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IntrodutionParmi les grands instruments dédiés à la physique, les aélérateurs susitent atuellementbeauoup d'engouement. Ceux optimisés pour la prodution de rayonnement dit �synhrotron�sont notamment en plein essor. Phénomène parasite à son origine, e type de rayonnement estrapidement devenu un outil de reherhe inontournable si l'on se réfère à la demande toujoursroissante des utilisateurs. La Soure Optimisée de Lumière d'Energie Intermédiaire du LURE1(SOLEIL) est un ensemble d'aélérateurs d'életrons mettant à la disposition de la ommunautéutilisatrie un rayonnement synhrotron de haute performane. Cette ommunauté s'est onsidé-rablement développée pendant vingt inq ans grâe au LURE (arrêté maintenant) qui après lesanneaux de stokage ACO2, DCI3 et SUPERACO a atteint le nombre de 2000 utilisateurs paran. Pour atteindre les performanes visées, SOLEIL, soure de rayonnement synhrotron de 3èmegénération, est équipé d'éléments d'insertion qui délivreront les faiseaux de photons. La brillane,la stabilité des photons dans l'espae et le temps sont les prinipaux ritères de qualité reher-hés pour les utilisateurs. Comme es paramètres sont diretement liés à la qualité du faiseaud'életrons irulant dans la mahine, les performanes attendues pour les di�érents éléments laonstituant sont très pointues. C'est le as notamment des éléments foalisants de l'anneau destokage : les quadrup�les. Par analogie ave l'optique, les quadrup�les exerent sur le faiseaud'életrons un e�et qui est similaire à elui d'une lentille mine foalisant un faiseau de lumière.Pour un faiseau d'életrons, et e�et de foalisation est assuré par le hamp magnétique produitpar es quadrup�les qui a une symétrie quadrupolaire. A�n de ne pas perturber la dynamiquedes életrons, il est important que le hamp magnétique fourni soit le plus pur possible. Cela veutdire que les harmoniques, qui sont des omposantes du hamp magnétique produit, autres quequadrupolaires, doivent être minimisés. C'est pourquoi une ampagne de mesures magnétiquesdoit être menée a�n de s'assurer que haun des 160 quadrup�les ait un taux d'harmoniques endessous des toléranes �xées. Du fait de ertains défauts de fabriation, un déalage de la posi-tion et de l'orientation de l'axe magnétique des quadrup�les détériore la qualité du hamp. Celaperturbe la trajetoire des életrons, e qui implique que es quantités doivent non seulement êtremesurées mais aussi orrigées. La minimisation de es défauts permet de réduire sensiblement lesperturbations du premier ordre subies par le faiseau.Pour ela, SOLEIL a déidé de développer un ban de mesures magnétiques multipolairesdans le but d'e�etuer es mesures magnétiques et es orretions. Les toléranes onernant lesaxes magnétiques des multip�les sont très strites étant données les perturbations que e genre dedéfaut peut introduire. Ces perturbations proviennent de l'extrême sensibilité du faiseau d'éle-trons qui est fortement foalisé pour obtenir une grande brillane des photons. Il est néessaire queles életrons traversent les quadrup�les suivant leur axe dont la position transverse par rapport1LURE : Laboratoire d'Utilisation du Rayonnement Eletromagnétique2ACO : Aélérateurs Cirulaire d'Orsay3DCI : Dispositif de Collision dans l'Igloo 9



TABLE DES MATIÈRES 10à l'axe longitudinal doit être limitée à 25 µm au sens des moindes arrés. De plus, si l'angle duplan médian du hamp quadrupolaire par rapport au plan horizontal est important, il apparaîtun phénomène de ouplage entre le plan vertial et le plan horizontal. Pour limiter e ouplage,l'erreur d'orientation du plan médian magnétique doit être inférieure à 0.1mrad autour de l'axelongitudinal, au sens des moindres arrés. Le premier apteur, dédié à es mesures, n'a pas permisd'atteindre es spéi�ations. C'est dans e ontexte que nous avons amoré notre reherhe enétudiant les auses des problèmes renontrés, a�n de développer un nouveau apteur plus per-formant. Les travaux de W.G. Davies [1℄ onernant la mesure des quadrup�les ont onstituéle point de départ de notre étude pour atteindre la préision de mesure néessaire. De plus, unquadrup�le de référene a été fabriqué dans le but de l'identi�er et de quanti�er les défauts duban de mesure et notamment du apteur. Ces mesures sont indispensables lors de la mise enroute du ban pour de�nir si il a les qualités requises pour ommener les mesures de séries des160 quadrup�les de l'anneau de stokage.Une fois mesurés, les quadrup�les sont installés dans l'anneau de stokage. Cette installationintroduit inévitablement des défauts de positionnement, pouvant enore une fois perturber lefaiseau s'ils ne sont pas pris en ompte. Lors des premières phases de mise en route de l'anneaude stokage, le faiseau doit iruler onvenablement malgré es déalages. Pour les mesurer, onherhe à onnaître la position du faiseau par rapport aux axes magnétiques des quadrup�les.La première étape onsiste à prendre la référene des BPM4, et non elle des quadrup�les, pourdé�nir ette position. Les BPM ont quatre életrodes situées à un rayon �xe et dealées entre ellesd'un angle de 90�dans le plan transverse (plan perpendiulaire à l'axe du faiseau). En ombinantles signaux fournis par es életrodes à haque passage du faiseau, il est possible de déterminersa position. Ensuite, a�n de déterminer la position du faiseau par rapport aux axes magnétiquesdes quadrup�les, les déalages entre es axes et les référenes des BPM sont alors mesurés aumoyen de méthodes utilisant le faiseau. C'est l'étape de la mise en route de la mahine quionstitue l'alignement des quadrup�les basé sur le faiseau (�Beam-Based Alignment�). Outreles aimants quadrupolaires, les éléments orrigeant des e�ets de seond ordre sur la dynamiquedu faiseau (sextup�les) peuvent être hoisis omme référene. A e titre, nous proposerons unenouvelle méthode d'alignement basée sur le faiseau.Dans le adre de notre travail, nous proposons une étude préliminaire qui permet de situer lepoint de départ de notre travail. Ainsi, un bref rappel historique sur l'évolution des aélérateursdé�nit la plae du synhrotron SOLEIL parmi les autres aélérateurs. SOLEIL étant dédié àune ommunauté d'utilisateurs, les toléranes �xées pour les quadrup�les seront dé�nies à partirde leurs besoins. Puis, notre travail portant essentiellement sur la mesure magnétique d'aimantsd'aélérateurs, une étude des proédés existants est e�etuée.Ensuite, les outils mathématiques permettant de traiter les mesures magnétiques e�etuées aumoyen de bobines tournantes sont expliités. A partir des travaux de W.G. Davies, nous étudieronsles problèmes que peuvent susiter ertains défauts. Par ailleurs, nous proposerons une méthodequi permet d'e�etuer des expérienes théoriques sur es défauts pour les étudier qualitativement.La mise en évidene des défauts du ban étant un aspet important de sa oneption, il estnéessaire de dé�nir une méthode de mesure au moyen d'un quadrup�le de référene.Ces études nous permettent de rassembler toutes les informations néessaires à la oneptiondu ban de mesure et notamment du apteur. C'est pourquoi après avoir abordé la oneptiongénérale des bans de mesures harmoniques, nous nous attarderons sur les di�érents aspets dela oneption de elui de SOLEIL. En�n, les di�érentes étapes de la mise en route du ban et lesrésultats de la mesure de série des 160 quadrup�les sont présentées. Pour �nir, diverses méthodes4BPM : Beam Position Monitor



11 TABLE DES MATIÈRESd'alignements des quadrup�les basées sur le faiseau sont exposées ave notamment les résultatsobtenus lors de la mise en route de l'anneau de stokage de SOLEIL.





Chapitre 1Cadre généralObjetifs du hapitreL'objetif de e hapitre est de présenter au leteur un ensemble de onnaissanes gé-nérales onernant les aélérateurs de partiules. Dans e adre là, l'évolution desaélérateurs des partiules est traitée. De même la physique des partiules dans unaélérateur est expliitée a�n de donner quelques éléments de base pouvant aider àdéterminer l'origine des toléranes �xées pour les quadrup�les de l'anneau de stokagedu synhrotron SOLEIL. La thèse traitant de la métrologie magnétique des multip�lesd'aélérateurs, un parours suint des méthodes de mesures existantes est e�etué en�n de hapitre.Dans un premier temps e hapitre a pour but d'étudier l'évolution tehnologique des aélé-rateurs de partiules. Tout en permettant de reenser les di�érents types de mahine existantes,évoquer l'histoire des aélérateurs permet de faire ressortir les prinipaux problèmes qui ont étéprogressivement résolus. Cette démarhe est d'autant plus justi�ée que le synhrotron SOLEIL estdoté de trois types d'aélérateurs di�érents : un aélérateur linéaire (ou LINAC), un booster (ousynhrotron) et un anneau de stokage. SOLEIL est un aélérateur d'életrons entièrement dédiéà la prodution de rayonnement dit �synhrotron�. Initialement perçu omme une perte d'énergieparasite, e type de rayonnement est rapidement devenu indispensable dans divers domaines dereherhe en physique. Etant donnée l'exigene exprimée par les physiens en matière de qualitédu rayonnement, tous les éléments de la mahine doivent être optimisés. C'est notamment le asdes éléments foalisant le faiseau d'életrons. Ces derniers produisent un hamp magnétique degéométrie quadrupolaire agissant sur le faiseau életronique omme une lentille mine agiraitsur un faiseau lumineux en optique. La qualité de es éléments dépend tout d'abord de leurfabriation. Ensuite seules des mesures magnétiques aratérisant ave préision leurs proprié-tés magnétiques permettent de maîtriser le omportement du faiseau d'életrons. La métrologiemagnétique des quadrup�les intervenant avant leur installation sur l'anneau de stokage, il estnéessaire de mesurer à nouveau la position de leur axe magnétique. Cette dernière étape estd'autant plus néessaire qu'il est primordial que les életrons traversent les quadrup�les suivantleur axe.1.1 Aélérateurs d'hier et d'aujourd'huiLes mahines désignées aujourd'hui omme synhrotrons sont des aélérateurs de partiulesirulaires dédiés à la prodution de rayonnements életromagnétiques au spetre large appelés13



1.1. ACCÉLÉRATEURS D'HIER ET D'AUJOURD'HUI 14�lumière synhrotron�. SOLEIL, soure de lumière synhrotron de 3ème génération, est le résultatd'optimisations multiples à ompter du jour où le premier aélérateur a été onçu. Initialementdédiés à la reherhe sur la physique nuléaire, les appliations des aélérateurs sont maintenantnombreuses et variées. Après un rappel sur l'histoire de l'évolution des aélérateurs de partiules,on s'attardera un peu sur l'histoire du rayonnement synhrotron pour ensuite présenter brièvementle fontionnement d'une soure de lumière synhrotron telle que SOLEIL.1.1.1 Aélérateurs linéairesDans les années 1920, la reherhe sur la physique nuléaire ne pouvait plus se ontenter d'uti-liser les aélérateurs naturels que onstituaient les soures radioatives. En e�et es dernièreslaissaient éhapper les partiules α franhissant la barrière de Coulomb, e qui permettait d'e�e-tuer des ollisions. Cependant l'énergie des ollisions était limitée par elle des partiules alpha.Il est alors devenu néessaire d'avoir reours à des partiules ayant des énergies et des intensitésplus grandes et don de les aélérer. C'est ainsi que les aélérateurs életrostatiques ont vu lejour.Le premier aélérateurEn 1932, J.D. Cokroft et E.T.S. Walton réussissent à asser un atome de lithium ave des protonsà 500 kV, pour ela il reevront le prix Nobel en 1951 [2℄, [3℄. Ils ont tout simplement soumis desprotons à une di�érene de potentiel su�samment grande (500kV) qui a permis de les aélérerà l'intérieur d'un tube à déharge. Après un premier essai non onluant ave un transformateurde 200 kV, ils eurent l'idée de onevoir un multipliateur de tension au moyen d'un montageomplexe ontenant des ondensateurs qui a permis d'atteindre la tension permettant d'aélérerdes protons (500 kV).Le générateur de Van De GraafEn 1931, R.J. Van de Graaf inventa un générateur életrostatique qui atteignit un potentiel de1.5 MV [4℄. Le prinipe de e générateur onsiste à harger une lohe métallique au moyen d'uneourroie qui transporte es harges de la soure vers la lohe (voir �gure 1.1). Cependant etype de mahine n'a été que peu utilisée et bien après la performane de J.D. Cokroft et E.T.S.Walton et peu. Même si la mahine de Van De Graaf permet d'obtenir un faiseau de partiulesayant une énergie stable et de faible dispersion, elle n'est pas en mesure de fournir autant deourant que le générateur de Cokroft-Walton.Aélération ave des hamps radiofréqueneL'invention des avités aélératries utilisant une soure alternative est un des prinipaux tour-nants de l'évolution des modes d'aélération. Rolf Wideröe, un étudiant norvégien fut toutd'abord à l'origine de e qu'il a appelé le transformateur de faiseau d'életrons qui est devenule bétatron (développé dans la partie 1.1.2). Alors qu'il était en quête d'une nouvelle idée pourobtenir son dotorat, une publiation de G. Ising traitant de l'aélération linéaire d'ions lourdsen utilisant di�érentes tensions a retenu son attention. R. Wideröe prouva expérimentalement lafaisabilité du onept énoné dans ette publiation. En e�et, il onstruisit le premier aélérateurlinéaire omposé de tubes de longueur roissante, alimentés par un hamp radiofréquene (RF)alternatif.A�n que les partiules soient toujours aélérées lors des transitions entre haque tube, ellesdoivent subir un hamp életrique ayant toujours la même orientation. La période de la radiofré-quene restant �xe, la longueur des tubes doit varier selon la loi suivante :
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1.1. ACCÉLÉRATEURS D'HIER ET D'AUJOURD'HUI 16La longueur Li du ième tube doit être égale à la distane parourue par les partiules à lavitesse vi pendant une demi période de la radiofréquene (équation 1.1).
Li ≈

1

2
vi TRF (1.1)Bien que ette idée soit révolutionnaire, les aélérateurs linéaires ne furent que très peudéveloppés lors des années 30 du fait de leur oût, de la di�ulté de mise en oeuvre et surtoutà ause de l'engouement de la ommunauté des aélérateurs pour les ylotrons. De plus espremiers linas furent vite limités par la fréquene RF disponible (30MHz maximum).Ce n'est qu'après les développements sur les tehnologies radar et radio e�etués pendant laseonde guerre mondiale que l'évolution des aélérateurs linéaires put reprendre. On notera toutde même l'invention du klystron en 1937 par Hansen et les frères Varian.En 1946, L.W. Alvarez et W.K.H. Panofsky ont onstruit le premier LINAC (LINear AC-elerator) qui a permis d'atteindre une énergie de 32 MeV. La struture de Wideröe générantbeauoup de pertes à haute fréquene du fait de sa struture apaitive, L.W. Alvarez mit enourt-iruit tous les tubes de manière à rendre la struture indutive. Ainsi il obtient une avitédont la fréquene de résonane dépend diretement de l'indutane et de la apaité de la stru-ture. A partir de e moment là, l'aélération des partiules n'est pas seulement due à un hampéletrique mais à un hamp életromagnétique entrant en résonane à l'intérieur de la avité.

RFFig. 1.3 � struture d'AlvarezDepuis les aélérateurs ont été beauoup développés jusqu'à atteindre des dimensions gigan-tesques omme elles du SLAC (Stanford Linear Aelererator). C'est le plus grand aélérateurlinéaire du monde ave ses 3.2 km de long et une énergie de 50 GeV. Son fontionnement a débutédans les années 60 et il est toujours utilisé du fait des nombreuses modi�ations qui ont permisd'améliorer ses performanes.1.1.2 Aélérateurs irulairesBétatronR. Wideröe proposa d'utiliser le prinipe du transformateur életrique pour onevoir le premieraélérateur irulaire d'életrons. Il faut tout d'abord que le dispositif rée un hamp dipolaireuniforme qui permet de ourber la trajetoire des életrons. Ensuite si à e hamp dipolaires'ajoute un hamp magnétique variable en fontion du temps, selon la loi de Faraday sur l'in-dution életromagnétique, il y a naissane d'une fore életromotrie qui permet d'aélérer leséletrons (1.2).
∇×

→
E= − ∂

∂t

→
B (1.2)De plus en 1923, Wideröe formula une ondition néessaire mais non su�sante pour que lefaiseau d'életron onserve un rayon de ourbure onstant a�n qu'il puisse iruler dans une



17 CHAPITRE 1. CADRE GÉNÉRALhambre à vide aux dimensions raisonnables. C'est la ondition 1/2 de Wideröe :
B(R) =

1

2
Bmoy(R) (1.3)Le hamp magnétique au rayon de irulation des életrons B(R) doit être la moitié du hampmagnétique moyen Bmoy(R) vu par es derniers le long de leur trajetoire sur un tour.Bien que Wideröe ait développé tout le dispositif théorique néessaire pour onevoir unbétatron , il n'a jamais réussi à obtenir une mahine fontionnelle (dernier essai en 1927 à Aahen).Il hangea de voie et travailla désormais pour le ompte des aélérateurs linéaires (voir partie1.1.1).C'est seulement en 1940, que D.W. Kerst onstruisit le premier bétatron qui fontionna à 2.2MeV à l'université de l'Illinois (USA)[5℄. En 1950, le plus grand bétatron du monde (300 Mev)voyait le jour, toujours grâe à D. W. Kerst.CylotronDès lors, les hamps magnétiques variables ne sont plus utilisés (1.2) pour aélérer les parti-ules. Tous les nouveaux types d'aélérateurs irulaires travaillent diretement ave des hampséletriques pour aélérer les partiules. En 1930, Lawrene et Edlefsen établissent le prinipede fontionnement d'un ylotron. Puis deux ans plus tard, Lawrene et un des ses étudiants,Livingston, mettent sur pied le premier ylotron. Tout omme le bétatron, un hamp magnétiquedipolaire uniforme est néessaire mais il n'est pas utilisé pour aélérer les partiules : il resteonstant. L'intérêt de e onept est de déoupler la fontion guidage de la fontion aélérationen produisant loalement le hamp életrique néessaire à l'aélération des partiules. Le hampdipolaire est produit par un dip�le très volumineux ar son entrefer doit ontenir les deux �D�dans lesquels irulent les partiules. Ces �D� sont alimentés par un osillateur radiofréquenepermettant de réer la di�érene de potentiel adéquat pour l'aélération des partiules lors deleurs passages entre les �D� (�gure 1.4).

 "D"

Fig. 1.4 � Prinipe du ylotronL'utilisation des ylotrons est limitée par le fait qu'ils ne peuvent aélérer des partiulesrelativistes. En e�et, dans e as la fréquene de révolution devient plus petite e qui fait perdre lasynhronisation entre la fréquene de la radiofréquene et la fréquene de révolution des partiules.Les aélérateurs développés préédemment sont très vite limités par des phénomènes phy-siques insurmontables pour l'époque :� Les aélérateurs dit életrostatiques sont limités par la tension de laquage,� les ylotrons ne peuvent aélérer que des partiules non relativistes,� quant aux bétatrons qui arrivent tout de même à atteindre 300 MeV, ils sont limités parles pertes d'énergie dues au rayonnement synhrotron.



1.1. ACCÉLÉRATEURS D'HIER ET D'AUJOURD'HUI 18L'idée d'utiliser une seule avité RF (pour des raisons de oût) pour aélérer plusieurs fois lemême faiseau fait son hemin. C'est alors qu'en 1945 V. Veksler (URSS) et E. MMillan (USA)établissent de manière indépendante la relation de synhronisation entre les partiules à aéléreret le hamp életrique variable fourni par la RF :
ω =

q B

γr m0
(1.4)où �q� est la harge de la partiule, B l'indution, γr est une grandeur relativiste exprimantl'énergie réduite de la partiule, m0 est la masse au repos de la partiule.Synhrotron à életronsSuite à es avanées, les physiiens ont herhé à obtenir des partiules ne irulant que sur uneseule orbite de rayon de ourbure ρ.

B ρ =
p

q
(1.5)Étant donnée l'équation 1.5, il est néessaire de synhroniser l'indution magnétique B avela quantité de mouvement p de manière à onserver ρ. Bien que MMillan fut le premier àlaner la onstrution (�n en 1949) d'un �eletron synhrotron�, la première mahine de e type àfontionner fut elle de F. Goward et D. Barnes (Angleterre) en 1946, suivie par elle de GeneralEletri (70 Mev) dans laquelle le premier rayonnement synhrotron issu d'un aélérateur departiules fut observé expérimentalement.SynhroylotronDes herheurs de Berkeley (USA) ont appliqué le résultat trouvé par E. MMillan et V. Veksleraux ylotrons avant qu'il ne soit utilisé pour les synhrotrons. Après des tests onluants, ilsutilisèrent e nouveau prinipe pour leur nouveau ylotron et 'est alors qu'ils ont onstaté quela tension au bornes des �D� était bien inférieure à elle qu'ils appliquaient pour un fontionnementen mode ylotron lassique : le synhroylotron était né.Synhrotron à protonsLes életrons atteignent une vitesse prohe de elle de la lumière pour une énergie relativementbasse et ont par onséquene une fréquene de révolution quasi onstante durant la montée enénergie. Par ontre les protons ont besoin d'une énergie de l'ordre du Gev pour devenir relativistes.Par onséquent, la fréquene RF doit pouvoir avoir une large plage de variation tout omme lehamp magnétique a�n de respeter le ritère de stabilité énoné préédemment. Des annéesde reherhe et de développements tehnologiques ont été néessaires pour rendre en�n possiblel'aélération des protons. En 1953, le premier synhrotron à protons fontionnait à une énergiede 1 GeV à Birmingham et un an plus tard le Cosmotron de Brookhaven aélérait des protonsà 3 GeV.SynhrotronJusqu'aux années 30 seuls des hamps magnétiques dipolaires et hamps életromagnétiques àradiofréquene ont été utilisés. Lors de leurs travaux sur les ylotrons, E.O. Lawrene et S.M.Livingston ont déouvert expérimentalement qu'en modi�ant le iruit magnétique du ylotron,ils arrivaient à réer une fore foalisante vertiale qui empêhait les partiules d'aller renontrerles p�les supérieur et inférieur. Dès lors, la ondition pour obtenir une foalisation vertialesu�sante fut la suivante :

0 < n = − r

B

∂Bz

∂r
< 1 (1.6)



19 CHAPITRE 1. CADRE GÉNÉRALCe prinipe a été utilisé pour le Cosmotron, e dernier utilisant des dip�les dit en �C� (ouver-ture dirigée vers l'extérieur voir �gure 1.5) permettant de fournir un gradient de hamp magné-tique relativement faible du fait des hamps de fuites. C'est e que l'on appelle la foalisationfaible. N'étant foalisées que dans le plan vertial, les partiules avaient des exursions relative-ment grandes dans le plan horizontal.A�n d'optimiser les performanes du Cosmotron, E.D. Courant, S. Livingston et H.S. Snyderont déidé d'alterner la position de l'ouverture des dip�les. En d'autres termes d'alterner les e�etsde la foalisation et 'est alors qu'ils ont onstaté une amélioration de la foalisation : ils allaientêtre apable de maîtriser la trajetoire des partiules. Ainsi en approfondissant e résultat, ilsproposèrent de onevoir un synhrotron à foalisation forte utilisant des dip�les en �E� (�gure1.6) dont les p�les ont été optimisés pour fournir des fores foalisantes importantes [6℄ : 'est lanaissane de la foalisation forte.
Fig. 1.5 � Dip�le en C Fig. 1.6 � Dip�le en E Fig. 1.7 � Quadrup�leA�n d'obtenir une foalisation dans les deux plans (vertial et horizontal), les gradients sontalternés. En e�et, lorsqu'une une on�guration magnétique foalise dans un plan, elle défoalisedans l'autre. Par analogie à l'optique géométrique, les quadrup�les peuvent être assimilés à deslentilles mines. L'utilisation de deux lentilles, de longueurs foales f1 et f2 en valeur algébrique,séparées par une distane d onduit à la longueur foale globale fTot véri�ant la relation 1.7 :

1

fTot
=

1

f1
+

1

f2
− d

f1 f2
=
f2 + f1 − d

f1 f2
(1.7)De plus si f1 = −f2 ave |f1| = |f2| = f ,

fTot =
f2

d
> 0 (1.8)En utilisant seulement deux fois plus de matériaux que le Cosmotron initial, e nouveau synhro-tron travaillait à une énergie 10 fois plus grande, et ave une ouverture réduite d'un ordre degrandeur (de plusieurs dizaines de m à quelques entimètres).De plus, à la �n de leur publiation [6℄, Courant, Livingston et Snyder évoquent pour lapremière fois la possibilité d'utiliser un élément magnétique ayant 4 p�les de forme hyperboliquedédié à la foalisation d'ions dans les aélérateurs linéaires (�gure 1.7) : le quadrup�le était né.Le prinipe de la foalisation forte ou du gradient alterné a révolutionné la oneption desaélérateurs de partiules, 'est devenu la base même de l'arhiteture d'un aélérateur irulairede partiules. Cette déouverte a permis la onstrution de synhrotrons à gradients alternésatteignant de grandes énergies : 1959 CERN Proton Synhrotron (CPS) travaillant à 28 GeV(Genève) ; 1960, Alternating Gradient Synhrotron (AGS) travaillant à 33 GeV (Brookhaven).Anneaux de stokageR. Wideroe réalisa que deux partiules non relativistes de même énergie entrant en ollision



1.2. LES SOURCES DE LUMIÈRE SYNCHROTRON 20dégageaient 4 fois plus d'énergie qu'une seule partiule terminant son voyage sur une ible �xe.Pour des partiules relativistes, e onstat est bien plus avantageux. C'est e que démontraD.W. Kerst en 1956 [7℄.L'énergie disponible au entre de masse est :
Efixe

cm =
√

2 E E0 pour une ollision partiule/ible �xe
Ecoll.

cm = 2 E pour une ollision partiule / partiule (1.9)Ainsi, à partir des équations 1.9, pour disposer d'une énergie au entre de masse de 2 GeV, il fauttravailler ave deux faiseaux de 1 GeV dans le as de la ollision ou ave un faiseau de 4000GeV dans le as de la ible �xe.Il n'en fallait pas plus pour entrer dans l'ère des anneaux de stokage dédiés à la ollisiondes partiules. C'est ainsi que des anneaux de stokage ont ommené à être onstruits dans lesannées 60. A ette époque, malgré les réentes avanées sur la foalisation forte, les premiersanneaux de stokage sont à foalisation faible et permettent des ollisions életrons/positrons.C'est alors qu'a ommené à apparaître l'importane de l'alignement des éléments magné-tiques. Comme nous le montrerons dans la prohaine partie, un défaut d'alignement des élémentsmagnétiques, en partiulier des quadrup�les, introduit des perturbations en e qui onerne ladynamique du faiseau. Comme es perturbations sont proportionnelles aux défauts d'alignementet à la fore du hamp magnétique produit, la maîtrise de l'alignement devient un enjeu majeur.1.2 Les soures de lumière synhrotron1.2.1 Histoires de rayonnementsToute partiule relativiste dont la trajetoire est ourbée par un hamp magnétique émet unrayonnement életromagnétique dit � synhrotron �. Il n'est pas possible de onnaître la dateexate du premier rayonnement émis. En e�et, les partiules hargées relativistes voyageant lelong des lignes de hamp magnétique générées par diverses étoiles et planètes émettent e typede rayonnement de manière naturelle (sans intervention humaine). Quant à la déouverte duphénomène, elle remonte au 24 avril 1947. Ce jour-là, les herheurs du laboratoire de reherhede General Eletri, situé au Etats-Unis, ont observé visuellement le rayonnement synhrotronproduit par leur synhrotron à életrons. Cependant, ette observation ne fut que la véri�ationexpérimentale d'un phénomène pressenti par les sienti�ques depuis plusieurs années. Tout om-mença en 1897 lorsque Larmor exprima, à partir de l'életrodynamique lassique, la puissanetotale émise par une partiule hargée [8℄. L'année suivante, le physiien français Liénard utilisae résultat pour l'étendre au as d'une partiule subissant une aélération entripète sur unetrajetoire irulaire [9℄. Ses travaux furent on�rmés par les résultats de Wiehert qui obtintles mêmes résultats de manière indépendante. Cela a donné naissane aux potentiels de Liénard-Wiehert, formalisme ouramment utilisé lors de l'étude du rayonnement synhrotron.Jusqu'aux années 50, d'un point de vue expérimental, le rayonnement synhrotron a été onsidéréomme une perte d'énergie des faiseaux de partiules évoluant dans les aélérateurs. Cependant,lorsque e faiseau lumineux fut expérimentalement observé, il a été étudié et son grand intérêtsienti�que a été mis en évidene.En e�et, le rayonnement émis a :� une grande étendue spetrale,� une brillane exeptionnelle qui permet la réalisation d'expérienes à très hautes résolutionsspetrale ou spatiale,



21 CHAPITRE 1. CADRE GÉNÉRAL� une polarisation qui est totalement ontr�lable (linéaire, irulaire, elliptique),� une struture pulsée qui permet des expérienes résolues en temps,� une grande stabilité, très intéressante pour l'imagerie.A ses débuts, l'utilisation du rayonnement synhrotron était onsidérée omme une ativitéexotique. Par onséquent, les physiiens des hautes énergies pour lesquels étaient onstruits lesaélérateurs, n'aordaient que peu de temps de faiseau aux utilisateurs de rayonnement syn-hrotron pour leur permettre de mettre en plae leurs expérienes. Dès lors que les anneaux destokage ommenèrent à se développer, l'utilisation d'un faiseau d'életrons omme soure derayonnement synhrotron est rapidement devenue avantageuse en terme de puissane rayonnée.Dans les années 1970, de nombreux anneaux de stokage ont été onstruits, es derniers partageantleurs ativités entre la physique des hautes énergies et l'utilisation du rayonnement synhrotron.Cela onstituait les soures de lumière synhrotron de première génération.La deuxième génération regroupe les aélérateurs onstruits uniquement pour produire durayonnement synhrotron. Le premier fut elui de Daresbury (1970) appelé Synhrotron Radia-tion Soure (SRS). Devant une demande de plus en plus importante, de nombreuses soures derayonnement synhrotron ont été onstruites dans le monde. On notera la naissane à Orsaydu premier anneau de stokage français dédié à la lumière synhrotron : Super-ACO en 1984.Avant Super-ACO, il existait déjà deux aélérateurs de partiules : le Dispositif de Collisionsdans l'Igloo (DCI) et l'Aélérateur Cirulaire d'Orsay sur lesquels des expérienes sur le fa-meux rayonnement ont été menées. Quelque soit le pays où est onstruite la soure de lumière,le phénomène observé est le même : la demande est toujours plus roissante.Parmi les nombreux paramètres aratérisant la lumière synhrotron, la brillane est la seulegrandeur que les utilisateurs ne peuvent pas optimiser. La brillane représente le �ux de photonsde la lumière synhrotron. La brillane est un invariant en méanique statistique, e qui expliquel'impossibilité de l'optimiser une fois le faiseau de lumière produit. Seule une optimisation de lasoure, 'est-à-dire le faiseau d'életrons, permet d'augmenter la brillane. Les soures de lumièresynhrotron de troisième génération sont optimisées pour fournir des faiseaux de photons ayantune grande brillane. En plus de l'optimisation de l'optique de l'anneau de stokage, e dernierdoit aueillir de nouveaux éléments qui permettent d'augmenter la brillane : les onduleurs. Ceséléments d'insertions font �onduler� le faiseau, pour qu'à haque hangement de trajetoire, leséletrons produisent du rayonnement synhrotron. L'introdution de es onduleurs requiert uneoptimisation de l'optique a�n de dégager de l'espae au sein de l'anneau de stokage.1.2.2 Le synhrotron SOLEILLe synhrotron SOLEIL n'est pas un synhrotron au sens originel du terme omme beauoupde soures de rayonnement synhrotron de 3ème génération mais un ensemble de trois types demahines.� Un aélérateur linéaire (LINAC) qui fournit un faiseau d'életrons d'une énergie de 100MeV,� un booster qui, lui est un synhrotron : il amène les életrons à leur énergie nominale defontionnement à savoir 2.75 GeV.� un anneau de stokage dont le r�le est de onserver un faiseau d'életrons stable et depetite taille a�n de produire le rayonnement synhrotron.Le but de ette soure est de fournir une lumière dont le spetre ommene dans l'infra-rouge (10−2 eV) jusqu'à atteindre le début des rayons X-durs (1 keV) a�n de satisfaire toutela ommunauté des utilisateurs. La stabilité et la brillane des faiseaux de photons feront de



1.2. LES SOURCES DE LUMIÈRE SYNCHROTRON 22SOLEIL une des soures les plus performantes au monde.1.2.2.1 AppliationsUn aélérateur d'életrons dédié à la prodution de rayonnement synhrotron est une mahineonçue pour une ommunauté d'utilisateurs. SOLEIL sera équipé de 24 lignes de lumière danslesquelles diverses expérienes seront menées à partir de la lumière synhrotron (voir �gure 1.8).

Fig. 1.8 � Lignes de lumières de SOLEILDans les laboratoire situés dans les lignes de lumière, le faiseau de photons pourra avoir desappliations :� médiales (radiothérapie, pharmaie),� tehnologiques (aratérisation de matériaux, miro-tehnologie),� environnement (détetion de polluants)� patrimoine (restauration).Il est important de noter que ette présentation des appliations utilisant la lumière synhro-tron est très suinte. Cependant, elle permet tout de même de rendre ompte de la diversitédes domaines de reherhes pouvant avoir reours à e type de rayonnement.1.2.2.2 Introdution au formalisme des aélérateursPour produire le rayonnement synhrotron, les életrons irulent dans un anneau dit de sto-kage. Cet anneau est omposé de divers éléments produisant des hamps magnétiques permettantde dé�nir la trajetoire et les aratéristiques du faiseau d'életrons. Les életrons voyageant àla vitesse v, subissent la fore de Lorentz (−→Fl) en présene de l'indution magnétique (−→B ) etéletrique (−→E ).
−→
Fl = q

(−→
E + −→v ×−→

B
) (1.10)



23 CHAPITRE 1. CADRE GÉNÉRALTout aélérateur irulaire est une suession de mailles omportant des éléments de our-bure (dip�les) qui permettent au faiseau de suivre une trajetoire irulaire, des éléments defoalisation (quadrup�les) empêhant le faiseau de diverger et des espaes libres entre haqueélément. Il existe d'autres éléments mais nous ne les détaillerons pas dans ette partie.En matière de modélisation, haque élément ité préédemment intervenant dans la dynamiquedu faiseau de partiules peut être assoié à une matrie de transfert (M) qui permet de lier laposition (y) et l'angle (y′) des partiules avant (s = s0) et après sa traversée (s = s1) par rapportà une référene théorique.
(

y(s1)
y′(s1)

)

=

(
a b
c d

)(
y(s0)
y′(s0)

)

= M ·
(

y(s0)
y′(s0)

) (1.11)Espae libreL'exemple le plus simple en matière de matrie de transfert est l'espae vide. Lorsque le faiseautraverse un espae vide de hamp életromagnétique de longueur l, il le traverse en ligne droiteomme le montre la �gure 1.9. Ce qui donne la matrie de transfert suivante :
(

y(s1)
y′(s1)

)

=

(
1 l
0 1

)(
y(s0)
y′(s0)

) (1.12)
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Fig. 1.9 � Espae libreÉlément de ourburePour ourber la trajetoire des partiules dans le plan horizontal, un hamp magnétique purementvertial est appliqué. Ce hamp magnétique est produit par les éléments appelés dip�les. La �gure1.10 montre le shéma d'un dip�le en �H� sur lequel est traée la fore de Laplae vue par leséletrons. La traversée d'un dip�le peut s'exprimer par une matrie de transfert exprimée par1.13 pour le as des dip�les dit �seteur� ayant un rayon de ourbure ρ et un angle de dé�exion
θ (voir 1.11).
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Fig. 1.11 � Dip�le : vue de dessus
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MH

Sect =

(
cos θ ρ sin θ

−(1/ρ) sin θ cos θ

)

MV
Sect =

(
1 ρ θ
0 1

) (1.13)La plupart des mahines sont équipées de dip�les dits retangulaires, es derniers étant beau-oup plus failes à fabriquer. La terminaison retangulaire ajoute un e�et foalisant dans le planvertial et défoalisant dans le plan horizontal. La matrie de transfert d'un tel élément estobtenue en multipliant la matrie dip�le seteur par une matrie tenant ompte de et e�et.
MRect =

(
1 0

1
ρ tan( θ

2) 1

)

·MSect ·
(

1 0
1
ρ tan( θ

2) 1

) (1.14)Lentille FoalisanteLa foalisation du faiseau d'életrons est assurée par des hamps magnétiques quadrupolaires,omme le montre la �gure 1.12
F

s

x

zFig. 1.12 � Quadrup�le foalisant dans le plan horizontal pour un faiseau d'életronsComme nous l'avons vu préédemment, les quadrup�les peuvent être assimilés en premièreapproximation à des lentilles mines de longueur foale f (analogie ave l'optique géométrique).Ainsi l'ation des quadrup�les sur le faiseau peut être traduit par la relation suivante :
(

y(s1)
y′(s1)

)

=

(
1 0

−1/f 1

)(
y(s0)
y′(s0)

) (1.15)Si k est la fore de foalisation du quadrup�le (k = g
Bρ , g en T.m), alors k.l = 1/f ave lreprésentant la longueur magnétique du quadrup�le. Comme le montre la �gure 1.13, l'angle dedé�etion imposé par la lentille est :

θ =
1

f
y (1.16)Dès lors que la distane foale est ourte devant la longueur du quadrup�le, e qui est souventle as, il faut utiliser les matries de transfert d'une lentille épaisse (voir A.5).
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Fig. 1.13 � Lentille mine1.2.3 Optimisation de l'Anneau de StokageAvant d'étudier l'optimisation de l'Anneau de Stokage, nous nous proposons d'e�etuer unbref rappel des grandeurs fondamentales de la physique des aélérateurs.1.2.3.1 Grandeurs fondamentales de la physique des aélérateursLe but de ette partie est d'introduire quelques éléments fondamentaux onernant la physiquedes aélérateurs. Après un bref rappel de quelques résultats de la relativité, nous nous attarderonssur l'étude du mouvement d'une partiule hargée. Par ette étude, nous allons faire apparaîtreun ertain nombre de paramètres lés souvent utilisés pour dé�nir les propriétés du faiseaud'életrons.Rappel des équations de la relativitéUne partiule de harge q et de quantité de mouvement −→p voyageant à la vitesse −→v dans unenvironnement soumis à un hamp életromagnétique subit la fore de Lorentz (−→Fl) dé�nie parl'équation 1.10.
d−→p
dt

=
−→
Fl (1.17)La relativité nous permet d'exprimer la relation entre la quantité de mouvement p = ||−→p ||,l'énergie totale E , l'énergie inétique Ek et l'énergie au repos E0 de la partiule.

E = E0 + Ek (1.18)
E2 = E2

0 + p2c2 = (mp0 c
2)2 + p2c2 (1.19)

c étant la vitesse de la lumière et mp0 étant la masse de la partiule au repos, liée à sa masse
mp par la relation :

mp = mp0γr (1.20)
γr est l'énergie réduite de la partiule :

E
E0

=
mp0γr c

2

mp0 c2
= γr (1.21)

γr peut s'exprimer en fontion de la vitesse réduite de la partiule βr = v/c.En divisant l'équation 1.17 par (mpc
2)2, on obtient la relation suivante :
γ2

r = 1 + (βr)
2 (1.22)Cela nous permet de dé�nir la quantité de mouvement réduite :

pc

E0
=
√

γ2
r − 1 (1.23)
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Fig. 1.14 � Coordonnées ylindriquesA partir de l'équation 1.17, on obtient l'équation du mouvement d'une partiule hargée dansle adre de l'approximation linéaire [10℄. Cette équation est exprimée dans le repère (P,−→ux,−→uz,−→us)lié à la partiule.
x′′ + kx(s)x = 0 ; x′′ =

d2x

ds2
(1.24a)

z′′ + kz(s)z = 0 (1.24b)Ces équations sont sans seond membre pour l'instant ar toutes les partiules ont à la mêmeénergie (∆p/p0 = 0). Les équations 1.24 sont linéaires et sont de la forme de l'équation de Hill.Elles sont aussi déouplées par rapport à x et z, e qui permet de regrouper l'étude sur une seuleéquation (1.25) dont la variable est y :
y′′ +K(s) y = 0 (1.25)La fontion K doit véri�er la ondition de périodiité : K(s + L) = K(s), L étant soit laironférene de l'anneau, soit la longueur d'une superpériode. Les anneaux sont onstitués deellules regroupées en superpériodes, es dernières se répétant un ertain nombre de fois dansl'anneau, K(s) véri�e une ondition de périodiité.L'équation de Hill est une équation di�érentielle du seond ordre ressemblant à elle d'unosillateur harmonique à la di�érene près que K(s) n'est pas onstant. On montre que la solutionde l'équation 1.25 est de la forme :

y(s) =
√

βy(s) ǫ cos(ϕ(s) + ϕ0) ; ave ϕ′ =
1

βy
(1.26)

y′(s) = −
√

ǫ

βy(s)
cos(ϕ(s) + ϕ0) +

β′y(s)

2

√
ǫ

βy(s)
sin(ϕ(s) + ϕ0) (1.27)

βy(s) est la fontion bétatron , ǫ l'émittane dé�nie dans un prohain paragraphe, ϕ(s) laphase de la partiule (ϕ(s) =
∫
ds/β(s)) et ϕ0 représente la phase initiale de la partiule.Le nombre d'onde νLe nombre d'onde représente le nombre d'osillations de la fontion bétatron sur 1 tour dufaiseau.

νy =
1

2π

∮
ds

βy(s)
(1.28)



27 CHAPITRE 1. CADRE GÉNÉRALL'émittaneDans l'espae des phases (y,y'), les équations 1.26 et 1.27 représentent l'équation d'une ellipse(voir �gure 1.15). Le point noir représente un életron pour une position longitudinale donnée(s) pour laquelle ses oordonnées dans l'espae des phases sont y et y′. Lorsque β′y(s) = 0, lesdemi-axes de l'ellipses sont √β(s) ǫ pour la diretion y et √ǫ/β(s) suivant y′.
y(s)

ε β (s)

ε
β (s)

y’(s)

Fig. 1.15 � EmittaneCette ellipse a une aire A = π ǫ où ǫ représente l'émittane du faiseau d'életrons expriméeen mm.mrad.Matrie de transfertA partir des équations 1.26 et 1.27, on montre que la matrie de transfert peut s'exprimer demanière générale en fontion des paramètres dits �paramètres de Twiss�, α, β, γ.
Ms0/s1

=

( √
β1√
β0

(cos(∆ϕ) + α0sin(∆ϕ))
√
β1 β0 sin (∆ϕ)

1√
β1 β0

((α0 − α1)cos(∆ϕ) − (α1 α0 + 1)sin∆ϕ)
√

β0√
β1

(cos∆ϕ− α1sin∆ϕ)

)(1.29)ave β0 = β(s0), β1 = β(s1), ∆ϕ = ϕ(s1) − ϕ(s0) et α(s) = −β(s)′/2.Équation du mouvement quand ∆p/p0 6= 0Lorsque l'on traite le as où toutes les partiules ne sont pas à la même énergie ∆p/p0 6= 0, ondit qu'il y a de la dispersion et elle est dé�nie par la fontion de dispersion η(s). Dans le as où
∆p/p0 6= 0, l'équation 1.24a devient :

x′′ + kx(s)x =
1

ρ(s)

∆p

p0
; ave ρ(s) le rayon de ourbure (1.30)La solution de ette équation di�érentielle est de la forme suivante :

x(s) = xβ(s) + xη(s) (1.31)� Ave xη(s) = η(s)∆p/p0 dérivant la deviation de l'orbite fermée pour les partiules ayantun ∆p donné par rapport à l'orbite de référene,� et xβ(s) est la solution de l'équation homogène et représente les osillations de la fontionbétatron autour de l'orbite fermée dispersive.



1.2. LES SOURCES DE LUMIÈRE SYNCHROTRON 28Ainsi la solution s'exprime de la manière suivante :
x(s) = η(s)

∆p

p0
+
√

ǫβx(s) cos(ϕ(s) + ϕ0) (1.32)
x′(s) = η′(s)

∆p

p0
+ (1 − α(s))

√
ǫ

βx(s)
[−sin(ϕ(s) + ϕ0) + cos(ϕ(s) + ϕ0)] (1.33)1.2.3.2 Optimisation de la brillaneComme nous l'avons dit préédemment, pour optimiser la brillane, il faut travailler sur lasoure du rayonnement. Cela ommene par le hoix du type de partiule à aélérer. La puissanerayonnée Pray par une partiule d'énergie E , suivant une trajetoire de rayon de ourbure ρ estla suivante :

Pray =
e2 c

6πǫ0(m2
0pc)

4

E4

ρ2
(1.34)Plus l'énergie au repos (mp0c

2) de la partiule sera petite, plus la puissane de rayonnementsynhrotron rayonnée sera grande. C'est pourquoi les soures de lumière synhrotron utilisent deséletrons omme soure de rayonnement. En alulant le rapport entre la puissane rayonnée parun életron P e
ray et la puissane rayonnée par un proton P p

ray de même énergie, nous onstatonsque :
P e

ray

P p
ray

=

(
mpr c

2

me c2

)4

= 1.13.1013 (1.35)La brillane B est le �ux de photons (dNph/dt) par unité de surfae de la soure (dA), parunité d'angle solide du �ne de rayonnement (dΩ), par unité de bande passante du spetre (dλ/λ).Cette brillane est proportionnelle au ourant du faiseau Ifaisceau et inversement proportionnelleà son émittane.
B =

dNph/dt

dA dΩ dλ/λ
∝ Ifaisceau

ǫx ǫz
(1.36)La brillane est don optimisée en travaillant sur deux paramètres propres au faiseau d'éle-trons :� son ourant (Ifaisceau),� son émittane (ǫx ǫz).Il n'est pas possible d'augmenter de manière signi�ative la brillane en augmentant le ourantar e dernier sera vite limité par la pression résiduelle du vide (durée de vie), par les instabilitésdues aux ourants images irulant dans la hambre à vide et au refroidissement des éléments quidoivent absorber l'énergie dissipée par la partie du faiseau de photons qui n'est pas utilisée.Par onséquent, il faut diminuer l'émittane. On montre que l'émittane horizontale dépenddu nombre d'aimants de ourbure Na omme le montre la relation 1.37.

ǫx ∝ θ3 =

(
2π

Na

)3 (1.37)Cependant plus le nombre de dip�les sera grand, plus la ironférene de la mahine seragrande. Il y a don un ompromis à trouver entre les performanes désirées pour l'émittane etles moyens �naniers disponibles pour onstruire la mahine.De plus la fontion bétatron et la fontion de dispersion doivent être minimisées au entre desdip�les.



29 CHAPITRE 1. CADRE GÉNÉRALLa limitation de la taille de la mahine par le budget et la limitation en fontion béta et dedispersion nous amènent à onevoir des ellules très ourtes. Un ensemble de ellules di�érentesomposent une super-période, qui est une struture symétrique répétée le long de la mahine.Une ellule est un ensemble d'éléments magnétiques qui est répété dans haque super-période.En prenant pour exemple le as de l'anneau de stokage de SOLEIL, il est omposé de 4 super-périodes, elles-mêmes omposées de 4 ellules.
1 super−période

1 cellule

Fig. 1.16 � Déomposition de l'anneau de stokageLe besoin en ellules ourtes néessite d'avoir reours à une foalisation forte. Plus la foredes quadrup�les est grande plus le faiseau va être sensible aux défauts de positionnement de leuraxe magnétique. Du fait de la grande sensibilité de la mahine à ause de la forte foalisationdes quadrup�les, il faut que le faiseau passe au plus prohe de l'axe magnétique. C'est l'objet denotre travail.Pour atteindre une brillane de 1020 photons/s/mm2/mrad2/0.1% de bande passante, toutesles préautions doivent être prises onernant les éléments de l'anneau de stokage. En e quionerne les quadrup�les, le faiseau doit traverser les quadrup�les à l'intérieur d'une zone limitéeà 25 µm r.m.s. dans le plan transverse autour de l'axe magnétique.1.3 Problématique de l'alignementComme on a pu le voir, les premiers développements des aélérateurs exigeaient d'importantsprogrès tehnologiques mais ne néessitaient pas enore une maîtrise approfondie des di�érentséléments des mahines. Ce n'est qu'une fois que les onepts généraux furent établis que s'estmise en plae l'optimisation des éléments. Les e�ets des optimisations devenant de plus en pluspointus, les moyens utilisés pour les mesurer ont dû à leur tour être optimisés. La métrologieest rapidement devenue une disipline spéialisée dont les di�érentes appliations sont aussi trèsiblées.Une fois l'élément réalisé, la haîne de la oneption est véri�ée en e�etuant des mesures. Dèslors qu'un éart est onstaté entre le modèle de la mahine et la réalité délivrée par les mesures,il est ré-introduit dans le modèle pour a�ner la oneption (voir �gure 1.17). La métrologie estle point lé de la haîne d'optimisation, 'est l'étape qui permet d'en déterminer la qualité.Ainsi la métrologie peut permettre de prédire d'autant plus �dèlement qu'elle peut être préisele omportement réel des partiules traversant es éléments. Étant données les performanesvisées par le Synhrotron SOLEIL et la onstitution de la maille de l'anneau de stokage dupoint de vue de la physique de la mahine, les quadrup�les sont les éléments les plus sensibles(voir partie 1.2.3.2). Par onséquent, SOLEIL a déidé d'assurer un suivi approfondi de la qualité
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si semblables

si différents

Modèle Conception

ValidationPrévisions

MétrologieFig. 1.17 � R�le de la métrologiedes 160 quadrup�les de l'anneau de stokage. Ce suivi ommene par la aratérisation de leurspropriétés magnétiques au moyen d'un ban de mesures harmoniques que SOLEIL a souhaitédévelopper. Une aratérisation de quadrup�le ne signi�e pas seulement une mesure préise deses aratéristiques magnétiques. Il faut aussi, à partir de la mesure initiale, ramener son axemagnétique sur l'axe théorique (± 25µm) et annuler le moindre angle (±0.1 mrad) autour del'axe longitudinal par rapport au plan horizontal. Bien que minimisée par e travail, la dispersiondu positionnement et de l'orientation de l'axe magnétique des quadrup�les par rapport à uneréférene unique risque de s'aroître lors de l'installation de es derniers sur la mahine et e,malgré le soin que l'on peut apporter à ette tâhe.C'est alors, que l'on aura reours à des mesures traduisant le omportement du faiseau visà vis des défauts d'alignement �naux des quadrup�les. Du fait de la grande résolution des outilsque l'on va utiliser pour es mesures, il sera possible de onnaître ave préision les défauts d'ali-gnement des quadrup�les par rapport aux référenes des outils de mesures. Suite à es mesuresune orretion sera e�etuée, ela peut être une modi�ation de la prise en ompte des défautsd'alignement initiaux dans le modèle qui permet de piloter la mahine ou alors un nouvel aligne-ment méanique des quadrup�les.Le but de ette partie est de reenser les outils qui pourraient être utilisés pour e�etuer lestâhes mentionnées préédemment. C'est pourquoi dans un premier temps, on s'intéressera auxdispositifs de mesures magnétiques de façon générale pour ensuite travailler sur les outils que l'onest amené à utiliser lors des mesures faisant intervenir le faiseau d'életrons.1.3.1 Dispositifs de mesures magnétiquesIl existe de nombreux proédés permettant de mesurer le hamp magnétique, le hoix dé-pendant du type de hamp à mesurer (�xe ou variable dans le temps), du type d'informationdésirée (pontuel/global, 1D/.../ 3D), de son ordre de grandeur (quelques µT , quelques T ), de lapréision souhaitée et du type de mesure (absolu ou relatif)[11℄.Sur la �gure (1.18), apparaissent plusieurs proédés de mesures dont la préision a été traéeen fontion des niveaux de hamp à mesurer.Comme ela a été dit préédemment, malgré sa pertinene la �gure 1.18 ne su�t pas pour hoi-sir le dispositif de mesure. En plus des paramètres évoqués, il faut aussi ajouter l'enombrement,la mise en oeuvre et surtout le oût.1.3.1.1 Les proédés utilisésLa résonane magnétique nuléaire (RMN)En 1938, la résonane magnétique nuléaire était utilisée pour la première fois. De nos jours
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Fig. 1.18 � Plage d'utilisation des apteurs (1Gauss = 1 · 10−4 T ) [11℄ette méthode de mesure est très répandue et e, dans des domaines divers omme la himie, laphysique et l'imagerie médiale.La RMN permet de mesurer le hamp magnétique ave une très grande préision ar ellerepose sur un phénomène physique bien maîtrisé. Dès qu'une partiule a un spin non nul, elle aintrinsèquement un moment magnétique non nul −→µ . Par onséquent, si ette partiule est plaéedans une indution magnétique B, elle entre en préession à la fréquene de Larmor (fL) [12℄ :
fL =

ωL

2π
=

γ

2π
B (1.38)où γ est le oe�ient gyromagnétique qui est propre à la partiule utilisée.Ainsi à partir de 1.38, onnaissant γ et en mesurant la fréquene de préession, on obtient lavaleur de l'indution magnétique B. Les partiules sont des protons ou des deutérons du matériauutilisé pour la mesure. Ces derniers étant présent dans les moléules d'eau, 'est l'eau qui sertgénéralement d'éhantillon de test. Cet éhantillon est exité au moyen d'un bobinage onneté àun osillateur radiofréquene et la fréquene de résonane mesurée est diretement proportionnelleà l'indution magnétique. Le oe�ient de proportionnalité étant de 42.5764 MHz/T pour lesprotons et de 6.53569 MHz/T pour les deuterons.Les sondes RMN peuvent mesurer une plage d'indution magnétique allant de 11 mT à 13Tave une préision de 10 ppm [11℄. Les avantages de e type de mesure sont nombreux, on noteraprinipalement sa grande préision de mesure, la linéarité en fontion du niveau de hamp, etson utilisation relativement simple. Les inonvénients que l'on peut trouver à la sonde RMN estqu'elle ne peut mesurer que des hamps homogènes et stables dans le temps et ne délivre auuneinformation quant à leur diretion.Du fait de la grande préision du hamp magnétique délivré par es sondes, elles servent àétalonner grand nombre de dispositifs de mesures magnétiques et notamment les sondes de Hall.Générateur de HallEn 1856 W. Thomson a déouvert qu'un onduteur életrique plaé dans un hamp magnétiquevoyait sa résistane augmenter. Puis en 1879, E.H. Hall a trouvé une expliation à e phénomène.Par ailleurs, il a mesuré une di�érene de potentiel de part et d'autre du sens de irulation d'unourant appliqué à un matériau onduteur (�gure 1.19).L'e�et Hall est une réation à la fore magnétique (−→FB) subie par les életrons se déplaçant à
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CourantHallV Fig. 1.19 � E�et Hallla vitesse −→v dans un matériau soumis à une indution magnétique −→

B .
−→
FB = q−→v ×−→

B (1.39)
−→
FB dévie les életrons de leur trajetoire initiale. Lorsque l'équilibre s'établit, les fores agissantsur les életrons se neutralisent selon l'expression la fore de Lorentz :

−→
Fl =

−→
FE +

−→
FB = q

(−→
E + −→v ×−→

B
)

=
−→
0 (1.40)Il y a don apparition d'une fore életrostatique qui se traduit par un hamp életrique −→

E .Cependant, es partiules évoluant dans un matériau (supposé homogène et isotrope) ne vont passubir l'e�et de e hamp magnétique aussi librement que dans le vide. Elles seront vite freinéespar les ollisions ave les atomes environnants mais d'un point de vue marosopique, on observeun mouvement global linéaire des partiules. La diretion du mouvement est déviée d'un angle θpar rapport au as sans hamp magnétique. θ est l'angle de Hall [13℄.En e�et, sous l'e�et d'une indution magnétique, une omposante transverse de hamp éle-trique (Ex) apparait : −→
E = Es

−→es + Ex
−→ex (1.41)Ave

tan(θ) =
Es

Ex
= µH B (1.42)

µH est la mobilité de Hall.On montre que pour optimiser l'e�et Hall, il faut utiliser un matériau peu onduteur maisdont les porteurs de harges ont une grande mobilité. Certains semi-onduteurs sont utilisés pourexploiter l'e�et Hall ar ils ont es propriétés ontrairement aux métaux onduteurs.A�n que e phénomène soit appliable à la mesure de hamps magnétiques, il est néessaireque la sonde de Hall soit peu enombrante.De plus même en l'absene de hamp magnétique, ertains défauts de fabriation induisentl'apparition d'une tension de Hall. Même si l'e�et de es défauts peut être maîtrisé, il n'existe pasde fontion mathématique liant la tension de Hall au hamp magnétique. C'est pourquoi dansle adre de mesures magnétiques de haute préision, un étalonnage de la réponse de la sonde deHall est néessaire. Cela est e�etué au moyen d'une soure de hamp dipolaire dans laquelle estplaée une sonde RMN servant de référene pour la mesure de hamp. Pour di�érentes valeursde hamp mesurées par la sonde RMN, la tension délivrée par la sonde de Hall est relevée. Ainsi,une ourbe réponse dérivant l'évolution de la tension de Hall en fontion du hamp magnétiquemesuré à une température de travail donnée est obtenue.Toutefois, un traé préis de la ourbe réponse néessite la maîtrise de plusieurs éléments :� homogénéité du hamp magnétique d'étalonnage,� stabilité de la soure de ourant permettant de produire le hamp magnétique,� stabilité de la température de travail,



33 CHAPITRE 1. CADRE GÉNÉRAL� niveau de bruit.Dès lors qu'il est néessaire de mesurer des hamps magnétiques non homogènes, de nouveauxe�ets sont à prendre en ompte omme l'e�et Hall gradient, et l'e�et Hall plan. Ces derniers sontexpliités notamment par les travaux de B. Berkes [13℄.Du fait de leur petite taille, les sondes de Hall permettent d'e�etuer des mesures de hampmagnétiques quasi pontuelles (taille de l'élément sensible : 0.2 ∗ 0.2 ∗ 0.2 mm3) que e soit enmode ontinu ou variable. Elles permettent de traer des artes de hamps magnétiques délivrantdes informations à la fois globale et loale. Malgré un nombre onséquent de paramètres à prendreen ompte, l'utilisation des sondes Hall est très répandue ar relativement simple. En e�et, esdernières sont souvent livrées ave une életronique qui gère de manière satisfaisante l'e�et desdéfauts. Mais dans le adre de mesures magnétiques très préises, de nombreux tests doivent toutde même être e�etués a�n de véri�er la qualité de la gestion életronique fournie. Leur oût estrelativement réduit pour une gamme d'utilisation assez large que e soit soit en terme de mesurede hamp magnétique ou en terme de température d'utilisation (ambiante, ryogénique).Le SQUIDLe SQUID (Superonduting Quantum Interferene Devie) est un dispositif permettant de me-surer des hamps magnétiques très faibles en utilisant un phénomène propre aux matériaux su-praonduteurs : l'e�et Josephson. Les matériaux supraonduteurs ont la propriété d'atteindreune résistane nulle à très basse température. La possibilité de travailler à des ourants très élevésen a fait des matériaux très utilisés pour les aimants d'aélérateurs devant fournir des indutionsmagnétiques élevées (8.3 T pour les dip�les du LHC) L'état supraonduteur est aratérisé parl'assemblage des életrons par paires (paires de Cooper) dès lors que la température, la densité deourant et le hamp magnétique du matériau sont inférieurs à leur valeur ritique. Ce ouplagepar paires intervient dans la dé�nition du quantum de �ux ψ0 qui est une grandeur fondamentalepermettant de aratériser l'e�et Josephson :
ψ0 =

h

2 e
≈ 2.07 · 10−15 T ·m2 (1.43)où h est la onstante de Plank et e la harge de l'életron.L'e�et Josephson apparaît lorsque deux matériaux supraonduteurs sont séparés par unisolant életrique de faible épaisseur (quelques nm).En l'absene de tension appliquée aux bornes de la jontion, un ourant ontinu ou ourantde paires de Cooper, peut iruler dans la jontion : 'est l'e�et Josephson ontinu.Quant à l'e�et Josephson alternatif, il apparaît dès lors que la tension appliquée est non nulle.Si la tension est ontinue, le ourant de jontion osille à une fréquene dépendant diretementde ette tension et du quantum de �ux. Le prinipe du SQUID repose sur sa apaité à ompterles quanta de �ux ψ0.Mesures par indutionLe prinipe utilise la loi de Faraday-Lenz sur l'indution életromagnétique :
u = −dψ

dt
(1.44)Dès lors qu'un �l onduteur subit une variation de �ux, une fore életromotrie e apparaîtà ses bornes. C'est un proédé très utilisé ar simple à appliquer mais surtout pare qu'il permetd'atteindre une très grande préision de mesure. Les aimants d'aélérateurs sont souvent mesurés



1.3. PROBLÉMATIQUE DE L'ALIGNEMENT 34au moyen de bobines, la géométrie de es dernières dépendant diretement du type d'informationà extraire. Ce proédé est très �exible ar il permet de mesurer des hamps magnétiques �xes ouvariables, une grande plage de valeur de hamp et e, quelle que soit la température de travail(ambiante, ryogénique). Cette méthode est développée dans la prohaine partie traitant de lamesure d'aimants d'aélérateurs ar elle y a été très exploitée du fait des qualités préédemmentitées mais aussi de part sa apaité d'adaptation.1.3.1.2 Mesures magnétiques d'aimants d'aélérateurLes performanes des aélérateurs dépendent de beauoup de fateurs. En matière de qua-lité du faiseau de partiules, les aimants sont parmi les éléments qu'il onvient de maîtriser lemieux. Cela passe par une onnaissane pointue de leurs aratéristiques magnétiques qui ne sontobtenues que par métrologie. L'idée d'e�etuer une artographie pontuelle du hamp magné-tique produit par les aimants peut séduire dans un premier temps. Cependant, les aélérateursdevenant de plus en plus gourmands en nombre d'éléments magnétiques, il est néessaire d'e�e-tuer des mesures dites �de série�. Les artographies sont en général inompatibles ave e modede mesure qui doit allier rapidité d'exéution et préision. C'est pourquoi un grand nombre deméthodes utilisant des bobines mesurant des variations de �ux ont été développées. Ces dernièrespermettent en e�et une mesure rapide, préise et adaptée des propriétés magnétiques des aimants.L'homogénéité du hamp, sa fore, son axe magnétique, son intégrale, ses hamps de fuite, sesharmoniques représentent l'ensemble des paramètres qui doivent être onnus voire orrigés lorsquel'aimant est installé dans la mahine. Ces paramètres sont mesurés par des méthodes di�érentesqui peuvent délivrer une information soit pontuelle, soit intégrale.Les aimants d'aélérateurs ne répondant pas tous aux mêmes ritères de qualité, il est né-essaire de développer des outils de mesures bien spéi�ques. Après avoir présenté l'intérêt desartographies d'aimant, les nombreuses méthodes utilisant la loi de Faraday-Lenz seront dévelop-pées.Cartographie d'aimantCe type de mesure est en général e�etué par des sondes de Hall étalonnées au moyen d'une sondeRMN. Une ou plusieurs sondes de Hall sont plaées au bout d'un bras méanique possédant Naxes de liberté. Ainsi, en quadrillant l'espae à mesurer ave le apteur, une artographie duhamp magnétique est obtenue. A SOLEIL, la artographie a été utilisée pour la aratérisationdes dip�les. En e�et, un boîtier ontenant 15 sondes de Hall (�gure 1.20) mono-dimensionnellesa permis de mesurer les propriétés du hamp magnétique dans le plan médian de l'aimant (�gure1.21).

Fig. 1.20 � Boîtier 15 sondes de Hall Fig. 1.21 � Exemple de artographie



35 CHAPITRE 1. CADRE GÉNÉRALPlus la arte de hamp doit être détaillée, plus la mesure est longue. A titre indiatif, laartographie d'un dip�le de SOLEIL durait 2h (installation + mesures), et représentent 4110mesures sur 1.4 mètres. Comme ela a été mentionné préédemment, e type de mesure n'estpas ompatible ave des mesures de série dans le ontexte de SOLEIL. Néanmoins, il permet dearatériser quelques aimants, et pour déterminer l'identité magnétique des aimants, les méthodespar omparaison ont été développées.Fil TenduA�n de minimiser le nombre de artographies, la mesure onsiste à omparer un aimant deréférene artographié à un aimant inonnu. Pour ela, une mesure de l'intégrale de hamp desdeux aimants est e�etuée au moyen d'un �l onduteur tendu (�Strethed Wire�) dans les deuxentrefers. Les deux aimants sont alimentés en sens inverse de sorte que si les hamps magnétiquessont identiques, les intégrales de hamps s'annulent et la di�érene de potentiel mesurée auxbornes du �l est nulle. Si la tension mesurée est en dehors d'une tolérane �xée au préalable, alorsl'aimant inonnu est artographié a�n de onnaître l'origine de la dissemblane. A SOLEIL, sur38 dip�les à mesurer, seulement 11 ont été artographiés, e qui a permis un gain de temps de 40heures.Plus généralement, la mesure magnétique au �l tendu est très intéressante ar elle permetde déterminer diretement l'intégrale de hamp vue par le faiseau. Elle est très utilisée pourla mesure de l'intégrale de hamp résiduelle des onduleurs, qui doit être orrigée pour que esderniers aient un fontionnement transparent du point de vue de la physique de la mahine.Fil PulséLe �l tendu peut être utilisé pour déterminer des aratéristiques plus pointues mais ela néessitedes études et des équipements plus omplexes.Lorsqu'un �l tendu de tension T , de longueur l, soumis à une indution magnétique B(s)indépendante du temps est parouru par un ourant alternatif I(t) de fréquene f = ω/2π, ilpeut entrer en résonane et se mettre à vibrer. Ainsi, en liant la fréquene du ourant appliqué àla fréquene et l'amplitude de la vibration mesurée, les aratéristiques magnétiques de l'aimantmesuré peuvent être déterminées ave préision [14℄.En e�et, le prinipe fondamental de la dynamique permet de déterminer une telle relationpour les déplaements Dz(s, t) dans le plan vertial. Les fores subies par un tel �l de masse mdans le plan vertial sont :� sa tension −→
T ,� les frottements ave l'air −→Fr,� la gravité −→
G ,� la fore déoulant de la loi de Laplae −−−→

FMag = I(t)
−→
dl ×−→

B .
m−→a =

−→
T +

−→
Fr +

−→
G +

−−−→
FMag =

∑−→
F (1.45)

m
∂2Dz(s, t)

∂t2
= T

∂2Dz(s, t)

∂s2
− γ

∂2Dz(s, t)

∂t
−m g +Bx(s) ∗ I0ei ωt (1.46)La résolution de ette équation di�érentielle est détaillée dans les travaux de A. Temnykh [14℄et permet de dé�nir une fontion très utile. Cette fontion H(ω) permet de aluler la moyenne



1.3. PROBLÉMATIQUE DE L'ALIGNEMENT 36du produit de la position du �l (Dz(s, t)) et du ourant appliqué (I(t)).
H(ω) =

1

T

∫ T

0
Dz(s, t) · I(t) dt =

∞∑

n=0

Hn(ω) (1.47)Ave Hn(ω) =
Bn I

2
0

2m
sin
(πn

l
s
) ω − ωn

4ω(ω − ωn)2 + ωγ2
(1.48)et Bx(s) =

∞∑

n=0

Bn sin
(πn

l
s
) (1.49)Lorsque les frottements sont faibles et la fréquene du ourant appliqué est prohe de la fré-quene de résonane (ωn), la fontion Hn est expérimentalement mesurable et permet d'identi�erles oe�ients de la fontion 1.50.

Hmes
n (ω) = ϑn

ω − τn
4ω(ω − τn)2 + ω υ2

n

(1.50)Ainsi à partir de l'identi�ation de ϑn, Bn peut être déduit,
Bn = ϑn

1

sin
(

πn
l s
)

2m

I2
0

(1.51)Cette méthode est très utilisée pour la aratérisation d'onduleurs mais aussi pour mesurerles quadrup�les. Le prinipal défaut de ette méthode réside dans le temps de mesure. En e�et,l'identi�ation de haque harmonique prend du temps (30 harmoniques en 25 minutes [14℄) età ette durée, il faut ajouter le temps néessaire à la aratérisation et à l'ajustement de l'axemagnétique.Bobine TendueA�n de reueillir d'autres types d'information, il est néessaire d'avoir reours aux bobines tenduesappelées aussi �bodyless oil�. Ce type de mesure permet d'avoir une mesure diretionnelle del'intégrale de hamp mesurée. En e�et seule la omposante du hamp magnétique perpendiulaireà la surfae de la bobine est mesurée.D'autre part, l'utilisation de bobines tendues dont la position est �xe dans le temps et l'espaedonne la possibilité de aratériser des aimants permanents. En e�ets es derniers étant position-nés sur un plateau mobile traversant la surfae de la bobine tendue, le ourant induit par leurpassage est l'image de leurs aratéristiques magnétiques.Bobine TournanteLes mesures au moyen d'une bobine tournante permettent de déterminer les harmoniques dehamp magnétique des multipoles de la mahine. Le prinipe est faire tourner une bobine àun rayon �xe et de mesurer le �ux produit par l'aimant. Ce type de mesure est en généralintégral, 'est à dire que la bobine mesure l'intégrale de la projetion des veteurs indutionpar rapport à la surfae dé�nie par la bobine. Parfois pour ertaines appliations néessitant uneapprohe artographique, il peut y avoir plusieurs bobinages juxtaposés longitudinalement, e quipermet d'obtenir plus d'informations onernant l'intégrale de hamp en fontion de la positionlongitudinale [15℄.Il existe trois types de bobines tournantes :� radiales : le plan du bobinage est radial (�gure 1.22). Ce type de bobine n'est sensible qu'àla omposante tangentielle du hamp magnétique mesuré.



37 CHAPITRE 1. CADRE GÉNÉRAL� tangentielles : le plan de la bobine est orthogonal au plan radial. Seule la omposantetangentielle est mesurée (�gure 1.23).� multipolaires : e type de bobine permet de ne mesurer qu'un ensemble d'harmoniques dehamp bien dé�nis [16℄ (�gure 1.24).
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Fig. 1.24 � MultipolaireA partir des harmoniques de hamp magnétique mesurés, d'autres propriétés magnétiquestelles que la position et l'orientation de l'axe magnétique peuvent être dé�nies. Le traitementthéorique onernant les bobines tournantes radiales est développé dans le hapitre 2.Les mesures magnétiques des quadrup�les de SOLEIL ont été e�etuées à l'aide de bobinesradiales. Même si es dernières sont plus simples à mettre en oeuvre, il est indispensable demaîtriser toute soure de défauts ar les performanes visées sont très pointues. L'objetif denotre travail est d'obtenir une sensibilité su�sante pour mesurer et régler la position des axesmagnétiques des quadrup�les à 25 µm près et leur orientation autour de l'axe longitudinal à
0.1mrad près.Résumé du hapitre 1Ce hapitre a montré que les méthodes utilisées pour la aratérisation des aimants d'a-élérateurs sont bien onnues. C'est l'augmentation des performanes des aélérateursqui a donné naissane à un travail de reherhe visant à toujours améliorer la qualitédes outils dédiés à la métrologie des aimants d'aélérateurs. Ce hapitre a égalementpermis de mettre en évidene l'origine des ontraintes sur la oneption des quadrup�lesdu synhrotron SOLEIL. La dernière partie de e hapitre, dédiée au reensement desméthodes de mesures, a permis de présenter elle utilisée pour aratériser les aimantsmultipolaires de SOLEIL : la méthode des bobines tournantes.



1.3. PROBLÉMATIQUE DE L'ALIGNEMENT 38NOTE IMPORTANTEAve l'autorisation du président de l'Institut National Polytehnique de Lorraine, la suite dumémoire est érite en anglais. Ce hoix a pour but de failiter la di�usion du travail de thèse au seinla ommunauté internationale des soures de lumière synhrotron. Chaque hapitre omprendranéanmoins deux enadrés en français : le premier en début de hapitre présentera son objetif etle deuxième en �n de hapitre résumera son ontenu.



Chapter 2Theoretial studies and DevelopmentsObjetifs du hapitreL'objetif de e hapitre est de présenter les outils théoriques néessaires à la miseen oeuvre des mesures magnétiques par bobines tournantes. Après avoir étudié larépartition du hamp magnétique dans l'ouverture d'un aimant, nous proposerons uninventaire des erreurs de mesure qui peuvent onduire à de mauvaises interprétations. Ilexiste déjà dans la littérature de nombreux travaux portant sur des soures d'erreurs demesure. Nous développerons ii une approhe innovante de ette problématique par eque nous appelons les expérienes théoriques. En�n, omme il est néessaire de mesureres phénomènes pour pouvoir les orriger, une méthode appliquée au Ban de MesuresMagnétiques multipolaires de SOLEIL (BMS) est exposée.The purpose of this hapter is to present the theoretial developments related to magnetimeasurements performed by means of a rotating oil. In this ontext, the magneti �eld inthe aperture of a multipole magnet is �rst alulated to prepare the study of measuring errorse�ets. Several works have already treated this problem but a new approah is proposed herewith the theoretial experiments. Then a method to determine and orret measuring errors ofthe SOLEIL Multipolar Magneti Measurement Benh (SMB) is presented.2.1 Harmoni oils theoryAs introdued in setion 1.3, spei�ations on quadrupole magnet magneti �eld quality aretight. Magneti �eld quality is de�ned in this part and is mostly determined by the magnetidesign of the studied magnet. Moreover SOLEIL deided to �x hallenging objetives onerningthe alignment quality of the quadrupole magnets. Their axis loation must have a gaussiandistribution of 25 µm r.m.s. (root mean square) and the tilt angles within 0.1 mrad r.m.s..To reah suh toleranes, being on�dent in the quadrupole magnet design and fabriation isnot su�ient sine alignment parameters are very sensitive. The hallenge of that work hastwo aspets. First the quadrupole magnet alignment properties must be aurately measured bymeans of the SOLEIL Multipolar Magneti Measurement Benh (SMB). The quadrupole magnetsmust be tuned with respet to the measurements to make their alignment properties �t thespei�ation �xed by SOLEIL mahine physiist. This part �rst deals with a three dimensionalalulation of the magneti �eld in the aperture of a magnet. Then the study of the �ux seen bya rotating oil an be redued to a two dimensional alulation. This development is the basisneeded to start the study of alignment quantities and error soures.39



2.1. HARMONIC COILS THEORY 402.1.1 Theory for rotating oilsHere are realled the Maxwell's equations (2.1) in their lassial analytial vetorial form. Theyare needed to alulate the three dimensional magneti �eld in the aperture of a magnet.
∇×−→

H =
−→
J +

∂

∂t

−→
D (2.1a)

∇×−→
E = − ∂

∂t

−→
B (2.1b)

∇ · −→B = 0 (2.1)
∇ · −→D = ρ (2.1d)2.1.1.1 Solution of Laplae equationThe main purpose of this setion is to determine the general expression of the magneti �eld inthe aperture of a quadrupole magnet. In a region free of harges and urrent soures like in theaperture of a quadrupole, Maxwell's equations lead to:

−→∇ ×−→
B =

−→
0 (2.2a)

⇒ −→
B = −−→∇φ(r, θ, s) (2.2b)Aording to the equation 2.2b, the magneti �ux density, −→B , stems from the salar potential φ.Introduing 2.2b in 2.1, Laplae equation an be dedued:

∇ · (−∇φ(r, θ, s)) = −∇2φ(r, θ, s) = 0 (2.3)
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Figure 2.1: FrameEquation 2.5 expresses the Laplae equation in ylindrial oordinates (r, θ, s) de�ned by the�gure 2.1.
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41 CHAPTER 2. THEORETICAL STUDIES AND DEVELOPMENTSLaplae equation an be solved using the separate variable method [1℄ or the "Frobeniusmethod" [15℄.Both give the following solution :
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)(2.5)This general solution desribes the magneti �eld evolution, whatever its soures are, in aregion free of harge and urrent soures. The solution reported in 2.5 begins with a sum over"n" whih is the harmoni order of the magneti �eld. This sum over n is a funtion of the radius"r" and the referene radius r0. The referene radius is arbitrary hosen and de�nes the magneti�eld harmonis whih make it a fundamental parameter for aelerator magnets. Eah expressionof n harmoni is made of two orthogonal omponents: a "Normal" and a "Skew" one, respetivelydistinguished by a "N" and a "S" subsript. Then eah omponent of the n harmoni an thenbe developed in a sum of the variable m. This sum gives the dependene of the salar potentialn harmoni versus the longitudinal variable s. For a given harmoni order (n), its expressionis ompletely determined one its longitudinal dependene, expressed by the funtion kn0(s), isknown for m=0 [15℄. There are 2n longitudinal funtions for eah harmoni. These funtionsdepend on the magneti �eld soure harateristis, they are ontinuous over s, anel at ±∞and do not have general analytial known form [17℄.Introduing equation 2.5 in 2.2b lead to the ylindrial omponents of the magneti �uxdensity expressed by the relation 2.6:
Br(r, θ, s) =

1

r0

∞∑

n=0

∞∑

m=0

(n+ 2m)

(
r

r0

)n+2m−1
(
kN

nm(s)sin(nθ) − kS
nm(s)cos(nθ)

) (2.6a)
Bθ(r, θ, s) =

1

r0

∞∑

n=0

∞∑

m=0

(n)

(
r

r0

)n+2m−1
(
kN

nm(s)cos(nθ) + kS
nm(s)sin(nθ)

) (2.6b)
Bs(r, θ, s) =

∞∑

n=0

∞∑

m=0

(
r

r0

)n+2m(dkN
nm(s)

ds
sin(nθ) − dkS

nm(s)

ds
cos(nθ)

) (2.6)
with kN/S

nm (s) =
(−1)mn!

22mm!(n+m)!
r2m
0

(

d2mk
N/S
n0 (s)

ds2m

) (2.7)2.1.1.2 Complex FormalismWhen the beam goes through a magnet, it sees the magnet integrated magneti �eld along thelongitudinal diretion : it is the quantity whih has to be measured. This quantity is determinedby means of oils with a retangular geometry whih enables to measure the magnet s-integratedmagneti �eld. The next alulation step is to integrate the solution (equation 2.5) along the s axisin order to get the �ux seen by the measuring oil. It is assumed that the retangular measuringoil has a su�ient length to measure all the magneti �eld produed along the longitudinaldiretion. Consequently, the boundaries of the longitudinal integration an be set to ±∞.



2.1. HARMONIC COILS THEORY 42From W. G. Davies's work [1℄, one the salar potential φ(r, θ, s) is integrated over s, all m>0terms vanish and lead to this integrated expression.
Φ(r, θ) =

∫ +∞

−∞
φ(r, θ, s) ds =

∞∑

n=0

(
r

r0

)n
(
KS

n cos(nθ) −KN
n sin(nθ)

) (2.8)with KN/S
n =

∫ +∞

−∞
k

N/S
n0 (s)ds (2.9)Measurements with retangular oils are not sensitive to m>0 terms and other oil shapes areneessary [18℄ to measure them. In our ase we only need to measure the s-integrated magneti�eld from −∞ to +∞ sine it is only what the eletron beam "sees". The alulation of the s-integrated magneti �ux density omponents (noted with the following letter B) by means of thes-integrated salar potential (Φ(r, θ)) leads to a two dimensional problem whih an be treatedwith the omplex formalism tools. The alulations are now proeeded with the omplex salarpotential de�ned by the equation 2.10.

V = Φ − i As (2.10)
Φ is the s-integrated salar potential and As is the longitudinal omponent of the s-integratedvetor potential de�ned by the equation 2.11 in whih −→

A is the vetor potential.
−→
A (r, θ) =

∫ +∞

−∞

−→
A (r, θ, s)ds = [Ar,Aθ,As] (2.11)Sine vetor potential −→A veri�es Laplae's equation (∇2−→A = 0), As is obtained using similarmethod to the one used to alulate the expression of the salar potential (φ(r, θ, s)).

As(r, θ) =
∞∑

n=0

(
r

r0

)n
(
−KN

n cos(nθ) −KS
n sin(nθ)

) (2.12)Hene by introduing 2.8 and 2.12 in 2.10
V (r, θ) =

∞∑

n=0

(
r

r0

)n

(cos(nθ) + isin(nθ))(KS
n + iKN

n ) (2.13)Equation 2.13 an be redued to a more ompat expression by introduing the omplexvariable ζ = r eiθ = x+ iz and the omplex harmoni oe�ient Cn = KS
n + iKN

n , the oe�ients
K

N/S
n being de�ned by the equation 2.9.

V (ζ) =
∞∑

n=0

(
ζ

r0

)n

Cn (2.14)
V veri�es Cauhy-Riemann onditions. It is thus analyti and it enables to derive the omplexmagneti �ux indution from the omplex salar potential.

− dV

dz
= Bx − iBz = B

∗ (2.15)However it is more pratial to use iB∗ whih is also analyti. This leads to B, a omplexs-integrated magneti �ux variable de�ned by the relation 2.16.
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B(ζ) = iB

∗
= Bz + iBx =

∞∑

n=0

Cn

(
ζ

r0

)n−1 (2.16)Equation 2.16 is the lassi formalism used for aelerator magnet magneti �eld analysis [19℄.As shows the equation 2.16, B an be developed in series of ζ, the omplex variable and r0, theso-alled referene radius. Then there are the omplex harmoni oe�ient Cn made of theirnormal and skew omponents, respetively Bn and An (see relation 2.17).
Cn =

1

n
(KN

n − iKS
n ) = Bn + iAn (2.17)2.1.1.3 Magneti �ux alulationAs introdued before, the alulations are aimed at determining the magneti �ux seen by themeasuring oils during their rotation. Magneti �ux alulation with the omplex formalismpresented previously is detailed in [19℄. The purpose of this setion is to fous on its main stepsto present the reasoning. The simple ase of a one turn retangular oil is studied. If this oil isut by the transverse plane (x-z), its two �laments are thus loated at ζ1 and ζ2 in the omplexplane as shown on �gure 2.2.
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xFigure 2.2: Retangular oil �lament loationThe magneti �ux ψ seen through the surfae de�ned by these two �laments is expressed inthe equation 2.18.
ψ = Re

[
∫ ζ2

ζ1

B dζ

] (2.18)Then 2.16 is introdued in 2.18, its angular dependene being extrated.
ψ(θ) = Re

[ ∞∑

n=1

χn

n rn−1
0

Cn e
i nθ

]

, with χn = ζ2
n − ζ1

n (2.19)Disrete �ux measurements are performed over one turn of the sensor and a disrete Fourieranalysis is exeuted to obtain the integrated magneti �ux harmonis Ψn. Then after somealulations [19℄, these integrated magneti �ux harmonis are relied to magneti �ux densityharmonis by means of the following relation.
Cn ≈ 2

N

n rn−1
0

χn
Ψn+1 (2.20)Now all the basi tools to pursue deeper studies on the problems one ould enounter are avail-able. Indeed, three dimensional expression of the magneti �ux density is available if the kn0(s)



2.1. HARMONIC COILS THEORY 44funtion an be determined by means of a quadrupole for whih real magneti harateristis arewell known. As it is possible to work in the 2D spae, omplex formalism has been developedsine it provides simple and powerful mathematial tools for magnet harateristis alulations.The next parts are dediated to real world phenomenon, e�et of errors on measurements andthe way they ould be studied and determined oupied the major part of the work.2.1.2 Error soures studiesAppliation of the theory developed previously to real measurement onditions has to ope withthe in�uene of several defets of the measurement benh like benh misalignment or rotatingsensor deformation. The onsequene of a benh defet on magneti measurements is the appari-tion of spurious harmoni omponent in the measured magneti �eld harmoni ontent. If themeasured harmonis are di�erent from their real values, it leads to a bad knowledge of the mag-net �eld quality. Then, this erroneous desription of the magneti �eld quality is unfortunatelyused for beam dynamis simulation ans leads to a misunderstood behaviour of the irulatingbeam during the ommissioning. To minimize the ourrene of suh a senario, a defet studyas exhaustive as possible has to be lead.2.1.2.1 Calulation of the magneti axis loation o�setAs mentioned previously, the magneti axis of a quadrupole is de�ned as the axis where a beamwith no angle is going through without being de�eted by a dipolar magneti �eld.More generally :The magneti axis of a 2m-pole magnet is the axis parallel to the referene axis andalong whih the integrated m-1 omponents of the 2m-pole magnet harmoni ontentare zero.The e�et of the magneti axis misalignment on harmoni ontent is detailed in A.4. Here arethe main steps of the reasoning. The purpose is to �nd a relation between harmonis obtainedin the ase of a perfet magnet (no o�set) and in the ase of a misaligned magnet (o�set). Thatis to say, to ompare B(ζ) in the magneti frame and in a frame displaed in the omplex planeof ζoff.If C
mag

n are the omplex harmonis in the magneti frame and C
meas

n in the displaed onewhih also represent the measured harmonis, the relation is expressed by equation 2.21 (see A.4for alulation details).
C

mag

n =
∞∑

k=n

C
meas

k

(k − 1)!

(k − n)!(n− 1)!

(

ζoff

r0

)k−n (2.21)It is almost impossible to measure C
mag

n diretly after the �rst measurement sine there arelow probability for the sensor axis to be exatly loated on the magneti frame. The formula istherefore very useful sine it enables to know the magnet harateristis without being disturbedby its misalignment versus the sensor. However the harmoni transformation of the equation 2.21requires ζoff to be known: it must be alulated.Using the de�nition of the 2m-pole magnet magneti axis and the feed-down formula, therelation between ζoff and the C
meas

n an be dedued [19℄. By aneling the m-1 omponent C
mag

m−1and limiting the sum to k = m for a 2m-pole magnet, the magneti axis loation ζoff is expressedin the following equation (2.22)
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ζoff = − r0

m− 1

C
meas

m−1

C
meas

m

∀m > 1 (2.22)The main assumption to obtain the equation 2.22, is that k>m omponents (see equation 2.21)are negleted sine they are very small versus the main omponent and misalignment e�ets arenot visible on higher order harmonis. This assumption is veri�ed for aelerator magnet whereunwanted magneti �eld harmonis are minimized to few 10−4 of the main omponent.2.1.2.2 Angular errorAnother important defet for whih the eletron is very sensitive is the magnet (and / or thesensor) angular positioning error (tilt angle). The angular error whih ould our in a 2m-polemagnet is de�ned as the tilt angle between a purely normal omponent (Am = 0) and the realmagneti �eld vetor (Am 6= 0).
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Figure 2.3: Magneti tilt angleThe main omponent of a measured magneti �eld being de�ned as C
mag

m = Bm + iAm, theangle is:
θm = −αm

m
= − 1

m
ATan

(Am

Bm

) (2.23)The 1/m fator is needed to onvert the magneti angle αm into the mehanial angle θm.Indeed, 1
m is the ratio between the magneti period of the 2m-pole magnet (2π

m ) and the mehanialperiod (2π).For the partiular ase of the quadrupole:
θ2 = −1

2
ATan

(A2

B2

) (2.24)Then knowing the θm, harmoni oe�ients an be alulated in the main omponent frame withthe formula of equation 2.25.
C

mag

n = C
meas

n e−i nθm (2.25)Magneti axis loation and angular errors determination are the main parameters whih arealulated and orreted after the magneti �eld harmoni measurements. Both the magnet andthe rotating sensor an introdue these errors but their treatment are di�erent depending ontheir origin. In the �rst ase (magnet), these errors have to be orreted whereas in the seondase (rotating sensor) they only have to be known in order to take them into aount during thealulation of the magnet errors. Indeed, if errors from the rotating sensor are orreted on themeasured magnet, it will inrease the initial magnets defets.



2.2. CONTRIBUTION TO THEORETICAL EXPERIMENTS 462.1.2.3 E�et of sagAny mehanial element laying on two points undergoes gravity e�et by sagging. Measuringharmonis with a sensor whih is sagging leads to spurious harmonis in the harmoni ontent.From Davies theory [1℄, sag e�et generates harmonis n ± 1 whih are orthogonal to theirsoures. n is the order of natural harmonis whih really exist. For example, in the quadrupolease, the main omponent (B2) generates a dipolar (A1) and a sextupolar(A3) skew omponents.Moreover a real quadrupole has natural harmonis. One of them is the 12-pole omponent (B6),onsequently there will be also spurious A5 and A7.Buking oils an anel spurious harmonis. The priniple is to eliminate the harmoni whihis the soure of the spurious one. That is why, B2 omponent is often removed with buking oils.Moreover aneling the main omponent enables to measure more aurately other harmoniswhih are muh smaller (≈ few 10−4 of B2).2.1.2.4 Buking oilsAs mentioned previously, additional oils are often used to get a better sensitivity for high orderharmonis measurement. Moreover, these oils enable to anel e�ets of the sensor defets whihgenerate some spurious harmonis. The priniple of buking oil is to use the �ux measured byone or more additional oil to remove the unwanted omponents. Priniple of buking oils is notdevelopped here but for more information, it is detailed in [16℄.2.2 Contribution to theoretial experimentsThe purpose of this setion is to propose a new approah to study e�ets of rotating oil 3Ddefets on the measured harmoni ontent even if s-integrated measurements give 2D magnetiharateristis. First, a mathematial model is developed to modelize a sensitivie oil with ageneral shape or ontour. Then the work is aimed at de�ning an analytial magneti model forthe quadrupole magneti �eld soure whih is easy to alulate without being so far from thebehaviour a real quadrupole. Finally di�erent ase of rotating oil are studied by gathering boththe rotating oil shape model and the magneti �eld soure model in order to understand thespurious harmonis apparitions.2.2.1 Development of the methodThe purpose is to simulate the e�et of a modelized oil shape on the measurements of the �uxseen by this oil during its rotation. This is performed by using basi geometrial analysis toolsto alulate urvilinear integral sine vetor potential is used to alulate the magneti �ux.If the oil shape (C) is known, the �ux seen by the measuring oils an be simulated asexpressed by the equation 2.26.
ψ =

∮

C

−−→
AQp(x, z, s) ·

−→
dl, C is the oil ontour (2.26)

ψ is the �ux seen by the modelized rotating oil and −−→
AQp the vetor potential of the modelizedquadrupole magneti �eld soure. Figure 2.4 shows an example of oil shape with geometrialdefets whih was initially retangular. The ontour C of this out of shape oil is separated infour part plotted with a di�erent olor (red, orange, yellow, brown). The �gure 2.4 shows alsoone projetion of eah ontour part on 2D planes (x-z and z-s).
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Figure 2.4: View of an out of shape oil and the four projeted segmentsAs mentioned previously, the oil ontour C an be divided in four segments Ci, limited by li1and li2 (integration bounds), whih is useful for the magneti �ux alulation as expressed by theequation 2.27.
ψ =

4∑

i=1

∫ li2

li1

−−→
AQp(x, z, s) ·

−→
dli ; over Ci (2.27)Sine it is more onvenient to integrate along the artesian oordinates, a main diretion ofintegration (s for example) has to be hosen. Then the ontour �i� equation de�ned by gi(li) hasto be projeted to the related planes: x-s and z-s for our example whih leads to two funtionsof s, respetively gi

x(s) and gi
z(s) for one ontour �i�.From the previous explanations, the method to obtain the magneti �ux from a oil with agiven shape is now detailed using basi geometrial analysis.If P i

α0
is a point belonging to the ontour Ci of the oil at initial angular position α0, that is tosay the �rst position of the measuring oil during its rotation, P i

α0
is loated in the 3D artesianspae, having the point �O� as origin, by the equation 2.29:With −−−→

OP i
α0

= x−→ex + z−→ez + s−→es (2.28)
= gi

x(s)−→ex + gi
z(s)

−→ez + s−→es (2.29)Thanks to the equation 2.29 in whih the ontour equation has been unoupled among thethree artesian omponents, it is thus easy to �nd the artesian omponents of −→dli de�ned by theequation 2.30:
−→
dli =

∂
−−−→
OP i

α0

∂s
=
∂gi

x(s)

∂s
−→ex +

∂gi
z(s)

∂s
−→ez + −→es (2.30)And its norm is expressed by the equation 2.31:

dli =

√
(
∂gi

x(s)

∂s

)2

+

(
∂gi

z(s)

∂s

)2

+ 1 ds (2.31)



2.2. CONTRIBUTION TO THEORETICAL EXPERIMENTS 48Relations 2.29 and 2.31 enable us to alulate the �ux at the initial angular position of thesensor (α = α0 = 0). However the �ux evolution during one turn of the sensor must be numeriallysimulated. Therefore the new ontour Ci(α) on whih the vetor potential must be known haveto be rotated by an angle alpha. Thus the ontour Ci(α) is de�ned by −−→
OP i

α obtained by applyingthe rotation matrix R(α) on −−−→
OP i

α0
. These alulations are de�ned by equations 2.32 and 2.33.

−−→
OP i

α = R(α) · −−→OP i
α0

=





xi
α(s)
zi
α(s)
s



 =





hi
x(s, α)
hi

z(s, α)
s



 (2.32)and also, −→dliα = R(α) ·
−−→
dliα0

(2.33)The rotation of −−→OP i
α0

of an angle α leads to new ontour funtions hi
x(s, α) and hi

z(s, α).Hene the magneti �ux dependene on α an be omputed using equation 2.34:
ψ(α) =

4∑

i=1

∫ li2

li1

−−→
AQp(h

i
x(s, α), hi

z(s, α), s) ·
−→
dliα (2.34)Using the method developed previously and then equation 2.34, whatever the oil shape is,it is possible to simulate the magneti �ux it would measure if the oil shape an be properlymodelized. The next step is to provide the oil model with an analytial magneti �eld soure inorder to study the e�et of 3D defets study.2.2.2 2D modelTo test the previous 3D model of the sensor, the simplest magneti �eld soure we ould use isa perfet 2D quadrupole, i.e. an in�nitely long and pure quadrupole. Thus relation 2.16 is usedwith only B2 omponent 6= 0

B(ζ) =
1

r0
B2 ζ (2.35)Then integrating −→

B =
−→∇ ×−→

A for this partiular ase lead to
−→
A (x, z, s) = −1

2

B2

r0
(x2 − z2) −→es (2.36)Perfet retangular oilThis is a very simple ase sine it is easy to identify harmoni oe�ient from �ux alulations.Measurements of a perfet quadrupole magneti �eld by means of perfet retangular oil enablesto hek the general method mentioned previously.The oil shape is a perfet retangular oil delimited by (x1, x2 and s1, s2).

⋆ Everything is perfetFor this simple ase, the �ux obtained is:
ψ(α) = (x2 − x1)(s2 − s1)

B2

r0
cos(2α) (2.37)
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⋆ Misalignment in x diretionThe oil rotation axis is displaed of a quantity xoff along −→ex, the �ux beomes:

ψ(α) = (x2 − x1)(s2 − s1)
B2

r0
(xoff cos(α) + cos(2α)) (2.38)

⋆ Angular defet αoffThe oil starts its measurements with an o�set angle αoff, thus the �ux is
ψ(α) = (x2 − x1)(s2 − s1)

B2

r0
(cos(2αoff)cos(2α) − sin(2αoff)sin(2α)) (2.39)The results obtained enabled to illustrate the relations 2.22 and 2.24 and to apply the integrationmethod detailed in setion 2.2.1.Mehanial torsion of the oilIt ould be more interesting to apply our method to a more onrete ase suh as a torsional defetof the sensor (see �gure 2.5). The sensor is de�ned by four points (P1, P2, P3, P4) representing thefour ends of the oil and by the �xed distane between (P1 and P3, P2 and P4). It is assumed thatsine only small defets are treated, the ontours are de�ned by straight lines whih equationsare easy to alulate from points Pi. A straight line equation in 3D artesian spae is de�ned bya ouple of equation of the main variable.

Ci :
x = ai s+ bi = gi

x(s)
z = ci s+ di = gi

z(s)
(2.40)Eah ontour Ci is determined by two equations gi

x(s) and gi
z(s) whih enable to apply theintegration method developed in 2.2.1.
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0.032Figure 2.5: Mehanial torsion of oilThe �ux alulation leads to 2.41:
ψi(α) =

[∫ s2

s1

(gi
x(s)2 − gi

z(s)
2) ds

]

cos(2α) +

[∫ s2

s1

(gi
x(s) · gi

z(s)) ds

]

sin(2α) (2.41)From the previous relation, if the torsion is symmetri, the skew quadrupole term vanishes.Then for any torsion defet, the angular error made on the �ux measurement represents the meanangle of the sensor along the s axis.



2.2. CONTRIBUTION TO THEORETICAL EXPERIMENTS 50Mehanial sag of the oilA mehanial problem whih is often enountered is sagging of the oil like shown on �gure 2.6,units of the 3D plot are millimeters. To take it into aount in the ontext of our theoretialexperiments, the priniple is to begin working with a perfet retangular oil and then to apply adeformation along the z axis representing the sensor undergoing gravity fores. The equation ofthe mean �ber of a girder with a length L, laying on two stands loated at s = ±L/2 and saggingunder its own weight (w) is formulated by the equation 2.42.
Sag(s) = − ms
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32Figure 2.6: Mehanial sag of oilHene the e�et of the oil sag is taken into aount adding the e�et desribed by the lastformula to the z-omponent of −−→AQp.

ψ(α) =
4∑

i=1

∫ li2

li1

−−→
AQp(h

i
x(s, α), hi

z(s, α) + Sag(s), s) ·
−→
dliα (2.43)And 2.31 for s axis integration beomes the relation 2.44.

−→
dli =

∂gi
x(s)

∂s
−→ex +

∂(gi
z(s) + Sag(s))

∂s
−→ez + −→es (2.44)Sine the vetor potential has only the As omponent and the −→dli has always a unit omponent

−→es in the present ase of a perfet 2D quadrupole magneti �eld soure, there will be no visiblee�et of sag on −→
dli diretion. Even if the sag is taken into aount in the vetor potentialalulation, we annot expet to see a skew sextupolar omponent after the Fourier analysis of

ψ(α). However, from the study of W.G. Davies' alulations, the signature of a oil sag is theapparition of a skew sextupolar omponent [1℄. The onlusion of this short analysis is that the2D model of the quadrupole does not enable to study 3D defet like oil sag. It has been hekedby theoretial experiments implemented in a Mathematia ode [20℄.The simulations on�rm that the 2D model is not aurate enough to produe skew sextupolaromponent when the sensor is undergoing a sag e�et. The 2D model of the quadrupole magneti�eld soure is not as lose to the reality as we would like, another model whih takes into aount3D e�ets must be established.2.2.3 Analytial 3D modelAs mentioned previously, a more aurate model of a real quadrupole magneti �eld soure mustbe established to study omplex defet of the measuring oil. The purpose is always to get an



51 CHAPTER 2. THEORETICAL STUDIES AND DEVELOPMENTSanalytial model in order to failitate its omputation. As the analytial expression of a puntualdipole vetor potential is known in the 3D spae thanks to the equation 2.45 [21℄, we propose touse four puntual magneti dipoles to reate a quadrupole magneti �eld.The three dimensional vetor potential of a puntual magneti dipole loated on �Q� (�gure2.7) is expressed by the equation 2.45.
−→
A (r, θ, s) =

µ0

4π

−→
M ×−→

R

||−→R ||3
(2.45)The �gure 2.7 shows a puntual magneti dipole and its related parameters. P is the pointwhere the magneti �eld needs to be known, �r� is the radius loation of �P� and �a�, the radiusloation of �Q�.
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Figure 2.7: Puntual magneti DipoleUsing the superposition priniple, the three dimensional vetor potential of a quadrupolemagnet de�ned by four puntual magneti dipoles (±−→
M) loated at radius a and angles θi =

π
4 + (i− 1)π

2 ; i=1..4 is expressed in the equation 2.46.
−−→
AQp(r, θ, s) =

4∑

i=1

(−1)i||−→M ||
3
√

r2 + 2 · r · a · cos(θ − θi) + a2 + s2





s · sin(θi)
−s · cos(θi)
r · sin(θ − θi)





Ax, Az , As

(2.46)Implementation in sienti� odeAs analytial alulation of the �ux is di�ult to obtain by hand, the method developed insetion 2.2.1 has been implemented in a Mathematia ode. The �gure 2.8 represents the proessperformed by the mathematia ode. The aim of the ode is to behave as the benh ommandand ontrol program would work during a multipole magnet measurement. During the theoretialexperiment, the magneti �eld soure is performed by a model alulated previously (equation2.46 for example) and the rotating oil is given by the equation of the ontour whih is neededto be studied (torsion, sag). The ode uses the analytial models alulated previously for boththe magneti �eld soure and the measuring oil shape.A theoretial experiment begins by a numerial integration of the �ux seen by the oil rotatingin the magneti �eld produed by the four puntual magneti dipoles is alulated by the ode.Then after a Fourier analysis, harmoni ontent of the �theoretially measured� magneti �eldgives the mean to quantify the e�et of the introdued defet.Moreover, to hek the progress of the oil rotating in the magneti �eld, the sensor shape isplotted during its rotation. It enables to see diretly if the e�et of the defet whih have been
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Figure 2.8: Mathematia ode proessvoluntarily introdued behaves as expeted. As an example, the sensor shape evolution is plottedat its N angular positions in the ase of a perfet retangular oil on �gure 2.9.2.2.4 Appliation of the 3D modelFirst, the 3D model for magneti �eld soure is tested by omputing the �ux seen by a perfetretangular oil. One the model behaves as expeted, it is used to study di�erent defets of thesensor.Case of a perfet retangular oilAs mentioned before, the sensor evolution during its rotation is plotted (�gure2.9) and the pro-gram delivers the plot of the �ux measured for the N the angular positions (�gure 2.10).

Figure 2.9: Coil rotation
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Figure 2.10: Measured �uxIt seems useless to plot the sensor evolution but when omplex defets need to be integratedin the program, it is important to get a view of the shape through whih the �ux is alulated.In the ase of a perfet retangular rotating oil, after a Fourier analysis of the measured �ux(�gure 2.10), only natural harmonis of a real quadrupole magnet are present.
• B6 whih represents mostly the e�et of the �nite length of the quadrupole,
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• B10 representing the ut of hyperbolas shape of real magnet magneti iruit,To get aquainted with the evaluation of the origin of harmonis in real quadrupole magnets,a big work has been done by J. Cobb and R. Cole in [22℄. The �gure 2.11 shows the harmoniontent of the quadrupole performed by the 4 puntual magneti dipoles model we have proposed,from whih the main omponent (B2) has been removed. This quadrupole has a strong normal12-pole (B6) omponent. In real quadrupole magnet this omponent is not so strong but whatmatters is the qualitative aspet of the studies whih are led. This harmoni ontent is de�nedas the referene for the next studies. Indeed, any harmoni ontent from other on�guration willsubtrated from this referene in order to highlight the harmonis whih are spuriously reated.
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Figure 2.11: Natural Harmonis of the 3D modelWe also heked that for any displaement of the sensor rotation axis ζoff, the theoretialexperiment alulations leads to the same positioning o�set as the one entered as a rotating oildefet before the simulation. All these heking steps enable to study a more omplex rotatingoil defet like the sag e�et.E�et of mehanial sagHere are only given the results about theoretial experiments for a oil undergoing a mehanialsag. Introduing a sag to the model of the oil generates the additional harmonis of the table2.47. As mentioned previously, the harmonis in the table, are the result of the di�erene betweenthe referene model (harmoni ontent plotted on the �gure 2.11). For these simulations, the sagrepresented a 1.5 10−4 of the total length of the sensor.
n Bn An

1 0 49

2 0.0 0

3 0 0.07

4 0.06 0

5 0 −5.9

6 0.0 0

7 0 0.0

8 −0.003 0

9 0 0.14

10 0.0 0

11 0 0.0

(2.47)
The previous table illustrates the W.G. Davies onlusion sine harmonis of order n± 1 ap-peared. The results obtained shows also that these spurious harmonis depend on the magnitude



2.3. REFERENCE MEASUREMENTS 54of their soures. Our referene 3D magneti soure model has a strong 12-pole (B6) omponent.Consequently, it generates a A5 and a A7 omponent with the A5 stronger than the expeted A3(skew sextupole). In a normal manufatured quadrupole, the natural harmoni are smaller andthen the spurious harmonis obtained due to the sensor sagging are dereasing with the harmoniorder.The 3D model is now validated sine it an desribe various phenomena with a good �delity.Until now only defets on the sensor have been introdued. It is also possible to study e�ets oferrors on pole positioning, orientation or magneti �eld strength. This possibility is used in part3.4.2.1 where the origin of a measured spurious harmoni is studied. On one hand, understandingthe origin of measured harmoni is an important step in the data analysis proess. On the otherhand, defets whih lead to erroneous haraterization of the magneti axis must be determined.It is the subjet of the next part.2.3 Referene measurementsA tool has to be designed to quantify benh imperfetions. Its handling and its data measurementsanalysis must be easy to perform. The tool is a small 2m-pole magnet with its intrinsi magnetiaxis properties. The number of pole (m) is related to the 2m-pole magnets whih have to beharaterized on the benh.There are two ways to use this tool:
• The tool magneti axis properties are aurately known:This knowledge is used to standardize the benh by means of absolute measurements. Itrequired a perfet on�dene in the tool haraterization whih depends on the masteringof a onsequent amount of error soures.
• The tool magneti axis properties is not known:Relative measurements must be performed to get 2m-pole harateristis. Errors an beseparated from quantities whih need to be quanti�ed by several measurements.While benh defets are the only one to evolve, both methods are available. However, if for anyreason, the tool get imperfetions (shok, wearing,...) we have to be able to loalize the errorsoures and remove them from measurements. As it is important to master any mirometerleakage to �t the spei�ations, the seond method is hosen.First, theoretial aspet is treated, the simulations performed wit RADIA software ompletethis work. Finally the SMB standardizing tool design is depited.2.3.1 PrinipleThe main idea is to use a tool whih produes a 2m-pole magneti �eld with a given magneti axis(∆ζMp and θMp). Then, as relative measurements are the aim of our experiments, let imaginea mehanial interfae whih enables to position the tool at any desired position. Before goingfurther in explanation, some de�nitions must be mentioned.De�nitions
• The referene frame is the one de�ned at SOLEIL Synhrotron whih uses x and z vari-ables for transverse plane (x for horizontal axis and z for vertial axis) and s variable forlongitudinal axis whih follows the beam diretion.
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• Complex formalism is used for alulations of transverse plane magneti axis displaements.So the variable ζ represents a omplex number with a�x x+ i z.
• Complex entities related to any displaements of entity named �Ent� are de�ned like ∆ζEnt =

∆xEnt + i∆zEnt.
• A magneti measurement is de�ned as the magneti axis loation and orientation omputedfrom magneti �eld harmonis measured (see setion 2.1).
• Magneti axis of multipole measured is marked by �P� letter in any sheme.
• Any magneti measurement (∆ζMeas) give the magneti o�set between the sensor magnetiframe (SensorMag−Frame) and the 2m-pole magnet magneti frame (MpMag−Frame).The purpose is to �nd the loation of the 2m-pole magnet magneti axis versusthe sensor mehanial frame (SensorMech−Frame): ∆ζMp2.3.1.1 Ideal aseLet imagine a perfet benh. It means that the magneti axis loation measurement marked with(�P�) gives the real magneti o�set of the 2m-pole magnet. To get suh a result, sensor magnetiand mehanial frames must be merged as shown on �gure 2.12.
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Figure 2.12: Vetorial representation of o�set axis: Ideal aseSo an ideal magneti measurement leads to the following relation:
∆ζMeas = ∆ζMp (2.48)The equation (2.48) represented by the �gure 2.12 is trivial. The previous graphi is suhsimple that it does not provide more information than equation (2.48). However its usefulness ishighlighted in next setions sine a whole view of ases studied is needed.2.3.1.2 Positioning error of the sensor measuring oilsIn spite of all ares brought to sensor assembling, its magneti and mehanial frames are notmerged as assumed in the ideal ase. Consequently, a new quantity is de�ned to quantify the
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�ζ���Figure 2.13: Vetorial representation of o�set axis: sensor defaultmeasurement oils positioning error: ∆ζcoils. It represents the o�set between the sensor magnetiand mehanial frames due to mahining and assembling defets.Figure 2.13 represents how eah frame interats themselves and it leads to the equation (2.49).
∆ζMeas = ∆ζMp + ∆ζcoils (2.49)

∆ζcoils is an intrinsi parameter of the sensor so wherever the magneti entre is loated, thevalue of ∆ζcoils remains the same. At least two measurements are required to determine bothunknowns of equation (2.49). A �rst one with the tool in any position, and a seond one withthe tool turned of 180�around the �s� axis from the last position.For the measurement n�1, the equation 2.49 is available. Then measurement n�2 gives asimilar relation as indiated in 2.50.
∆ζMeas1 = ∆ζMp + ∆ζcoils (2.50a)
∆ζMeas2 = −∆ζMp + ∆ζcoils (2.50b)Thanks to these measurements, ∆ζcoils and ∆ζMp an be quanti�ed:
∆ζcoils =

∆ζMeas1 + ∆ζMeas2

2
(2.51)

∆ζMp =
∆ζMeas1 − ∆ζMeas2

2
(2.52)Only swing measurements and half sums are required to determine benh defets, the referenetool ould not be simpler to use. However the referene tool mahining is not perfet, that is whyo�sets implied by this mehanial e�et must be studied.2.3.1.3 Errors from the tool mahiningThe protool mentioned previously only works if the referene magnet is turning around the originof the sensor mehanial frame (SensorMech−Frame) marked (�B�) on the �gure 2.14. It meansthat the origin of the sensor and the 2m-pole magnet mehanial frames must be merged. Itannot be possible sine the referene tool mehanial interfae got defets from its mahining.
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Figure 2.14: Vetorial representation of o�set axis: Tool defaultSuh imperfetions are taken into aount by means of the omplex variable ∆ζTool. Figure 2.14shows how the mahining quality an at on measurements.On �gure 2.14, ∆ζcoils and ∆ζMp have the same a�xes as in previous shemes (�gures 2.12and 2.13) sine in reality these entities remain onstant.
∆ζMeas = ∆ζcoils

′ + ∆ζMp (2.53)
=

︷ ︸︸ ︷

∆ζcoils + ∆ζTool + ∆ζMp (2.54)
∆ζTool provides unertainty in ∆ζcoils and ∆ζMp determination sine it an be di�erent for eahposition (1 & 2).

∆ζMeas1 = ∆ζMp + ∆ζcoils + ∆ζTool 1 (2.55a)
∆ζMeas2 = −∆ζMp + ∆ζcoils + ∆ζTool 2 (2.55b)If the relation 2.51 is used, the equivalent measurement oils positioning error obtained is:

∆ζcoils Eq = ∆ζcoils +
∆ζTool 1 + ∆ζTool 2

2
(2.56)

=
∆ζcoils 1

′ + ∆ζcoils 2
′

2The use of ∆ζcoils Eq during series measurement leads to erroneous value of ∆ζMp. That iswhy it is neessary to anel the e�et of ∆ζTool by removing it mathematially. The only wayto know this quantity for eah position of the 2m-pole magnet tool is to perform 3D mehanialmeasurements. Then orretions are applied to measurements versus referene tool position andthe swing measurements mentioned in setion 2.3.1.2 an be operated. After orretions, it is likeif the 2m-pole magnet tool is turning around the sensor mehanial frame origin (see equation2.57).
∆ζMeas New = ∆ζMeas − ∆ζTool = ∆ζcoils + ∆ζMp (2.57)

∆ζcoils and ∆ζMp an now be properly determined with the use of ∆ζMeas New in equations2.51 and 2.52,



2.3. REFERENCE MEASUREMENTS 582.3.1.4 Advaned referene tools theoryThis setion is dediated to measurement errors minimization by studying the referene toolpratial use. Indeed, priniples mentioned previously are applied to a 2m-pole magnet fromwhih several magneti on�gurations have to be available: normal, skew, positive and negative.To ahieve these objetives the referene 2m-pole magnet is provided with a polygonal mehanialinterfae (see �gure 2.15 for m=4, i.e. quadrupole magnet).
Figure 2.15: Otagonal mehanial interfaeNotations

• Eah side of the polygonal interfae is marked with a number k = 1..N with N = 2m,
• Letters �A� and �B� are used to distinguish eah fae.
• The side number �k� grows with the trigonometri sense if the fae looked at is �A�.
• Eah magneti axis loation measurement is noted ∆ζMeas−kX ,
• In ∆ζMeas−kX expression:� �k� subsript is the number loated on the upper side of the polygonal mehanialinterfae,� �X� stands for the fae letter loated at the entrane of the beam.
• �1A� position is de�ned as the referene position.
• The referene 2m-pole positioned on �1A� is a positive normal 2m-pole magnet and itsmagneti axis is loated at ∆ζMp.2m-pole magnet without mehanial defaultsLike in 2.3.1.2 setion, the rotation of the 2m-pole magnet around its mehanial frame originis studied. Sine the external interfae has a partiular geometry (regular polygon), relationsbetween measurements an obviously be brought out. Indeed, measurements at all the 2m-polemagnet position (k=1..N) are given by the following formulas for both faes (�A� & �B�):

∆ζMeas−kA = ∆ζMp e
i−2π

N
(k−1) + ∆ζcoils ; k=1..N (2.58a)

∆ζMeas−kB = −i∆ζMp
∗
ei

2π
N

(k−1) + ∆ζcoils ; k=1..N (2.58b)with ∆ζMp
∗

= ∆x− i∆z



59 CHAPTER 2. THEORETICAL STUDIES AND DEVELOPMENTSAbove relations are developed in appendix A as it enables to evaluate errors ourred duringthe standardizing ampaign. Consequently, it is all the more better to operate more than twomeasurements for ∆ζcoils determination.Moreover, from equation 2.58a or 2.58b it an be dedued that the sum of all measurementsover one fae (�A� or �B�) anels magneti axis ontribution (∆ζMp). Then the mean value ofthe N measurements performed enables to haraterize ∆ζcoils.
1

N

N∑

k=1

∆ζMeas−kA =
1

N









∆ζMp

(
N∑

k=1

ei
−2π
N

(k−1)

)

︸ ︷︷ ︸

= 0

+N∆ζcoils









= ∆ζcoils (2.59)The mean value of the N measurements minimizes random errors as mean value of a randomsignal is all the more lose to zero as N is high. Equations 2.58a, 2.58b and 2.59 show that allthe magneti axis are loated on a irle of a radius ∣∣∆ζMp

∣
∣. Its entre is the sensor mehanialframe origin loated at ∆ζcoils from the sensor magneti frame. By plotting the evolution of themagneti axis loation in the x-z plane, a regular polygon must be observed in the ase of perfetmeasurements. This provides a useful graphial method to assess the quality of the referene toolmeasurements.2m-pole magnet with mehanial defaultsMehanial defets orretion (∆ζTool see setion 2.3.1.3 ) depends on how the referene magnetis installed on the benh girder. That is why a mehanial stand is required to position the2m-pole magnet. x and z axis positioning of the 2m-pole magnet ould be performed by meansof a L-shaped interfae (�gure 2.16). This interfae provides a diret measurements of the toolerroneous displaements due to its mehanial defets.

x-plate

z-plate

Figure 2.16: Stand of the referene toolsTwo plates made of steel are used to ensure the 2m-pole magnet positioning: a vertial onefor x-axis and an horizontal one for z-axis.A 2m-pole magnet on �k� position undergo mehanial defets:
• along the x-axis from the faet j =

(
k ± (N

4 )
)

[N ]
in ontat with the �x� plate,

• along the z-axis from the faet l =
(
k + (N

2 )
)

[N ]
in ontat with the �z� plate.



2.3. REFERENCE MEASUREMENTS 60The subsript �[N℄� stands for �modulo N� and the �±� sign (in �j�) is used to take into aountthe fae measured ; �+� sign for the �A� fae and �−� sign for the other i.e. �B�.Consequently, the entity to subtrat to ∆ζMeas−kA is:
∆ζTool k = ∆ζMech−j l = ∆Mechj + i∆Mechl (2.60)However the referene stand an be swung around z axis and the �X� plate an also be loatedon the right side of the beam (s axis). In that ase,

• it reverses the �±� sign de�nition for �j� ( − sign →�A�, + sign →�B�),
• it hanges the sign of ∆Mechj and equation (2.60) beomes:

∆ζMech−j l = −∆Mechj + i∆Mechl (2.61)In appendix A.2 all ases explained previously are developed. Mehanial defets of thereferene tool an only be measured by mean of 3 dimensional mehanial measurements. Oneall defets are known, they are introdued in the relation 2.60 or 2.61 whih is subtrated to
∆ζMeas−kXIf a magneti measurement ampaign of the N position of the referene tool is performed,their mean value an be alulated.

1

N

N∑

k=1

∆ζMech−j l =
1

N

N∑

k=1

∆Mech(k±(N
4

))
[N ]

+ i
1

N

N∑

k=1

∆Mech(k+( N
2

))
[N ]

(2.62)
= 〈∆Mech〉 (1 + i) (2.63)
=
〈
∆ζMech

〉 (2.64)If the mean value method of equation 2.59 is used, an interesting result is obtained:
〈
∆ζMeas

〉
=

1

N

N∑

k=1

∆ζMeas−k

= ∆ζSensor +
〈
∆ζMech

〉 (2.65)One more advantage to use the mean value method is that it also smoothes statistial errorsfrom mehanial measurement, referene tool handling and magneti measurement. One themean value of mehanial errors are known, it must be subtrated to 2.65 to �nd ∆ζSensor.2.3.1.5 Angular errorsMagneti tilt angle is determined from theory mentioned in 2.1.2.2. There are several reasonswhih an lead to erroneous measurements of this quantity. The angular referene must be theprinted iruit oils median plane whih must be merged with the horizontal plane when themeasurements start. It is never the ase sine manufaturing errors annot be small enough toremain �transparent� in the magneti tilt angle determination. There is an angular o�set whihmust be removed to the measured magneti tilt angle (θMeas) in order to get the real magnetitilt angle (θMp) of the measured 2m-pole magnet.
θMeas = θMp + θSensor (2.66)The purpose of the next investigations is to show that similar swing measurements to thosedeveloped in part 2.3.1.2 an be performed to disriminate suh a defet. The objetive is to �ndtwo positions of the referene tool whih provide opposite magneti tilt angles.
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Figure 2.17: In�uene of θSensor valueIdeal ase: θSensor = 0When there is no angular defet as θSensor = 0, sensor median plane and the horizontal one aremerged.In the sensor frame, let's de�ne an arbitrary point named �P� with a�x ζP = xP + i zP =
∣
∣ζP
∣
∣ eiθP and belonging to the normal axis of the 2m-pole magnet de�ned as the axis of themagneti �eld normal omponent. After a 180�z-axis rotation, �P� point beomes �Q� with a�x

ζQ =
∣
∣ζQ
∣
∣ eiθQ .From the de�nition of the magneti tilt angle (see setion 2.1.2.2), angles at the position�kA-ideal� and �kB-ideal� an be expressed versus ζP and ζQ arguments respetively.

θMeas−A = θP − π

2
= θMp (2.67)

θMeas−B = θQ − π

2
(2.68)Moreover,

ζQ = xQ + izQ = −xP + izP = −(xP + ızP )∗ = eiπζP
∗ (2.69)thus,

θQ = π − θP (2.70)
⇒ θMeas−B =

π

2
− θP = −θMeas−A = −θMp (2.71)These measurements are symmetri and an be used to determine θSensor.Case θSensor 6= 0All magneti tilt angles are de�ned from the horizontal plane whereas they are measured fromthe sensor median plane. When both planes are not merged, the angle got from the magnetimeasurement does not represent the tilt angle to identify.

θMeas−A = (θP − θSensor) −
π

2
= θMp − θSensor (2.72a)

θMeas−B = (θQ − θSensor) −
π

2
= −θMp − θSensor (2.72b)Swing measurements around the z-axis are suitable for θSensor determination.



2.3. REFERENCE MEASUREMENTS 62From 2.72 both unknown an be dedued.
θSensor =

θMeas−1A + θMeas−2A

2
(2.73a)

θMp =
θMeas−1A − θMeas−2A

2
(2.73b)As in 2.3.1.4 setion, the in�uene of the referene tool mahining on magneti tilt anglemeasurements has been studied but their e�ets are negligible. That is why it is not developedhere. A omplete theory about the use of a 2m-pole magnet referene tool is available and toful�ll the theory requirements, now is detailed how the design of the tool has been performed .2.3.2 Final design and new approah propositionTwo multipolar permanent magnet referene tools have been manufatured: one quadrupole andone sextupole. The magneti design was performed with the RADIA ode [23℄. The purpose ofthis part is to desribe the multipolar referene. First their �nal design is depited in order toemphasize on their defets. Then a new approah is proposed for the referene magnet design.It is a normal evolution after the �rst experiments performed.2.3.2.1 Mehanial MeasurementsOne the referene magnet are manufatured they must be mehanially measured. Indeed asdeveloped in part 2.3.1.3, it is important to know the positioning defets due to mahining errorof the multigonal interfae. That is why the mehanial data of the multipolar referenes are nowreported.Quadrupolar referene magnetThe design distane between one fae of the otagon and its enter is 110 mm. The �gure 2.18gives the di�erene between this value and the measured values. Then the angle between eahfaes were measured to quantify the quality of the manufaturer mahining. The angles valuesare reported on the �gure 2.19.
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Figure 2.18: Mahining defets
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Figure 2.19: Angular defetsThe mean value of the defets over one turn is -6.875 µm. As developed at the end of thepart 2.3.1.3, this value is needed to alulate the rotating oil positioning defet.



63 CHAPTER 2. THEORETICAL STUDIES AND DEVELOPMENTSSextupolar referene magnetHere are the real dimensions of the sextupolar referene magnet.
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Figure 2.20: Mahining defets
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Figure 2.21: Angular defetsThe mean value of the measured defets is 15.5 µm.2.3.2.2 Improvement of the referene tool designFrom the use we made of the multigonal referene tools, I an suggest an idea to improve theauray of the referene measurements made. As shown in the previous part, it is di�ult tomahine a multigonal interfae and to install it on the benh without a few amount of errors.The aim is to work with only 1 defet instead of 8 for the quadrupole (�gure 2.18) or 12for the sextupole (�gure 2.20). The mehanial interfae of the referene multipole must be aylinder whih is installed on stand with a �V� shaped interfae. The only mehanial defet ofthis new mehanial referene (ylinder) is its radius. The advantage of this onept is that themahining of a ylinder is easier to master.However the use of this new referene is a little di�erent. The protool is to put the ylindrialreferene multipole on several angular position over one turn. The magneti axis loation ismeasured between eah position. By plotting the measured data in the transverse plane, a irlemust be obtained as shown on the �gure 2.22.With this new tool there is only one mehanial defet to measure, its positioning is easierto operate and muh more aurate and reproduible. The alulation of the sensor magnetio�set requires to �nd the irle whih best �t the data. The enter loation of this irle givesthe oordinates of the researhed o�sets. The advantage of this tool has an in�nite number ofangular position whih enables to hoose the statistial quality of the measurements. At leastthree positions of the tool are required to �nd the enter of irle. Then more positions an bemeasured but their number will be limited by time the spent for the measurement ampaign.However this new tool annot measure the angular o�set sine there is no mehanial referenewhih enables a perfet swing of 180�around the vertial axis. Various solutions an be found toensure this type of measurement, they are not detailed here.The auray of the tool is improved by the good quality of the mehanial ontats betweenthe �V� and the ylinder whih is easy to get nowadays with the modern mahining tools.
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Figure 2.22: O�sets determination with the new methodRésumé du hapitreLa première partie de hapitre a permis de présenter la théorie des bobines tournantesqui repose sur des mesures de variation de �ux. Dans un seond temps, nous avonsréalisé un modèle 3D des quadrup�les et des bobines tournantes qui permet de modéliserles onséquenes des défauts des bobines tournantes, tels que leur �êhe ou enore leurtorsion, sur les harmoniques de hamp. Dans le hapitre suivant, nous verrons om-ment ette méthode peut être appliquée à la ompréhension de l'origine de ertains har-moniques non attendus. Dans une troisième partie, nous avons présenté un quadrup�lede référene à aimants permanents visant à aratériser les défauts du ban de mesuresde SOLEIL. Une méthode de détetion des défauts a été mise en plae. Sa mise en oeu-vre sera exposée dans e qui suit. En�n, nous avons proposé un nouveau type d'aimantde référene ylindrique qui permettrait de réduire les inertitudes de positionnement.



Chapter 3Magneti-Based AlignmentObjetifs du hapitreCe hapitre est dédié aux résultats expérimentaux obtenus lors de la aratérisation desaimants 2m-polaires de l'anneau de stokage du synhrotron SOLEIL. Dans un premiertemps, un état de l'art des dispositifs à bobines tournantes est réalisé dans lequel �gurele dispositif de mesure disponible à SOLEIL lors du ommenement de nos travaux dereherhe. Notre travail a onsisté à éprouver e dispositif de mesure. Les problèmesrenontrés et les défauts mis en évidene lors de la mesure de quelques aimants sontexposés. Cette première étude expérimentale nous a onduit à proposer un nouveaudispositif de mesure dont la oneption et la mise en oeuvre sont reportés ii. Lesrésultats obtenus sont également présentés.This hapter is dediated to the experimental work ahieved on Synhrotron SOLEIL StorageRing (SR) 2m-pole magnet haraterization. First, the preliminary studies of existing rotatingoil benhes are detailed. Then the SOLEIL multipole magneti measurement benh is depitedby laying emphasis on the main problems whih had to be solved. Afterwards results obtainedfrom experimental validation of the benh and from the 160 SR quadrupole series magnetimeasurements are analysed. The objetive is to deliver perfetly known SR quadrupole magnetsto the mahine physiist so that they an perform preise simulations for the beginning of theSR ommissioning.3.1 State of art of rotating oil benhesBefore designing the benh, a non exhaustive study about the work performed on rotating oilbenh developments is arried out. The aim of suh a study is to gather the positive aspets ofbenhes even if they do not have idential performanes. Instead of studying eah benh (SwissLight Soure (SLS), Centre Européen de Reherhe Nuléaire (CERN), Sigmaphi, Dan�syk),the study turns around 5 aspets whih annot be ignored during the design of a rotating oilbenh: the stand for the magnets, the mehanial links installed on this stand, the eletroniequipments, the mehanial design of the magneti sensor and �nally the tehnology used for thesensitive oils. Then the �rst SOLEIL multipole magneti measurement benh whih needed tobe modi�ed is also depited in this part. 65



3.1. STATE OF ART OF ROTATING COIL BENCHES 663.1.1 General oneptHarmoni oil benhes are �rstly dediated to measure magneti �eld harmonis of 2m-polemagnets (m ≥ 2). These harmonis enable to desribe the e�et of the quadrupole magnetimperfetions on the eletron beam dynamis. That is why it is very important to know themwith a very good resolution. Even if nowadays, the design delivered by softwares is lose to the�nal produt, measurements are mandatory sine spei�ations from mahine physis are strit.Moreover only magneti metrology an detet unpredited defets whih ould be harmful for thebeam behaviour. Afterwards the seond reason whih leads to magneti haraterization of theSR quadrupoles is the need for a very preise alignment of their magneti axis. Misalignmentof SR quadrupole implies orbit distortion whih debases the eletron beam quality. Magnetiaxis properties (loation and orientation) are alulated from harmoni measurements. Theirorretion diretly depends on the mehanial design of the quadrupole magnets and on theirstand on whih they are installed in the mahine. Sine toleranes are small, eah part of thebenh is a ritial point to master. That is why it is neessary to take time to study availablesolutions whih ould be adapted to the requirements. Quality for magneti measurements isobtained if eah element of the benh is properly designed and assembled.3.1.1.1 Mehanial StandsThe �rst point to think about is how eah element is positioned. As shows the kinemati shemeon the �gure 3.1 the global mehanial design is simple.
Sensor

Stand 3Stand 2Stand 1

MAGNET LOCATION

Bearing 2Bearing 1

Figure 3.1: General kinemati shemeTo ensure the positioning of the bearings and the 2m-pole magnet, 3 stands may be manufa-tured. Nevertheless the number of stands an be redued. It depends on the magnet whih hasto be measured on the benh. The less elements there are the more preise the benh will be. Ifthere are only magnets of one mahine to measure, only one stand is su�ient. All the magnetsof a ring have the same general mehanial dimensions, that is to say the same loation of theirmehanial axis versus the benh loal frame is the same for all. Consequently, there is no needto adapt the magnet stand for its magneti measurements therefore only one stand for all theequipment is required. The advantage is that the design beomes simpler and the installationand alignment of eah element is easier to master.But from the magnet manufaturer point of view suh a on�guration does not allow tomeasure magnets of di�erent dimensions without replaing the heavy(=waste of time) and onerousmain stand. That is why, harmoni benh of magnet manufaturers are often made of three standswhereas partile aelerator magneti measurement groups develop benhes with only one. Thereare indeed two idential stands reeiving the devies for pivot links and the magneti sensor



67 CHAPTER 3. MAGNETIC-BASED ALIGNMENTdriving, and a tunable one in the middle to adjust the vertial position of the multipole tomeasure. The tunable stand an be ompletely automated [24℄ or manually adjusted [25℄.Then, one the number of stands is determined, the way how they reeive the magnets andthe measuring equipments have to be de�ned. Generally, �xed pins are inserted in stand and areused to position elements.Then there are several mehanial parameters to adjust as
• the altitude of the magnet mehanial entre,
• the plane desribed by the surfae of the stand whih reeives the magnet,
• the parallelism between the line made by the pivot link entres.Perfet mehanial adjustment of the benh is not reahable and unavoidable defets anappear due to mahining defets and assembly errors. That is why referene measurements (seesetion 2.3) are performed to haraterize residual errors like the stands defaults.3.1.1.2 Mehanial LinksThe ideal way to get a high reproduibility benh would be to install 2m-pole magnet whilethe sensor is already installed on the benh and never dismantled. It would avoid all lossesin auray due to sensor mounting and unmounting. But in this ase, errors got from 2m-polemagnet dismantling would be greater. 2m-pole magnets annot and must not be often dismantled,exepted for the vauum hamber installation whih is an unavoidable operation. That is whysliding ontats are preferred to pivot link at bearing loations to enable the sensor installationwhile the 2m-pole magnet is already on the benh. Up to now, we know a part of the 2m-polemagnet protool of installation on the benh:
• Step 1: Installation of the magnet on the benh,
• Step 2: Insertion of the sensor through the 2m-pole magnet aperture.Among the available solutions there are bronze bearings, ball bearings and also air bearings.The hoie of the bearing tehnology is related to the sensor mehanial parameters as its weight,its length and more generally, its inertial geometry.Air BearingsAir bearing are based on mehanial lift due to high pressure whih applies a fore on the devieto levitate. There is no metalli parts in ontat therefore frition seen by the moving devieis very lose to zero. That is why it is often used for devies whih need to reah very highrotating speed (300 000 turn/min). Air bearings require very lean air with a stabilized highpressure whih are provided by an expensive pneumati iruit installation. Suh a tehnologyan provide the stability required for the harmoni sensor. Indeed it eliminates frition betweenmoving part and then release torsional onstrain on the sensor mehanial struture. Howeverair bearings are ostly to set up, di�ult to operate as they need very lean mehanial parts.Indeed the learane between the moving parts is so small that any dirt an damage the system.As an example, initial Sigmaphi benh omes from a former magneti measurement laboratoryat CEA/ DAPNIA/ STCM using air bearings. As it was noisy to use and not really reliable,Sigmaphi replaed them by lassial ball bearings easier, and heaper to maintain.Bronze Bearings



3.1. STATE OF ART OF ROTATING COIL BENCHES 68With bronze bearing, the moving part is diretly in ontat with the internal diameter of thebearing. The bearing is made with bronze material whih has an intrinsi lubriation property.This property enables to redue frition between parts in ontat. Its use limits the rotation speedand the weight of the rotating devie. Indeed if one of both is too large it will lead to a prematurefatigue of the bearing and to a loss in the alignment auray. However, bronze bearings are easyto design sine it does not require to apply many rules of mehanial onstrution.Ball BearingsIn the ase of the ball bearing, the frition between the �xed and the moving part is redued byinserting balls between. The rolling frition is muh smaller than the sliding frition. Indeed,there is muh less frition between two moving shapes. This frition is replaed by the rollingfrition whih is muh smaller. There are many types of ball bearing whih are are available invarious standard form. For many needs a ball bearing tehnology an be �nd. The use of ballbearings often implies an adaptation of the surrounding mehanial parts whih is not alwayseasy to design.3.1.1.3 Eletroni EquipmentsTo drive magneti measurements, there is a minimum amount of eletroni equipments to provide.A motor is required to rotate the sensor. It is generally a DC motor but it ould be advantageousto master its rotation and then a step by step motor ould �t. However step by step movementould indue vibrations that is why a more sophistiated DC motor provided with a programmableeletroni ommand is preferred. The angular speed of the motor must be relatively onstant butit is not a key point sine measurements are integrated between several angular positions [19℄.Then an integrator-voltmeter is needed to measure the indued signal oming from the rotatingoils. It is often a Metrolab Preise Digital Integrator whih is the referene for integratedvoltage measurements. Then a rotary enoder delivers the signal to the voltmeter whih startsthe measurements. The hoie of the enoder auray depends on the auray needed for themagneti tilt angle.To prevent from errors on harmonis due to external defets, buking oils are used to aneltheir e�ets. Buking oil priniple has been detailed in part 2.1.2.4. The hoie of the measure-ment mode (normal or buking) an be swithed manually or automatially with an eletronibox. The design of the eletroni box is determined by the ontext of the magneti measurements.That is to say the number of magnets to measure and the number of tasks to integrate.To enable the ommuniation between eah element depited previously, a user interfaeprogram must be developed. There is no privileged hoie onerning the software. In the ontextof the ollaboration with Sigmaphi, we used the same software as them whih we adapted to ourneeds.3.1.1.4 Sensor Mehanial DesignEven if the previous points are important, the magneti sensor design is the most. As mahinesneed always higher performanes, toleranes on magneti axis loation and orientation are gettinglower and lower. This implies striter mehanial onstraints, espeially on the magneti sensor.Sensitive CoilsThe hoie of the sensitive oils tehnology is often the starting point of the sensor design. Indeedthe geometry of the oil stand in the sensor mehanial struture depends on the tehnologyhosen. The simplest is to use a bobbin of thin opper �laments (few hundred mirometers)



69 CHAPTER 3. MAGNETIC-BASED ALIGNMENTwound on a stand whih is �xed on the sensor. In one hand, it is very di�ult to mahine a verypreise groove where the �laments are plaed. In another hand, the winding an move during thesensor rotation due to the learane in the groove whih an ause errors.To minimize the previous defets Litz wire an be used instead of opper �laments. Litz wirelooks like a lassial opper �lament but it is onstituted N independent �laments inside. As Ntimes less turn are required, the winding on the stand beome easier. However the di�ulty isthat eah thin �lament must be manually welded ompare to the two ends of a lassial opper�lament winding. Whatever the wire hosen (opper, Litz), the assembly remains di�ult inthe ase of buking oils. There are indeed several independent mehanial stands ontaining awinding to assemble with strit toleranes on the �nal sensor.Then a more onerous solution is to use printed iruit oils. The advantage is that there isonly a retangular plate to �x on the mehanial struture. Moreover �lament loation an beexatly measured and remains stable during the measurements. It is the tehnology we hose forour sensor. This hoie is more developed in 3.1.2.2.StrutureThe mehanial design of the sensor struture is probably the key point of the benh performane.Mahine physiists need to work with as reliable harmonis as possible. Therefore the sensitiveoils have to ath the 2m-pole magnet magneti �eld very lose to the poles. The poles are thephysial limit above whih the sensor annot rotate anymore. Consequently, the oil is oftenloated on the edge of the mehanial struture whih an redue its rigidity. Indeed, if therigidity is weakened, the sensor performs spurious movements whih reate spurious omponentsin the harmoni ontent. The main goal of the sensor mehanial struture design is dediatedto the anellation of spurious movements soures ourring during the rotation.That is why two main topis must be treated:
• the unavoidable sag e�et,
• the torsion from the motor to the enoder.The objetive is to minimize the oil sag. It is not possible to anel this e�et ompletelybut the use of buking oil an remove this e�et from the magneti harmoni ontent (seesetion 2.1.2.4). Indeed if the sensor undergoes a sag e�et due to its weight and its mehanialstruture, it would deliver an erroneous signal whih would mainly be interpreted by the preseneof a spurious skew sextupolar omponent in the harmoni ontent [1℄ (see setion 2.2.4). Thussag e�et must be minimized. During the sensor rotation, it is also important that the residualsag is kept onstant whatever the sensor angular position is. The sag angular dependene isdiretly linked to the one of the moment of inertia of the mehanial struture. That is why thisentity must be kept onstant versus the angular position. That is to say the sensor mehanialstruture must have a high degree of symmetry around the rotation axis. It is important to notethat getting onstant moment of inertia implies onstant oil sag but it does not limit sag e�et.Moreover, torsion inreases with the length of the sensor. In addition to all the previous stud-ies, the struture needs to be reinfored to limit errors on magneti tilt angle (see setion 2.1.2.2)measurements and unstable rotation. It must be performed without debasing the homogeneoussag optimization and at the same time this operation is limited the small aperture of the magnetwhere the sensor must go through.Sensor mehanial struture optimization is one of the most important task to overomeduring a magneti measurement benh development. It is the main lesson we learned from the�rst magneti sensor whih has been manufatured at SOLEIL.



3.1. STATE OF ART OF ROTATING COIL BENCHES 703.1.2 SOLEIL harmoni benh: initial designThe �rst design of the SOLEIL Multipolar Magneti Measurement Benh (SMB) was not ableto �t the spei�ations required for the series measurements of the 160 quadrupoles. We spentmuh time to ommission it and to overome di�ulties. The works and studies whih havebeen performed on this initial design are detailed here. The purpose is to study the problemsenountered in order to get a satisfatory solution from the mahine physiists point of view.3.1.2.1 General oneptFirst it is important to remind the spei�ations required for the SOLEIL Storage Ring (SR)quadrupole magnets. Magneti �eld harmonis must be known within ±10−4 of the main om-ponent and magneti axis properties must be measured and tuned to �t the following toleranes:
• Magneti axis loation: ±25 µm,
• Magneti axis orientation (tilt angle): ±0.1mrad

Figure 3.2: Initial Benh DesignThe objetive of SOLEIL Multipolar Magneti Measurement Benh (SMB) was to attainmeasurement onditions lose to those of the multipoles installed in the SR. That is why, theyhave been haraterized in 21�C air onditioned room over a girder idential to those of the �nalinstallation. Sine several types of experiment must be performed, the girder has been adapted tothe needs. It was indeed neessary to measure long and short quadrupoles (320 mm and 460 mm)and sextupoles (160 mm) whih require a dediated mehanial positioning interfae for eah.Even if the benh is mainly dediated to measure the 160 SR quadrupoles, it must alsoperform some speial measurements. Indeed, one eah element is installed in the mahine, itours that sextupoles and quadrupoles are only spaed of 120 mm. Suh small spae betweenthese two types of magnet ould indue ross talk of their magneti �eld and then reate additionalspurious harmonis. Thus, measurements must be performed to hek if this phenomenon exists.To get reliable measurements, it ould be better to perform all these experiments with the samemagneti sensor. Consequently, a long sensor shown on the �gure 3.2 has been designed (1.2m).Eletroni equipmentsThe sensor is equipped with several eletroni devies driven by a program written in Testpoint, adata aquisition and analysis software developed by Capital Equipment Corporation (CEC) [26℄.The graphial user interfae dediated to the SMB measurements is depited on the �gure 3.3.



71 CHAPTER 3. MAGNETIC-BASED ALIGNMENTThe program ommands
• a 24V brushless motor to rotate the sensor,
• a Keythley voltmeter to hek the urrent value in multipoles and the room temperature,
• a urrent power supply by means of a dediated Industrial Compat PC onneted to theloal network. The ommuniation is based on TANGO objet-oriented language [27℄ usedat SOLEIL to ommand and ontrol all the mahine devies.
• a Metrolab Preise Digital Integrator (PDI) for �ux measurements [28℄. It takes signal from� measurement oils whih deliver a voltage related to the �ux indued by the sensorrotation inside the aperture of the magnet,� a Heidenhain rotary enoder whih gives 720000 points per sensor turn for angularposition measurements (1point = 8.7µrad = 0.510−3degrees)[29℄. It is able to measureangles 10 times smaller than the auray expeted for magneti angle determination.

Figure 3.3: The TestPoint user interfae for the SMBAll these elements are represented on the SMB synopti sheme �gure 3.4. It gives a globalview of interonnetions between eah devies.
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Figure 3.4: SMB synopti sheme
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Figure 3.5: Bronze bearing alignmentQuadrupole magnet haraterization protoolA quadrupole haraterization requires 3 steps:
• installation: the quadrupole must be installed on the benh and onneted to �uids: ele-triity, water, seurity onnetions.
• magneti measurements: during this step magneti measurements are performed to har-aterize magnets and knowing its harateristis, the quadrupole is mehanially tuned toentre the magneti axis and to anel its magneti angle.
• magneti axis referene transportation (�duialization): One the quadrupole is properlytuned, a mehanial memorization of the tuning is performed. A mehanial devie isinstalled on the quadrupole frame and it measures the sensor mehanial axis loation. Itgives the magneti axis position versus the quadrupole mehanial frame. This data is veryimportant for the quadrupole alignment in the mahine.
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Figure 3.6: Rolling phenomenon3.1.2.2 Tehnologial hoiesThis part details the parts of the benh whih had di�ulties to work properly and then avoidedthe SMB to obtain the performanes expeted.Sliding linksTo enable the sensor rotation, the benh is provided with two pivot links. However to ope withassembly onstraints before measurements, some freedom degrees must be released as shown on�gure 3.1. Indeed, bearing positions are �xed and then the sensor must be introdued from theentrane of the 2m-pole magnet to its exit.The entrane and the exit of a 2m-pole magnet are the sides whih would see the e- beamentering and exiting if the 2m-pole magnet would be installed on the mahine.Bearing tehnology hosen for the benh is the one using bronze material (see part 3.1.1.2)sine it is easy to oneive and it is well adapted for sliding links. Bronze ylindrial guidewaysare �xed on rigid stands installed on the benh girder.The simpliity won during these bearing oneption was lost in their alignment protool. Thepositioning referene is given by two rigid �V� �xed on the benh girder. These �V� de�ne animaginary straight line whih represents the longitudinal s-axis. A steel ylinder with the samedimensions as the sensor is installed on the two �V� in order to align the two bronze bearingsversus the longitudinal referene. The bronze bearing assembly proedure is shown on �gure 3.5.The auray of suh an alignment proedure mostly depends on the learanes between bear-ing internal diameter and the ylinder one. Moreover, sine these learanes are the same for thesensor, a rolling phenomenon an appear during the sensor rotation between its external diam-eters loated in bearings and their internal diameter (see �gure 3.6). With suh a phenomenon,the measurement unertainty an get high values!The larger the learanes are, the more important the phenomenon is. It implies spuriousmovements of the sensor whih are fritions dependent and onsequently not really reproduible.Sensitive oilsPrinted iruit tehnology was hosen for the sensitive oils. On a thin plate of �berglass �lledwith epoxy resine (2 mm), it is possible to work with �ve radial oils made of forty turns eah:ten layers of four turn oils onneted in series as shown on �gure 3.7. The �laments are 100 µmthik and spaed of 100 µm.The main advantage of this tehnology is that �laments loation an easily be measured
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Figure 3.7: Sensitive oilssine for eah printed iruit plate a spare one is manufatured. This spare is idential to the�rst one beause it is manufatured by the same mahine at the same time on the same stand.Consequently the spare printed iruit is used to hek the quality of the oils. By performing aut of this spare, the relative loation of eah �lament an be measured. From these measurementsillustrated by the �gure 3.8, the maximum misalignment between two layers is 85 µm omparedto 100 µm of the spei�ations.

Figure 3.8: Cut view of printed iruitStruture of the sensorFirst, magneti and ondutive material annot be used to design the sensor stand. Indeed, ifthese type of material are used, the �ux produed by the multipole magnets is disturbed andits measurements leads to erroneous magnet haraterization. Consequently omposite materi-als were hosen sine it provides good mehanial properties without debasing the surroundingmagneti �eld properties. An additional reason is that omposite materials have a smaller massdensity whih makes the magneti sensor lighter and then easier to handle during the measure-ments of the 160 quadrupoles.Then it was an initial wish to design an evolutionary sensor so that it sensitive oil ouldbe replaed. Indeed it ould enable adapting the sensor sensitivity to the magnet whih mustbe measured. Moreover, sensitive oils must skim magnet poles sine it is important to get asinformation as possible from measurements. Consequently, the sensor stand must be half ut overits diameter as sensitive elements are printed iruit oils engraved on 10 layers of thin (200 µm)retangular plates. It means that the printed iruit plate is suh broad that it required theylindrial stand to be half ut over its diameter to sandwih it. Separating the stand in twopart weakens the sensor mehanial properties so it adds a onstraint on the design. Made of



75 CHAPTER 3. MAGNETIC-BASED ALIGNMENT�breglass omposite material, both part of the sensor stand (halves ylinders) are sandwihingprinted iruit oils by means of srews to enable oil replaement.3.1.2.3 PerformanesPreliminary measurements were performed to test the sensor detailed previously. The purposewas to measure 15 short quadrupoles by performing swing measurement in order to determineboth quadrupole magneti axis harateristis and sensor defets. For the sensor defets, only hor-izontal o�set and tilt angle o�set an dedued from these measurement. The vertial o�set needthe quadrupole to be swung of 180�around the longitudinal axis. The magneti sensor detailedpreviously has some defets whih have been brought out after some preliminary measurements.Preliminary measurementsAfter the �rst measurements an important skew sextupolar omponent appeared in the harmoniontent of quadrupoles (�gure 3.9). The skew sextupole omponent is due to a sag of the sensor.

Figure 3.9: Skew sextupole omponent (10−4 of B2)However, this sag do not seem to be reproduible. That is why deeper studies developed in thenext part were neessary. On the �gures 3.10 and 3.11 are reported respetively the evolution

Figure 3.10: Preliminary measurements:horizontal o�set (µm)of the horizontal and the angular o�set versus the measured quadrupole. During these measure-



3.1. STATE OF ART OF ROTATING COIL BENCHES 76ments, problems were enountered and they are reported in the next part whih deals with thebenh defets. Both plots are not satisfatory. The sensor defets are quantities whih annot

Figure 3.11: Preliminary measurements:angular o�set (mrad)vary instantaneously from one quadrupole to another. The variation observed are not aeptablefor the objetive whih have been �xed onerning the magneti axis. For example, at that mo-ment it is impossible to determine the magneti angle better than ±0.3 mrad ompared to thedesired tolerane of 0.1mrad. The 0.1mrad tolerane represents a 3µm mehanial stability ofthe sensor at the 30 mm radius. Despite this very strit tolerane, studies were lead to obtain asensor whih ould reah the toleranes.Causes of the defetsAs developed previously, the �rst attempt to manufature the magneti sensor was a failure. Thepurpose of this paragraph is to desribe the problems enountered in order to begin studies whihwill lead to a more aeptable solution.General RemarksFirst, as the sensor is heavy, there is a big amount of frition and it is not onstant during therotation and not the same for both bearings. Consequently torsional vibration appears whih isnot good for measurement.Another soure of vibration is the DC motor whih annot start the rotation smoothly. Itwould be better to resort to an eletroni ommand whih ould at least drives the motor ael-eration.Then the bronze bearing alignment protool is too long to apply. Moreover all the learanesneeded for the installation of eah element of the alignment protool are aumulated and lead toimportant �nal learane between the bronze bearing and the sensor. Unfortunately these lear-anes are large enough to enable rolling e�et desribed in part 3.1.2.2. However the learaneswere neessary sine whenever they have been redued, the sensor was not able to turn. Theseare ontraditory onlusions whih mean that the problem is more omplex to solve. That iswhy deeper studies of the mehanial struture of the sensor are neessary to �nd an explanationof the e�ets observed.Mehanial CalulationThe main problem enountered with the sensor stand might ome from its sag. Indeed, itourred that it was not a simple sag e�et whih remains onstant whatever the sensor angular



77 CHAPTER 3. MAGNETIC-BASED ALIGNMENTposition is. The answer is given by a alulation whih gives the behaviour of the sag by takinginto aount the geometrial struture of the sensor. During the design time, it was assumed thateven if the sensor stand is half ut, after its assembly, its sag behaviour during rotation was thesame as a plain ylinder rotating along its main axis : a onstant sag.
Figure 3.12: AssumptionsThe e�et of the sag is desribed by equation (3.1) as a funtion of the longitudinal position(s), the angular position(θ), the Young modulus(Ey) and the main mehanial moment of inertia(IGx(θ)).
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z2 dS (3.2)The previous integral is alulated with the entre of gravity as the origin but it is more onvenientto alulate it from the point O and then to perform a translation of the result from O(0, 0) to

G(xG, zG) by means of Huygens formulas given by the equation 3.3.
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3.2. THE SOLEIL MULTIPOLAR MAGNETIC MEASUREMENT BENCH 78Then from Huygens formula 3.3, angular dependene of IGx an be determined.
IGx(θ) = IOx − Ss.zG(θ)2 = IOx − Ss.zG(0)2 cos(θ)2 (3.6)
IGz(θ) = IOz − Ss.xG(θ)2 = IOz − Ss.zG(0)2 sin(θ)2 (3.7)Guldin's rule gives the means to alulate zG(0).If any plane �gure revolves about an external axis in its plane, the volume �Vol� of the solid sogenerated is equal to the produt of the area Ss of the �gure and the distane traveled by theentre of gravity of the �gure.

V ol = 2π zG Ss (3.8)Thus for an half dis, zG =
2

3π
d (3.9)Then the mehanial moment of inertia along the x-axis is expressed by the following relation(3.10).

IOx(θ) = IGx(θ)cos(θ)2 + IGz(θ)sin(θ)2 (3.10)
=
π R4

8
+

1 + cos(2θ)2

2
Ss z

2
G (3.11)The analytial expression of Sag(s, θ) is plotted on �gure 3.14.
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Angle�(rad)Figure 3.14: CurvesThe sensor sag dependene on the angular position has an in�uene on the measured har-monis. This in�uene has been analyzed with the theoretial experiments (see part 2.2.1) whihshowed that this partiular type of sag e�et was the soure of skew sextupole harmoni ompo-nent we initially measured with the �rst sensor. Indeed the spurious skew sextupole omponentis smaller in the ase of a simple sag e�et of the sensor.3.2 The SOLEIL Multipolar Magneti Measurement BenhAs mentioned previously, the SMB has been designed to haraterize and to tune magnetiproperties of SOLEIL SR multipole magnets. As shown in part 3.1.2, quadrupole eletromagnetsmust be known within low toleranes. Parameters whih need to be measured are harmoniontent, magneti axis loation and tilt angle orientation. Measuring these parameters is only one



79 CHAPTER 3. MAGNETIC-BASED ALIGNMENTmotor → oupling 1 → meh. adapter 1 → mag. sensor → meh. adapter 2 → oupling 2 → rot. enoderFigure 3.15: Kineti hain of the benhstep of the work. It is indeed neessary to make the magnets reahing toleranes by tuning themmehanially. Setion 3.1.2 shew that the �rst attempt in magneti sensor design was a failure.Many spei� parts of the benh must be studied again in order to obtain the on�guration whih�ts the mahine physiist expetations. To perform these improvements, it may be neessary toreview some tehnial hoies in order to obtain new freedom degrees.3.2.1 Improvements of the mehanisFrom the last design, a big work onerning the mehanial design of the benh need to be done.It must provide a sensor with minimized sagitta, torsion and vibration to avoid measurementerrors brought out in part 3.1.2. Even if the sensor printed iruit oils weakens its mehanialstruture due to the fat that they must skim the magnet poles, it remains an important objetive.Easy sensor installation is also another kept objetive sine there are 160 quadrupole magnets tomeasure and a high measurement pae must be reahed.All these onstraints -some of them are ontraditory- make the oneption so spei� that thesensor has only been developed to measure magnets with a mehanial design lose to the SOLEILmultipoles ones. Consequently, it should be reasonable to forget the evolutionary objetive.3.2.1.1 Kineti hainFirst the DC motor is replaed by brushless motor provided with an eletroni ommand whihan drive the motor aeleration. Torsional vibrations are redued sine the nominal rotationspeed is reahed smoothly. After that, it is important to ensure a perfet transmission of therotation.transmitted at one side of the sensor must be deteted and properly measured by therotary enoder instantaneously. The kineti hain drawn on �gure 3.15 shows the elements men-tioned previously. The kineti hain must be optimized by keeping in mind the torsion onstraintduring the sensor mehanial struture design but also by hoosing adapted mehanial adaptersand ouplings: they must transmit angular information perfetly (0.1mrad/10 = 0.01mrad).Then magneti sensor vibrations due to rolling e�et in bronze bearings is anelled by hang-ing the bearing tehnology. Ball bearings are used now to redue the learane whih is typiallyfew tens of mirometers, the internal shaft is tight mounted on the sensor. Clearanes and fritionare now very small ompared to the initial solution. Two problems are solved but the mehanialon�guration of the benh has ompletely hanged. The bearings are now part of the sensor,therefore the sensor stand have to be adapted. A perfet positioning of the sensor an be pro-vided by �V/ylinder� interfae, ylinders standing for ball bearing external shaft. That is whythe stand is transformed into 2 �V� interfaes as shown on the sheme 3.16.The only onstraint of this onept is that external diameter of the ball bearing must besmaller than the 2m-pole magnet aperture (66 mm). Conerning the advantages, the sensor isnow very easy to install, no more bearing alignment proess is required, the gain in reproduibilitywould beome important.Moreover, ball bearings are tight mounted to redue natural learane between balls andshafts. Consequently the learane between the sensor and the stand is redued to few mirome-ters ompared to the many tens of mirometers with the bronze bearing. Reduing learane in
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Ball bearings

SENSOR

VFigure 3.16: �V�/ylinder interfaeball bearing would indue thermi problems but the sensor rotation speed is very small to implyoverheating of the mehanial struture and then mehanial deformations.3.2.1.2 Sag e�et minimizationAs demonstrated in setion 3.1.2.3, sag must be strongly redued but also its angular dependenewhih leads to really erroneous magneti measurements. Indeed, angular position dependene ofthe sensor sag has to be anelled sine it is the main soure of spurious harmoni.The �rst parameters whih an be used to limit sag are the struture length and weight. Butthe only one parameter whih ould limit the sag angular dependene is the moment of inertia(IGz) that is to say the geometry of the sensor mehanial struture. Thus the main diretiveway of the study is to get an homogeneous moment of inertia sine the length and the weight ofthe sensor are redued as far as possible.As the �gure 3.14 shows it, the initial sensor undergoes less sag e�et when θ is 90�. Aretangular parallelepiped has the same behaviour and the idea is to take advantage of theposition for whih its rigidity is maximum.
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Figure 3.17: Retangular ross setionIndeed the moment of inertia of this retangular struture is weaker around the xstr. diretionthan around the zstr. one. It is on�rmed by omparing the moment of inertia, using the dimension
h and b de�ned in the �gure 3.17.

IG∆(θ = 0) = IGx|str. =
b.h3

12
<
h.b3

12
= IGz|str. = IG∆(θ =

π

2
) ∀ h < b (3.12)



81 CHAPTER 3. MAGNETIC-BASED ALIGNMENTHene the analyti expression of IG∆(θ)

IG∆(θ) = IGx|str. cos
2(θ) − 2 IGxz|str.

︸ ︷︷ ︸

=0

sin(θ)cos(θ) + IGz|str. sin
2(θ) (3.13)

=
1

2

[
(IGx|str. + IGz|str.) + (IGx|str. − IGz|str.) cos(2θ)

] (3.14)Studying 3.13, a struture whih has IGx|str. = IGz|str. and IGxz|str. = 0 only undergoes a sagindependent of the angular position. That is why a ross shaped struture is well indiated. Thepurpose is to take advantage of the retangular shape on its rigid position. As muh less materialis used, the sag is also limited by the smaller weight of the struture. Moreover if the dimensionsof this ross shaped struture are well hosen, a better rigidity ompared to a plain ylinder ouldbe expeted. For a ross shaped struture, the mehanial moment of inertia is expressed by theequation 3.15, with e and d its dimensions de�ned on the �gure 3.18
IGx|Cross =

1

12
(e d3 + d e3 − e4) (3.15)Conerning the appliation of the onept, the printed iruit stand needs to be loated in themedian plane of the sensor and therefore of the ross shaped struture. The printed iruit plateis mehanially reinfored by two �berglass retangular plates in order to form a retangularstruture. Then two other retangular plates are stuk and their dimensions are adapted toobtained a symmetri ross shaped struture as drawn on the �gure 3.18.
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Figure 3.18: Cross shaped strutureHowever suh a struture is not well designed for torsion optimization it must be reinforedto reah the angular stability spei�ation.3.2.1.3 Torsion minimizationThe previous struture an be reinfored to minimize torsion sine spae has been liberated bydesigning a struture whih use less material. When a torsion momentum is applied to a struturewith a Coulomb modulus G and a momentum of inertia around the s diretion IGs|str. is rotatedby an angle θTors. as expressed by the equation 3.16.
θTors. =

Mt L

G IGs|str.
(3.16)With IGs|str. = IGx|str. + IGz|str. (3.17)
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Mt omes from the aeleration of the motor and mainly from the resistane during therotation due to frition. Aeleration is mastered by the eletroni ommand and the frition hasbeen minimized sine ball bearings are used. However sine the tolerane onerning the angularstability is very low, the struture needs to be reinfored.Two parameters an be adjusted: the moment of inertia around s and the Coulomb modulus.Indeed larger values are required for both parameters. That means that mehanial piees mustbe added and that another material with a greater G must be used. As the ross shaped strutureis not optimized for torsion transmission, it ould be helpful to unouple eah onstraint. Theross shaped struture is limiting sag and the additional struture has to redue torsional errorsand onsequently ensures the movement transmission.As arbon �ber omposite material has an interesting Coulomb modulus, it is used to transmitthe motion oming from the motor to the ross shaped struture. However additional piees areneessary, thin pairs of halve ylinder are ensuring the mehanial interfae needed between theross and the tube to ensure the movement transfer.

Figure 3.19: Halves ylindersHalves ylinders transmit the torque from the tube to the ross and at the same time theyreinfore the ross for torsion. By means of these halves ylinders, the tube an be stuk to the�berglass struture (ross + halves ylinders). Using this tube, the kineti hain is hanging.Indeed, the printed iruit does not undergo diretly the rotation torque sine it is oming fromthe peripheral tube.Sine the printed iruit plate is 64 mm large, whatever the thikness of the tube is, it is notpossible to �nd a tube whih an reeive the �berglass struture and whih an be inserted inthe aperture of the quadrupole (φ = 66mm). That is why the tube must be separated in twoparts and both part are stuk on the �berglass struture. Positioning pins are added to ensureadjustment of these arbon �ber shells.Figure 3.20 shows all the elements mentioned before. Other important improvements aretreated in the next part.3.2.2 Alignment during the sensor assemblyThe purpose of this part is to desribe the mehanial parts whih play an important role in theprinted iruit positioning. First the assembly proedure is depited. Indeed, an assembly toolhas been manufatured to ensure aurate positioning of eah part of the �berglass struture.Then the role of the aluminum tips is emphasized sine they link the printed iruit alignmentto the benh alignment.
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Figure 3.20: Detailed view of the sensor mehanial struture3.2.2.1 Fiberglass struture assemblyA mounting tool has been manufatured to stuk preisely all parts of the �berglass struture. Asshown on the �gure 3.21, the assembly tool has tunable parts in order to enable their alignmentwith a ylinder (on the right on the �gure 3.21). The goal is to align the printed iruit plate
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Figure 3.21: Assembling toolversus the mehanial axis of the �berglass ylinder loated at the ends of the struture (in yellowon the �gure 3.20). This alignment is ensured for the x diretion by means of the positioning pinsand for z diretion by the preise mahining of the �berglass ylinders. All parts are positioned bymeans of positioning pins and are stuk together. The assembly tool tightly keep this strutureduring the glue drying by means of halves ylinder hats (�gure 3.21). All the steps of this assemblyare shown in the appendix B.



3.2. THE SOLEIL MULTIPOLAR MAGNETIC MEASUREMENT BENCH 843.2.2.2 Aluminum Tips
Empty tube

Empty Cylinder

Figure 3.22: Aluminum Tips

motor

Figure 3.23: Glue Drying ProessSensor struture enteringNow on one hand there are the �berglass struture and the arbon �ber shells and on the otherhand the motor and the rotary enoder. Both must be mehanially onneted but not diretly.This mehanial onnetion is ensured by the aluminum tips (�gure 3.20). The alignment interfaebetween the stands and the sensor is performed by the ball bearings whih are mounted on thetips. That is why an empty ylinder whih has the same mehanial axis as the ball bearings ismahined in the tips. Consequently the end ylinders of the �berglass struture an be adjustedand stuk in the empty ylinders. This adjustment ensures the entering versus the whole benhof the �berglass struture and therefore of the printed iruits. The entering of the printediruit versus the ball bearing is ensured.Rotating motion transmissionThen as mentioned in part 3.2.1.3, the arbon �ber shells are also used to transmit the rotationmotion.An empty tube of dimensions of the arbon �ber shells is mahined in the aluminum tip inorder to stuk the shells inside. A partiular drying proess has been set up to obtain a uniformdistribution of glue between the tips and the shells. Indeed to avoid the e�et of gravity, thesensor was rotating during the glue drying (see �gure 3.23).One the sensor is totally assembled, the �nal kineti hain has hanged. Addition of arbon�ber shells enables to distribute the torsion torque. Indeed the torque oming from the motor isno more onentrated in the entral stand of the printed iruits. The torque is rigidly transmittedfrom the tip to the shells and from the shells to the �berglass struture.Angular Referene InterfaeThe absolute horizontal plane is taken as the angular referene for the magnet alignment inthe mahine and therefore for their magneti measurements. Bubble level tehnology has beenpreferred to aelerometer or eletroni level to determine this referene. Indeed the simplest andthe more reliable tehnology has been hosen sine it was not possible to take risk with randomeletroni o�set derivation.
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Figure 3.24: Bubble Level Figure 3.25: Line/Dot/Plane PrinipleThe determination of this angular referene is a key step in the magneti angle measurement.Any error during this proess is diretly transmitted to the measured magneti tilt angle measure-ment. To minimize error, the �rst idea is to get a bubble level with a greater resolution than thetolerane. This is why the bubble level (�gure 3.24) hosen has a resolution of 0.02mrad whihis �ve times smaller than the tolerane and approximatively 10 steps for the rotary enoder.However suh mehanial devie needs to be adapted in order to install it on the sensor beforeeah magneti measurement. The purpose is to reate a �xed angular referene between thehorizontal plane of the printed iruits and the mehanial interfae of the bubble level. That iswhy a line/dot/plane interfae has been mahined on one aluminum tip (�gure 3.25 and 3.26).The bubble level is rigidly �xed on a plate on whih are �xed mirometri srews provided withsmall spheres at their ends.

Plane

Dot

Line

Figure 3.26: Real Line/Dot/Plane interfae and its adapted bubble levelObviously, plane desribed by the printed iruit plate and the Line/Dot/Plane interfaeannot be exatly parallel. There is an unavoidable tilt angular o�set whih ould generateerrors. But what is important is whatever the value of this o�set is, it must remain onstant fora period larger than the time needed for some measurements. Indeed, in part 2.3 a method isproposed to measure this o�set so that it an be taken into aount.Magneti Axis MemorizationOne the magneti axis is properly tuned, it is important to measure its loation versus themehanial frame of the quadrupole magnet. Suh data are important to hek the alignmentof the magnets in the mahine. The mehanial devie whih performs these measurement wasprovided by the alignment group and is named the �grasshopper�. The priniple is to install thisdevie on the quadrupole magnet and to measure the loation of the sensor mehanial axis. Forthis, a small zone on the aluminum tips has been dediated to enable the measurement of theshape of the preisely mahined ylinder.This measurement is totally automated. The motor positions the sensor at N angular positionswith a waiting time between eah. It enables the mehanial measurement by the eletroniomparators. These measurements are performed in both diretion (x and z) and enable to take
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Cylindrical interface

Figure 3.27: Interfaeinto aount any irularity defet of the ylindrial interfae. Moreover, the surfae of these tipshas been treated to beome very hard in order avoid srathing the ylindrial interfae.

Figure 3.28: Line/Dot/Plane Figure 3.29: The grasshopperAluminum tips play a very important role in the alignment quality for the magneti measure-ment. As developed in this part the tips enable to enter the printed iruit versus the sensormehanial struture, to enter the sensor versus the benh mehanial frame by means of theexternal shaft of ball bearings, to report the magneti axis loation to the magnet mehani-al frame, and to determine preisely (few tens of miro-radians) the angular referene for themeasurements.The �gure 3.30 shows the SMB with its �V� and the sensor desribed previously.3.3 Commissioning of the SMBA survey onerning all the error soures of the measurement benh has been arried out in orderto quantify the relative and the absolute auray of the magneti measurement. 2m-pole magnetmagneti axis properties, their magneti �eld main omponent and their harmonis are the keypoints whih must be deeply studied. These alulations and experimental tests are mandatoryto get reliable measurements or, if errors annot be orreted, to get a better omprehension ofthe eletron beam behavior during the ommissioning.3.3.1 Measurement ProtoolThe objetive of this part is to desribe the measurement protool for one quadrupole. Asdeveloped in part 2.1, all the magneti measurement are based on magneti �eld harmoni mea-surements.
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Figure 3.30: The SOLEIL Multipolar Magneti Measurement Benh
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Figure 3.31: Magneti measurement protool



3.3. COMMISSIONING OF THE SMB 88Magnet installationMagneti measurement of a quadrupole begins by its installation on the benh. It means thatthe magnet temperature is stabilized at the room temperature. For that, it must installed in themeasuring room at least 4 hours before its measurement. Positioning pins �xed on the girderensure the magnet positioning. These pins are on the piture 3.32 and also in green on the�gure 3.33. For eah quadrupole installation, its ontats with the pins must be heked. If themagnet is mis-installed partiularly along x diretion, it an lead to erroneous measurement of themagneti axis loation. Then one it is properly installed on the benh the magnet is onneted to�uids (ooling water, power supply). The seurity system whih prevents from lassial problems(windings temperature, ooling water �ow) is also onneted. Then the sensor is positioned by
����

�

�

�Figure 3.32: Positioning Pinsmeans of the two �V� in the aperture of the magnet. One it is mehanially onneted to themotor and the rotary enoder, the sensor is ready to rotate.The next step onerns the horizontal referene haraterization. By means of the ommandand ontrol program, the sensor performs one turn to �nd and memorize the �xed mehanialreferene of the enoder. Afterwards, the bubble level is installed on the line/dot/plane interfaeof the sensor. Then the horizontal referene is �nely searhed using the toothed wheel of themotor. One the bubble is entred in the bubble level, the number of step given by the enoder isnoted and must be subtrated to any angular position given by the rotary enoder. It gives theabsolute angular position of the horizontal plane versus the enoder �xed referene. It is a veryimportant step in the magneti tilt angle measurement. That is why a reproduibility ampaignhas been led to determine the quality of this proess. The benh is now ready to perform anymagneti measurement.All these operations take approximately one hour.Flux Measurements and Data ProessingWhen the program is launhed, it makes the integrator-voltmeter (Metrolab) measuring 64 inte-grated voltage between 64 angular positions. The 64 voltage integrations are aurately launhedthanks to the angular position information transmitted by the rotary enoder. To eliminate anyeletroni o�set, two sets of measurements are taken. Then from the �ux jumps measured be-tween the 64 angular positions, the �ux versus the angle is alulated [19℄. A Fourier analysis isperformed and it led to magneti �eld harmonis aording to the relation 2.20. Magneti �eldharmonis are now available to be treated, partiularly to extrat magneti axis information.Harmonis and Magneti Axis PropertiesThe magneti axis properties are dedued from harmoni values using formulas 2.22 and 2.24



89 CHAPTER 3. MAGNETIC-BASED ALIGNMENTmentioned in part 2.1.2. If these values are out of toleranes, the thikness of the magnet posi-tioning wedges must be hanged to modify the magneti axis transverse position and tilt angle.These wedges are shown on the �gure 3.33. One retangular wedge is used to tune the magneti
cyl. wedges

rect. wedge

x

s

z

z-axis & θs

tuning x-axis tuning

pins

Figure 3.33: Magneti Axis Tuningaxis in the x diretion. Then four ylindrial wedges are neessary to adjust both magneti axisaltitude and tilt angle. Any wedge (one or more) hanging takes 15 minutes. Indeed it requiresthe magnet to be displaed in both diretion (x and z) in order to enable any manual operation.One the wedges are hanged, the magnet positioning proess must be applied. It is importantto note that during this operation, the sensor is never removed. The one millimeter learanebetween the sensor and the magnet poles is su�ient despite appearanes.ImprovementHowever magneti axis tuning appeared soon to be not so easy to operate. The initial idea wasto tune the magneti axis step by step. That is to say, �rstly by removing the x-axis o�set fromthe retangular wedge thikness, hanging the wedge and heking the measurement. Then thesame is performed with ylindrial wedges for the z axis o�set �rst and �nally for the angularo�set. The proess seemed to work perfetly after eah heking measurement until the last afterthe angular o�set tuning. To tune the magneti tilt angle, ylindrial wedges are of di�erentthiknesses whether they were loated on a di�erent side from the beam axis (x>0 or x<0).Basi geometry enables to understand what happened and the reasoning is detailed in theappendix C. The �gures 3.34 and 3.35 desribe the in�uene of the magnet rotation if the wedgesthikness has not been hanged. The ause of the error is the arm lever between the theoretialaxis (M) and the ontat points of the magnet (wedges: points W and C). The main problem isto predit the retangular wedge thikness despite this arm lever. The ylindrial wedges mustalso be modi�ed but the e�et is very small.Moreover, the point of ontat between the wedge and the pin is di�erent with respet to thesign of the tilt angle. On the �gure C.1 and C.2, the point of ontat is the red dis for θs > 0 andthe blue one for the ontrary ase. The purpose is to alulate the exat thikness needed to thewedges to enable tilt angle orretion without hanging the magneti axis position. A numerialexample is detailed in the appendix C.4.3.3.2 TestsThe �rst parameter to hek is the stability of all the peripheral equipments.
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Figure 3.35: Arm Lever: ylindrial wedges3.3.2.1 EquipmentsThese equipment tests an be grouped in funtion of quantity whih undergoes the produederror. Consequently magneti �eld harmonis, magneti axis loation or orientation are the twomain quantities whih will be heked.Magneti �eld harmonisAny variation of the magnet power supply urrent during the magneti measurement an in-trodue spurious magneti �eld harmoni omponent. Consequently the power supply has beenisolated from the standard eletrial network to avoid that external harmonis disturbs measure-ments. Moreover any urrent jitter an lead to bad quality measurements and above all it an beharmful for the eletron beam. A urve has been plotted to hek the urrent stability for severalhours but in the ase of jitter, only 30 minutes is required to ahieve the working stability.Magneti axisThe 21�C air-onditioned has been tested during several days and a temperature variations weresmall enough to validate the temperature regulation. What is important is that the magnetmust have reahed a stable temperature whih value is the measuring room one. Indeed, if themagnet is installed on the benh with a temperature di�erent from the room one, its equilibriumtemperature will hange whih implies mehanial dilations. If these dilations our during themagneti measurements, we are sure to obtain wrong information onerning the magneti �eldharmonis. Then the girder stability has been tested by surveying the orientation of the girderwith a two axis bubble level (tilt and roll angle). The main objetive was to qualify the vibration�ltering arpets installed between the �oor and the bloks on whih the girder is �xed. Evenif stability of the girder has been quali�ed, tilt angle of the girder has been noted after eahquadrupole measurement in order to take into aount any variations during the alignment of themagnets in the mahine.3.3.2.2 ReproduibilityA omplete work has been lead to hek the reproduibility of the benh. Eah part of the benhhave been heked point by point to identify more preisely error soures but also to highlightweak points of the benh whih ould be improved after additional developments.



91 CHAPTER 3. MAGNETIC-BASED ALIGNMENTExperiment n�1This experiment is dediated to reproduibility of angular referene determination performedby means of the bubble level and the rotary enoder. Referene of the measurement hain istaken from the physial angular referene of the rotary enoder whih remains intrisially �xed inspae. As the horizontal plane is the physial quantity whih an be measured aurately by thebubble level, it is the absolute angular referene for every θs measurements. Consequently, beforeeah 2m-pole magnet measurement, it is mandatory to determine the angular o�set between thehorizontal plane and the �xed referene of the enoder in order to get a reliable magneti tiltangle haraterization. By noting the o�set value for several measurements, a maximum variationof 2 enoder steps is obtained whih orresponds to 20 µrad for θs determination. The angulartransmission and partiularly the line/dot/plane interfae are adapted to our requirements.Experiment n�2A quadrupole is installed on the benh, the horizontal referene is taken only one by means ofthe bubble level and several measurements are performed. This experiment enables to hek onlythe sensor quality after the assembly. The measurements performed are similar for eah type ofquantities noted. Here are given the largest variations (∆p−pX) observed during the experiment.
∆p−pgradient = 1 µT.m
∆p−pharm = 0.15.10−4

∆p−px = 1 µm
∆p−pz = 0 µm
∆p−pθs = 3 µrad

(3.18)Very enouraging harmoni and integrated gradient variations are obtained. It is more in-teresting to look at magneto-geometrial quantities beause they an be interpreted as sensormehanial instabilities amplitudes. From that point of view, the rotation of the sensor is stablefrom a measurement to another. Indeed, it is highlighted by the magneto-geometrial quantitieslow values and partiularly by the 3 µrad for ∆p−pθs. Suh a value on�rms that the sensor me-hanial struture does not undergo any dynami instabilities whih ould a�et its measurementauray. These results enable ontinuing experimental tests.Experiment n�3To hek the quality of the 'V' ylinder interfaes, the protool applied is similar to the �rstexperiment one but the sensor is taken o� and installed again between eah measurement. Itis the last test before testing the whole measurement protool whih must hek the 2m-polemagnet installation. The results obtained are similar to the previous exept for the magnetitilt angle. Indeed, the resolution of the bubble level being 20 µrad and in the best ase we anmanage to determine the angular position of beginning of the measurements within ±10 µrad.However onerning the magneti axis, the result are very enouraging sine they are very loseto the previous ones. It means that the V/ylinder interfae provided by the stand and the ballbearings is an adequate solution to ahieve a good installation reproduibility.Experiment n�4Finally, the last step is to experiene the �nal operation protool whih onsists in installingand taking o� both quadrupole magnet and sensor several times. A setting up of a strit instal-lation proedure is required to get aeptable reproduibility. The reproduibility of the seriesmeasurements proess taking into aount the previous remarks has been tested. Measurements



3.3. COMMISSIONING OF THE SMB 92were performed for several installations and taking o� of quadrupole and sensor. Finally thesemaximum variations are reahed and are within toleranes.
∆p−pharm = 2.10−4

∆p−px = 15 µm
∆p−pz = 10 µm
∆p−pθs = 45 µrad

(3.19)3.3.3 Benh defet measurementsFrom the previous experiments the benh is sensitive enough to perform measurement of anymagneti harateristi of 2m-pole magnet. It provides a very good level of reproduibility whihenables to be on�dent in the magneti measurements whih will be operated. The �rst taskis to on�rm that the sensor does not undergo any sag e�et. Indeed, from the measurementperformed until here, the skew sextupole harmoni omponent is very small ompared to the onemeasured with the �rst sensor. Then the �nal step of the benh defet haraterization proessis to determine the magneti o�set of the sensor: ∆xcoils, ∆zcoils, θcoils.3.3.3.1 Sag of the sensorThe measurement of the sensor sag is based on the measurement of the vertial position ofthe referene magnet magneti axis. If the referene quadrupole an be displaed on a perfethorizontal plane, any vertial variation of the magneti axis position is due to a sag e�et of thesensor. To hek that the referene quadrupole is displaed on a plane parallel to the horizontalplane, the alignment group installed devies equipped with a laser whih provides an auray offew mirons (2 µm). The experiment is showed on the �gure 3.36.

Figure 3.36: Sag determination experimentThese equipments enable to follow any mehanial movements of the referene quadrupole.Indeed, these mehanial errors ould lead to erroneous alulations of the sag.



93 CHAPTER 3. MAGNETIC-BASED ALIGNMENTNine measurement points were taken and the result is plotted on the �gure 3.37. The measuredpoints are within the auray delivered by the alignment devies. Aording to the plot 3.37,the sensor does not undergo any measurable sag e�et.

Figure 3.37: Vertial displaements of the sensor3.3.3.2 Magneti misalignmentBy applying the method developed in 2.3.1, the positioning o�set of the printed iruit oil hasbeen measured. Magneti defets were measured by means of real magnet in order to take intoaount the real integration length. However, the vertial magneti o�set annot be determinedwith real magnet sine it is impossible to swing (180�) them around the horizontal axis.Vertial O�setThe vertial o�set has been measured by means of the otagonal quadrupole with the method of2.3.1. Sine this quadrupole an be rotated by steps of 45�, the otagonal way followed by itsmagneti axis has been plotted on the �gure 2.15.

Figure 3.38: Displaements of the referene quadrupole magneti axisEven if the otagon on the �gure 3.38 has a good general shape, it should be loser to theperfet otagon. As developed in part 2.3.2.2, it is di�ult to obtain a good auray on its



3.3. COMMISSIONING OF THE SMB 94positioning along the X axis. Contrary to the positioning in the Z-diretion whih is failitatedby the gravity: the ontat between the quadrupole and its stand is better ensured. From theseexperiments, it appeared that a permanent magnet quadrupole with a ylindrial outer mehanialinterfae provided with a �V� shaped stand is the best solution. This idea is developed in part2.3.2.2.The vertial o�set is thus dedued from the previous experiment with the permanent magnetquadrupole.
∆zcoils = +26 µm (3.20)The +26 µm of the vertial o�set are onstituted of:

• the error in the height of the two �V�,
• the error in the ball bearing diameter,
• and all the errors in staking of eah part of the sensor mehanial struture until themedian horizontal plane of the printed iruits.Horizontal and Angular O�setTwo of the three o�sets to determine (horizontal and angular) were diretly measured with realquadrupole magnets. Swing measurements are performed and magneti o�sets ∆xcoils and θcoilsan be dedued. For these quantities the magnet is swung of 180�around the vertial axis.After standardizing measurements, it ourred that the magneti measurement devie has thefollowing imperfetions:

∆xcoils = +56 µm
θcoils = −8.7mrad

(3.21)The horizontal o�set is the sum:
• the error in the x axis position of the two �V�,
• the mean error of the sensor positioning pins loation,
• and the errors of the printed iruits positioning.Conerning the angular o�set, there are many soures of error. Obviously, the erroneousorientation of the printed iruit plane is the �rst error we think about. But eah part betweenthe enoder (its inluded) and the sensor introdues an error. Moreover, all the parts whihintervene in the angular referene determination are also soures of errors.
• the angular error between the plane of the aluminum tip line/dot/plane interfae and theprinted iruit plane,
• the angular error of the bubble level stand,
• the residual angular o�set of the bubble level.Being aware of all these error soures, the magneti defets whih have been measured an beonsidered to be very small.



95 CHAPTER 3. MAGNETIC-BASED ALIGNMENT3.4 Magneti Data StudyThe benh is now ready to perform magneti measurements. Its main defets are measured andare taken into aount. The magneti measurement protool has been optimized to redue thetime required for the 160 quadrupoles haraterization and tuning. Finally after 2 months anda half of hard pae magneti measurement ampaign, statistis an be alulated and studied.Around these series measurements, many speial magneti measurements ampaigns were led inorder to omplete the data obtained.3.4.1 Speial MeasurementsSeveral types of measurements were led on quadrupoles in order to ollet a maximum amount ofinformation for the SR ommissioning. First, measurements were performed on two prototypesto validate the magneti design of quadrupoles, espeially to optimize the 12-pole harmoniomponent. Then, some magneti phenomena suh as e�et of magneti fores on poles andhysteresis were haraterized. Afterwards, quadrupole and sextupole were both measured at thesame time in order to quantify any ross-talk e�et. Finally, the magneti length was measuredusing a more appropriate benh.3.4.1.1 Optimization of the 12-pole

Figure 3.39: Prototype quadrupole and a removable hamferBefore launhing the series manufaturing, two prototype quadrupoles (one of eah type)were studied. In order to hek the quality provided by the manufaturer. These prototypeswere aimed to determine the design of poles in order to minimize the 12-pole harmoni. The 12-pole harmoni is the onsequene of the �nite length of the magneti iruit in the longitudinaldiretion. It is thus neessary to smooth the ut by mahining 45� hamfers at ends of poles.To determine the depth of the hamfers to mahine, prototypes were provided with games of 8removable hamfers (4 at the entry + 4 at the exit). One the hamfers (one for eah type, shortand long quadrupoles) are experimentally determined by means of magneti measurements, theseries manufaturing is launhed.For both prototypes, 5 games of 8 hamfers were available, the di�erent depth value beingantiipated from the numerial simulations.
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Figure 3.40: Variation of the 12-pole harmoni omponent versus the hamfer depth at 250AFor the ase of the short quadrupoles, �gure 3.40 shows the value of the 12-pole versus thedepth of the hamfer. By interpolating the measured points with a straight line, the optimizedhamfer is 4.0 mm for the short quadrupoles and 3.2 mm for the long ones. Figures 3.41 and3.42 gives the distribution of the 12-pole harmonis (B6) among the 160 quadrupoles after thehamfer optimization.
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Figure 3.41: B6 for short quadrupoles
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Figure 3.42: B6 for long quadrupolesThe mean value of B6 is not lose to zero in the ase of short quadrupoles. Indeed, both ham-fers were determined at maximum urrent (250A) and this urrent loser of the long quadrupolenominal urrent than of the short one. However despite this experimental error, the 12-poleomponent remains small and within toleranes.3.4.1.2 Magneti ForesThe magneti struture undergoes magneti fores whih ould imply some mehanial displae-ments, espeially at high urrent. That is why it has been tested by means of the grasshopperdesribed in part 3.2.2.2. Under magneti fores, the top struture would get loser to the bottomone. The sensor is installed in the aperture and the grasshopper on the quadrupole. The mehan-ial referene is performed by the sensor on whih mehanial omparators of the grasshopperare in ontat. For eah value of the urrent, the displaement deteted by the omparators isnoted.These e�ets were predited by numerial alulations. Indeed, it was expeted to get a
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Figure 3.43: Magneti fores e�et versus the urrentdisplaement of 10 µm at 250 A for the long quadrupole. This value an be ompared to the
12.5µm measured. Moreover the experiment on�rmed that these displaements were reversible.3.4.1.3 HysteresisHysteresis e�et is an intrinsi harateristi of iron whih is used for magnet magneti iruits.Whenever the magneti �eld is varied in the magneti iruit of a magnet, hysteresis e�etappears and must be mastered. Hysteresis e�et is the memory of the magnet, it keeps traes ofits previous states.Current ylingDuring the ommissioning, the urrent of magnets is often varied. Consequently the �nal urrentobtained annot lead to the real value of the magneti �eld sine it depends on the hysteresis waysovered in the B(I) plane. The di�erene between the �rst �eld and the end �eld at the sameurrent an be minimized. That is why the work area of the magnet is prepared by performingurrent yling at the beginning of eah experiment. We make the assumption that mehanialonstraints are uniforms whih enables us to a�rm that hysteresis phenomenon has the samebehaviour in all the magneti material. To show the need of urrent yling, two yling urvesare ompared: the �poor� yling and the �rih� yling whih are depited on the �gures 3.44and 3.45.

Inom

Imax

t

I

1111

2222

3333����
Figure 3.44: �Poor� Current Cyling Sheme

Inom

Imax

I

+10%

-10%

1111

2222

3333✁✁✁✁ 4444

5555

tFigure 3.45: �Rih� Current Cyling ShemeThe steps marked by blue irle are reported on the hysteresis urve on the �gure 3.46. The



3.4. MAGNETIC DATA STUDY 98�nal working point is the point 3a for the poor yling and 5 for the rih yling. The evolutionof the working point versus the yle is reported on the �gure 3.46.
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Figure 3.46: Hysteresis CurveThe purpose is to hoose the yling sheme whih is the most reproduible. That is to saythe one whih minimizes the di�erene between the �eld measured at the same working urrentafter several urrent variations.The referene urrent is I0 and the protool of the experiment is the following:1- Cyling at Inom = I0,2- Magneti measurement of the main omponent (B2),3- Current variation: I = I0 + 1%, magneti measurement,4- Current variation: I = I0, magneti measurement,5- Current variation: I = I0 − 1%, magneti measurement,6- I = I0, mag.meas., I = I0 + 2%, ..., and so on until I = I0 + 3%.The result of this experiment is plotted on the �gure 3.47.With the poor yling, the �nal magneti �eld obtained (WPA = Working Point A) is 1.5%lower than the initial magneti �eld (WP0). The rih yling is far muh more reproduiblesine �nal (WPB) and initial �elds (WP0) are similar.Before any magneti measurements and formahine operations, the magnets of the SR are yled with the rih yling sheme.Magneti driftDespite the appliation of the rih yling sheme, there is a di�erene between the magneti�eld obtained just after the yling WP0 and the one at the same urrent but after some urrentvariations WPB . This part is aimed at quantifying the di�erene between WPB and WP0. Theseurves are plotted on the �gure 3.48.
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Figure 3.47: Comparison: Poor and Rih yling shemesThe experiment is based on the measurement of the B2 omponent at several working pointattained in three di�erent manners. The measuring urrents are spaed of 0.5 A between 160 Aand 165 A and three urves are noted.
• Curve 1 (red): A rih yling is performed for all the urrent,
• Curve 2 (blue): A rih yling is performed only at I0 = 160A and the urrent is varieduntil 165 A,
• Curve 3 (green): A rih yling is performed only at I0 = 165A and the urrent is varieduntil 160 A.

Figure 3.48: Magneti �eld drift versus urrent variationsThese experiments show that the working points are more reproduible when they are reahedwith a dereasing urrent. Suh a result was preditable but what is important is the errorperformed between the dereasing urrent protool and the inreasing one. When the urrentis dereasing, the error in the magneti �eld is only 1.10−4 whereas it is 25.10−4 in the otheron�guration. However from the mahine physis point of view if the worst ase ours for onequadrupole (I = I0 − 5A), it represents a tune shift (see part 1.2.3.1) of few 10−2 whih issigni�ant. Nevertheless, a yling proess has then to be performed.



3.4. MAGNETIC DATA STUDY 1003.4.1.4 Cross-TalkIn the SR, it often ours that a quadrupole and a sextupole are partiularly lose (120 mm). Itis important to determine if this proximity in�uenes or not the magneti �eld of both magnets.That is why experiments were led to quantify this e�et. The �gure 3.49 shows both quadrupoleand sextupole installed on the SMB equipped with its initial sensor,whih is the longest harmonioil sensor available at SOLEIL.

Figure 3.49: Quadrupole and sextupole on the SMBThe priniple is to measure �rst the quadrupole alone on the benh at several urrents andthen the sextupole alone. These measurements establish referenes whih are ompared to thenext measurements. Afterwards, both magnets are installed on the benh and measurements areperformed for all the urrent ombinations.The harmonis obtained for both magnet alone are added. The result is ompared to theharmonis obtained when both magnet are mounted on the benh. By alulating the di�erene,the results is of order of magnitude of the benh auray. This enables to onlude that there isno ross-talk e�et between quadrupole and sextupole when they are lose to eah other.3.4.1.5 Magneti lengthThe last measurement ampaign onerned the quadrupole magneti length measurement. It hasbeen measured on another benh dediated to multipole artographies.
Figure 3.50: Short Quadrupole Figure 3.51: Long QuadrupoleThe �gures 3.50 and 3.51 show the longitudinal on axis gradient variation for both short andlong quadrupoles prototypes. In both ases, the length of the SMB sensor is shorter than the



101 CHAPTER 3. MAGNETIC-BASED ALIGNMENTCalulations Measurements MehanialLong 481 mm 490mm 460mmShort 350 mm 350mm 320mmTable 3.1: Magneti length values from di�erent soures for long and short quadrupolesmagneti length of both types of quadrupole but are lose to the predited ones. The di�erentvalues of magneti length are reported in the table 3.1.Consequently, the rate of non measured magneti �eld represents an error on the main om-ponent (B2) of 0.3% for the short quadrupoles and of 1.6% for the long ones. These rates mustbe taken into aount in the gradient (B2) versus the urrent alibration. These measured lengthare used in the physis model of the mahine.3.4.2 Series MeasurementsThe series measurement ampaign of the 160 quadrupoles required to set up a two shift orga-nization. One one magnet was measured, it was validated in real-time by a mahine physiist.This step was very important beause only mahine physiists ould deide the future of a meanquality magnet.The �rst quantity to be measured was the harmoni ontent of the quadrupole magnets. Thenits magneti axis properties are alulated and tuned if neessary. The purpose of this part is toanalyse the series results ampaign by alulating statisti data.3.4.2.1 Magneti �eld harmonisA perfet quadrupole would only provide a quadrupolar magneti �eld, if its length is in�nite andits poles shapes are in�nite hyperbolae. Suh a quadrupole is not ahievable in real world. It isindeed neessary to ut in�nite geometry to enable the magnet assembly. Consequently, uttingthe perfet geometry of the magneti iruit generates magneti �eld harmonis. These harmonisare alled the natural harmonis of a 2m-pole magnet, and are unavoidable as it is unavoidable tout the perfet magnet iruit geometry. However these harmonis an be minimized by meansof numerial omputation before their manufaturing (pole shape optimization).There ould be unexpeted harmonis whih ome from quadrupole magnet defets. Thesedefets annot be predited by any numerial ode. This is one of the reasons whih makesmagneti measurements so muh important. It is the only means to determine the real propertiesof the magnets or the real magneti �eld harmonis whih the eletron beam will undergo.Natural harmonisThese harmonis are preditable and well known [22℄. Even if it is impossible to anel them,they an be minimized to attain very low values. Eah natural harmoni has a spei� toleranewhih is related to the minimum aeptable disturbane on the eletron beam. Table 3.2 showsthese spei�ations followed by these obtained after numerial omputations for short and longquadrupoles. Quadrupole magnets were designed by the Magnetism and Insertion Devies Groupof SOLEIL and they were manufatured by the Danfysik ompany [24℄.Harmonis 12-pole 20-pole 28-poleToleranes 5.4 10−4 2.9 10−4 1.6 10−4Table 3.2: Harmonis: Toleranes



3.4. MAGNETIC DATA STUDY 102The numerial optimization was performed with Tosa, an Opera-3D ode distributed byVetor Fields [30℄. After harmoni optimization, the ode returned the harmoni values whihould be expeted from the numerial magneti design. As shows table 3.3, numerial alulationsperformed with Tosa, from Opera 3D ode, an ensure quadrupole magneti �eld harmonisbelow or lose to those �xed by mahine physiists.Harmonis 12-pole 20-pole 28-poleDesign (short) 0.2 10−4 1.4 10−4 0.7 10−4Design (long) 0.8 10−4 1.8 10−4 1.7 10−4Table 3.3: Harmonis: Design ValuesOnly the data olleted during the series measurement enable to hek these preditions. Themean value of the measured natural harmonis are reported in the table 3.4.Harmonis 12-pole 20-pole 28-poleDesign (short) 2.3 10−4 0.7 10−4 0.9 10−4Design (long) 0.3 10−4 1.9 10−4 1 10−4Table 3.4: Harmonis: Measured ValuesThen �gures 3.52 to 3.57 represent the natural harmoni histograms for the 128 short quadrupolemagnets and for the 32 long ones (12-pole, 20-pole and 28-pole). Histograms give the number ofmeasured quadrupole whih have an harmoni value expressed in of 10−4 of the main omponent(here it is B2). All histogram provide the mean value of the measured data noted < Bi >= x.10−4and their standard deviation noted StdDev = x.10−4. They provide the means to qualify thequadrupole mahining quality in terms of identity between magnets.
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Figure 3.52: 12-pole: Short Quadrupole
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Figure 3.53: 12-pole: Long QuadrupoleFrom �gures 3.52 to 3.57, natural harmonis have a small dispersion. Indeed the standarddeviation is lose to zero for the 20-pole (B10) and the 28-pole (B14) (both short and long).Conerning the 12-pole, the result obtained are also very small even if they seem to be worse.The 12 pole-omponent is partiular sine it is the only one whih has been experimentallyoptimized. The proess is depited in part 3.4.1. Between short and long quadrupole magnet,the 12-pole has a di�erent entral value. This di�erene is also explained in 3.4.1.The measured natural harmoni values show a small di�erene between the numerial sim-ulations and the manufaturing. Simulation gives now the mean to design magnets aurately.However it ourred that spurious harmoni omponents have been measured: it is the purposeof the next part.
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Figure 3.54: 20-pole: Short Quadrupole
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Figure 3.55: 20-pole: Long Quadrupole
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Figure 3.56: 28-pole: Short Quadrupole
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Figure 3.57: 28-pole: Long QuadrupoleSpurious harmonisSpurious harmonis are the one whih are not expeted. These harmonis do not exist if themagnet is stritly idential to the design. Any defet in the magneti iruit geometry ourringduring the magnet manufaturing and assembly is a soure of spurious harmonis. The souresof these harmonis were studied in the ase of a quadrupole magnet by J.Cobb and R.Cole [22℄.During series measurements, it ourred that all the measured magnet have a normal 8-poleomponent (B4) as showed by the histograms 3.58 and 3.59
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Figure 3.58: 8-pole: Short Quadrupole
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Figure 3.59: 8-pole: Long QuadrupoleThe e�et observed is stronger for long quadrupole magnets than the short one. From [22℄,appearane of a 8-pole omponent has two main soures. These soures depend on the distanebetween eah onseutive poles at the point of trunation (a, b, , d) and on the distane betweenopposite poles (A and B). These parameters are drawn on the �gure 3.60. Obviously for a perfetreal quadrupole, a=b==d and A=B.The B4 an be explained by:



3.4. MAGNETIC DATA STUDY 104
a

43

2 1

BA

d

c

b

Figure 3.60: Quadrupole Parameters
• A 6= B with a = b =  = d,
• A = B, a = , b = d but a 6= b.The SOLEIL quadrupoles are onstituted of four independent parts (one for eah pole) inorder to enable the oil mounting. The assembly of these four parts an generate erroneousdistane between poles. Moreover, the e�et observed depends on the quadrupole length but noton the magneti �eld strength. It means that the B4 does not have a magneti ause (fringe �eld,sensor defet).It is more probable to have an asymmetry. To �nd the diretion of this asymmetry (a < bor a>b), the theoretial experiment method developed in part 2.2 is used. The purpose is to usethe inverse onept: the sensor geometry is perfet and it measures a theoretial quadrupole withsome introdued defets.First the harmonis of a symmetri quadrupole are simulated and memorized. Then anasymmetry (a<b) is introdued and the harmonis obtained are subtrated to the initial one.The same is performed with the other asymmetry (a>b).Figures 3.61 and 3.62 show the di�erene between the harmoni of the initial quadrupole(symmetri) and the asymmetri one.
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Figure 3.61: a < b
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Figure 3.62: a > bFrom these �gures, it an be onluded that the measured B4 is due to an asymmetry forwhih a>b beause its mean value obtained for both long and short quadrupoles is negative.Even if it enables to get qualitative information about the error soure, this model annot giveany values. Indeed it is not possible to represent the e�et of the real quadrupole with only



105 CHAPTER 3. MAGNETIC-BASED ALIGNMENT4 magneti moments. With a > b, it is not possible to know whih of both value is the mosterroneous but at least the �nal magneti on�guration is known.This 8-pole omponent has a strong e�et on the eletron beam dynamis and without themagneti measurements it would have been impossible to detet this spurious harmoni beforethe ommissioning of the storage ring.It on�rms that despite the quality of the numerial design it is di�ult to obtain a �nalprodut idential to the design.Magneti FlowersIn order to get a global view of the harmoni distribution in the transverse plane (x, z), magneti�owers were drawn for eah magnet. The purpose is to give the gradient homogeneity in thetransverse plane versus the gradient at the entre. The value of ∆G/G is alibrated with olourswhih has the advantage to give a diret global view of the gradient homogeneity quality.

Figure 3.63: Flower for a short quadrupole Figure 3.64: Flower for a long quadrupoleThe �gure 3.63 shows an example of magneti �ower alulated from harmoni measured ona short quadrupole. The homogeneity is plotted in the transverse plane from -35 mm to 35 mmin both x and z diretions. The ellipse shows the physial limit imposed by the ellipti vauumhamber where the eletrons are stored.In order to failitate the analysis, some theoretial �ower are on the �gures 3.65 to 3.68. Thepurpose is to introdue a known quantity of one harmoni and to plot the related magneti �ower.

Figure 3.65: Quadrupole + 5.10−4 of A3 Figure 3.66: Quadrupole + 5.10−4 of B4The shapes ans be dedued mathematially from the expression of magneti �eld harmonis



3.4. MAGNETIC DATA STUDY 106from equation 2.16. The simplest ase is the skew sextupole ase (A3).
ℑm

[
B3

]
= ℑm

[

(B3 + iA3)

(
x+ iz

r0

)2
]

= A3

(
x2 − z2

)
, with B3 = 0 (3.22)If the gradient along the x diretion Gx is alulated from the skew sextupole magneti �eld,we obtain the following result:

Gx(x, z) =
∂ℑm

[
B3

]

∂z
= −2A3 z (3.23)To plot the magneti �ower, the homogeneity versus the gradient at the entre is alulatedand leads to the 2D funtion.

fS
3 (x, z) =

Gx(x, z) −Gx(0, 0)

Gx(0, 0)
∝ A3 z (3.24)As shows the �gure 3.65, the homogeneity depends linearly on the z variable at �xed x andis onstant at a �xed z.

Figure 3.67: Quadrupole + 5.10−4 of B6 Figure 3.68: Quadrupole + 5.10−4 of A6From these perfet �owers, some rules an be expressed to failitate the analysis of anymagneti �ower.
• A branh whih is merged with the x axis, means that the omponent observed is skew,
• for a given harmoni order m, the number of branh pairs of the �ower is m− 2Then the �owers orresponding to the short quadrupole measurements are drawn for all themeasuring urrents : 60 A, 120 A, 160 A, 200 A, 250 A and nominal urrent (here it is 180A). Figure 3.69 shows the variation of harmonis with urrent. That is why the �ower of themeasured quadrupole seems to move ontinuously versus the urrent.At 250 A the magneti iruit saturation appears and puts the �ower out of shape ompared toits shape for the three previous urrents. The magneti �ower gives generally, like any harmonianalysis, the most important omponent of the quadrupole apart from the B2. However, inthe ase of the �owers shown by �gures 3.63 and 3.69, there are no known shapes whih aredistinguishable. That means that the homogeneity of the measured quadrupole is really good.For example, in the ase of long quadrupole (�gure 3.64), it is reported in part 3.4.2.1 that theyhave an important 8-pole omponent. The �owers plotted for all the short quadrupoles at theirnominal urrent are reported in the appendix D.
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���� ����� �����

����� ����� �����Figure 3.69: Evolution versus the urrent3.4.2.2 CenteringMagneti axis measurements and tuning are the entral work of the series measurement. All thequadrupoles were mehanially tuned in order to anel the magneti axis o�sets. The tuningproess is explained in part 3.3.1. Wedges were used to displae and rotate the magneti axis.
Figure 3.70: Game of retangular wedges Figure 3.71: Game of ylindrial wedgesThe wedges are distributed in a range of ±0.2mm with steps of 25 µm and 10 µm.These games of wedges, showed on the �gures 3.70 and 3.71, enable to get a tuning resolutionof:
• 5 µm for the magneti axis position,
• 10 µrad for the magneti tilt angle.After two months and a half of measurements and tuning, statistis about all the quadrupolemagneti axis are available.



3.4. MAGNETIC DATA STUDY 108Transverse Magneti PositionThe �gure 3.72 enables to ompare the magneti axis distribution before and after any tuning. Thestatistis results obtained for the quadrupoles at their initial state are very small. It highlights themanufaturer mastering of quadrupole mahining and assembly. From these statistis, it seemsmore di�ult to master the x-axis positioning of the magneti axis sine the spread is larger thanin the z diretion.

Figure 3.72: Transverse o�sets tuningAfter the wedges tuning, the spread has been redued by a fator of
• 5 in the x diretion,
• 2 in the z diretion.The mean value of the magneti axis has been brought bak lose to zero. The magneti axisof the 160 quadrupoles are distributed on a longitudinal axis with a standard deviation smallerthan 10 µm. The loation of this axis in the mahine is determined by the errors aumulatedfrom the magneti measurements to the alignment in the mahine.
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Figure 3.73: Transverse o�sets tuning of the 160 quadrupolesThese results are very enouraging for the beginning of the ommissioning sine it is a per-formane to obtain a 10 µm dispersion on the magneti axis loation. The identity between themagneti axis measurement is ensuredMagneti Tilt AngleThe magneti tilt angle angle has also been orreted by means of similar method as previously.
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Figure 3.74: Tilt angle: before tuning
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Figure 3.75: Tilt angle: after tuningIt was a real hallenge to tune this angle within few tens of µrad. The residual angular o�setdistribution obtained is 5 times smaller than the initial values. These results would not have beenahieved without all the work performed on the measuring system. Aording too these value,we ould expet that the eletron beam will undergo a few amount of oupling due to erroneousmagneti tilt angles.3.4.3 First SR eletron beam resultsTo highlight the quality of the work performed on magneti axis tuning, we propose to show someresults from ommissioning for the �rst turn of the eletron beam. The �gure 3.76 shows in bluethe signal seen by the Fast Current Transformer (FCT). The FCT is loated near the end of oneturn (2 ells before) and deliver a signal eah time its aperture is rossed by the beam. The blueurve shows 3 peaks (the third is smaller) whih orresponds to three turns of the eletron beam.
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Figure 3.76: The �rst three turns in the Storage RingOne it was possible to store the eletron beam in the storage ring, the natural orbit wasorreted and the result is shown on the �gure 3.77. The orbit is the eletron loation measuredby the Beam Position Monitors.

Figure 3.77: Best orbit after orretionFrom the standard deviation obtained for the orbit in both planes, we an say that thequadrupole are well aligned thanks to the work of the SOLEIL alignment team and to the auratemagneti axis tuning we provide to eah quadrupole.



111 CHAPTER 3. MAGNETIC-BASED ALIGNMENTRésumé du hapitreAprès un état de l'art des tehnologies mises en oeuvre dans les bans de mesures àbobines tournantes utilisés dans les di�érents laboratoires, nous avons présenté dans ehapitre la on�guration initiale du ban de mesures magnétiques de SOLEIL disponibleau début de nos travaux de reherhe. Le premier objetif de notre travail a onsistéà aratériser e ban de mesures. Des défauts rédhibitoires ont été détetés tels quedes problèmes de �êhe du apteur et de reprodutibilité des mesures liés à la oneptionméanique du ban de mesure. Dans e ontexte, nous avons développé un nouveau bande mesures dont les prinipales spéi�ations étaient de réduire la �êhe du apteur, derigidi�er sa struture et d'assurer une bonne stabilité méanique lors de son position-nement. Un protoole de mesure a été développé visant à éprouver le nouveau ban demesures.Suite à sa validation, des mesures dites �spéiales� ont été réalisées sur des quadrup�lesprototypes. L'objetif de es mesures étaient de déterminer ertains paramètres surles aimants prototypes de façon à les appliquer ensuite à l'ensemble des quadrup�lesde l'anneau de stokage de SOLEIL. C'est par exemple le as du dimensionnementdes hamfreins du iruit magnétique ou enore du hoix du ylage à appliquer auxquadrup�les pour atteindre leur point de fontionnement nominal. Ces mesures ontégalement permis de quanti�er l'in�uene de ertains phénomènes sur la qualité dehamp omme par exemple le ouplage entre les sextup�les et les quadrup�les une foismontés dans l'anneau, qui s'est révélé être négligeable. En�n la mesure de la longueurmagnétique des quadrup�les a pu être réalisée.Ces mesures spéiales ont été suivies des mesures de série des 160 quadrup�les del'anneau de stokage. Nous avons montré ii les résultats obtenus pour les mesures desharmoniques qui ont permis de déterminer la position de l'axe magnétique de haquequadrup�le ainsi que leur angle par rapport au plan médian. Par l'utilisation de aleset de plots, la position des axes magnétiques et l'angle de haque quadrup�le ont étéorrigés de façon à respeter les toléranes �xées, à savoir 25 µm r.m.s. par rapportà l'axe théorique des quadrup�les et 0,1 mrad r.m.s. autour de l'axe longitudinal parrapport au plan horizontal.En�n, la méthode dite des expérienes théoriques développée dans le hapitre 2 a étéappliquée dans le but de omprendre la présene d'un harmonique otupolaire dans leontenu harmonique de ertains quadrup�les. Elle a ainsi permis de mettre en évideneun dissymétrie haut/bas du iruit magnétique.





Chapter 4Beam-Based AlignmentObjetifs du hapitreAprès une mesure et une orretion très préise de l'axe magnétique des quadrup�leset leur alignement dans l'anneau, l'orbite du faiseau est égale à 2.3 mm dans le planhorizontal et à 0.4 mm dans le plan vertial. Cependant, pour atteindre les perfor-manes �xées en terme de brillane notamment, le faiseau d'életrons doit irulerdans une orbite de quelques mirons. Lors des premiers tours d'anneau réalisés parle faiseau, sa position était déterminée par rapport à l'axe életrique des BPM. Pouraméliorer l'orbite du faiseau, il est apital de onnaître sa position par rapport auxaxes magnétiques des quadrup�les qui ne sont pas onfondus ave les axes életriquesdes BPM. Il est don indispensable de onnaître ave préision la position relative del'axe magnétique de haque quadrup�le et de l'axe életrique du BPM le plus prohe.Pour ela, la méthode dite BBA (Beam Based Alignement), 'est-à-dire d'alignementbasé sur le faiseau, est utilisée. Elle se déline en plusieurs variantes. De plus, de façonà optimiser l'orbite du faiseau, il est également néessaire de onnaître la position dufaiseau par rapport à l'axe magnétique des sextup�les.Dans e hapitre, après avoir exposé les di�érentes méthodes de BBA existantes pourles quadrup�les et les sextup�les, nous détaillerons elle mise en oeuvre pour lesquadrup�les de l'anneau de stokage de SOLEIL. Les résultats expérimentaux obtenusà partir d'un programme MATLAB seront ommentés et onfrontés à eux obtenuspar une autre méthode. Nous présenterons également l'interfae graphique développéepour les opérateurs. En�n, nous proposerons une méthode de BBA innovante poursextup�les ave pour objetif sa validation par des résultats expérimentaux.The beam orbit with no orretion is 2.3 mm in the horizontal plane and 0.4 mm in thevertial plane. These results were obtained after very aurate tuning of quadrupole magnetiaxis and a metiulous alignment. However to attain the targeted performanes, the eletronbeam must irulate within few mirons orbit. Until here, the referene orbit is given by theBeam Position Monitor (BPM) eletri axis, whereas the referene orbit must be given at �rst bythe quadrupole magneti axis whih an be di�erent from the BPM ones. That is why the o�setsbetween both axis must be measured aurately and taken into aount. Several Beam-BasedAlignment (BBA) methods exist to perform these measurements on the quadrupoles. They usethe eletron beam and beam physis phenomena to get aurate measurements. Moreover, itould also be interesting to take the sextupole magneti axis as referene. In that ontext, aninnovative method for sextupole BBA is proposed.113



4.1. INTRODUCTION TO TOOLS AND METHODS FOR BBA 114Conerning the organisation of this hapter, a general study on existing BBA methods forquadrupole and sextupole is desribed. Then studies for SOLEIL SR quadrupole BBA are lead.Experimental results obtained from the automate algorithm are ommented. These results wereobtained by means of MATLAB program whih has been implemented in a graphial user in-terfae. This interfae is very important sine it enables non experimented user to perform SRquadrupole BBA. Even if one main method was applied, some results obtained were ross-hekedwith an other method. Then the last work is about sextupole BBA for whih a new method val-idated with experimental results is desribed.4.1 Introdution to tools and methods for BBABeam-Based Alignment of any multipole magnet of a mahine is the last measurement of itsmagneti axis position. This step is extremely neessary sine it is the only one whih enablesto measure the real position of the magneti axis seen by the beam. One ould wonder if allthe work performed during magneti-based alignment is really useful. It is. Indeed, Beam-BasedAlignment requires that the mahine ould store the beam. And it annot be ahieved withouta good alignment of the mahine element and espeially of the quadrupoles. As developed inthe part 3.4.3, the natural beam orbit reahed small values whih highlights the quality of thequadrupole magneti axis tuning and alignment. As mentioned previously, BBA is the means toredue the defets whih led to an erroneous reading of the BPM measurements. The purpose ofthe BBA of a multipole is to determine the o�set (∆MagBPM
) between its magneti axis and thelosest BPM eletri axis as shown by the �gure 4.1.
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Figure 4.1: Alignment O�setThe objetive of this part is to study the existing BBA methods for both quadrupole andsextupole. Then the environment where some of these methods were implemented is desribed.Indeed, even if the general priniple of method are universal, they must be adapted to eahmahine on�guration and ontrol and ommand onept.4.1.1 Methods for quadrupole magnetsThe purpose of this setion is �rst to alulate the e�et of a quadrupole magnet misalignmenton the beam position and then to study existing BBA methods for quadrupoles. A beam whihgo through a quadrupole whih magneti axis is displaed by ∆y, is de�eted as desribed by the�gure 4.2.To understand this behaviour, it is important to remind the e�et of an error in a dipole �eld
Bz = B0 + ∆Bz on the beam exursion (x).

∆x(s) = −∆Bz(s0)

Bρ

√

βx(s)βx(s0)

2 sin(πνx)
cos(|ϕ(s) − ϕ(s0)| − πνx) (4.1)
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s

beam

y∆Figure 4.2: E�et of a quadrupole misalignmentFor the vertial plane ase �z(s)�,−∆Bz(s0) must be replaed by ∆Bx(s0) and x subsripts beome
z. Then the dipolar magneti �eld reated by both an error on a quadrupole gradient (∆g) andits alignment (∆x) is alulated using the series expansion of the magneti �eld from equation2.16.

Bz = (g + ∆g) (x+ ∆x) + O(x2) (4.2)Developing 4.2 and dividing it by Bρ, this leads to
∆Bz

Bρ
= +K · ∆x+ ∆K · x whereK =

g

Bρ
(4.3)Then the expression of equation 4.3 is introdued in 4.1 for s = s0 in order to eliminate the

∆x term.
∆x(s0) = (+K · ∆x+ ∆K · x) βx(s0)

2 tan(π νx)
(4.4)

= ∆K · x
βx(s0)

2 tan(π νx)

1 −K βx(s0)
2 tan(π νx)

(4.5)Hene equation 4.3 beomes
∆Bz

Bρ
= +∆K · x 1

1 −K βx(s0)
2 tan(π νx)

(4.6)By introduing equation 4.6, the hange in the orbit observed at a point s related to a hangeof a quadrupole strength at s0 is expressed by the next formula:
∆x(s) = +∆K · x(s0)




1

1 −K βx(s0)
2 tan(π νx)



 ∗
√

βx(s) βx(s0)

2 sin(π νx)
cos(|φx(s) − φx(s0)| − π νx) (4.7)K is the quadrupole strength, ∆K the hange in quadrupole strength, β the beta funtion,

ν the betatron tune and φ the betatron phase. In the ase of the horizontal plane �K + ∆K�beomes �−K −∆K�. Aording to the equation (4.7), if the beam goes through the quadrupolemagneti axis (x(s0) = 0), there is no orbit variation (∆x(s) = 0) for the horizontal plane ase.If the BPM must give the eletron beam position versus the quadrupole magneti axis,there will be misalignment errors. Indeed for several reasons, the BPM eletrial axis and thequadrupole magneti axis annot be merged as shown on the �gure 4.1. Consequently, the beambehaves as expressed by the equation 4.7. Using this relation between the quadrupole strengthand the e�et of a misalignment, several methods an be determined.



4.1. INTRODUCTION TO TOOLS AND METHODS FOR BBA 1164.1.1.1 Methods using orretorsThe priniple of these types of method is to displae the beam several times in the studiedquadrupole and to dedue the researhed o�set. Indeed, the loser from the magneti axis isthe beam, the smaller is the orbit distortion read by all the BPMs (see �gure 4.3). For BBA,orretors are horizontal and vertial dipole magnets. Aording to the equation 4.1, the orbitvariation depends linearly with the dipole strength.
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y∆
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Magnetic axis

Figure 4.3: Beam orbit displaementsMost E�etive CorretorThe orretor whih provides the largest orbit variation at the quadrupole �j� is its most e�etiveorretor. The quadrupole most e�etive orretor is determined by means of orretors responsematries. The purpose of these preliminary hoies of orretor is to ensure that the orbit will besu�iently varied in the studied quadrupole without reahing the non linear limit of the BPMs .The priniple of the method is to apply two symmetrial steps of the quadrupole strength(±∆K) for eah position of the beam, i.e. for eah orretor urrent value (Icor). If there is noo�set, the orbit distortion seen by the BPM will be the same for both steps of quadrupole. Themagneti axis loation is thus determined by alulating the di�erene of both orbit. The orbitposition read by the losest BPM when the orbit di�erene is zero gives the o�set between theBPM and quadrupole.Obviously, it is a waste of time to searh for the orretor urrent whih will make thebeam going through the quadrupole magneti axis. The o�set an be dedued sine the relationsbetween the orbit loation and both orretor and quadrupole variations are well known (equations4.1 and 4.7). From these equations,
∆x(s) ∝ ∆Bcor ∝ Icor & ∆x(s) ∝ ∆K ∝ Iquad (4.8)That is why for eah step of orretor, the square of the di�erene of the measured orbits at

±∆K follows a paraboli funtion of the orretor urrent (Icor)
f(Icor) =

[
NBPM∑

i=1

(yi(+∆K) − yi(−∆K))2

]

∝ (Icor)
2 (4.9)It is the merit funtion to minimize, where NBPM is the number of BPMs and yi is the positionof the beam read by the BPM number i. The minimum of this funtion gives a orretor urrent(Ioff

cor) whih enables us to dedue the researhed o�set. Indeed, the orbit read by this BPMdepends linearly on the orretor urrent. aBPM and bBPM are real oe�ients of the previouslinear equation.
yi(Icor) = aBPM Icor + bBPM (4.10)
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yi(I

off
cor) = ∆Mag−BPM i (4.11)
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Figure 4.4: Merit funtion and BPMi responseThe �gure 4.4 shows an example of a quadrupole BBA using the method detailed here. theexperimental point of the merit funtion are plotted in red, then the �t used to evaluate numer-ially the minimum of the parabola is in dashed line, the BPMi response versus the orretorurrent is plotted in blue with its �t and the blak point shows the o�set value. This methodis easy to operate and is very reliable. However it does not enable to master the beam as de-sired. Indeed, when the beam goes through a quadrupole with an angle, it ould lead to a smallerror on the measured o�set. The �gure 4.5 illustrates with an exaggerated angle this erroneouson�guration.
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Figure 4.5: Error with an angle on the beamThat is why it is sometimes preferred to work with a beam parallel to the longitudinal axis.This an be ahieved with a bump performed with four orretors. An orbit bump is a loaldisplaement of the beam.Four Corretor BumpOrbit bumps are used to hange loally the beam position or/and angle by means of dipole



4.1. INTRODUCTION TO TOOLS AND METHODS FOR BBA 118magnet orretors. The determination of the urrent in the orretors is based on transfer matrixalulations. The transfer matrix between two point loated at s1 and s2 is given by the equation1.29 and is realled here. [
y
y′

]

s2

= Ms1/s2
·
[
y
y′

]

s1

(4.12)with,
Ms1/s2

=

( √
β2√
β1

(cos(∆ϕ) + α1sin(∆ϕ))
√
β2 β1 sin (∆ϕ)

1√
β2 β1

((α1 − α2)cos(∆ϕ) − (α2 α1 + 1)sin∆ϕ)
√

β1√
β2

(cos∆ϕ− α2sin∆ϕ)

)(4.13)The number of orretor needed depends on the number of parameters whih must be mas-tered. Only the four orretor bump is treated here but in the appendix E, other bumps aredetailed (π bump and three orretor bump). Four orretor bump are often used sine theyenable to master both the beam angle and position at a given longitudinal position sQ.
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Figure 4.6: Four orretor bumpAs previously, the orretor strength an be alulated and lead to
y′1 =

1
√
β1βQ

cos(ϕQ − ϕ2) − αQ sin(ϕQ − ϕ2)

sin(ϕ2 − ϕ1)
yQ −

√

βQ

β1

sin(ϕQ − ϕ2)

sin(ϕ2 − ϕ1)
y′Q (4.14)

y′2 = − 1
√
β2βQ

cos(ϕQ − ϕ1) − αQ sin(ϕQ − ϕ1)

sin(ϕ2 − ϕ1)
yQ +

√

βQ

β2

sin(ϕQ − ϕ1)

sin(ϕ2 − ϕ1)
y′Q (4.15)The strength of the other orretors are obtained by replaing respetively �1� and �2� sub-sripts by �4� and �3�. Then, αQ and yQ beome −αQ and −yQ.In the BBA ontext, this type of bump is used to perform a pure bump of position (y′Q = 0)in the studied quadrupole. The purpose is to avoid errors on o�set measurements due naturalangle of the beam as shown by the �gure 4.5. It is done by displaing the beam on several axisparallel to the referene one (�gure 4.7)4.1.1.2 K-modulationThe priniple is to send a sinusoidal urrent into the magnet oils and to measure the beamposition at the losest BPM. Eddy urrents would appear when time varying urrent is provided toquadrupoles. These urrents an lead to erroneous determination of the quadrupole magneti axissine there are no reasons for the distribution of the eddy urrents to be periodially reproduible.After a Fourier analysis of the signal seen by this BPM, the spetrum obtained shows peak at the
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Figure 4.7: Pure four orretor bumpexitation frequeny and its amplitude is proportional to the o�set. Hene for several position ofthe beam in the BPM, the amplitude of the peak plotted and the BPM o�set an be dedued.The plot obtained has a V shape and its minimum gives the BPM o�set.
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offset BPM readingFigure 4.8: K-modulationThis method requires power supplies whih ould deliver time varying urrent whih is rarelythe ase for Storage Ring power supplies. Indeed magneti �eld produed by multipole is stati.However if the problem of power supply is solved, the advantage of this method is that severalBBA an be performed at the same time sine di�erent exitation frequenies an be used. Indeedafter an FFT analysis the eah peak orrespond to an exitation frequeny of a quadrupole.Aording to this BBA methods study, the main method whih is applied at SOLEIL isthe one working with the most e�etive orretor. Then, there are not enough orretors toperform pure four orretors bump of position for all the SR quadrupoles with the SOLEILoptis. Consequently, this method is only used to ross-hek the measurements obtained fromthe most e�etive orretor method.4.1.2 Methods for sextupole magnetsTo determine the e�et of a misaligned sextupole, the reasoning is the same as the one developedat the beginning of the setion 4.1.1.
Bz = S(x2 − z2) (4.16)
Bx = 2S(x z) (4.17)
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∆x(s) = +∆S

(
x(s0)

2 − z(s0)
2
)




1

1 − 2Sx(s0)
βx(s0)

2 tan(π νx)



∗
√

βx(s) βx(s0)

2 sin(π νx)
cos(|φx(s)−φx(s0)|−πνx)(4.18)And ∆z(s) is dedued by replaing (x(s0)

2 − z(s0)
2) by 2x(s0)z(s0).Hene

∆x(s) ∝ ∆S
(
x(s0)

2 − z(s0)
2
)

& ∆z(s) ∝ 2∆S(x(s0)z(s0)). (4.19)4.1.2.1 Methods with CorretorsThe same method as developed previously an be applied. Indeed the merit funtion is:
f(y) =

1

NBPM

[
NBPM∑

i=1

(yi(+∆S) − yi(−∆S))2

]

∝ (x z)2 (4.20)Then by displaing the beam in only one plane (y) eah time, the merit funtion depends on thesquare of the variable related to this plane (y2). The BBA proess is thus the same as for thequadrupole magnets.However it is muh less sensitive in the ase of sextupoles. The relation between the hangein the sextupole strength and in quadrupole gradient is:
∆S =

∆K

2x(s)
(4.21)With the examples given in [31℄, it is possible to quantify the need in hange of sextupole strengthto obtain the same sensitivity as in the quadrupole ase.At SOLEIL the value of the main omponent measured for the quadrupole at the 30 mmradius is 2 times greater than the the main omponent of the sextupole measured at 30mm. Thisrate is only a mean trend beause quadrupole and sextupole are grouped in 10 families with adi�erent working urrent for eah family. If the beam displaement is �xed to 1 mm, the hangein the quadrupole �eld seen by the beam is aK. Then the purpose is to alulate the hange insextupole �eld (b S) versus the hange in the quadrupole �eld seen by the beam. Using 4.21 andthe rate between the �eld of both multipole at the 30 mm radius, we are able to alulate thehange in the sextupole magneti �eld (bS) needed versus the hange in the quadrupole magneti�eld (a K).

x(s) =
a K

2 b S
=

2 a S

b S
(4.22)

⇒ b = 1000 a (4.23)Consequently if a sextupole BBA with a orretor method is performed, the hange in thesextupole �eld seen by the beam is 1000 times smaller than the one seen in a quadrupole (a K).4.1.2.2 Method with MoversThis method is based on sextupole mehanial displaements. By moving the sextupole, thepurpose is to �nd the position whih will position the magneti axis at the beam position.The e�et of an horizontal misalignment is the following for both plane:
Bz(x+ ∆x) = S(x2 − z2) + 2S∆x x+ S(∆x)2 (4.24)
Bx(x+ ∆x) = 2S(x z) + 2S∆x z (4.25)



121 CHAPTER 4. BEAM-BASED ALIGNMENTHene by displaing the sextupole at several positions ∆yMech in one plane (y = x or z),it hanges the value of ∆y in the equations above. By alulating ∆By and inserting it in theequation 4.1, we an dedue that the displaement of the beam ∆y(s) is proportional to themehanial displaement ∆yMech. In that ase, the merit funtion is the di�erene to the squareof the initial orbit and the new one. Its shape is also a parabola. The purpose of this type ofbeam based alignment is to �nd the right mover positions whih anel ∆x and ∆z. The maindisadvantage of this method omes from the additional mehanial equipment it requires withmovers. Indeed, if it is not automated, the measurement protool ould be long to apply sinethe beam must be killed to hange by hands the sextupole position.Sine the BBA method with orretors seems to be not e�ient enough it has not been testedat SOLEIL. Then SOLEIL SR sextupoles are not equipped with the movers method whih makesimpossible to apply this method. Another method exits, it uses a quadrupolar on�gurationperformed by additional orretor oils loated on the sextupole magneti iruit. Sine SOLEILSR sextupoles are provided with these additional oils, this method is deeper studied in thepart 4.3. Before working with BBA method appliations, the ontext where BBA methods areexperimented must be detailed. The additional oils of sextupoles belong to this ontext.
4.1.3 EnvironmentEven if the BBA priniple an be experimented on every types of aelerator, its operation de-pends a lot on the mahine on�guration. Appliation of a BBA algorithm depends on the optistruture whih an make the appliation of some methods impossible. The mahine opti stru-ture will be detailed in order to determine the BBA methods ontext. Then sine an automatedBBA program has been developed, a part is dediated to the desription of the SOLEIL ontroland ommand organisation of the mahine.
4.1.3.1 Element desriptionSOLEIL SR OptisFirst, the SR optis design has the main in�uene on the BBA methods whih are applied.Figure 4.9 desribes the 16 ells of the SOLEIL SR. These ells are grouped in 4 super-periodsin order to keep a good order of symmetry. On this piture are showed the loation of thedipoles, the quadrupoles (fousing and defousing), the sextupoles, the three types of orretorsloated on the sextupole magneti iruit and the Beam Position Monitors (BPM). The orretorimplementation is developed further.
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Figure 4.10: SOLEIL Storage Ring beta funtions and dispersion funtionConerning the Beam Based Alignment, quadrupoles are all provided with independent powersupplies ontrary to the sextupole whih are grouped in ten families (= ten power supplies forthe 120 sextupoles). The fat that the sextupoles are serial onneted inside one family makesthe method with orretor di�ult to apply. It is one more reason whih led us to propose a newmethod using the orretor oils whih are provided with independent power supplies. There are



123 CHAPTER 4. BEAM-BASED ALIGNMENT56 dipolar orretors for both planes whih values diretly depends on the orbit read by the 120BPMs. Moreover, 32 skew quadrupole orretors are used to anel the oupling of the mahine.when there is a oupling between horizontal and vertial plane, an ation in one plane is observedin the other plane and physis problem beome more omplex.From the optis design of the �gure 4.9, the theoretial beta funtions and the dispersionsare plotted on the �gure 4.10. In the ontext of BBA, beta funtions at on the sensitivity of themeasured multipole (quadrupole or sextupole) as showed by the equations 4.7 and 4.18. For thequadrupole BBA, 160 o�sets will be obtained, one for eah quadrupole, and there are only 120BPMs whih an take these o�set into aount. Beta funtions will help us to hoose betweenthese o�sets. The algorithm we develop to hoose o�sets is desribed in part 4.2.2.SOLEIL SR CorretorsTo get more free spaes for insertion devies, a onept that is often used now is to providesextupole magneti iruit with additional oils whih are used to play the role of orretors. The�gure 4.11 shows the additional oils installed on sextupole to perform the three types of sloworretors needed for SOLEIL.
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Figure 4.11: Additional orretor oils on the sextupole magneti iruitDipolar orretor are used for BBA to displae the orbit in both planes. However in the part4.3 whih deals with sextupole BBA, the skew quadrupole orretor appears to be useful for themethod we propose.All the element of the SOLEIL optis (see �gure 4.9) are remote ommanded and ontrolled.It is the purpose of the next part.4.1.3.2 Control and ommand organisationFrom our point of view, MATLAB environment is used to develop the high level appliationsrequired to study the physis of the mahine.The SOLEIL ontrol and ommand system is TANGO already used at the ESRF. In theSOLEIL ontext, TANGO has to manage approximatively 6000 parameters (power supplies,vauum equipments, diagnostis and others). TANGO makes the link between the equipmentsand the high level appliation.
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TANGO
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TANGO/MATLAB

Power supplies, diagnostics, RF,...Figure 4.12: Simpli�ed ommand and ontrol arhiteture4.2 Appliation of the BBA to the SOLEIL SR quadrupoles4.2.1 Development of a Matlab Graphial User InterfaeBeam-Based Alignment is often performed during the life of the mahine (every 6 months). Inthe SOLEIL ontext, there are 2 times 160 BBA to perform sine there are 160 quadrupoles.The need for an automated and reliable program is more than neessary. Moreover, it would bebetter to provide a graphial interfae whih enables to follow the BBA measurement progress.This kind of information must be ommuniated in a way that it failitates judgement of a nonexperimented user. Aording to all these requirements, two BBA methods were implemented:
• Most e�etive orretor,
• Pure four orretor bump.The general proess of the method is expressed by the �gure 4.13. The general purpose isto perform two symmetrial variation a quadrupole strength (±∆K) and for eah variation tovary several times the urrent in the most e�etive orretor. After eah step of the orretorurrent, the orbit position is measured by means of the BPMs. One all these measurements areperformed, the merit funtion expressed by the equation 4.9 an be omputed in order to �nd itsminimum whih leads to the researhed o�set.The BBA interfae must give us the ability:

→ to hoose the quadrupole to measure,
→ to hoose the method,
→ to hoose the plane,
→ to hoose between the manual or the automated operation (hoie of the BBA parameters),
→ to judge the quality of the measurement,
→ to obtain enough information for post-data analysis,
→ to know the parameters applied in the equipments (urrent in the orretor, in the quadrupole).We implemented all these requirements in the BBA graphial user interfae shown by the�gure 4.14. It is divided into two parts. The left side is dediated to the hoies related to
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4.2. APPLICATION OF THE BBA TO THE SOLEIL SR QUADRUPOLES 126the quadrupole to measure (quadrupole, plane, method). Then the right side is reserved forthe results display and measurements launhing. Indeed, the top part of this side display themeasured quadrupole, the quality of the parabola �tting and the diretory and the name the �lein whih the results are saved.Then the most part of right side is dediated to the urves display whih shows the measuredmerit funtion (red rosses), the parabola �t of the merit funtion (dashed parabola), the orbitread by the losest BPM (blue rosses), the related linear �t (dashed line) and �nally the minimumof the parabola and the BPM o�set. All these data are plotted versus the applied orretorurrent.Just under there are more detailed information onerning, the measured quadrupole (family[ell number; element number℄), the name of the losest BPM, and the most e�etive orretorused.And �nally the �Ation� button enables to launh the BBA proess aording to the parame-ters displayed on right orner. The manual button enables to hoose whether the launhed BBAis automated or not. The parameters on the right orner de�ne respetively:
• nb Cor: the number of the urrent step in the hosen orretor,
• Step Cor: the value in amperes of eah step of the orretor urrent variations,
• o�s Cor: a orretor urrent o�set whih neessary to entre the the measurement in orderto obtain a symmetrial parabola,
• Delai: the pause in seond between eah steps of orretor,
• Step Qp: the value of the quadrupole urrent variation step.4.2.2 Beam-Based MeasurementsMeasurementsAfter the BBA measurement ampaign, we were able to analyse the measured data and to performsome statistis alulations. The �rst observation is that BBA of quadrupole was neessary sinethe standard deviation of the measured o�set is large for both planes (approximatively 160 µm).Moreover, it ours that some o�sets were of the order of the millimetre.The o�set distribution along the SR are showed by the �gures 4.15 and 4.17. These �gures areassoiated with the histograms of the �gures 4.16 and 4.18. These results on�rm that it is easierto align mehanial devies versus the vertial plane than versus the horizontal one sine themehanial referene is often better determined along the vertial diretion. Figure 4.17 shows aontinuous peak whih reahes the millimetre. It is a defet whih has to be soon investigated bythe SOLEIL alignment group.Appliation of the o�setsNow two games of 160 o�sets are available (one game for eah plane). As mentioned in thepart 4.1.3.1, there 120 BPMs. Consequently, 120 o�sets must be extrated without loosing theinformation given by all the 160 o�sets. As the BBA proess has always hosen the losest BPM,it ours that some BPMs were used twie to measure two di�erent quadrupole o�sets. Suh aase is represented by the �gure 4.19.One way to proeed is to hoose one o�set between the ones obtained for eah quadrupole Q1and Q2. Consequently, this type of hoie does not take into aount 40 o�sets.
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Figure 4.15: Horizontal o�sets along the SR
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BPMFigure 4.19: One BPM between 2 quadrupolesThe solution we have hosen is to perform a weighted mean of both o�set. The equation 4.7shows that proper weights ould be the quadrupole strength and the value of the beta funtionin these quadrupoles. If two quadrupoles Q1 and Q2 have their o�sets (o�1 and o�2 respetively)measured with the same BPM, the alulated o�set o�calc is expressed by the equation 4.26.o�calc =
o�1

√
β1 |K1| + o�2

√
β2 |K2|√

β1 |K1| +
√
β2 |K2|

(4.26)Using this formula, we were able to determine 120 o�sets whih take into aount all themeasured o�set. Then, these o�sets were applied to the BPMs in both planes and the results arereported on the �gures 4.20, 4.21, 4.22 and 4.23.
σx=95��m�;�xmean�=�47��m

Figure 4.20: Horizontal orbit after the �rst appliation of BBA o�sets:�rst orretion
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σx=62��m�;�xmean�=��23��m

Figure 4.21: Horizontal orbit after appliation of BBA o�sets: best orretionUnfortunately, the horizontal orbit before the BBA o�set appliation has not been stored.However from the run report, we observed that the standard deviation of the read orbit has beendivided by a fator of two. The peak values have also been redued and the orretor standarddeviation is lose to 1A ompared to the 10A available.
σz=105 µm ; zmean = -109 µm

σIcorV=2A ; IcorVmean = 0.4A

Figure 4.22: Vertial orbit and orretor values before appliation of BBA o�setsConerning the vertial plane, the result is less spetaular for the orbit. However, the stan-dard deviation of the orretor urrent has been divided by 5 to reah 0.4A.When we performed the orretion for both planes after the BBA o�sets appliation, thee�ets observed where slightly di�erent. Sine there are 56 orretors for both planes, the orbitorretion program enables us to hoose up to 56 eigenvalues. For the horizontal plane ase,hoie of the 56 eigenvalues leads diretly to the best result: the one of the �gure 4.21. Thenonly the use of 32 eigenvalue in the vertial plane leads to best ompromise between orretorurrent distribution and orbit minimization. This e�et means that some errors are remaining inthe vertial plane. We are not able for the moment to determine if these errors ome from badoperation of BBA or from other soures. It is a point to investigate.



4.3. BBA FOR SEXTUPOLE MAGNETS 130
σz=70 µm ; zmean = -1.5 µm

σIcorV=0.4A ; IcorVmean = -0.1A

Figure 4.23: Vertial orbit and orretor values after appliation of BBA o�setsDuring these BBA measurement, we have veri�ed that BBA applied with the four orretorbump method gives the same result as the one obtained with the most e�etive orretor method.We only heked it for one quadrupole. The result obtained was di�erent of ten mirons whihis the urrent reproduibility of the our main BBA algorithm (most e�etive orretor method).We observed that 4 orretor bump method is longer to apply sine the algorithm must wait thatthe four orretors have reahed the values ordered.In parallel to the quadrupole BBA, we have experimented a sextupole BBA method. It is thepurpose of the next part.4.3 BBA for sextupole magnetsBeam based alignment of sextupole is more omplex sine the methods are less sensitive. In-deed, e�ets of sextupole misalignments imply seond order e�ets like magneti �eld gradientapparition. During the study of sextupole beam based alignment methods, one method retainour attention: the one using additional orretor oils loated in the sextupole poles to perform apseudo quadrupole magnet. The main assumption of this method is that the magneti axis of thesextupole magnet and this pseudo-quadrupole are merged. Then the magneti axis of this pseudoquadrupole is measured by operating a lassial quadrupole beam based alignment. However,the omponents whih de�ne magneti axis of both type of magnet are not the same and we anwonder if the assumption is reliable. By developing the relation 2.22, the magneti axis positionare obtained for both magnets.
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131 CHAPTER 4. BEAM-BASED ALIGNMENTis validated by magneti measurements. In the SOLEIL sextupoles, there are residual dipolaromponents remaining after their orretion.Hene, even if the pseudo quadrupole has the samemagneti axis loation as the sextupole, these dipolar omponents diretly displae this magnetiaxis and lead to erroneous beam based alignment (see �gure 4.24).
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xFigure 4.24: E�et of an initial dipolar omponent on a quadrupole magneti axis measurementAording to the �gure 4.24, the magneti axis of the pseudo-quadrupole depends on thepresene or not of the initial dipolar omponent and not on the sextupole magneti axis properties.Whatever the magneti axis loation of the pseudo quadrupole is, the sextupole magneti axisposition depends on the strength of the pseudo quadrupole �eld as shown by the �gure 4.25.Indeed, adding a dipolar omponent only hange the mean value of the sextupole magneti �eldbut never its magneti axis loation.Moreover, if both magneti axis are merged whih veri�es the assumption another defet andisturb the measurement. Indeed, magneti axis properties of the sextupole are given by magnetiiruit geometry, that is to say by its six poles. The magneti axis of the pseudo quadrupole havethe properties of the four pole hosen among the six of the sextupole. Hene three ombinationsare possible whih an lead to three magneti axis positions.Sextupole beam-based alignment method by measuring magneti axis properties of a pseudo-quadrupole seems to be ompromised. However the use of an additional quadrupolar magneti�eld an be advantageous in sextupole BBA if it is used in another way. It is the purpose of thenext part.4.3.1 Proposition of a new method: The Magneti Axis Moving methodThe priniple of the method proposed has similar e�ets than the one that uses movers. Indeed,with movers, the sextupole is displaed mehanially of a given quantity whih implies the mag-neti axis displaement of the same quantity. The purpose is to �nd the position of the sextupolewhih leads to a minimum orbit distortion. That is to say to minimize seond order e�et bydisplaing the sextupole magneti axis.This method an be improved. Indeed there is no need to displae the magneti axis mehan-ially sine it is possible to perform it magnetially. It is the idea we propose to develop.First it is neessary to reall the e�et of a sextupole misalignment expressed by the equation4.24.
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∆Bz(x+ ∆x) = +2S∆x x+ O(S(∆x)2) (4.29)
∆Bz(z + ∆z) = −2S∆z z + O(S(∆z)2) (4.30)If these expressions are ompared to the development of the series expansion of the magneti�eld in the ase of a pure normal quadrupole and a pure skew quadrupole.Normal quadrupole; Bz = r0 B2 x (4.31)Skew quadrupole; Bz = −r0 A2 z; (4.32)By identifying the terms versus x and z of both set of equations, the approximate results ofthe equation 4.28 an be dedued again.If additional quadrupolar �elds are applied (normal and skew), the e�et of sextupole mis-alignment an be anelled. It an beome a mean to measure the magneti o�set seen by thebeam. The merit funtion is then the square of the orbit di�erene seen by the horizontal orvertial BPMs, sine the misalignment defet ats in both planes (Bz and Bx).The additional skew quadrupole �eld an be performed with skew quadrupole orretorswhih are already present on the sextupole magneti iruit. Then for the normal quadrupole,the purpose is also to use orretors plaed on sextupoles. That is why, this normal quadrupoleis performed with the vertial orretors oils onneted in the quadrupolar mode.Hene the merit funtion is a funtion of the urrent applied to these quadrupoles.
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133 CHAPTER 4. BEAM-BASED ALIGNMENTthe strength of the sextupole an be found (B3). With the approximate formula 4.28, the o�set
∆x and ∆z an be easily alulated.With hands, we an say that adding quadrupolar �eld to a sextupole �eld displae its magnetiaxis. Like the movers methods, the Magneti Axis Moving method (MAM) tries to �nd the bestposition of the magneti axis whih minimizes sextupole positioning errors. That is to say, theone whih will generates the less defets on the transverse beam dynamis.4.3.2 First appliation of the MAM method at SOLEILThe purpose of the work is to validate the new approah proposed previously. Aording to theequations 4.29 and 4.31, two parameters an be used to optimize the sensitivity of the method:the pseudo-quadrupole strength (B2 or A2) and the orbit of the beam (x or z).

[in the pseudo-quadrupole]Figure 4.26: First reliable sextupole BBAThe �gure 4.26 shows that the merit funtion of the MAM method generates a parabola aspredited by the theoretial alulations. For the example plotted on the �gure ref�g:bbasext,the sextupole seems to have a very small o�set sine the minimum of the parabola ours for aurrent lose to zero in the pseudo-quadrupole.After two attempts onerning the normal pseudo-quadrupole on�guration, it seems thatthe horizontal beam position is entred with respet to its magneti axis horizontal position.Whereas for the skew pseudo quadrupole on�guration, it ourred that there were measurableo�sets. An o�set has been alulated for an experiment with a skew pseudo quadrupole. Fromthe urrent determined by the minimum of the merit funtion parabola, we were able to �nd theadded skew quadrupole whih anel the initial residual magneti axis o�set. Indeed, before thesesextupole BBA, evolution of the pseudo-quadrupole magneti �eld response versus the urrent hasbeen measured with the SMB (SOLEIL Multipolar Magneti Measurement Benh). Aordingto these measurements, we were able to estimate the o�set at 110µm in the vertial diretion.More MAM sextupole BBA must be performed to inrease the statistis on the results obtained.



4.3. BBA FOR SEXTUPOLE MAGNETS 134For the moment, we are not able to quantify the auray of this promising method.We think that this new approah an onstitute the beginning of a new era in the �eld ofStorage Ring Beam-Based Alignment. If the MAM method for sextupole BBA an ensure thesame sensitivity as the most e�etive orretor method for the quadrupole BBA, the �nal step of aStorage Ring BBA would be a mixed Beam-Based Alignment between quadrupole and sextupoleo�sets. That is to say, in the ase of SOLEIL, that the 120 BPMs would have optimized o�setsobtained from the 280 measured o�sets for one plane (280 = 160 quadrupoles + 120 sextupoles).The merit funtion of this o�sets optimization would be the minimization of orbit distortion duemisaligned quadrupoles and sextupoles.Résumé du hapitreAprès avoir rappelé les di�érentes méthodes d'alignement basé sur le faiseau (BBA)pour les quadrup�les et les sextup�les, une méthode �du orreteur le plus e�ae� a étéappliquée ave suès aux quadrup�les de l'anneau de stokage de SOLEIL puisque ladispersion horizontale de l'orbite a été réduite de 95 à 62 µm et la dispersion vertialeest passée de 105 à 70 µm. Cette amélioration est partiulèrement visible dans le planvertial s'il on onsidère la dispersion du ourant dans les orreteurs qui passe de 2 Aà 0.4 A après appliation du BBA.Cette première partie nous a permis de prendre en main e type de méthode. Nousavons ensuite proposé une méthode innovante d'alignement basé sur le faiseau pourles sextup�les appelée �Méthode de l'axe magnétique Mouvant�. Elle met en jeu lesbobines de orretion montées sur les sextup�les, e qui a pour avantage majeur de nepas néessiter d'équipement supplémentaire. Cette méthode a été testée et s'est montréetout à fait appliable. Des tests omplémentaires, qui n'ont pu être e�etués dans leadre de e travail, devront être menés notamment quant à sa préision .



ConlusionAs the eletron beam size needs to beome smaller and smaller to provide a more and morebrilliant photon beam, spei�ations on the Storage Ring aelerator magnets beome more andmore strit. From the mahine physis point of view, the quadrupoles are the most sensitiveelements of the SOLEIL Storage Ring (SR).First, to redue the eletron beam size, the quadrupoles must provide a strong fousing e�et.Then, when the beam is going through o� a quadrupole magneti axis, it undergoes an undesiredde�etion (�rst order e�et) whih is proportional to the fousing strength and to the distanefrom the axis. Consequently the alignment of the magnets versus their magneti axis is a keypointfor the Storage Ring e�ieny. Measurements for magnet alignment are performed in two mainsteps. The �rst step ours before the magnet installation. It enables to determine the magnetiaxis harateristis by means of magneti measurements. Then one the magnet are installed andmehanially aligned aording to their magneti axis properties, a seond type of measurementsis performed based on eletron beam behaviour studies. This last step is alled a beam-basedalignment. Its aim is to measure the residual misalignments of the Storage Ring quadrupoles inorder to obtain a redued orbit distortion due to �rst order errors.In the ontext of the magneti measurements, the SOLEIL Synhrotron deided to measurewith its own means its Storage Ring magnets and partiularly the 160 quadrupoles. The �rstthree hapters of this work are dediated to the SOLEIL Multipolar Magneti MeasurementBenh (SMB) whih was required to measure and tune these magnets within the strit toleranes�xed. That is to say ±25µm for the magneti axis loation in the transverse plane and 0.1mradfor the magneti tilt angle.The third hapter showed the high sensitivity and reproduibility obtained from the benh.Indeed, onerning the magneti axis harateristis, we managed to ensure an exellent identitybetween all the magnets. The �nal standard deviation of the residual magneti axis loation istwie smaller than the spei�ations, that is to say less than ±10 µm. The main di�ulty wehad to ope with was measuring and tuning the magneti tilt angle. With a tolerane �xed to
±0.1mrad, it represented a hallenging mehanial stability of ±3 µm on the sensor mehanialstruture at a 30 mm radius. Finally we managed to keep the identity between magnets onmagneti tilt angles within ±0.05mrad.The statistial analysis of the results were alulated during the measurements. It was a meansto hek that there was no drifts during the two months and a half long measurements. Thismonitoring enables us to early detet the non allowed otupolar omponent for long quadrupoles.This defet led us to perform studies with the theoretial 3D model developed to simulate sensorgeometrial defets. Thanks to these qualitative studies, we ould understand the origin of thisotupolar omponent whih is due to pairs of poles asymmetry. This otupolar omponent isalso easy to detet with magneti �owers whih orrespond to a 2D representation of the e�etof harmonis on the gradient homogeneity. Indeed, for all the measured magnets, the gradienthomogeneity versus the gradient at the entre was plotted on a transverse oordinates map. The135



4.3. BBA FOR SEXTUPOLE MAGNETS 136main advantage of this type of map is that it gives the in�uene of harmonis on the gradienthomogeneity.With proper alignment during their installation, all the work on the quadrupole magnetsprovided good onditions to begin the ommissioning of the SR. Closing the �rst turn is known tobe di�ult. However, for the �rst try to make the eletron beam performing one turn of the SR, itperformed three turns. Then with some orretors, 50 turns ould be reahed. Moreover, SOLEILis the �rst mahine to start the ommissioning with the �nal vauum hamber -the smallest(±5mm)- in straight setions and with four undulators already installed. For all these reasonsthe �rst three turns of the beam in the SR without orretions is onsidered as a performane.After several orbit orretion attempts, it was not possible to obtain an orbit below ±300µmwith a standard deviation of 120µm. It is due to residual misalignments between the quadrupolemagneti axis and the Beam Position Monitors (BPM) whih provide the beam position versustheir eletrial axis. Beam-Based Alignment (BBA) is required to anel these o�sets and itis detailed in the hapter 4. The method of the most e�etive orretor was applied and was�rstly implemented in a graphial user interfae. The purpose of suh an interfae is to failitateBBA operation for non experimented users. Indeed, during mahine life, BBA will be appliedat least twie a year and requires many hours of operation to measure the 160 o�sets related toeah quadrupole. After the appliation of the measured o�sets from the �rst quadrupole BBAampaign, the orbit exursion has a standard deviation of 60 µm in the horizontal plane and
70 µm in the vertial plane.Then it would also be better for the photon brilliane to make the beam going through thesextupole magneti axis. Indeed, an o� axis eletron beam in a sextupole undergoes a harmfulfousing e�et (seond order) whih an lead to a tune shift and a beta beating. Consequently,Beam-Based Alignment methods an also be useful for sextupoles. In the ase of SOLEIL SR,there are 120 sextupoles distributed in 10 families. All the sextupoles of one family are onnetedin series, therefore it is not possible to transpose the quadrupole BBA method to the sextupolease.The experiene aquired during 2m-pole magnet magneti measurements led us to proposea new approah of sextupole BBA. Indeed, the initial idea was to use additional oils loatedon sextupole magneti iruit to generate a quadrupole magneti �eld. The purpose was touse the greater sensitivity of quadrupole magneti �eld to perform orbit variation. Then it wasassumed that magneti axis of this quadrupole was merged with the sextupole one. From thisassumption, if the magneti axis of this pseudo-quadrupole is determined, it is also the ase of thesextupole one. We demonstrated that suh a method ould not work sine the harmonis used todetermine their magneti axis are slightly di�erent. However we kept the idea to reate additionalquadrupolar magneti �eld provided by orretor oils and we developed a new approah.In that ase, the BBA onept beomes di�erent. To sum up the quadrupole BBA, thepriniple is to displae the beam in order to determine its position whih generates the less orbitdistortion. At this position, the beam is not de�eted, it does not undergo a dipolar magneti�eld. We propose to perform the ontrary with sextupole BBA. The beam position is �xed andit is the sextupole magneti axis whih is displaed. Indeed, sine the sextupole magneti axisloation is proportional to the quadrupolar magneti �eld (normal or skew), this type of �eld isused to anel the fousing e�et seen by an o� entred beam.We established the theory and led the experiments whih validated the method. However, themethod needs to be more developed in order to get a better idea of its auray. This method isadvantageous sine all orretors in sextupoles are provided with orretor oils with independentpower supplies. If this sextupole BBA method proves to be aurate enough, sextupoles will beprovided with o�set whih have to be taken into aount. By performing both BBA (quadrupole



137 CHAPTER 4. BEAM-BASED ALIGNMENTand sextupole), two games of o�sets (160 quadrupoles + 120 sextupoles) will be available forthe same set of BPMs (120). With all these o�sets, the �nal aim of suh a work is to �nd theoptimized set of o�sets whih is the best for the eletron beam dynamis.Current SOLEIL Synhrotron performanes relies on the ahievement of a lot of innovativeresearh and development projets led by SOLEIL teams. Sine May 2006, the beginning of theStorage Ring ommissioning, SOLEIL has aumulated many suesses. As mentioned previously,the unpreedented results obtained with Storage Ring quadrupole magneti measurements andtuning ontributed a lot to the suess of the �rst day ommissioning. These results also enableto perform high quality experiments on the mahine aelerator physis during the mahineruns. Several tens of mahine runs later, the �rst automated Beam-Based Alignment of theSR quadrupoles has already been �nished and allows to obtain a beam orbit su�iently smallto provide to synhrotron light users a golden orbit to prepare their experiments. From itsbeginning, the quadrupole Beam-Based Alignment has always been operated by means of thegraphial user interfae whih an be used as fairly by experimented physiists as by mahineoperators. In parallel, during this �rst phase of the ommissioning, the Magneti Axis Movinginnovative method proposed for sextupole Beam-Based Alignment has been experimented and itspriniple has been validated. If this method beomes as sensitive as expeted, mixed Beam-BasedAlignment of quadrupoles and sextupoles ould be performed, leading to a better managementof the magnet misalignment defets. Suh method ould open a new era onerning the StorageRing Beam Based Alignment.
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143 NOTATIONS
Notations

−→
A : Vetor potential−−→
AQp : Vetor potential of the quadrupole−→
A : Integrated vetor potential−→
B : Magneti �ux density−→
B : Integrated magneti �ux density
B : Complex integrated Magneti �ux density
Cn : Complex harmoni oe�ient
Cn : Complex integrated harmoni oe�ient

C
mag
n : Complex integrated harmoni oe�ient in the magneti frame

Cmeas
n : Complex integrated harmoni oe�ient in the measurement frame−→
D : Eletri �ux density−→
E : Eletri �eld

(Ex, Ez, Es) : Cartesian eletri �eld omponents
Ey : Young modulus of a material−→
F : Fore−→
Fl : Lorentz Fore
G : Coulomb modulus

Gx(x, z) : Tranverse funtion the gradient along x axis−→
H : Magneti �eld
IGx : Moment of inertia of a mehanial struture around the Gx axis
IGz : Moment of inertia of a mehanial struture around the Gz axis

IGx|str. : Moment of inertia of a mehanial struture around the Gx axis of the struture
IGz |str. : Moment of inertia of a mehanial struture around the Gz axis of the struture
IGs|str. : Moment of inertia of a mehanial struture around the Gs axis of the struture
IGx|Cross : Moment of inertia of a mehanial struture around the Gx axis of the ross struture
IOx : Moment of inertia of a mehanial struture around the Ox axis
IOz : Moment of inertia of a mehanial struture around the Oz axis
IG∆

: Moment of inertia of a mehanial struture around the G∆ axis
ICor : Current in the orretor
Ioff
Cor : Partiular urrent of the orretor for whih

: the eletron beam is going through the magneti axis of the quadrupole
Imax : Maximum urrent
Inom : Nominal urrent
IQuad : Current in the reated pseudo-quadrupole
I0 : Referene urrent

Ifaisceau : Total urrent of the eletron beam−→
J : Eletri urrent density
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K : Fousing funtion replaing kx or kz

K(s) : Fousing funtion giving the fousing strength distribution along the mahine
K

N/S
n : s-integrated value of knm(s)−→
M : Puntual magneti moment
Mt : Torsion momentum
Na : Number of dipole magnet

NBPM : Number of BPMs
Nph : Number of photons radiated
Pray : Radiated power as synhrotron radiation
P e

ray : Radiated power as synhrotron radiation by the eletron
P p

ray : Radiated power as synhrotron radiation by the proton
S : Sextupole strength
Ss : Setion of the studied struture
V : Complex Salar Potential
V ol : Volume
b : Struture width
c : Speed of the light
d : Distane
dA : Area unit
dΩ : Solid angle unit
e : in the hapter 1: Eletron harge
e : in the hapter 3: Struture width
f : Foal length
f1 : Foal length of the lens number 1
f2 : Foal length of the lens number 2
fTot : Foal length of the equivalent total lens
h : Struture height
g : Quadrupole gradient

gi
x(s), gi

z(s) : longitudinal funtions desribing the transverse shapeof the measuring oil along the ontour Ci

hi
xθ, s, h

i
z(θ, s) : funtions gi

x(s) and gi
z(s) rotated by a tilt angle θ

k : Fousing strength
kx : Horizontal fousing funtion
kz : Vertial fousing funtion

knm(s) : Funtions giving the longitudinal dependene of the magneti �eld
l : Length
mp : Mass of a partile
mp0 : Mass at rest of a partile
me : Mass at rest of eletrons
mpr : Mass at rest of protons
ms : Mass of the sensor

offcalc : Calulated o�set of BPMs
p : Partile momentum
p0 : Nominal partile momentum
q : Charge of the partile
r0 : Referene radius for the magneti �eld harmoni alulation
s : s urvilinear oordinate
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t : Time Variable
v : Partile veloity
x : Horizontal position of a partile
x′ : First order urvilinear derivative of x
x′′ : Seond order urvilinear derivative of x
xβ(s) : Solution of the Hill's equation
xη(s) : Partiular solution of the trajetory equation when ∆p/p0 6= 0
y : Variable replaing x or z
z : Vertial position of a partile
z′ : First order urvilinear derivative of z
z′′ : Seond order urvilinear derivative of z
An : Skew omponents of integrated magneti �ux density
Bn : Normal omponents of integrated magneti �ux density
B : Brilliane of a photon beam
C : Contour of the measuring oil
Ci : Contour i of the measuring oil
E : Total Energy of a partile
E0 : Energy at rest of a partile
Ecm : Energy at the mass enter
Efixe

cm : Energy at the mass enter for a partile/�xed wall ollision
Ecoll.

cm : Energy at the mass enter for a partile/partile ollision
Ek : kineti Energy of a partile
∇ : Nabla operator
∇2 : Laplaian operator
β : Beta funtion
βx : Horizontal Beta funtion
βy : Beta funtion replaing βx or βz

βz : Vertial Beta funtion
βr : Redued Veloity
γr : Redued Energy
∆g : Constant quadrupole gradient variation

∆BCor : Constant variation of the orretor magneti �ux
∆Mag Bpm : O�set between the quadrupole magneti axis and the BPM eletrial axis

∆S : Variation of the sextupole strength
∆yMech : Mehanial displaement of sextupole
∆ζ

Quad
: Magneti o�set of the quadrupole axis

∆ζ
Sext

: Magneti o�set of the sextupole axis
∆p−pgradient : Peak-peak di�erene of the quadrupole gradient

∆p−pharm : Peak-peak di�erene of harmonis
∆p−px : Peak-peak di�erene of magneti axis loation along the x axis
∆p−pz : Peak-peak di�erene of magneti axis loation along the z axis
∆p−pθs : Peak-peak di�erene of magneti �eld orientation around the s axis
∆xcoils : Magneti axis o�set along the x axis due to the measuring oil defets
∆zcoils : Magneti axis o�set along the z axis due to the measuring oil defets
∆ζMeas : Measured omplex magneti o�set of the multipole magneti axis

∆ζMeas−kx : Measured omplex magneti o�set of the multipole tool magneti axison the position k and on the fae X
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∆Mechj ,∆Mechl : Displaement of the tool magneti axis due toa defet on the ontat faes, respetevely j and l

∆ζMp : Exat omplex magneti o�set of the multipole magneti axis
∆ζTool : Complex magneti o�set on the multipole magneti axis measurementdue to the tool defets
∆ζTool k : Complex magneti o�set on the multipole magneti axis measurementdue to the tool defets on the position k

ǫ : Emittane
ǫx : Horizontal Emittane
ǫz : Vertial Emittane
ζ : Complex variable
ζoff : Complex loation of the magneti axis
η : Dispersion funtion
η′ : First order urvilinear derivative of the dispersion funtion
θ : geometrial angle

θcoils : Magneti �eld tilt angle o�set around the s axis due to the measuring oil defets
θm : Tilt angle of the n harmoni
θMeas : Measured tilt angle of the main harmoni omponent
θMp : Exat tilt angle of the multipole main harmoni omponent
θSensor : Error on tilt angle of the main harmoni omponent due to sensor defets
θTors. : Torsion angle
µ0 : Vauum permeability
µH : Hall mobility
ν : Tune Number
νx : Horizontal Tune Number
νy : Tune Number replaing νx or νz

νz : Vertial Tune Number
ϕ : Phase of a partile
ϕ′ : First urvilear derivative of the partile phase
φ : Salar Potential
Φ : Integrated salar Potential
χn : Complex integrated harmoni oe�ient
ψ : Magneti Flux
Psi : Complex magneti �ux harmonis
ρ : Curvature Radius

(x, z, s) : Cartesian oordinates
(r, θ, s) : Cylindrial oordinates
Re [ ] : Real part of
ℑm [ ] : Imaginary part of
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Appendix AReferene measurementA.1 Measurements relations
⋆ �A� fae ase:







∆ζMeas−1A = ∆ζQp + ∆ζcoils = ∆xQp + i∆zQp +∆ζcoils

∆ζMeas−2A = ∆ζQp e
i π
4 + ∆ζcoils

∆ζMeas−3A = i∆ζQp + ∆ζcoils = −∆zQp + i∆xQp +∆ζcoils

∆ζMeas−4A = ∆ζQp e
i 3π

4 + ∆ζcoils

∆ζMeas−5A = −∆ζQp + ∆ζcoils = −∆xQp − i∆zQp +∆ζcoils

∆ζMeas−6A = ∆ζQp e
i 5π

4 + ∆ζcoils

∆ζMeas−7A = −i∆ζQp + ∆ζcoils = ∆zQp − i∆xQp +∆ζcoils

∆ζMeas−8A = ∆ζQp e
i 7π

4 + ∆ζcoils

(A.1)
⋆ �B� fae ase:







∆ζMeas−1B = −∆ζQp
∗

+ ∆ζcoils

∆ζMeas−2B = ∆ζQp
∗
ei
−π
4 + ∆ζcoils

∆ζMeas−3B = i∆ζQp
∗

+ ∆ζcoils

∆ζMeas−4B = ∆ζQp
∗
ei
−3π

4 + ∆ζcoils

∆ζMeas−5B = −∆ζQp
∗

+ ∆ζcoils

∆ζMeas−6B = ∆ζQp
∗
ei
−5π

4 + ∆ζcoils

∆ζMeas−7B = −i∆ζQp
∗

+ ∆ζcoils

∆ζMeas−8B = ∆ζQp
∗
ei
−7π

4 + ∆ζcoils

(A.2)
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A.2. MECHANICAL DEFECTS RELATIONS 154A.2 Mehanial defets relationsfae measured: �A�faet mehanial default
1 ∆ζMech−3 5

2 ∆ζMech−4 6

3 ∆ζMech−5 7

4 ∆ζMech−6 8

5 ∆ζMech−7 1

6 ∆ζMech−8 2

7 ∆ζMech−1 3

8 ∆ζMech−2 4

fae measured: �B�faet mehanial default
1 ∆ζMech−7 5 = −ı∆ζMech−3 5

∗

2 ∆ζMech−8 6 = −ı∆ζMech−4 6
∗

3 ∆ζMech−1 7 = −ı∆ζMech−5 7
∗

4 ∆ζMech−2 8 = −ı∆ζMech−6 8
∗

5 ∆ζMech−3 1 = −ı∆ζMech−7 1
∗

6 ∆ζMech−4 2 = −ı∆ζMech−8 2
∗

7 ∆ζMech−5 3 = −ı∆ζMech−1 3
∗

8 ∆ζMech−6 4 = −ı∆ζMech−2 4
∗Table A.1: Referene tool mehanial defaults



155 APPENDIX A. REFERENCE MEASUREMENTA.3 Integrated Magneti �ux density omponentsHene the integrated magneti �ux density omponents are:
Br(r, θ) =

1

r0

∞∑

n=0

(n)

(
r

r0

)n−1
(
−KS

n cos(nθ) +KN
n sin(nθ)

) (A.3a)
Bθ(r, θ) =

1

r0

∞∑

n=0

(n)

(
r

r0

)n−1
(
KN

n cos(nθ) +KS
n sin(nθ)

) (A.3b)
Bz(r, θ) = 0 (A.3)The study of the magneti �ux density redues to two dimensions problem. Consequently,it would be advantageous to use omplex formalism to pursue the alulations. In artesianoordinates, magneti �ux density is similar as in equation A.3
Bx(r, θ) =

1

r0

∞∑

n=0

(n)

(
r

r0

)n−1
(
−KS

n cos(nθ) +KN
n sin(nθ)

) (A.4a)
Bs(r, θ) =

1

r0

∞∑

n=0

(n)

(
r

r0

)n−1
(
KN

n cos(nθ) +KS
n sin(nθ)

) (A.4b)
Bz(r, θ) = 0 (A.4)



A.4. FEED-DOWN FORMULA DEMONSTRATION 156A.4 Feed-down formula demonstration
RM is the sensor mehanial frame

RA is the quadrupole magnet magneti frameThe magneti axis measured by the sensor an be de�ne as following:
ζA = ζM − ζd, ζd is the measured o�set.Here is the omplex integrated magneti �ux density:

B = iB
∗

= Bz + iBx =
∞∑

n=1

C
M
n

(
ζM
r0

)n−1 (A.5)
= Bz + iBx =

∞∑

n=1

C
M
n

rn−1
0

(
ζA + ζd

)n−1 (A.6)Then following formula is used:
(a+ b)n =

n∑

k=0

Ck
n a

k bn−k with Ck
n =

n!

k!(n− k)!
(A.7)

=
∞∑

n=1

C
M
n

rn−1
0

n−1∑

k=0

Ck
n−1 ζA

n−1−k
ζd

k (A.8)we set p = n− k with n ∈ [1,∞[ et k ∈ [0, n− 1] thus
p = n− k ∈ [1, n] hene

=
∞∑

n=1

C
M
n

rn−1
0

n∑

p=1

Cn−p
n−1 ζA

p−1
ζd

n−p (A.9)Now, the following property of binomial e�ients must be taken into aount: Ck
n = 0 si

k < 0. It enables us to sum �p� from 1 to in�nity.
=

∞∑

n=1

C
M
n

rn−1
0

∞∑

p=1

Cn−p
n−1 ζA

p−1
ζd

n−p (A.10)Then, using the same property, n-p must be positive thus n must be superior to p. We andedue that the smaller bound of the n sum is limited to p:
=

∞∑

p=1

∞∑

n=p

C
M
n

rn−1
0

Cn−p
n−1 ζA

p−1
ζd

n−p (A.11)Indies variable are hanged to obtain the same as in this thesis:n -> kp -> n
=

∞∑

n=1

∞∑

k=n

C
M
k

rk−1
0

Ck−n
k−1 ζA

n−1
ζd

k−n



157 APPENDIX A. REFERENCE MEASUREMENTWe reall the known form of the omplex �ux density: BM (ζA) =
∞∑

n=1
C

A
n

(
ζA

r0

)n−1

=
∞∑

n=1

(
ζA
r0

)n−1 ∞∑

k=n

C
M
k

r

k−1−(n−1)

0
Ck−n

k−1 ζd
k−n (A.12)

=
∞∑

n=1

(
ζA
r0

)n−1 ∞∑

k=n

C
M
k Ck−n

k−1

(
ζd
r0

)k−n (A.13)And �nally, the harmoni oe�ient in the quadrupole magneti frame are:
C

A
n =

∞∑

k=n

C
M
k Ck−n

k−1

(
ζd
r0

)k−n (A.14)
=

∞∑

k=n

C
M
k

(k − 1)!

(k − n)!(k − 1 − k + n)!

(
ζd
r0

)k−n (A.15)
=

∞∑

k=n

C
M
k

(k − 1)!

(k − n)!(n− 1)!

(
ζd
r0

)k−n (A.16)
A.5 Some Mahine Physis formulas
µ is the phase advane per ell.

µ =
Tr(M)

2
(A.17)

β =
b

sin µ
> 0 (A.18)

α =
a− d

2 sin µ
(A.19)

γ = − c

sin µ
(A.20)

MF =

(
cos(l

√
k) (1/

√
k) sin(l

√
k)

−
√
k sin(l

√
k) cos(l

√
k)

) (A.21)
MD =

(
cosh(l

√
k) (1/

√
k) sinh(l

√
k)√

k sinh(l
√
k) cosh(l

√
k)

) (A.22)






−−→
OP 1

α = x2 cosα
−→ex +(0 + x2 sinα)−→ez + s−→es

−−→
OP 2

α = x cosα−→ex +(0 + x sinα)−→ez + s2
−→es

−−→
OP 3

α = x1 cosα
−→ex +(0 + x1 sinα)−→ez + s−→es

−−→
OP 4

α = x cosα−→ex +(0 + x sinα)−→ez + s1
−→es







−−→
dl1α0

= ds−→es
−−→
dl2α0

= −dx−→ex
−−→
dl3α0

= −ds−→es
−−→
dl4α0

= dx−→ex

(A.23)
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Figure B.1: Assembling steps



Appendix CWedges Calulation
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Figure C.1: Arm Lever161



C.1. EFFECT ON THE RECTANGULAR WEDGE 162
xQ = hQ sinθ (C.1)
zQ = hQ(1 − cosθ) (C.2)
xL = xQ + lQcosθ (C.3)
zL = zQ + lQsinθ (C.4)C.1 E�et on the retangular wedgeCoordinates of Ri are obtained by replaing lQ by lQ + trect.. Then if θ is negative, hQ must bereplaed by hQ − hrect..

xRi =

(

hQ + hrect
sign(θ) − 1

2

)

sinθ + (lQ + trect)cosθ (C.5)
zRi =

(

hQ + hrect
sign(θ) − 1

2

)

(1 − cosθ) + (lQ + trect)sinθ (C.6)with the funtion signθ returning 1 when θ > 0 and −1 for θ < 0.Hene the thikness to add to the retangular wedge.
tadd
rect. cosθ = xP − xR i (C.7)

= xP −
((

hQ + hrect
sign(θ) − 1

2

)

sinθ + (lQ + trect)cosθ

) (C.8)(C.9)sine θ is very small (few 1/10 of mrad), cosθ ≈ 1 and sinθ ≈ θ Hene
tadd
rect. = xP −

((

hQ + hrect
sign(θ) − 1

2

)

θ + lQ + trect

) (C.10)Then the new thikness of the retangular wedge that takes into aount positioning andangular o�sets of the magneti axis is:
tnew
rect = tinit

rect − xoff + tadd
rect (C.11)With tinit

rect the initial wedge thikness of the measured magnet, xoff the value of the magnetiaxis position along the x diretion.



163 APPENDIX C. WEDGES CALCULATIONC.2 E�et on ylindrial wedges
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Figure C.2: Arm Lever
xCB = xQ + lC cosθ ≈ hQ θ + xC (C.12)
zCB = −tcyl + zQ + lC sinθ ≈ −tcyl + xC θ (C.13)Coordinates of CB1 and CB2 are obtained by replaing xC respetively by xC −Dcyl./2 and

xC +Dcyl./2 and by replaing hQ by hQ + tcyl..Using all these relations it is now possible to determine the thikness of the wedges neessaryto orret both positionning and angular o�set of the magneti axis.
tadd
cyl. cosθ = zCBi − zG (C.14)

tadd
cyl. = −tcyl + (xC − sign(θ)Dcyl./2) θ − zG (C.15)

= (xC − sign(θ)Dcyl./2) θ (C.16)



C.3. EXAMPLE OF WEDGES CALCULATION 164C.3 Example of wedges alulationThe measured defets are:
xoff = 15 µm (C.17)
zoff = 32 µm (C.18)
θoff = −0.24mrad (C.19)The initial wedges are:

trect 0 = 5.025mm (C.20)
tright
cyl 0 = 10.03mm loated at x>0 (C.21)
tleft
cyl 0 = 9.98mm loated at x<0 (C.22)The initial wedges must be mehanially measured before any magneti axis tuning. If the wedgesare not well measured, the alulation developed previously lead to erroneous thikness and tuningbeomes di�ult and long.First the transverse o�set are taken into aount.
trect 1 = trect 0 − xoff = 5.01mm (C.23)
tright
cyl 1 = tcyl 0

right + zoff = 10.062mm (C.24)
tleft
cyl 1 = tcyl 0

left + zoff = 10.03mm (C.25)Then the magneti tilt angle θoff is orreted.
tright add
cyl. = (xright

C +Dcyl./2) θ = (225 + 15) ∗ (−0.24) = −57.6 µm (C.26)
tleft add
cyl. = (xleft

C +Dcyl./2) θ = (−225 + 15) ∗ (−0.24) = 50.4 µm (C.27)The values obtained for the ylindrial wedges show that it is important to take into aountthe point of ontat of wedges (±Dcyl./2). Indeed if Dcyl./2 is not used, symmetrial values areobtained and a residual error remains.Hene,
tright
cyl 2 = tright

cyl 1 + tright add
cyl. = 10.062 − 0.058 = 10.004mm (C.28)

tleft
cyl 2 = tleft

cyl 1 + tleft add
cyl. = 10.03 + 0.050 = 10.08mm (C.29)Correting the tilt angle has displaed the magneti enter horizontally. That is why theretangular wedge must also take it into aount.

tadd
rect. = xP − ((hQ − hrect) θ + lQ + trect 0) (C.30)

= 275 − ((390 − 25) ∗ (−0.24) + 270 + 5.025) = 87.6 µm (C.31)Hene
trect 2 = trect 2 − tadd

rect. = 5.01 + 0.088 = 5.098mm (C.32)If the height of the retangular wedge was not in the formula, it would have introdued anerror of 5 µm.



165 APPENDIX C. WEDGES CALCULATIONC.4 Wedges alulation in the SMB measuring programThe magneti axis harateristis are given by the yellow values at right orner of the interfae.From these values, the thikness of wedges is proposed the three red red box on the left. Whenthese boxes are red, it means that the magneti axis does not �t the spei�ations (see �gureC.3).

Figure C.3: SMB graphial user interfae before magneti axis tuning

Figure C.4: SMB graphial user interfae after magneti axis tuning



C.4. WEDGES CALCULATION IN THE SMB MEASURING PROGRAM 166Then after the wedges hanging, the �gure shows that the quadrupole has its magneti axisproperly tuned. Indeed, the three red boxes beame green and the values of the magneti axisproperties are very small.



Appendix D160 Magneti Flowers
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Figure D.1: 128 Magneti �owers



Appendix ECorretor bumpsE.1 π bump
π bump only need two orretors. It is the simplest on�guration to perform a loal orbit bumpas shown by the �gure E.1. The �rst orretor K1 de�ets the beam of an angle y′1. The strength

s
φ = π

K1 K2

21s Figure E.1: π bumpof the seond orretor (K2) at a phase di�erene of ∆ϕ = π must be alulated to anel thee�et of the �rst orretor. Hene the equations to solve:
[

0
y′2

]

s2

= Ms1/s2
·
[

0
y′1

]

s1

; with ∆ϕ = π (E.1)This leads to a relation between the orretors strength sine they are proportional to thereated angle.
y′2 =

√

β1

β2
y′1 (E.2)However this type of bump is not often used sine it is very di�ult to get two orretorsspaed of a phase π.E.2 Three orretor bumpA third orretor is added to prevent from the phase ondition on orretor of the π bump. Thismakes the loal orbit bump easier to operate. By alulating the strength of the orretors needed169



E.2. THREE CORRECTOR BUMP 170to anel the e�et of the �rst one, these relations are obtained.
y′2 =

√

β1

β2

sin(ϕ3 − ϕ1)

sin(ϕ3 − ϕ2)
y′1 (E.3)

y′3 =

√

β1

β3

(
sin(ϕ3 − ϕ1)

sin(ϕ3 − ϕ2)
− cos(ϕ3 − ϕ1)

)

y′1 (E.4)The bump quality only relies on the auray on the determination of the phases ϕi and the betafuntions βi.
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RésuméDans les aélérateurs de partiules de type synhrotron tels que SOLEIL, le faiseau departiules doit répondre à des ritères toujours plus exigeants a�n d'améliorer les propriétés durayonnement synhrotron émis. Le omportement du faiseau d'életrons dépend notamment desaimants multipolaires de l'anneau de stokage du synhrotron. Parmi eux, les quadrup�les, quiproduisent une indution magnétique quadrupolaire, ont un r�le apital dans la foalisation despartiules du faiseau. Certains défauts de fabriation peuvent introduire des déalages dans laposition de leur axe magnétique et dans l'orientation transverse de l'indution magnétique, e quidétériore la qualité de hamp. Il est don néessaire de quanti�er es défauts et de les orriger.Pour ela, des mesures magnétiques sont mises en oeuvre. Le premier hapitre de e mémoire s'at-tahe prinipalement à expliiter les toléranes imposées aux quadrup�les de l'anneau de stokagedu synhrotron SOLEIL. Dans le seond hapitre, les outils théoriques permettant de mettre enoeuvre la méthode des bobines tournantes sont présentés. Une modélisation est proposée a�n deprévoir les onséquenes des défauts des bobines tournantes sur les harmoniques de l'indutionmagnétique. Une méthode de détetion des défauts du ban de mesures est également présen-tée. Le troisième hapitre est dévolu aux résultats expérimentaux obtenus lors de la mesure desaimants multipolaires (quadrup�les) de l'anneau de stokage de SOLEIL. Dans un dernier ha-pitre, l'alignement basé sur le faiseau (BBA) des quadrup�les et des sextup�les dans l'anneaude stokage est abordé. Cette étape est indispensable ar elle permet de onnaître la position dufaiseau par rapport à son orbite théorique qui peut être dé�nie omme étant l'axe magnétiquedes quadrup�les ou l'axe magnétique des sextup�les. Une méthode de BBA est ii validée dansle as des quadrup�les et une autre est proposée dans le as des sextup�les.Mots lés :Métrologie magnétique, bobines tournantes, quadrup�les d'aélérateur, méthoded'alignement sur le faiseauSummaryIn partile aelerators, more partiularly in synhrotrons like SOLEIL, the partile beam issubmitted to very strit onstraints in order to improve the synhrotron radiation properties. Thebehaviour of the eletron beam depends on the magneti �eld distribution along the mahine,mainly produed by the multipolar magnets of the storage ring (SR). Among them, the SOLEILquadrupoles make the eletron beam very sensitive to their magneti �eld errors due to somemanufaturing defets. In that ontext, two main parameters are very important onerning thequadrupoles : the magneti axis loation and the magneti �eld orientation in the transverseplane. These quantities are to be quanti�ed and orreted by means of magneti measurements.The �rst part of this thesis is mainly devoted to the presentation of the quadrupole onstraintorigin. In that ontext, the aelerator history and a brief review of the existing magneti mea-surement method are presented. In the seond hapter, theoretial tools regarding rotating oilsare detailed. A model is proposed to simulate the e�ets of rotating oil defets on the magne-ti measurements. Then, to quantify these defets, a method is detailed in order to take theminto aount during the measurements. A third hapter is devoted to the magneti measurementbenh set up and to the experimental results of the SR multipolar magnet measurements. Finally,the last hapter deals with the beam-based alignment (BBA) of the SR multipoles. A method isvalidated for quadrupoles and an innovative BBA method is proposed in the ase of sextupoles.Key words : Magneti metrology, rotating oils, aelerator quadrupoles, beam-based align-ment method


