electric signal analysis

The oscilloscope records a large time scale between 4.8 µs and 7.0 µs, but for the analysis, we will only consider the window between 5.178 µs and 5.562 µs (see section 5.2.1). Each event on the MCP produces a short peak of typically 2 ns σ. A parasitic ringing effect is also observed on the MCP signal, which causes the signal to replicate every 130 ns with a lower amplitude (fig. 5.10b). However, this effect is highly reproducible with very short distinguishable pulses, so we would be able to detect and discriminate a few different events in the same time window (no such "double event" was found in the data, so only the maximum peak value was used in the analysis). For each shot of mixing and p background runs, we select the first peak of each event. Figure 5.11 shows the height of every pulse versus its time. We start to see an excess of high signal amplitude mixing events (blue dots) compared to background events (orange dots) in the analysis time window (dotted grey lines).

Let's now look at the distribution of the peak heights for events in the analysis time window (Figure 5.12). For small peak heights, the distribution is similar for p background and mixing runs. This is coherent since we expect the background in mixing runs to be essentially from antiprotons, i.e. the same as in p background runs. However, we observe an excess of large peak heights in the mixing data. For instance, we have 32 events over 0.1 V in the mixing data, while we count only 15 events above the same threshold in the background data.

Significance

In case all events result from the same background effect, we expect the number of events in mixing n mix and the number of events in background data n bgd to follow To estimate the significance of the excess observed in mixing data, we can test this hypothesis, which is equivalent to saying that n mix and n bgd are shared along a binomial distribution with a parameter p = N mix N mix +N bgd , where N mix and N bgd are the total number of shots for respectively the mixing and the background data [START_REF] Przyborowski | Homogeneity of results in testing samples from poisson series with an application to testing clover seed for dodder[END_REF].

For a voltage cut at 0.1 V, we get n mix = 32 and n bgd = 15 for N mix = 6897 and N bgd = 8468 (excess of 19.8 ± 6.5 events in mixing data). A two-sided binomial test gives a probability of only 1.79 × 10 -3 for the two data sets to arise from the same law. Thus we can reject this hypothesis with a confidence level of 3.12 σ (correspondence with the classical Gaussian distribution).

MCP images analysis

The maximum shutter speed of the PCO camera is 1 µs, longer than the 384 ns long time window chosen for the electric signal analysis. Therefore the hits seen on the phosphor screen cannot be linked to peaks in the electrical signal at 100%. But the images provide additional information about the shape of the events that we do not have with the signal alone. It is thus a complementary analysis. A simple clustering algorithm is run on the data. First, a "pedestal image" was built by averaging several images without any beam to characterize the persistent background. This pedestal image is subtracted from every picture recorded, before analysis.

Then the clustering algorithm selects pixels above a given threshold on the 16 bit images inside the MCP diameter and searches for neighboring pixels that also meet this condition. It finally returns a cluster object for each group of pixels found on the image (see fig. 5.13). A cluster is defined by some characteristics such as the cluster size (number of pixels in the cluster) or the cluster charge (sum of all pixel values in the cluster). Some further processing is applied to the data; to filter out non-significant single-pixel clusters for instance.

If we look at the events that have a peak in the electrical analysis time window, we observe that this peak is quite well correlated to the charge of the largest cluster in the corresponding image (Figure 5.14), with about 5 × 10 6 charge counts/ V. In the mixing data, we expect to see the same background events as in the antiproton background data, plus the characteristic clusters formed by the antihydrogen atoms. Figure 5.15 shows the full cluster charge distribution for both data sets, normalized to the first bin (we assume the same background for low charge events in the two configurations). We would like to compare these distributions with that of the antihydrogen atoms alone, without the antiproton background. To identify the impact of a single H on the MCP, we can study the effect of single p since it is expected to be a similar annihilation. For this purpose, some settings were found on the beamline to get only a few antiprotons at the end (not easy) -see fig. 5.16. The resulting images of these so-called "LPN runs" (for "Low Pbar Number") have large fluctuations in the number of hits. Thus we keep only images with less than 6 clusters to avoid overlaps. Here we keep only the images with a peak in the analysis time window, and we select the largest cluster of each image. The resulting data still contains the effect of background from p annihilating somewhere else than in the MCP. To estimate the charge distribution of antiprotons alone (and so of H), we subtract the p background distribution from the LPN data (after normalization to the first bin). The resulting histogram can be found in Figure 5.17. Applying the same cut on the charge distributions for background and mixing data, we get 22 events in the mixing images, and only 4 in the p background data.

Significance

We can perform the same binomial test as in section 5.3.1 to characterize the excess observed in images of the mixing dataset. Only 22 events for mixing and 4 events for background (normalized to the size of mixing dataset: 3.2 ± 1.6) have a cluster charge above 5 × 10 5 . This gives an excess of 18.8 ± 5.0 events in the mixing runs with a significance of 4.1 σ. This is another confirmation that, indeed, first antihydrogen atoms have been observed within the GBAR experiment. These results are the object of a publication now available in The European Physical Journal C [START_REF] Adrich | Production of antihydrogen atoms by 6 keV antiprotons through a positronium cloud[END_REF].

Cross-section discussion

How to measure the cross-section

The cross-section measurement of H production has already been discussed in [START_REF] Maria | Study of the antihydrogen atom and ion production via charge exchange reaction on positronium[END_REF].

Here the production of antihydrogen atoms was achieved from ground-state positronium (no laser excitation yet). The cross-section of the reaction can be calculated from Equation (5.1):

σ(oP s(1s), p) = N H f (t,z,y,x) oP s(1s) (5.1)
Where N H is the number of antihydrogen atoms produced per pulse and f (t,z,y,x) oP s(1s)

is the function describing the p/o-Ps interaction defined by Equation (5.2):

f (t,x,y,z) oP s(1s) = +∞ -∞ z 1 z 0 y 1 y 0 x 1
x 0 d oP s(1s) (t, z, y, x)N p (t, z, y, x) dx dy dz v p dt (5.2)

Where:

• x 0 , x 1 , y 0 , y 1 , z 0 and z 1 are the delimitation of the interaction region • d oP s(1s) (t, z, y, x) is the density distribution of o-Ps

• N p (t, z, y, x) is the antiproton distribution

• v p is the antiproton velocity Therefore, to estimate the cross-section, one needs to know the antiproton and positronium distributions at target, and the H detection efficiency to get the number of antihydrogen atoms produced. These are discussed in the following sections.

Number of p on target

The actual number of antiprotons reaching MCP-p5 in "passthrough mode" has been measured by Christian Regenfus using a CMOS sensor (Sony IMX264LLR, built-in a commercial Baumer VCXG-51M camera) placed 34 cm above the center of the MCP. The annihilations of the antiprotons against the MCP produce signals on some of the 5 million pixels of the sensor. The number of antiprotons reaching the MCP is estimated from the number of hits and a GEANT4 [START_REF] Agostinelli | Geant4-a simulation toolkit[END_REF] simulation of p interactions with materials between the MCP and the sensor. This estimation gives (2.3 ± 0.5) × 10 6 p reaching the MCP per bunch.

In passthrough mode, the steerer at the exit of the reaction chamber ("RC out") is set with simulations settings. The relative beam movements on MCP-p5 from variations on the steerer plates voltages are well described by the simulation. Thus, the steerer is set to simulation values to compensate for the magnetic field, and it is assumed that having the antiproton beam hitting the center of MCP-p5 means that the beam has the right angle on target. Some additional spurious deflection was found in the reaction chamber (see section "H transmission efficiency" below) but this is not expected to change the trajectory of antiprotons after the reaction chamber, i.e. if the beam hits MCP-p5, the antiprotons should follow the same trajectory as in simulations.

The transmission efficiency from after the target collimator to the plane of MCP-p5 for charged antiprotons was simulated to be 74% (see table 3.4). It is only 66% for the p hitting the MCP quality diameter of 40 mm, but here we consider all particles that annihilate and participate in the hits observed by the CMOS sensor. Thus the number of antiprotons passing through the interaction region with positronium is estimated to (3.1 ± 0.7) × 10 6 .

Likewise, the transmission efficiency from the complete p bunch in reaction chamber (before being cut by the collimator) to the MCP-p5 plane is 30% (from table 3.4). Thus, about (7.7 ± 1.7) × 10 6 antiprotons are estimated to reach the reaction chamber. This bunch was measured to be 100 ns long with a beam size σ y = 1.8 mm and σ z = 2.8 mm.

Number of e + on target

It is estimated that 73 ± 3% of the positrons reaching target plane are in the correct area for the resulting Ps to mix with antiprotons, which means about (3.8±0.4)×10 7 e + on average per shot (see section 5.2.2). The beam size at target is measured with the MCP-e4 on the target holder (see fig. 5.4): σ x = 3.5 mm, σ z = 0.5 mm and bunch length of 7.2 ns σ.

p/o-Ps interaction

To estimate the function f (t,z,y,x) oP s(1s) -describing the spatial and time overlap between the antiproton bunch and the positronium cloud (eq. ( 5.2)) -we simulate the interaction with an algorithm using the properties of p and e + bunches at target found above. This code was first written in ROOT by Bruno Mansoulié and translated into Python here.

The emission of the positronium atoms in vacuum is physically delayed by 10 ns with respect to the implantation of e + at 4.3 keV in the flat target [START_REF] Deller | Positronium emission from mesoporous silica studied by laserenhanced time-of-flight spectroscopy[END_REF]. The initial velocities of the o-Ps diffusing from the target are well-described by a Maxwell-Boltzmann distribution with an average of 121 mm/µs and a cosine emission distribution (dn/dcos(θ) ∝ cos(θ)) [START_REF] Deller | Positronium emission from mesoporous silica studied by laserenhanced time-of-flight spectroscopy[END_REF][START_REF] Michael | Precision Spectroscopy of Positronium Using a Pulsed Slow Positron Beam[END_REF][START_REF] Cassidy | Positronium cooling in porous silica measured via doppler spectroscopy[END_REF]. The antiproton bunch is set to arrive 30 ns after the e + bunch (optimal overlap found by scanning the delay within this simulation, results in fig. 5

.5).

The reaction area is meshed in the 3 dimensions. At each time step, 10 5 o-Ps pseudo-particles are generated at target with initial positions following e + bunch distribution and initial velocities following the Maxwell-Boltzmann distribution. The weight of each simulated Ps is computed from the e + bunch time distribution (each simulated pseudo-particle represents a given number of actual particles). The positronium decay is simulated using the o-Ps lifetime (at each time step, the weight of each simulated particle is reduced). We finally have a positronium density array at each time step. Likewise, an antiproton density array is computed at each time step from the p bunch length, spatial distribution, and mean velocity. The normalized interaction function between p and o-Ps is given at each time step by summing the product of the two density arrays for all voxels (3D pixels) inside the interaction region, multiplied by the p velocity1 and duration of the time step (see eq. (5.2)) -results in Figure 5.18. Summing this value over all time steps, for an optimal delay between the e + bunch and the 6.1 keV p bunch of 30 ns, we get the total normalized interaction function:

f (t,z,y,x) oP s(1s) /(p • oPs) = 1.5 × 10 -1 cm -2 • p -1 • oPs -1
Note that the fraction of p in the flat target collimator (considered for interaction with o-Ps) is found to be 40% in this program (p bunch distribution cut by collimator). This is coherent with the same value found in SIMION simulations (see table 3.4, 40% of p that reached the reaction chamber pass through the collimator).

Considering 18 ± 3% o-Ps converter efficiency for (3.8 ± 0.4) × 10 7 e + at target, and with a bunch of (7.7 ± 1.7) × 10 6 p in reaction chamber, we get:

f (t,z,y,x) oP s(1s) = (8.0 ± 2.4) × 10 12 cm -2
The main theoretical calculations for H production cross-section at 6.1 keV are given by the Convergent Close Coupling method (CCC): predicts a cross-section of 13.4 × 10 -16 cm 2 [START_REF] Rawlins | Calculation of antihydrogen formation via antiproton scattering with excited positronium[END_REF], and the Coulomb-Born Approximation (CBA) which gives a value of 30.6 × 10 -16 cm 2 [START_REF] Comini | Study of the antihydrogen atom and ion formation in the collisions antiproton-positronium[END_REF][START_REF] Lévêque-Simon | Collisions assistées par LASER pour la formation d'antimatière[END_REF]. Therefore, considering the simulated p/o-Ps overlap, we expect to produce between (1.1 ± 0.3) × 10 -2 and (2.5 ± 0.7) × 10 -2 H/pulse in the reaction chamber.

H transmission efficiency

Simulation steering settings cannot be directly applied experimentally, especially because of initial beam angle and position that can be largely amplified by focusing elements along the line (see section 3.5.3). However, the relative effect of a steerer voltage change on the beam position in an MCP can be tested experimentally and is well described by SIMION simulations. Thus, we know that, if with the simulation settings for the steerer at the exit of reaction chamber, experimentally the beam arrives on MCP-p5 as predicted by the simulation (fig. 5. [START_REF] Perlmutter | Measurements of Ω and Λ from 42 high-redshift supernovae[END_REF], then it should have the right angle on target (the position is fixed by the collimator hole).

Therefore, during beam steering, the steerer "RC out" is set to simulation values, and steerers at the entrance of the reaction chamber are fine-tuned to meet this condition. However, the large difference for these steering voltages between the simulation and experimental values (see fig. 3.22, 115 V vs 21 V for steerer QT for instance) is pointing towards the presence of an additional deflection in reaction chamber.

The insulating piece holding the positron MCP placed on the target holder: MCP-e4 visible on Figure 5.20c, was suspected of charging up. This element is at the beamline level during positron development, which may happen in parallel to antiproton tests where the beam is sent into the reaction chamber and could have charged up the insulator. When target holder is moved back down for data taking, this charge may act as a deflector repelling the p upwards. Thus the large downward angle induced by the important steerer values before the target can be compensated by this charge. This hypothesis was confirmed by beam spot measurements relative to MCP-e4 position. The target holder is on a feedthrough that can be moved, mainly up and down. Positions of elements on the target holder are refereed with the height (in mm) of the target holder where this element is at the beamline level. For example, we say that "target holder is at position 81" if the flat target collimator is on the antiproton line axis (see fig. 5.20b). These tests were performed with the target holder recessed by 10 mm on the horizontal axis, in order to let the beam pass through for all positions.

The target holder is moved vertically, and for each position, the position of the p beam spot on MCP-p4, located 10 cm downstream on the antiproton line, is measured. In the absence of any spurious deviation, the beam should stay on the same point, whatever the position of the target holder (obviously all voltages on target holder are set to 0 V). However, the results of this scan displayed in Figure 5.20a indicates a deflection of the beam, which gets more important as the e + MCP support gets closer.

Between positions 40 and 71, the MCP insulator is still far from the beamline, and the spot position is stable. Then the beam starts to be deflected upwards as the MCP goes up (for instance at flat target position: 81). Finally, the beam is deflected horizontally when the insulator arrives at the same level. This spurious deviation prevents a complete knowledge of the beam trajectory close to the target. Hence the actual initial angle of H atoms produced is unknown. The angle of the beam on target is crucial to ensure that neutral H, which cannot be guided anymore once they are formed, will hit the detection MCP. Thus it is necessary to estimate the actual efficiency.

Therefore we can only quote an upper value for the H transmission efficiency to For next beamtime the insulating areas susceptible to charge up around the reaction chamber will be removed or shielded. In addition, a laser should allow to photodetach electrons from H -at target position, creating a neutral Hydrogen beam that would have the same characteristics as the H produced (considering that the initial H -beam has the same trajectory as the p beam). This would be an experimental way to check H trajectories to MCP-p5 and confirm simulation predictions or detect parasitic effects2 .

MCP efficiency

The MCP detection efficiency for H was estimated to be about 50% for a voltage cut of 0.1 V, from the analysis of the LPN data (see section 5.3.2).

Lower limit estimation

Assuming the best efficiency possible for H transmission to MCP-p5 (given by the simulation), we can estimate a lower limit for the cross-section of antihydrogen production from 6.1 keV p on ground-state positronium.

From the MCP charge analysis, we get an excess of 19.8 ± 6.5 H detected on MCP over 6897 p cycles (number of H events above voltage cut of 0.1 V, minus the normalized background). This corresponds to (2.9 ± 0.9) × 10 -3 H/pulse.

Considering a 50% MCP detection efficiency for this voltage cut, and assuming that the angle on target is correct (68% geometrical acceptance), we get at least (8.4 ± 2.8) × 10 -3 H produced in reaction chamber per cycle.

Therefore, the lower value for the H production cross-section would be: Considering the error bars, this lower limit is below both competing models (see fig. 5.21): the Convergent Close Coupling method (CCC) predicts a crosssection of 13.4 × 10 -16 cm 2 at 6.1 keV [START_REF] Rawlins | Calculation of antihydrogen formation via antiproton scattering with excited positronium[END_REF], while the theoretical value computed with Coulomb-Born Approximation (CBA) model is 30.6 × 10 -16 cm 2 [START_REF] Comini | Study of the antihydrogen atom and ion formation in the collisions antiproton-positronium[END_REF][START_REF] Lévêque-Simon | Collisions assistées par LASER pour la formation d'antimatière[END_REF]. Therefore, we cannot conclude between these models from our measurement. 2.3)) from Ps(1s) depending on p energy for different models: CBA (black triangles) [START_REF] Comini | Study of the antihydrogen atom and ion formation in the collisions antiproton-positronium[END_REF][START_REF] Lévêque-Simon | Collisions assistées par LASER pour la formation d'antimatière[END_REF] and CCC (orange diamonds) [START_REF] Rawlins | Calculation of antihydrogen formation via antiproton scattering with excited positronium[END_REF]. Experimental matter-equivalent results (green squares, eq. (2.5)) are from Merrison et al. [START_REF] Merrison | Hydrogen formation by proton impact on positronium[END_REF]. Finally, the experimental lower limit for 6.1 keV described in this thesis is shown in blue.

For upcoming beamtimes, significant improvements will be performed on multiple parts of the beamlines to enhance efficiencies and improve the estimations of particles number at each step. For instance, the spurious deviation in reaction chamber will be fixed, and additional tools will enable to guarantee the correct H angle at target. This should allow a conclusive cross-section measurement.

Specific calibration runs will have to be performed regularly during beamtime to ensure reliable data and check the evolution of beam parameters. This data will support further analysis to reduce all error bars and get a precise cross-section measurement.

Chapter 6 Conclusion

The first antihydrogen atoms of the GBAR experiment have been produced and observed in 2022. A decelerated 6.1 keV antiproton beam interacted in-flight with a positronium cloud, creating H anti-atoms detected 1.7 m downstream in an MCP detector. This is a major step on the path to the production of antihydrogen ions that will eventually enable the free-fall measurement of antimatter at rest, which is the ultimate goal of GBAR. This was achieved thanks to the successful first synchronous operation of the antiproton and positron beamlines of the experiment, coupled to the ELENA synchrotron ring of CERN providing the p and with the e -LINAC within GBAR producing the e + . This result is thus also a proof-of-principle of the GBAR production scheme.

The antiprotons delivered at 100 keV by the ELENA ring are first decelerated by a high-voltage pulsed drift tube decelerator. This device was largely revised during this thesis, finally becoming fully operational 24/7, enabling long reliable data-taking periods. After some effort, the vacuum inside the chamber reached pressures below 10 -10 mbar, allowing a safe connection to the ELENA ring. The leakage current on the different high-voltage electrodes, especially the drift tube, has been reduced. Several updates on the system were performed to eliminate some sources of current or to minimize the effect of this leakage current on the deceleration. Finally, the control software was also revised for improved reliability, continuous data acquisition for later analysis, and easier operation by users on shift. The deceleration from 100 keV to energies below 10 keV was demonstrated with H - and p beams with high efficiency thanks to, amongst other improvements, a longer tube and a shorter bunch from ELENA. The pulsed drift tube scheme thus offers a viable alternative to using thin foils and has already been adopted by the PUMA experiment [START_REF] Oliver | SPSC report on the activities of[END_REF].

The antiproton line has been fully modeled within the ion optics software SIMION, and a complete framework has been developed to easily run simulations with Lua user programs. Particles are generated with a Python program from p beam characteristics measured by the ELENA team. A Python library has also been written with detailed documentation for anyone to analyze the data files from SIMION. The simulation was instrumental in the design of the beamline, giving the required number and positions of the focusing and steering elements as well as their geometries, including a temporary transfer line with two lenses between the decelerator and reaction chamber required to replace the p-trap that was still being tested. The transport and focusing of the beam on target were optimized in the simulation in CHAPTER 6. CONCLUSION parallel to experimental beam tuning. The p trajectory is severely affected by the stray magnetic field from the High-Field Trap located in the e + line. A map of this field computed in COMSOL has been integrated into SIMION to simulate the effect on 6 keV p and simulate the corrections by electrostatic steerer plates. The final experimental settings chosen for data taking have been passed on to the simulation to compute the transmission efficiencies. It also revealed the existence of a spurious deviation in the reaction chamber that prevented a complete knowledge of the neutral H trajectories.

The detection of H atoms was achieved from 6.1 keV p passing through the o-Ps cloud formed by e + that hit the converter target 30 ns beforehand. The optimal delay was determined by simulations with a Python program to optimize the overlap of the antiproton bunch and positronium cloud. A deflector placed just after the target crashed the remaining antiprotons on the reaction chamber walls to reduce the background from these annihilations on the detection MCP located 1.7 m downstream. The neutral H atoms formed continue their path undeflected to the MCP, where they are detected with a characteristic image and electric signal. e + and Ps backgrounds have been shown to be negligible, and the data-taking period was divided between mixing (H search) and antiproton background runs. The analysis revealed an excess in the mixing data in the expected time window for H. Therefore we can say that "we produced antihydrogen" with a confidence level over 3σ.

The spurious deviation in the reaction chamber prevented ensuring the correct beam angle on target. Therefore the exact transmission efficiency for H cannot be established, and we can only discuss a lower limit for the cross-section of the reaction, assuming the best-case scenario for the transmission.

Perspectives

Some refurbishing of GBAR beamlines has been performed during the last winter shutdown to fix issues such as charging insulators, aiming to ensure a conclusive cross-section measurement with reduced error bars. In the short term, cross-section measurements for multiple energies of p should be possible. It would be, for instance, interesting to check the experimental values found for matter by Merrison et al. [START_REF] Merrison | Hydrogen formation by proton impact on positronium[END_REF] for a beam at 11.3 keV, 13.3 keV and 15.8 keV. Hardware updates were also made to enhance production and transmission efficiencies for p, e + , and Ps, moving towards H + ion production.

A laser is being installed to photodetach electrons from H -ions at target position in the reaction chamber. This should enable the creation of a neutral H beam with the same trajectory as the H beam produced from p. This way, the trajectory of H between the reaction chamber and detection MCP would be checked.

A similar laser beam pointing upstream of the target is planned to produce a hydrogen beam that can react with the o-Ps cloud to form again H -ions and e + after the target. This reaction (Equation (2.7)), matter counterpart of the second reaction of GBAR (Equation (2.4)), has never been measured. This would be an important result for GBAR with the aim of H + production.

Some parallel experiments taking advantage of the distinctive features of the H source of GBAR could be performed in the short to medium term. For instance, the Lamb-shift experiment setup installed between the reaction chamber and the switchyard might soon detect its first Ly-α photons from H atoms.

The p-trap is planned to be installed this year on the antiproton line. After electron cooling of the decelerated p, the beam will be extracted with lower emittance enabling a better focusing onto the target with a dense positronium cloud (use of a smaller cavity). It should also make the accumulation of several p bunches possible for enhanced H production and allow for new schemes such as antiproton recycling.

In the longer term, together with positron line developments, this should eventually yield in the production of the first antihydrogen ions. This would be the first H + anti-ions ever produced. This type of "charged antihydrogen", easier to manipulate, would be interesting also for other longer-term experiments (example with the production of H -2 : [START_REF] Myers | Beyond antihydrogen: testing CPT with the molecular antihydrogen ion[END_REF]). After H

+ transport to the free-fall chamber and multiple cooling steps, the freefall measurement of the neutral H will be performed. This will result in a measurement of g with a precision down to 10 -5 , which is the most ambitious precision among antimatter gravity experiments. 

Nomenclature

SIMION particles files

There are mainly two types of files to define a set of particles in SIMION. Source for next quotes in italics: SIMION 8.1 Supplemental Documentation > Particle Initial Conditions.

.FLY2

The FLY File allows a linear sequence of particles to be defined rather easily via the SIMION GUI, but it can only be used if your particles can be defined as a linear sequence, and it is not easily created from an external program. Therefore, FLY files are only useful in limited circumstances. FLY files are built using "Define Ions by Groups" in the SIMION ion definition screen.

The FLY2 File (new in SIMION 8.0) allows particles to be defined in a very flexible but simple way. FLY2 is a replacement for the FLY format. A FLY2 file can also be converted into an ION file.

The .FLY2 format re-initializes random initial conditions for each new run following some defined sequence or distributions. You cannot use advanced beam properties such as emittance.

.

ION

The ION File provides a very general method and just consists of a list of particle parameters in a straightforward "comma-separated-value" (CSV) text format as described in Section F.6 "Ion Definition File" (SIMION 8.0 manual), p. 8-6 (SIMION 7.0 manual), or ION File. There are a number of ways to create this file from external programs or from SIMION itself.

Each row for a particle has the following parameters separated with commas:

TOB, Mass, Charge, X, Y, Z, AZ, EL, KE, CWF, Color 0, 100, 1, 0, 0, 0, 0, 0, 0.1, 1, 0

The .ION format is simply a list with each line defining a particle with specific values for all initial conditions. It is possible to model any beam properties by creating some .ION files from an external program.

C.2.2 Generate ELENA p beam with python (.ION)

In "[SIMION main folder]/3-Particles/0-generate beam/", you can use 'Generate_ ION_beam.py' to create a new .ION file modeling the ELENA beam. It calls the 'ION_Beam_lib.py' library and especially the Create_ION_beam() function to generate a beam from the parameters you provide.

C.4 Magnetic field implementation

C.4.1 COMSOL field map

A magnetic field map of the GBAR experimental area from the HFT magnet stray field, taking into account some elements such as the magnetic shielding around reaction chamber (the so-called "blue box"), has been computed in COMSOL. This map was corrected with experimental measurements in the area, to correct for some known effects (Earth field, blue box remanent field, ...) -see section 3.5.

C.4.2 Import Field Map in SIMION

The most efficient way to implement a large magnetic field map in SIMION simulations is to store each component of the field in 3 different 'empty' (no electrode) potential arrays. For this we use 'fieldlib.lua' (in 1-Projects/0-Lua libraries/Mag-Fields/) that defines the function make_field. This function defines another function field(x,y,z), which will return the value of each component of the magnetic field at the coordinates (x,y,z). For instance, if we have stored the values of our field in MagField-Bx.pa, MagField-By.pa and MagField-Bz.pa. These arrays should be correctly located on the workbench. Then we can use make_field(MagField-Bx. pa, MagField-By.pa, MagField-Bz.pa) (see lua files for correct syntax). Now if we call, for each time step, field(ion_px_mm, ion_py_mm, ion_pz_mm), it will return the value found at this point in Bx, By, and Bz potential arrays.

WARNING: This is a diverted use of PA files. Usually, magnetic field potential arrays contain so-called "magnetic potentials" which are interpreted by SIMION, and not directly vector field components. When loading IOB, SIMION will tell you that these PA appear unrefined. DO NOT CLICK YES ! Click 'NO' for each magnetic field PA. Otherwise, the refine action will overwrite the values stored in your PA, and you will have to recreate these arrays with Python. There is a way to avoid getting this message each time, by setting the parameter pa.refinable to false (can be done with a Lua program).

example.ion example.rec other-file.lua ... ...SIMION will use "example.lua" as workbench programs, "example.ion" as particles initial conditions and "example.rec" as Data recording definitions. For instance, "other-file.lua" is not used because it has a different name.

NB: it is recommended to reload a known particle file from 3-Particles folder (see section C.2) because the properties of a .ION file may be unclear without a proper name). • Ps_cloud_radius, collimator_radius : radius inside which particles are considered inside target for both planes (default=2.5)

C.5.1 Folder structure

• stop_particles_out_of_collimator : if true, stop particles which does not go through target (default=false)

Define_x_NeutralizingPlane

Creates one test plane at given x to neutralize all particles which hits this plane.

Plane should be global variable named NeutralizingPlane (not inside TP).

D e f i n e _ x _ N e u t r a l i z i n g P l a n e ( x ) --Example : Neut ralizingP lane = D e f i n e _ x _ N e u t r a l i z i n g P l a n e (0)

DefinePinhole

Creates a test plane at x and splats all particles outside pinhole_radius (optional). +Optionally, neutralize particles at this plane. Plane should be global variable named Pinhole (not inside TP). 

Print_Beam_Profile_at_given_positions

Write Y and Z beam sizes (+mean position) at given x planes to output data file.
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 A Figure A : Schéma global de l'expérience GBAR

Figure B :

 B Figure B : Simulation SIMION du décélérateur avec la configuration « télescope »

Figure C :

 C Figure C : Disposition de la ligne antiproton GBAR en 2022 avec les différents éléments optiques

Figure D :

 D Figure D : Énergie du faisceau et potentiel électrique le long de la trajectoire de particules négatives traversant un tube de dérive de 450 mm de long, avec (ligne continue) et sans (ligne pointillée) commutation de la haute tension. Toutes les autres électrodes sont ici à la masse.
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 12 Figure E : (1) Nouveau design des supports isolants du tube et de la connexion haute tension (2) Nouveau schéma électrique du commutateur HT pour la décélération. Les protections en teflon permettent de limiter l'effet de couronne (3) Interface utilisateur du nouveau programme LabVIEW de contrôle du décélérateur

Figure F : ( 1 )

 1 Figure F : (1) Temps de vol du faisceau p sur la MCP-p2 pour différentes énergies de décélération (courbe orange) et comparaison avec les résultats de la simulation SIMION (courbe bleue) (2) Courant de fuite moyen sur le tube de dérive pour chaque jour de la période de prise de données en 2022
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 G Figure G : Schéma de fonctionnement pour l'expérience de détection des H en 2022
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 121212 Figure H : Image et signal électrique d'un événement candidat H sur la MCP-p5 (le cercle blanc sur (1) représente le diamètre de la MCP)

Figure J :

 J Figure J : Section efficace totale de production de H à partir de Ps(1s) en fonction de l'énergie incidente des p pour différents modèles : « Coulomb-Born Approximation » (CBA, triangles noirs) & « Convergent Close Coupling » (CCC, losanges oranges). Les valeurs expérimentales de la réaction matière équivalente (carrés verts) sont de Merisson et al. Enfin, la limite inférieure expérimentale décrite dans cette thèse est affichée en bleu.
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Figure 1 . 1 :

 11 Figure 1.1 : The particles and antiparticles of the standard model

Figure 1 . 2 :

 12 Figure 1.2 : From [9]. "A 63 million volt positron [...] passing through a 6 mm lead plate and emerging as a 23 million volt positron [...]. The length of this latter path is at least ten times greater than the possible length of a proton path of this curvature."

Figure 1 . 3 :

 13 Figure 1.3 : Schematic of the current configuration of the AD hall at CERN
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 21 is largely favorable compared to simple p/e + mixing[START_REF] Humberston | On antihydrogen formation in collisions of antiprotons with positronium[END_REF][START_REF] Deutch | Antihydrogen production by positronium-antiproton collisions in an ion trap[END_REF][START_REF] Comini | H + Ion production from collisions between antiprotons and excited positronium: cross sections calculations in the framework of the GBAR experiment[END_REF][START_REF] Kadyrov | Antihydrogen formation via antiproton scattering with excited positronium[END_REF][START_REF] Rawlins | Calculation of antihydrogen formation via antiproton scattering with excited positronium[END_REF][START_REF] Krasnický | Cross section for rydberg antihydrogen production via charge exchange between rydberg positroniums and antiprotons in a magnetic field[END_REF][START_REF] Lévêque-Simon | Antihydrogen formation from laserassisted antiproton-positronium collisions[END_REF].

  3 keV, 13.3 keV and 15.8 keV) on the cross-section curve have been measured for the reaction (2.5) (matter equivalent reaction of GBAR's first reaction) by Merrison et al. with rather large uncertainties [109] (green points on fig. 2.1). Matter experiments have to deal with large backgrounds, from residual gas for instance.

Figure 2 . 1 :

 21 Figure 2.1 : Cross section of H production (2.3) from Ps depending on p energy[START_REF] Lévêque-Simon | Antihydrogen formation from laserassisted antiproton-positronium collisions[END_REF]. The optimal cross-section for ground state Ps(1s) is 6 keV. The 3 experimental points in green are from[START_REF] Merrison | Hydrogen formation by proton impact on positronium[END_REF].

Figure 2 . 2 :

 22 Figure 2.2 : Cross section of (2.4) from ground state positronium[START_REF] Comini | Corrigendum: ion production from collisions between antiprotons and excited positronium: cross sections calculations in the framework of the GBAR experiment[END_REF] 
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 23 Figure 2.3 : GBAR global scheme
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  (a) Target and moderator (b) LINAC scheme

Figure 2 . 4 :

 24 Figure 2.4 : From [120]. (a) Scheme of the LINAC tungsten target and downstream moderator. (b) Schematic view of the GBAR LINAC, e + are produced in 'Linac Target' and guided through the transfer line with magnetic coils towards the GBAR positron line to the right.

Figure 2 . 5 :

 25 Figure 2.5 : Scheme of an "ideal" Penning trap

  2.6). The Lorentz force will ensure any charged particle to rotate back to the center of the trap.

Figure 2 . 6 :

 26 Figure 2.6 : Scheme of a cylindrical Penning trap

Figure 2 . 7 :

 27 Figure 2.7 : Schematic of a Buffer-Gas Trap [128]. Particles are progressively trapped into the third stage potential well.

Figure 2 . 8 :

 28 Figure 2.8 : Scheme of GBAR Buffer-Gas Trap -Electrodes of first stage have an inner diameter of 16 mm, while those of second and third stage are 41 mm wide. Several coils are located around the line to generate a uniform magnetic field in each stage. Dotted arrows indicate the additional coils used to guide the beam
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 29 Figure 2.9 : GBAR High-Field Trap with additional return yoke

Figure 2 .

 2 Figure 2.10 : "Basic AD deceleration cycle" [36]AD cycles last actually about 100 s today

Figure 2 . 11 :

 211 Figure 2.11 : The ELENA ring in the Antimatter Factory at CERN

Figure 2 .

 2 Figure 2.13 : p-trap at the end of the line (left) and trap electrodes layout (right)

Figure 2 . 14 :

 214 Figure 2.14 : Target holder at the center of GBAR reaction chamber with cavity and flat target. The holder can be moved vertically in the vacuum chamber to place different elements and diagnostic tools at the beamline level (for instance, MCP-e4 allows to image the e + beam at target position)

Figure 2 . 15 :

 215 Figure 2.15 : Scheme of the Lamb shift experiment for GBAR[START_REF] Crivelli | Antiproton charge radius[END_REF] 

Figure 2 . 16 :

 216 Figure 2.16 : Top view of GBAR switchyard

( a )

 a First RF paul trap (b) Final precision trap

Figure 2 .

 2 Figure 2.17 : H + traps for cooling to µK temperatures [167] (a) Scheme of the RF Paul trap for Be + sympathetic cooling. The central trap electrode length is 30 mm. (b) Picture of a trap similar to the one to be used as the final precision trap for H + in free fall chamber.

Figure 2 . 18 :( 3 )

 2183 Figure 2.18 : Principle of GBAR free fall experiment with H (1) Arrival of the H + ion in the free fall chamber (2) Photodetachment laser removes excess e + from H + in Paul Trap (t 0 ) (3) Free fall of neutral H atom (4) Annihilation on chamber walls (t 1 ) (5) Detection of secondary particles

Figure 2 . 19 :

 219 Figure 2.19 : Detectors around Free Fall Chamber

( a )Figure 2 . 20 :

 a220 Figure 2.20 : Principle of quantum free fall in GBAR [176] (a) Scheme of quantum free fall for g measurement, with quantum bounces on a mirror before falling in the chamber and annihilating on the walls. (b) Probability distribution depending on the position X and time T of the annihilation event, forming an interference pattern.
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 31 [START_REF] Humphries | Charged particle beams[END_REF][START_REF] Kalvas | Beam Extraction and Transport[END_REF].At focal point, the ellipse axes correspond to the phase space axes (no tilt). Thus a simplified definition of emittance is the beam size × its divergence (×π), at focal point (see fig. 3.1-left). Beam emittance is usually expressed in π • mm • mrad, in mm • mrad, or in µm.

Figure 3 . 1 :

 31 Figure 3.1 : Scheme of y transverse beam emittance at focal point and after focal point (divergent beam)

Figure 3 . 2 :

 32 Figure 3.2 : Beam emittance conservation through linear optics in SIMION (two focusing Einzel lenses -see description in section 3.1.3). Position/momentum phase space is shown before focusing (slightly convergent beam), after focusing (highly convergent), at focal point (α = 0), after focal point (highly divergent) and after refocusing with second EL (back to quasi-parallel beam).
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 33 Figure 3.3 : Schematic and simulation of an Einzel Lens

Figure 3 . 4 :

 34 Figure 3.4 : Schematic and simulation of a 4-plates steerer

Figure 3 . 6 :

 36 Figure 3.6 : Simulation of a quad-triplet focusing in both axes (focal point is at different position in the two axes)

Figure 3 . 7 :

 37 Figure 3.7 : Schematic of a microchannel plate detector (MCP)
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 38 Figure 3.8 : Bunch rotation in longitudinal phase space

Figure 3 . 9 :Figure 3 . 10 :

 39310 Figure 3.9 : Image of the 100 keV p beam from ELENA on MCP-p2 with projections on y and z axes (the white circle represents the MCP diameter)

Figure 3 . 11 :

 311 Figure 3.11 : SIMION simulation of decelerator in "telescope configuration"
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Figure 3 .

 3 Figure 3.12 : (a) Kinetic energy distribution at the exit of the decelerator for the "5 electrodes" configuration (blue) and the V1 only/telescope configuration (orange). (b) Distributions of particles positions on the same plane. (c) Distributions of particles divergence from the axis.

Figure 3 . 13 :

 313 Figure 3.13 : Results of p beam energy distribution gaussian fits after deceleration. Mean kinetic energy (top) and sigma value (bottom), versus delay set for the HV switch

Figure 3 . 14 :

 314 Figure 3.14 : Global layout of GBAR in 2022 with optical elements in p line

Figure 3 . 17 :

 317 Figure 3.17 : Scan of EL out voltage: mean of particles squared distance to the axis (blue) and mean of their squared transverse velocity (orange) versus voltage on the Einzel lens, at the center of TL-EL1 (x=-3232).

Figure 3 . 18 :

 318 Figure 3.18 : Antiproton line SIMION optimized focusing settings for 2022 layout

Figure 3 . 19 :

 319 Figure 3.19 : Magnetic field map computed in COMSOL and corrected with experimental measurements -here along x axis

Figure 3 .

 3 Figure3.20 shows the steerer settings found to correct for the magnetic field effect, in case the optimal focusing settings previously found are used (section 3.4).

Figure 3 . 20 :

 320 Figure 3.20 : Optimized steering voltages from SIMION simulations, compatible with focusing settings of fig. 3.18

Figure 3 . 21 :

 321 Figure 3.21 : Antiproton line experimental focusing settings used for 2022 beamtime

Figure 3 . 22 :

 322 Figure 3.22 : Voltages on p line steerers for 2022 run -Actual values used experimentally and values used in SIMION to simulate the beam transmission with experimental focusing settings from fig. 3.21
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 321 and corresponding adapted steering values (fig. 3.22).

Figure 3 . 23 :

 323 Figure 3.23 : Results of switchyard plates voltage scan for a 1 keV particle. The distance to the ion line axis (yellow dashed line) at the exit of the switchyard is plotted versus the voltage V of the plates (long left and small right plates are set to +V, and long right and small left to -V)

Figure 4 . 1

 41 Figure 4.1 illustrates the scheme of a pulsed deceleration.Here, the drift tube potential is -94 kV before switching. 100 keV particles are progressively slowed as they enter the tube potential (blue line), down to 6 keV (orange line). Switching the tube to ground when particles are inside (blue solid line), prevents the beam from regaining kinetic energy at the exit (orange solid line). Otherwise, particles are re-accelerated to their initial 100 keV energy (orange dotted line).

Figure 4 . 1 :

 41 Figure 4.1 : Beam energy and electric potential along the path of negative particles passing through a 450 mm long drift tube, with (solid line) and without (dotted line) switching. All other electrodes are at ground here.

  4.2).

Figure 4 . 2 :

 42 Figure 4.2 : Original decelerator scheme with 6 pre-deceleration electrodes upstream and an einzel lens downstream the pulsed drift tube

Figure 4 . 3 :

 43 Figure 4.3 : From [197] -Top: Potential profile along the decelerator system axis. Bottom: SIMION "Potential energy view" of the deceleration of a 100 keV antiproton bunch to 1 keV.

Figure 4 . 4 :

 44 Figure 4.4 : Original resistor setups planned for (a) Single switch and (b) Push-Pull switch

Figure 4 . 5 :

 45 Figure 4.5 : External HV feedthrough connection for the Drift Tube

  4.5). No corona current is observed anymore during normal operation of the GBAR decelerator.

Figure 4 . 6 :

 46 Figure 4.6 : (a)(b) Capacitive voltage divider explanation for how voids can cause field enhancement [200] (c)(d)(e) Old insulating supports for upstream electrodes and decelerator drift tube

Figure 4 . 7 :

 47 Figure 4.7 : (a) Scheme of the triple junction effect [200] (b) New guard rings on insulator rods

  4.8). Some experimental examples can be found in Figure4.15.

Figure 4 . 8 :

 48 Figure 4.8 : Beam energy and electric potential along the path of a negative particle passing through a 450 mm long drift tube, depending on HV switch timing. The x-axis represents the position of the particle along its trajectory towards the +x direction. Hence it is related to the time for HV switch

Figure 4 . 9 :

 49 Figure 4.9 : New GBAR decelerator scheme

Figure 4 .

 4 Figure 4.10 : "2-feet" insulating support and electrical connection of the drift tube after 2023 refurbishing

Figure 4 . 11 :

 411 Figure 4.11 : New resistor setup for HV switch

Figure 4 . 12 :

 412 Figure 4.12 : New LabVIEW decelerator control software -front panel interface

A

  camera is triggered by the same trigger signal to record the image of the beam generated by the phosphor screen (fig. 4.13a), and the front face of the MCP is read out by an oscilloscope (fig. 4.13b).

( a )

 a Image on MCP phosphor screen (b) Electric signal on MCP front

Figure 4 . 13 :

 413 Figure 4.13 : Image and signal of a p beam decelerated to 5 keV on MCP-p2 (the white circle in (a) represents the MCP diameter)

Figure 4 .

 4 [START_REF] Lüders | On the equivalence of invariance under time reversal and under particle-antiparticle conjugation for relativistic field theories[END_REF] shows the TOF of the p bunch on MCP depending on the drift tube potential before switching, and therefore depending on expected beam energy. These results are compared with SIMION simulation predictions. The signal of the 100 keV beam in MCP-p2 is used to match the timing of the simulation with the experimental timing defined by the ELENA trigger. The experimental TOFs recorded at MCP-p2 match well the simulation predictions.

Figure 4 . 14 :

 414 Figure 4.14 : TOF of p bunch on MCP for different deceleration energies and comparison with SIMION simulation results

  4.15). Optimization with the SIMION simulation is shown in section 3.3.3.

Figure 4 . 15 :

 415 Figure 4.15 : Time-of-flight of decelerated antiprotons for different HV switching timings. Additional delay generator set to 4.28 µs (early switching), 4.34 µs (correct setting) and 4.40 µs (late switching)

Figure 4 .

 4 Figure 4.16 shows that between early October and the end of November 2022 (data-taking period), the current fluctuated between 10 µA and 25 µA. This results

Figure 4 . 16 :

 416 Figure 4.16 : Mean leakage current on drift tube power supply for each day of the beamtime
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 51 Figure 5.1 : GBAR experimental area during 2022 beamtime

Figure 5 . 2 :

 52 Figure 5.2 : Global layout of the GBAR experiment for 2022 beamtime

Figure 5 . 3 :

 53 Figure 5.3 : Running scheme for H detection experiment in 2022

  2.14). A 2x2x20 mm cavity and a 19x19 mm flat target, which is likely to produce a larger Ps cloud.

Figure 5 . 4 :

 54 Figure 5.4 : Scheme of p/Ps mixing on flat target in 2022

  5.5). The remaining p are then deflected just after the target by a positively charged deflector (see fig. 5.4).

Figure 5 . 5 :

 55 Figure 5.5 : Simulated overlap between p bunch and o-Ps cloud depending on delay between e + and p bunches (see details in section 5.4.1).The optimal is rather flat between -30 ns and -15 ns. Experimental value was set to -30 ns from a previous run of the simulation program that gives similar results but with less precision.

  5.6).Since the time-of-flight of antiprotons and antihydrogens to the MCP are almost exactly the same (less than 1 ns difference), we expect to find 95% of the H in the time range 5.37 ± 2 × 0.096 µs (see fig.5.6). Thus for H data analysis, we will consider only the signals found in this ±2σ window.

Figure 5 . 6 :

 56 Figure 5.6 : Signal of 153 shots in passthrough mode on MCP-p5, with mean of the fits (blue dashed line) and 2 standard deviations band (for fitted Gaussians height, center & sigma). The mean time-of-flight for p is shown in grey (dotted line), with the selected time window for analysis (mean TOF ±2σ)

Figure 5 . 7 :

 57 Figure 5.7 : Positions of p annihilations in SIMION simulations with experimental settings (see section 3.6). Bins representing annihilations in flat target collimator (x=26) and in MCP-p5 (x=1690) are cut off (orange) to zoom on the other annihilation peaks between reaction chamber and MCP. This model assumes that all particles around collimator hole annihilates at x=26 (infinite plate, no halo).

Figure 5 . 8 :

 58 Figure 5.8 : SSPALS [206] spectrum obtained with a PbWO 4 crystal Given that 18 ± 3% of the e + on target are converted into o-Ps and 73 ± 3% of them are in the right position to mix with antiprotons, it is estimated that, on average, (6.8 ± 1.5) × 10 6 o-Ps are produced in the reaction area.

π×0.02 2 1.7 2

 22 /4π = 3.46 × 10 -5 Therefore the maximum number of gammas on MCP after 1.4 µs is 1568 × 3.46 × 10 -5 = 0.05 Considering a 5% γ detection efficiency for the MCP (high-efficiency MCP with high gain), we could expect to detect 2.5 × 10 -3 o-Ps decay signal per shot. On the whole set of 6897 mixing shots, it makes a total of less than 18 signals on the MCP.

Figure 5 . 9 :

 59 Figure 5.9 : (a) 22 Na source installed close to detection MCP (b) Resulting amplitude histogram of γ events on MCP (c) Cumulative sum on signal amplitude

( a )Figure 5 . 10 :

 a510 Figure 5.10 : Image and signal of an H candidate event on MCP-p5 (the white circle in (a) represents the MCP diameter)

Figure 5 . 11 :

 511 Figure 5.11 : Position of maximum pulse heights (peaks) in time for antiproton background and mixing data sets

Figure 5 . 12 :

 512 Figure 5.12 : Height distribution of peak events found in analysis time window (5.37 µs ± 2 × 96 ns) for antiproton background and mixing data sets

Figure 5 . 13 :

 513 Figure 5.13 : Clusters found on the image of an H candidate event

Figure 5 . 14 :

 514 Figure 5.14 : Charge of largest cluster for each mixing event with a peak in the analysis time window versus the peak height

Figure 5 . 15 :

 515 Figure 5.15 : Cluster charge distribution for p background and mixing data, normalized to the first bin (largest cluster selected for each image corresponding to an electrical peak in time window)

Figure 5 . 16 :

 516 Figure 5.16 : Examples of LPN events on MCP-p5

Figure 5 . 17 :

 517 Figure 5.17 : Estimated cluster charge distribution for H, from subtracting p background from LPN data (normalized to the first bin)

Figure 5 . 18 :

 518 Figure 5.18 : Simulated p/o-Ps interaction for a delay of 30 ns between e + and p pulses. t=0 is the time when the center of the p bunch is at x=0.

Figure 5 . 19 :

 519 Figure 5.19 : Simulated vertical trajectories for a charged p (red) and a neutral H (blue) between the reaction chamber (x=0) and MCP-p5 (x=1690) with the correct angle on target and steerer settings from fig. 3.22.

Figure 5 .

 5 Figure 5.20 : (a) Beam spot position on MCP-p4 (red dots) depending on target holder position (framed numbers) (b) Side view of the target holder with positions values (c) Picture of 2022 target holder layout

4 ± 2 . 8 )

 428 × 10 -3 (8.0 ± 2.4) × 10 12 = (1.1 ± 0.5) × 10 -15 cm 2

Figure 5 . 21 :

 521 Figure 5.21 : Total cross section of H production (eq. (2.3)) from Ps(1s) depending on p energy for different models: CBA (black triangles)[START_REF] Comini | Study of the antihydrogen atom and ion formation in the collisions antiproton-positronium[END_REF][START_REF] Lévêque-Simon | Collisions assistées par LASER pour la formation d'antimatière[END_REF] and CCC (orange diamonds)[START_REF] Rawlins | Calculation of antihydrogen formation via antiproton scattering with excited positronium[END_REF]. Experimental matter-equivalent results (green squares, eq. (2.5)) are from Merrison et al.[START_REF] Merrison | Hydrogen formation by proton impact on positronium[END_REF]. Finally, the experimental lower limit for 6.1 keV described in this thesis is shown in blue.

Computing 2 molecular

 2 CAD Computer-Aided Design CBA Coulomb-Born Approximation -a model used for cross-section theoretical calculations (see section 5.4.2) CCC Convergent Close Coupling method -a model used for cross-section theoretical calculations (see section 5.4.2) RK4 Classic (4-th order) Runge-Kutta method PA Potential Array (SIMION object) Lua Programming language used for SIMION user programs (from Portuguese "Lua": moon) csv Comma-Separated Values -a common data file format png Portable Network Graphics -a popular image format tif(f) Tag Image File (Format) -a lossless image format : gravity, Interferometry, Spectroscopy ALPHA Antihydrogen Laser Physics Apparatus ATHENA ApparaTus for High precision Experiments with Neutral Antimatter ATRAP Antihydrogen TRAP ASACUSA Atomic Spectroscopy And Collisions Using Slow Antiprotons BASE Baryon Antibaryon Symmetry Experiment GBAR Gravitational Behaviour of Antihydrogen at Rest PUMA antiProton Unstable Matter Annihilation PS/CPS CERN Proton Synchrotron SPS Super Proton Synchrotron SppS Super Proton-Antiproton Synchrotron LHC Large Hadron Collider LS2 Long Shutdown 2 -long stop of accelerator complex at CERN for LHC upgrades between 2019 and 2021 LS3 Long Shutdown 3 -long stop of accelerator complex at CERN for LHC upgrades between 2025 and 2027 AGS Alternating Gradient Synchrotron AMS Alpha Magnetic Spectrometer (originally: AntiMatter Spectrometer) GRASIAN GRAvity, Spectroscopy and Interferometry with ultra-cold Atoms and Neutrons ISOLDE Isotope Separator On Line DEvice -nuclear experiment at CERN ISS International Space Station LLR Lunar Laser Ranging Physics constants & units c Speed of light in a vacuum g Gravitational constant for antimatter eV ElectronVolt -energy unit (kinetic energy of a single e -accelerated by a 1 V potential in vacuum) G Gauss -magnetic field unit T Tesla -magnetic field unit (1 T = 10000 G) K Kelvin -temperature unit (0 • C = 273.15 K) mbar millibar -pressure unit (1 mbar =100 Pa) Laboratories CERN European Organization for Nuclear Research (from old french name: Conseil européen pour la recherche nucléaire) CNRS Centre National de la Recherche Scientifique IJCLab Laboratoire de physique des deux infinis Irène Joliot-Curie CEA Comissariat à l'Énergie Atomique et aux énergies alternatives ETH(Z) Eidgenössische Technische Hochschule (Zürich) "Small Flange" in english UHV Ultra-High Vacuum: < 10 -9 mbar RC Resistor-Capacitor circuit (may also refer to the corresponding time constant) Ps positronium (bound state of e + and e -) o-Ps ortho-positronium: triplet state of Ps p-Ps para-positronium: single state of Ps p proton p antiproton (u u d) [p-bar] negative ion (1 p, 2 e -) H + antihydrogen positive ion (1 p, 2 e + ) [H-bar plus] H antihydrogen ion (2 p, 2 e + ) Cs Caesium atom Theory CPT CPT symmetry: Charge, Parity, Time (see section 1.2.1) Standard Model theories Other acronyms/abbreviations LPN "Low p Number" runs (see section 5.3.2) PTFE PolyTetraFluoroEthylene -also known as "Teflon" C.2 Particles file C.2.

  t r a l i z e _ p ar t i c l e s ( optional ) ) --Example : Pinhole = DefinePinhole (0 , 0 .25 ) • x : x position of pinhole in GBAR reference frame • pinhole_radius : radius inside which particles are considered inside pinhole • stop_particles_out_of_pinhole : if true, stop particles which does not go through pinhole (default=true)• neutralize_particles : if true, neutralize particles which goes through pinhole (default=false)reinitialize_testplane[not for final user] Clear all data of a plane to avoid problems with re-run.

r e i n

  i t i a l i z e _ t e s t p l a n e ( plane ) print_beam_position_at_xplane Print beam position at given plane, in the log. p r i n t _ b e a m _ p o s i t i o n _ a t _ x p l a n e ( plane )QT_SimplexOptimization_2x2mmTargetSimplex optimization of Quad-Triplet voltages (QT1,QT2,QT3) to maximize the number of particles going through 2x2mmTarget and hitting MCP-p5 plane. Q T _ S i m p l e x O p t i m i z a t i o n _ 2 x 2 m m T a r g e t ( SWYMCP_plane , start , step , minradius , ( optional ) r e s u l t s _ f i l e _ P a t h F r o m M a i n F o l d e r ( optional ) ) --Default Simplex parameters : local start = start or { -100 ,100 , -100} local step = step or {50 ,50 ,50} local minradius = minradius or 1 --Example : Q T _ S i m p l e x O p t i m i z a t i o n _ 2 x 2 m m T a r g e t ( TP.MCPp5 ) • SWYMCP_plane : MCP-p5 test plane. • start,step, minradius : Simplex parameters • results_file_PathFromMainFolder: (default='4-Data/SimplexOptimization_ QT_2x2mmTarget.txt') QT_SimplexOptimization_FlatTarget Simplex optimization of Quad-Triplet voltages (QT1,QT2,QT3) to maximize the number of particles going through Flat Target collimator (+ in same radius at x=-10) and hitting MCP-p5 plane. Q T _ S i m p l e x O p t i m i z a t i o n _ F l a t T a r g e t ( SWYMCP_plane , start , step , minradius , ( optional ) r e s u l t s _ f i l e _ P a t h F r o m M a i n F o l d e r ( optional ) ) --Default Simplex parameters : local start = start or { -100 ,100 , -100} --QT1 , QT2 , QT3 local step = step or {50 ,50 ,50} local minradius = minradius or 1 --Example : Q T _ S i m p l e x O p t i m i z a t i o n _ F l a t T a r g e t ( TP.MCPp5 ) • SWYMCP_plane : MCP-p5 test plane. • start,step, minradius : Simplex parameters • results_file_PathFromMainFolder: (default='4-Data/SimplexOptimization_ QT_FlatTarget.txt')
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Table 3 .

 3 .1). The only exceptions are the emittance, which is almost 3 times the design value, and the relative momentum spread, which is increased due to the bunch rotation.

	Parameter	Design value Value in 2022 units
	Bunch population	4.5 × 10 6	7 × 10 6	p/bunch
	Rel. momentum spread	5 × 10 -4	9 × 10 -4	rel.100 keV
	Bunch length	75	40	ns (σ)
	Horizontal emittance	1.2	2.92	mm • mrad (σ)
	Vertical emittance	0.75	2.13	mm • mrad (σ)
	Time jitter	a few ns	4	ns (σ)

1 : ELENA design parameters

[START_REF] Chohan | Extra Low ENergy Antiproton (ELENA) ring and its Transfer Lines: Design Report[END_REF] 

vs actual 2022 beam parameters

Table 3 . 2 :

 32 ELENA beam Twiss parameters used to model the particles in SIMION

	Twiss parameters at x = -4009 mm units
	α y	-0.208	
	β y	1.515	m
	dy	-1.230	m
	dp y	-0.105	
	ε y	2.916	µm
	α z	0.165	
	β z	0.801	m
	dz	-0.211	m
	dp z	-0.006	
	ε y	2.133	µm

Table 3 . 3 :

 33 Percentage of the initial 10000 particles remaining at different x-positions in SIMION using simulation optimized settings. Last line is the number of remaining particles at MCP-p5 if they are all neutralized at target (x=0).

	x(mm) position	% of ELENA particles
	-6680	ELENA handover point		100%
	-4120	MCP-p2		100%
	-1830	MCP-p3		100%
	26	Flat target collimator	92%	[in collimator] 60%
	1690	MCP-p5 (charged p)	66% 45%	[in MCP] 40%
	1690	MCP-p5 (neutral H)	70% 48%	41%

Table 3 . 4 :

 34 Percentage of the initial 10000 particles remaining at different x-positions in SIMION simulations using experimental settings, with magnetic field (steerer settings adapted for simulation -see fig.3.22). Last line is the number of remaining particles at MCP-p5 if they are all neutralized at target (x=0).

	x(mm) position	% of ELENA particles
	-6680	ELENA handover point		100%
	-4120	MCP-p2		100%
	-1830	MCP-p3		99%
	26	Flat target collimator	94%	[in collimator] 38%
	1690	MCP-p5 (charged p)	44% 28%	[in MCP] 25%
	1690	MCP-p5 (neutral H)	49% 29%	26%

  • , one should apply 6.1 × 158 ≃ ±964 V on the switchyard plates. Motivation & Principle . . . . . . . . . . . . . . . . . . . . . 93 4.1.1 Why use a decelerator ? . . . . . . . . . . . . . . . . 93 4.1.2 Principle of a pulsed drift tube decelerator . . . . . . 94 4.1.3 Original design . . . . . . . . . . . . . . . . . . . . . 95 4.2 Problems encountered with first version(s) Summary of decelerator commissioning and operation 4.3 New revised decelerator setup . . . . . . . . . . . . . . . . .

	Chapter 4
	GBAR Antiproton Decelerator
	Contents
	4.1

or "What you should avoid in your vacuum HV system" . . . 97 4.2.1 Vacuum issues . . . . . . . . . . . . . . . . . . . . . . 97 4.2.2 Leakage current . . . . . . . . . . . . . . . . . . . . . 98 4.2.3 Improvements on deceleration timing and efficiency . 4.2.4 Other various issues . . . . . . . . . . . . . . . . . . 4.2.5 4.3.1 New design . . . . . . . . . . . . . . . . . . . . . . . 4.3.2 New control system software . . . . . . . . . . . . . . 4.4 Characterisation tests and results . . . . . . . . . . . . . . . 4.4.1 Demonstration of decelerator operation . . . . . . . . 4.4.2 Effect of HV switch timing . . . . . . . . . . . . . . . 4.4.3 Leakage current over beamtime . . . . . . . . . . . .

  Experimental setup for H search . . . . . . . . . . . . . . . . 113 5.1.1 GBAR 2022 setup . . . . . . . . . . . . . . . . . . . 113 5.1.2 Scheme of mixing runs . . . . . . . . . . . . . . . . . 115 5.2 Backgrounds . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 5.2.1 p path and background . . . . . . . . . . . . . . . . . 117 5.2.2 Ps production and background . . . . . . . . . . . . . 118 5.2.3 Other backgrounds . . . . . . . . . . . . . . . . . . . 120 5.3 Analysis of antihydrogen production . . . . . . . . . . . . . 120 5.3.1 Electric signal analysis . . . . . . . . . . . . . . . . . 121 5.3.2 MCP images analysis . . . . . . . . . . . . . . . . . . 123 5.4 Cross-section discussion . . . . . . . . . . . . . . . . . . . . 125 5.4.1 How to measure the cross-section . . . . . . . . . . . 125 5.4.2 Lower limit estimation . . . . . . . . . . . . . . . . . 130

	Chapter 5
	Antihydrogen synthesis
	Contents
	5.1

  • x_target_start, x_collimator : x position of test planes in GBAR reference frame• neutralize_particles : if true, neutralize particles which goes through target (default=false)

	Workbench programs are stored in 1-Projects/.
	SIMION main folder
	1-Projects
	0-Lua libraries→ see section C.6
	Pbar Line
	0-All Line
	Full_Pbar_Line2022.iob
	Full_Pbar_Line2022.lua
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	Full_Pbar_Line2022.rec
	→ Workbench files (.iob) and associated .lua (Workbench
	user program), .ION/.FLY2 (Particle definitions) and .rec
	(Data recording definitions)
	1.Decelerator
	...
	Positron Line
	...

"in the order of

pb for a p-momentum around 2 GeV/c", to be compared with theoretical values between 1.34 × 10 9 and

[START_REF] Klein | Quantentheorie und fünfdimensionale Relativitätstheorie[END_REF].06 × 10 9 barns for H production at 6 keV in GBAR (eq. (2.3))

A recent result from Lunar Laser Ranging experiment demonstrated the equivalence of active and passive gravitational mass at the level of 10 -14[START_REF] Vishwa | Equivalence of active and passive gravitational mass tested with lunar laser ranging[END_REF] 

particles, it can have two forms:

NB: For this cross-section estimation, the small energy fluctuations from decelerator leakage current (section 4.4) are neglected. The p beam is considered to be at 6.1 keV

Another deflection from MCP-p4 in position "out" (after target) was found in November 2023, but conclusions drawn here remain valid
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Appendix A Decelerator block diagram

 [START_REF]2021run.gem Decelerator-2021run.pa# Decelerator-2021run.pa0 Decelerator-2021run[END_REF]Appendix C

GBAR SIMION Framework

C.1 General information

This manual will help you to run and develop new simulations in the GBAR SIMION framework (available for p line to date). You will also find a description of the Python functions built to analyze the output data from these SIMION simulations.

The simulations were performed on version 8.1.3.9 of SIMION. To learn how to use SIMION itself, read SIMION manual [START_REF] Manura | SIMION ® 8.0/8.1 User Manual[END_REF] (only available in physical book format) and/or SIMION supplemental documentation (software documentation).

C.1.1 Global file tree structure

Here is the general tree structure of the GBAR SIMION framework. More details about each sub-folder can be found in the following sections. The full tree is in section C.9.

SIMION main folder 1-Projects

Worbench files(.iob) and associated .lua (Workbench user program) files to run each simulation. • Click NO when asked to refine magnetic PAs ! (see section C.4)

• Open corresponding lua file (same name as iob) with a text editor (recommended: Notepad++).

• Check that all settings are correct (section C.6.3)

• Especially, in definition of segment.flym(): choose to do a simple run() or use a special run function (section C.6.4)

• In SIMION, tab 'Particles'>'Define Particles', load the particle file you want in 3-Particles/

• Click on 'Flym' once to do a draft first run and load all adjustable variables

• Go to 'Variables' tab and set the right values for all variables

• Click 'Flym'

• Check the log file to make sure everything is as expected (tab 'Log')

• Now you can analyze output data with python scripts in 5-analysis

For more details on each step, see each section of this manual.

C.1.3 General remarks

• Do not hesitate to read the docstring of the python functions to understand their purposes and how to use them. Use ctrl+i on the function in Spyder to see Rich Text help rendered with Sphinx, or use help(<function>) to read directly the docstring in a python console.

• Never refine a magnetic PA when loading a .iob file. See section C. 4 for explanations.

• You can use MEMOINFO.GUI to describe your files (fill 'Memo' field when saving your file with SIMION)

NB: Note that there is still some discrepancies between SIMION/ELENA model (from Y.Dutheil, matched with SEM grids data) and measurements of 100 keV beam size on GBAR MCPs (section 3.2).

Particle files are stored in their respective folders depending of their type in 3-Particles/.

SIMION main folder 3-Particles 0-generate beam Generate_ION_beam.py ION_Beam_lib.py pbar Beam-pbar-6keV-10000parts.ION ... H-... These particle files can then be loaded from SIMION interface: tab Particles > Define Particles. From this interface, you can change settings for each particle individually for .ION files or change the way particles are generated for .FLY2 files.

In SIMION 8.2 it is possible to directly load the particle file with simion.wb: load_particles(filename). This may be safer and clearer to actually use the right beam file without having to save multiple workbench files with each corresponding .ion which should keep the same name as the .iob and is therefore necessarily vague when it comes to defining the beam file properties.

C.3 Geometry and Potential Array files

C.3.1 GEM files

GEM files are the best way to define geometries in SIMION. These are text files with the extension '.GEM'. This is a SIMION-specific language with many functions to define geometries (see SIMION manual [START_REF] Manura | SIMION ® 8.0/8.1 User Manual[END_REF] -section I).

Example of creating a 600mm long tube at ground:

; This is a comment ; Indentation is not mandatory for the code to be interpreted , but it is necessary for better readability ; - -------------------------; DN63 tube ( length =600 mm ) ; --------------------------Locate (0 ,0 ,0) { Locate (0 ,0 ,0) ; Outer tube ( GND ) { electrode (0) { locate (0 ,150 ,150) { fill { within { locate ( , , , , -90 , ,) { cylinder (0 ,0 ,0 , 34.5 ,34.5 , 600) } } notin_inside { locate ( , , , , -90 , ,) { cylinder (0 ,0 ,1 e6 , 31.5 ,31.5 , 2 e6 ) } } } } } } } A few tips with GEM files:

• We use 1e6 as an 'infinite length'

• All electrodes with same number x (electrode(x)) will have the same voltage when converted to PA or PA# files

• electrode(0) means that this electrode will stay at ground (for example a vacuum chamber)

• Most of the basic components are already defined in some gem files. You can just copy/paste and change dimensions, orientation, ...

• To edit gem files with syntax highlighting, follow instructions from 6-Dev-Old-Other/Notepad++ User Defined Language/ReadMe.md

• Lines starting with '#' or text inside $() are interpreted as Lua code and evaluated. If $() contains an expression (rather than a statement), the result is outputted.

C.3.2 PA files

Potential Array (PA) files are the final matrices containing electrostatic or magnetic fields used by SIMION for its computations. SIMION can convert GEM files to PA. Once created, the potential arrays must be "refined" to obtain the potential of non-electrode points.

There are several types of PA files.

.

PA

The basic potential array (rarely used in our framework) with the extension '.PA'. With this type of file, you cannot independently change each voltage. For example if in your gem files you have defined: .PA#, .PA0, .PA1, ... ...SIMION will create 'example.pa1', 'example.pa2', and 'example.pa3' because there are 3 independent electrodes (electrodes A and B are dependent because defined with the same number). SIMION will also create a base solution array 'example.pa0', which will be the file you will actually fast adjust when using the simulations. From this file you have access to the value of each electrode.

NB: You can save different pa0 files for the same array, with extensions like '.pb0', '.pc0', etc. ('.P?0' where ? is A-Z). This enables to store multiple settings with different voltage values.

C.3.3 GBAR geometries areas

One must be careful when defining the separations between all geometry files of a simulation. For instance, if you end your geometry too close to an electrode at high voltage, then the voltage value at the PA boundary will be different from 0, but this will not be seen by any other PA placed next to it and results in a potential gap and wrong simulation. For instance, a 6 keV particle that exits a PA at 1000 V will continue its path with only 5 keV (no re-acceleration). For this reason, we use to choose geometry frontiers at some position where we know that the voltage will always be almost 0 V.

Antiproton line

You will find a scheme of all areas delimitation for p line in fig. 

Use field map in SIMION

To use this map in SIMION, you have to add the 3 PA to your workbench. Make sure that they are correctly located corresponding to the points they defined. Then in you lua workbench program, make sure that the values of Bx_instance_number, By_instance_number, and Bz_instance_number corresponds to their position in the PA list (tab 'PAs' in SIMION GUI). This will be used in PROGRAM_SEGMENTS.lua to create the field map. Also, make sure that adjustable variable Mag_Field = 1.

If you want to use several field maps (for example, have the p-trap field map on top of it), then you will have to either change your csv field map beforehand or use/create some other functions like Set_Bfield_wPbarTrap() that can cope with more PAs. This second option requires more work to adapt all the lua framework and keep it working for all cases.

You can check with lua function Print_Mag_Field() and a single neutral particle that the field you implemented is as you expect on each point.

C.5 SIMION Workbench (.iob) -Simulation main file

A SIMION Workbench (.IOB file) describes an entire SIMION project. It links to one or more potential array instances, ion definitions, and data recording definitions.

When loading a .iob file, SIMION will also automatically load all files with the same name in the same folder (but with different extensions). For instance if you load "example.iob" in the following folder: Folder example.iob example.lua C.6 LUA user programs

C.6.1 Lua SIMION program segments

A lua workbench user program is a lua file with the same name as .iob and whose first code line is: Compute PA instance; then call "instance_adjust" (a) Compute field from instance; then call "efield_adjust" or "mfield_adjust" (as appropriate). (+) Compute acceleration from field; then call "accel_adjust". (+) Computation of acceleration from array instance:

Call "fast_adjust" for this instance (if fast adjustable)

Start Fly'm (click on Fly'm button)

Compile all user programs ([iobName].lua); reset adjustable variables.

LOOP for each run. (Multiple runs are possible in Rerun Mode. This loop may be replaced with a "flym" segment that makes calls to run().)

Call "initialize_run" once. Create all ions. Then call "initialize" (a+) for each ion (only if ion is created in an active potential array. Called 2 times if in magnetic and electrostatic PAs)

Call "init_p_values" for each fast adjustable array instance (→.pa0)

LOOP for each ion (or execute once for all ions simultaneously if Grouped Mode) Reset static variables/arrays (in PRG).

LOOP for each time-step... Compute proposed time-step; then call "tstep_adjust" (a+) (i) (a) These are repeated for each active array instance (highest priority instance containing the current ion): first the active electrostatic array (if any), then the active magnetic array (if any). That is 0, 1, or 2 times. (+) If no active array instance and sim_segment_global=1, then call within workbench. That is 1 time. (SIMION 8.2 only) (i) These are repeated for each ion currently being processed. That is one ion or, if Grouped Mode, all ions.

Single time-step integration: Loop a few times in step... (i) Call "other_actions" (a+) (i) (and re-call "fast_adjust" (a) (i) if PE surface update requested).

Call "terminate" (a+) for each ion (only if ions are in an active potential array) (after all ions have splatted). Then call "terminate_run" once.

Restore potentials and adjustable variables.

End Fly'm.

Compute acceleration from ion repulsion (if active).

Apply relativistic correction to total acceleration; then update ion trajectory. When launching the software, SIMION calls the file 'simion.lua' in its own folder if it exists. This can be used to initialize some parameters of SIMION. For GBAR framework, such a file has been made and can be found in 1-Projects/ 0-Lua libraries/0_CopyToSIMIONFolder/. You should copy this file to the SIMION folder: 'C:\Program Files\SIMION\simion.lua'.

C.6.2 GBAR SIMION Lua framework

The idea behind the GBAR SIMION lua framework is to keep only the minimum necessary, and what is specific to each simulation, in the main workbench file. The latter then calls all other files organized as lua libraries. Thus all lua files are common to every simulation so that every update can be used in any file. This also avoids workbench files with too many lines, which are hard to read and maintain coherence with the rest.

Here is the general dependency structure of lua files in our framework. For folder locations on the computer, see section C.9. 

Main

C.6.3 Main LUA workbench program: what you have to change

The pattern of every GBAR user program is composed of different sections described here in the same order as written in the code. All custom lua functions are listed in section C.10 with their docstrings.

Import libraries

Set current file as a workbench user program and import necessary lua files (define all functions used later). Nothing to change here. 

TEST PLANES

Create a global table TP to store all test planes for the simulation. The code will iterate over this table when it needs to access test planes, so it is important to define all test planes as elements of this global table (accessible from anywhere).

TP ={} --initialize empty table to store test planes --Record beam parameters along the line -some examples TP.E LENA_v alve = C r e a t e _ x _ t e s t p l a n e ( -6679 , ' ELENA_valve ') --NB : bug at IOB limit x = -6680 TP.MCPp2 = C r e a t e _ x _ t e s t p l a n e ( -4120 , ' MCP_p2 ') TP.GBARorigin = C r e a t e _ x _ t e s t p l a n e (0 , ' GBAR_origin ') TP.MCPp5 = C r e a t e _ x _ t e s t p l a n e (1690 , ' MCP_p5 ') You can also add some special planes, to neutralize particles or directly count in lua particles passing through cavity target for instance.

--Count particles at target position and / or make them neutrals : --N e u t r a l i z i n g P l a n e = D e f i n e _ x _ N e u t r a l i z i n g P l a n e (0) --Neutralize all particles crossing x =0 plane CavityEntrance , CavityExit = D e f i n e 2 x 2 m m T a r g e t ( -10 ,10 , false ) --define position of 2 x2mm cavity to count n u m _ p a r t i c l e s _ t h r o u g h _ t a r g e t

RECORD DATA

Choose output data file name and default values for adjustable variables Record_ Data (if 1, write data to data_file_path) and Mag_Field (if 1, run simulation with magnetic field).

- 

SELECT ACTIVE PARTS

Choose which parts you want to adjust for your simulation with adjustable variables (or lua programs). For instance, if you set Adjust_TransferLine_HV to true, the program will create adjustable variables for TL-EL1 and TL-EL2 (accessible in tab 'Variables' on SIMION view window). If you then change these values, the next run will set the new voltages to these electrodes. ------------------Steering -------------------A d ------------------Bendings -------------------Adjust_QB = false --Initialize Quad -Bender voltages A d j u s t _ S W Y _ p l a t e s = false --Initialize Switchyard plates voltages

Here you also have to set the instance number for each PA, for SIMION to retrieve each electrode. Instance number is the index visible in tab 'PAs' of SIMION view window (corresponds to priority list). In principle you only have to check this part once, when you create a new workbench and change some potential arrays. - 

DEFINE FLY'M SEGMENT

Define what is really done when pressing "Fly'm" button.

l u a for definition --Run section ----------------------------------------------------------run () --Default run behavior ScanVoltages ( ' DT ' , TP.MCPp2 , -93750 , -94000 , 50) --After all runs finished : - ------------p --------------------------------------------------------

r i n t _ b e a m _ t i m i n g _ a t _ a l l _ t e s t _ p l a n e s () --End Fly 'm -

-end_flym () --see P R O G R A M _ S E G M E N T S . l u a for definition end

And import all other program segments (standard for all simulations).

--Other program segments are defined here : simion.import ( p a t h _ t o _ m a i n _ f o l d e r . . '1 -Projects /0 -Lua libraries / P R O G R A M _ S E G M E N T S . l u a ')

(optional) SET DEFAULT VALUES

When you choose to adjust some electrode in 'SELECT ACTIVE PARTS' section, the program called will define the adjustable variables without any value. By default SIMION will set it to 0. Then you have to run once to see the variables appear, and then change their values to perform the simulation you actually want.

Here you can already set default values for these variables. WARNING: if some variables from non-active parts are defined here, you will still see them in 'Variables' tab of SIMION view window even if they do not have any effect. This could be confusing, so it is recommended to comment non-active parts here. ------[ DECELERATOR ] ------------------------------------------[ 

C.6.4 List of custom Lua functions

Here are listed the -directly useful for user -lua functions made for GBAR SIMION framework. Look at section C.10 or directly in the code for detailed syntax and explanations.

Test planes

Functions to defines test planes. These functions are from ManageTestPlanes_lib. lua.

• Create_x_testplane() : creates a test plane for a given x • Define_x_NeutralizingPlane() : creates one test plane at given x to neutralize all particles which hits this plane

• DefinePinhole() : creates a test plane at x and splats all particles outside pinhole_radius (optional). +Optionally, neutralize particles at this plane.

Run functions

Functions to define 'Flym' type. They have to be used in definition of segment. flym(). They replace the run() statement (because it is already included at least once inside these functions). They are defined in Runs_lib.lua.

• run() : basic SIMION run function. It is needed when you just want a simple run without using special scan,... functions.

• 

Quick summary functions

Functions to use just after run functions to print some quick information about the beam at test planes. They are defined in ManageTestPlanes_lib.lua. NB: these functions can just write information about the last run. If you want this to be printed for each run, you will have to modify your run functions.

• print_beam_position_at_xplane() : print beam position at given plane, in the log

• print_beam_position_at_all_test_planes() : print beam position at all defined test planes, in the log

• print_beam_timing_at_all_test_planes() : print beam timing at all defined test planes, in the log C.6.5 General LUA remarks

• In Lua, we use '--' to comment a single line and '--[[...]]' to comment a block. In GBAR SIMION lua files you will find pre-commented blocks like '--[...--]]'. The idea is that you just have to add a '[' to comment the block (for example if you do not want to set some default values) and reversely you can just remove one '[' to uncomment the block while keeping a ready-to-run code.

• All data structures in other languages (list, arrays, tuples, ...) are represented with Tables in Lua.

Tables are similar to dictionaries in python: they are like a list of elements (can be any type) with some key for each element (can be int or any string).

• By default, new defined variables are global variables in lua. you have to precise local to create a local variable which can be read only within your current file, loop, ... • SIMION 'Adjustable variables' are local variables, but it is possible to read them from several files if you redefine them in each file.

1 --File1.lua 2 adjustable V1 = 56000

1 --File2.lua 2 adjustable V1 --redefine the variable in another file 3 print ( V1 ) --output will be '56000 ' ( or new value for adjustable variable )

• In Lua, you can access the list of global variables using the _G table. The _G table is a special table that contains all global variables as its fields, and you can access or modify them just like any other table field. However SIMION may use another environment for its own global variables.

• Once an adjustable variable is defined, it will stay in the 'Variables' tab of SIMION even if it is not active anymore. The only known way to remove it without reloading iob is to launch a run with a deliberate error in lua file (ex: type any letter on a blank line). Then it erases all variables and only active defined variables will reappear at next 'Flym'.

C.7 Output data

Output data is a txt file with header (delimiter is '\t'): • max_radius : only particles with pyandpz < max r adius will be taken into account (default=math.huge)

Create_y_testplane

Creates a test plane for a given y.

Cr ea te _y_ te st pla ne ( x , PlaneName , ( optional ) max_radius , ( optional ) center_xz , ( optional ) )

• y : y position of test plane in GBAR reference frame • PlaneName : name of the plane, printed in output data (default='TestPlane# '..PlaneIndex)

• max_radius : only particles with py and pz < max_radius will be taken into account (default=math.huge)

• center_xz : {x,z} coordinates of the center in case we want to cut with max_radius (default={0,0})

Create_IL_testplane

Creates a test plane in Ion Line (35deg from pbar line) for a given position in this line (x_IL=0 is center of switchyard).

Cr ea te _x_ te st pla ne ( x_IL , PlaneName , ( optional ) r ( optional ) )

• x_IL : position of test plane in Ion Line reference frame • PlaneName : name of the plane, printed in output data (default='TestPlaneIL# '..PlaneIndex)

• r : radius of ion line tube, only particles inside this radius are considered (default=50)

Create_splatted_particles_testplane

Record position and parameters of particles that hit something along the line (particles stopped) and store them in same format as test planes.

C 

ScanVoltages_wBeamProfiles

Scan voltages of a given electrode and Print_Beam_Profile() for each run. 

ScanSwitchTiming

Scan adjustable variable Delay_StandfordDG645: timing of Drift Tube switch.

ScanSwitchTiming ( t_start , t_end , t_step , optPlane , ( optional ) r e s u l t s _ f i l e _ P a t h F r o m M a i n F o l d e r ( optional ) )

• t_start, t_end, t_step : timing range to scan in µs.

• optPlane : (Default is any plane in global table TP). • RC_start, RC_end, RC_step : RC value range to scan in µs.

• optPlane : (Default is any plane in global table TP).

• results_file_PathFromMainFolder: (default='4-Data/Results_scanSwitchRC. txt')

P r i n t _ B e a m _ P r o f i l e _ a t _ g i v e n _ x p o s i t i o n s ( xpositions_list , r e s u l t s _ f i l e _ P a t h F r o m M a i n F o l d e r ( optional ) ) --Example : P r i n t _ B e a m _ P r o f i l e _ a t _ g i v e n _ x p o s i t i o n s ({ -100 , -10 , 0 , 10 , 100 , 1690})

• xpositions_list : table with x value of each plane where to get beam position • results_file_PathFromMainFolder: (default='4-Data/BeamLine.txt')

Print_Mag_Field_at_given_positions

Write Bx, By and Bz at given x planes to output data file.

P r i n t _ M a g _ F i e l d _ a t _ g i v e n _ p o s i t i o n s ( xpositions_list , r e s u l t s _ f i l e _ P a t h F r o m M a i n F o l d e r ( optional ) )

• xpositions_list : table with x value of each plane where to get magnetic field