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Résumé: Le collisionneur e+e− est considéré
comme l’un des accélérateurs les plus appro-
priés pour mesurer avec précision les paramètres
du modèle standard aux énergies de Higgs.
Actuellement, existent deux types de collision-
neurs e+e- proposés : les collisionneurs circu-
laires et les collisionneurs linéaires. Les pro-
jets de collisionneurs circulaires e+e− à l’étude
sont : le futur collisionneur circulaire (FCCee)
et le collisionneur circulaire électron-positon
(CEPC). Alternativement, les deux projets de
collisionneurs linéaires e+e− sont : le colli-
sionneur linéaire international (ILC) et le col-
lisionneur linéaire compact (CLIC). Cette thèse
porte sur les collisionneurs linéaires e+e−. Les
deux projets de collisionneurs linéaires e+e−

sont conceptuellement similaires et composés
de sous-systèmes similaires. En partant de la
source de particules jusqu’au point d’interaction
(IP), les principaux sous-systèmes sont : les
sources de positons et d’électrons, l’anneau
d’amortissement (DR), le transport de l’anneau
vers le linac principal (RTML), le linac princi-
pal (ML), et le Beam Delivery System (BDS).
En particulier, le BDS est composé: d’une sec-
tion de diagnostic, d’une section de collimation
de l’énergie et du bêtatron, et d’un Final Fo-
cus System (FFS) où le faisceau est fortement
focalisé jusqu’à plusieurs nanomètres au moyen
d’un Final Doublet (FD) de quadrupôles. La
conception du FFS de l’ILC et du CLIC est

basée sur le schéma de correction de chromatic-
ité locale. Il utilise des paires d’aimants sex-
tupôlaires entrelacés pour corriger simultané-
ment les chromaticités horizontales et verticales.
L’Accelerator Test Facility 2 (ATF2) à KEK
(Japon) est une mise en œuvre à une énergie
plus bas d’un BDS comme ceux de l’ILC ou du
CLIC, comprenant un système FFS. Au cours
des dernières années, les réalisations uniques
et exceptionnelles de l’ATF2 ont déjà vérifié
la faisabilité technique minimale du FFS des
collisionneurs linéaires tels que ILC ou CLIC.
Cette thèse porte sur l’optimisation du système
CLIC FFS pour le premier étage énergétique
avec une énergie du centre de masse de 380
GeV. Dans la première partie, l’étude du rac-
courcissement de la FD pour réduire la chro-
maticité et une conception optique alternative
avec un nouveau profil de dispersion dans la
FFS est présentée. Dans la deuxième partie,
les études analytique et expérimentale d’une op-
tique FFS de type CLIC pour ATF2, appelée
“optique ultra-low β∗” sont rapportées. Ces
études comprennent : une nouvelle technique
d’alignement des octupôles, un nouvel ensem-
ble de “knobs” de réglage à “ultra-low β∗” pour
mieux contrôler les aberrations et une nouvelle
stratégie de réglage alternative comprenant les
erreurs statiques effectuées lors des campagnes
expérimentales ATF2 en juin 2019, décembre
2019 et mars 2020.
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Abstract: The e+e− collider is considered as
one of the most suitable accelerator to pre-
cisely measure the Standard Model parameters
at Higgs energies. Currently, there are two
kinds of e+e− colliders proposed: the circu-
lar and the linear colliders. The e+e− circu-
lar colliders projects under study are: the Fu-
ture Circular Collider (FCCee) and the Circu-
lar electron-positron Collider (CEPC). Alterna-
tively, the two e+e− linear colliders projects are:
the International Linear Collider (ILC) and the
Compact Linear Collider (CLIC). This PhD is
focused in the e+e− linear colliders. Both e+e−

linear colliders projects are conceptually simi-
lar and composed of similar sub-systems. Start-
ing from the particles source to the Interac-
tion Point (IP) the main sub-systems are: the
positron and the electron sources, the Damping
Ring (DR), the Ring to Main Linac transport
(RTML), the Main Linac (ML), and the Beam
Delivery System (BDS). In particular the BDS
is composed of: a diagnostic section, an energy
and a betatron collimation sections, and a Final
Focus System (FFS) where the beam is strongly
focused down to several nanometers by means of
a Final Doublet (FD) of quadrupoles. The de-
sign of the FFS of both ILC and CLIC is based

on the local chromaticity correction scheme. It
uses an interleaved pairs of sextupole magnets to
simultaneously correct the horizontal and verti-
cal chromaticities. The Accelerator Test Facility
2 (ATF2) at KEK (Japan) is an energy-scaled
down implementation of a linear collider BDS
like the ILC or CLIC ones, including a FFS sys-
tem. During the last years the unique and out-
standing ATF2 achievements have already ver-
ified the minimum technical feasibility of the
FFS of linear colliders such as ILC or CLIC.
This thesis focuses on the optimization of the
CLIC FFS system for the first energy stage with
a center-of-mass energy of 380 GeV. In the first
part the study of shortening the FD to reduce
chromaticity and an alternative optics design
with a novel dispersion profile in the FFS is pre-
sented. In the second part the analytical and ex-
perimental tunability studies of a CLIC-like FFS
optics for ATF2, called “ultra-low β∗ optics” is
reported. These studies include: new alignment
technique for the octupoles, new set of ultra-
low β∗ tuning knobs to better control the aber-
rations and new alternative tuning strategy in-
cluding the static errors performed during the
ATF2 experimental campaigns in June 2019,
December 2019, and March 2020.





Synthèse en français

Le collisionneur e+e− est considéré comme l’un des accélérateurs les plus appropriés pour
mesurer avec précision les paramètres du modèle standard aux énergies du Higgs. Actuelle-
ment, existent deux types de collisionneurs e+e− proposés: les collisionneurs circulaires
et les collisionneurs linéaires. Les projets de collisionneurs circulaires e+e− à l’étude
sont: le futur collisionneur circulaire (FCCee) et le collisionneur circulaire électron-positon
(CEPC). Dans un premier temps, le FCCee vise à fournir des collisions e+e− pour des
énergies comprises entre 90 et 400 GeV et, à terme, offre la possibilité d’héberger un col-
lisionneur de hadrons appelé FCC-hh avec c.o.m. de 100 TeV. Le CEPC est un projet
de collisionneur e+e− en Chine qui cible les énergies du centre de masse compris entre
90 et 240 GeV. Alternativement, les deux projets de collisionneurs linéaires e+e− sont le
Collisionneur linéaire compact (CLIC) et l’International Linear Collider (ILC). CLIC of-
fre une grande extensibilité énergétique du centre de masse, de 380 GeV à 3 TeV, et ILC
vise à fournir les collisions avec des énergies comprises entre 250 GeV et 500 GeV avec
une éventuelle mise à niveau jusqu’à 1 TeV. La principale différence entre le collisionneur
linéaire et circulaire réside dans l’approche utilisée pour accélérer les particules. Dans un
collisionneur circulaire, le faisceau est accéléré dans l’anneau et traverse plusieurs fois la
structure de l’accélérateur jusqu’à ce que l’énergie souhaitée soit atteinte. Dans le collision-
neur linéaire, le faisceau ne se propage qu’une seule fois à travers la structure accélératrice.
Les collisionneurs circulaires peuvent accueillir plus d’une expérience, mais l’énergie max-
imale est limitée par les pertes dues au rayonnement synchrotron (SR). Afin de pouvoir
fournir l’énergie aux particules légères, telles que les électrons (avec l’énergie de repos de
511 keV), il faut avoir un rayon d’anneau suffisamment grand. Dans le cas du FCCee, la
circonférence de l’anneau devrait être de 100 km. Les collisionneurs circulaires surpassent
les collisionneurs linéaires à basse énergie, mais ils ne peuvent pas fournir la même extensi-
bilité énergétique que les collisionneurs linéaires en raison de SR. Cela s’applique également
au coût total de la machine. Le coût estimé du collisionneur linéaire évolue linéairement
avec l’énergie, et dans le cas du collisionneur circulaire, il est quadratique sur l’énergie. De
plus, les faisceaux pourraient être polarisés dans des collisionneurs linéaires, ce qui améliore
considérablement la précision des mesures. Cette thèse se concentre uniquement sur les
collisionneurs linéaires e+e−. Les deux projets de collisionneurs linéaires e+e− de l’ILC et
du CLIC sont conceptuellement similaires et composés de sous-systèmes similaires. Partant
de la source des particules jusqu’au point d’interaction (IP), les principaux sous-systèmes
sont les sources de positrons et d’électrons, l’anneau d’amortissement (DR), le transport



vi

de l’anneau vers le linac principal (RTML), le linac principal (ML), et le Beam Delivery
System (BDS). En particulier, le BDS est composé: d’une section de diagnostic, de sec-
tions d’énergie et de collimation des bêtatrons, et d’un Final Focus System (FFS) où le
faisceau est fortement focalisé jusqu’à plusieurs nanomètres au moyen d’un Final Doublet
(FD) de quadrupôles. La conception du FFS de l’ILC et du CLIC est basée sur le schéma
de correction de chromaticité locale. Il utilise des paires entrelacées d’aimants sextupôles
pour corriger simultanément les chromaticités horizontales et verticales. Le sextupôle “ap-
parié” assure l’annulation des aberrations géométriques, et la dispersion est produite par
les dipôles situés entre les deux. L’Accelerator Test Facility 2 (ATF2) à KEK (Japon) est
une mise en œuvre à énergie réduite d’un collisionneur linéaire BDS, comme ceux de l’ILC
ou du CLIC, y compris un système FFS. Au cours des dernières années, les réalisations
uniques et exceptionnelles d’ATF2 ont déjà vérifié la faisabilité technique minimale du FFS
de collisionneurs linéaires tels que ILC ou CLIC. Cette thèse couvre sur l’optimisation du
FFS de CLIC à 380 GeV et les études d’implémentation de l’optique “ultra-low β∗y ” à
ATF2. Dans la première partie, l’étude du raccourcissement du FD pour réduire la chro-
maticité et une conception d’optique alternative avec un nouveau profil de dispersion dans
le FFS est expliquée. Dans la deuxième partie, les études analytiques et expérimentales
d’accordabilité d’une optique FFS de type CLIC pour ATF2, appelée optique “ultra-low”
β∗ sont rapportées. Ces études incluent une nouvelle technique d’alignement pour les oc-
tupôles, un nouvel ensemble de “knobs” de réglage “ultra-low β∗” pour un meilleur contrôle
des aberrations, et une nouvelle stratégie de réglage alternative, y compris les erreurs sta-
tiques effectuées lors des campagnes expérimentales ATF2 en juin 2019, décembre 2019 et
mars 2020.

La première partie du travail consiste à optimiser l’optique FFS de CLIC à l’étage
d’énergie initiale de 380 GeV. La partie cruciale du FFS est le FD. Il est composé de 2
quadrupôles, à savoir QF1 et QD0. QD0 est le dernier quadrupôle avant IP. La distance
entre QD0 et IP est de L∗, et dans le cas de CLIC, elle est de 6 m pour les deux options
380 GeV et 3 TeV. Pour cette valeur de L∗, QD0 est situé complètement à l’extérieur du
détecteur, et une telle conception est généralement appelée optique “Longer L∗”. Il est
maintenant considéré comme une référence pour CLIC, et les études antérieures ont été
consacrées à la mise à l’échelle de l’ancien FFS avec L∗ de 4.3 m vers la nouvelle version avec
6 m. Cependant, il a également été indiqué que QF1 et QD0, dans une telle conception,
ont une force magnétique inférieure à celle du reste des aimants BDS. Il est également
bien en dessous de la limite que QD1 et QD0 peuvent supporter. Le champ de “pole tip”
de QF1 et QD0 est estimé à 0.23 T et 0.68 T. Dans le cas particulier de l’aimant QD0
de conception “hybride”, le champ pourrait atteindre 2.2 T. Nous avons décidé de réduire
la longueur de QF1 et QD0 pour équilibrer leurs forces et réduire la chromaticité qu’ils
génèrent. Ces manipulations affectent l’optique du faisceau et par conséquent la taille et
la luminosité du faisceau à l’IP. Donc, tout d’abord, nous avons réapparié les forces des
quadrupôles dans le FFS pour fournir les paramètres Twiss conçus à l’IP. Pour cela, nous
avons utilisé MAD-X. Le schéma de correction de chromaticité locale nécessite que la même
quantité de chromaticité horizontale soit générée en amont que celle générée par le FD. Il
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est nécessaire d’annuler simultanément la chromaticité horizontale et la dispersion d’ordre
2em. Les modifications des forces des quadrupôles dans le FFS ont changé l’équilibre des
chromaticités, il faut donc le restaurer. Dans le même temps, tout changement dans les
forces FD affecterait directement les paramètres Twiss à l’IP, donc la seule option est
de modifier le réseau en amont du FD. Nous avons étudié comment la petite taille du
faisceau à l’IP change lorsque la chromaticité horizontale en amont n’est pas optimale.
Le modèle analytique évalué dans cette thèse montre que la plus petite taille de faisceau
de second ordre pouvant être obtenue avec les sextupôles est une fonction quadratique
de la chromaticité horizontale en amont. Cela signifie qu’en évaluant la taille du faisceau
pour l’ensemble des chromaticités en amont, nous pouvons estimer l’optimum en appliquant
l’ajustement parabolique. La valeur obtenue doit être proche de la chromaticité horizontale
FD. Pour régler la chromaticité différente en amont, on modifie la distance entre le FD
et les dipôles situés en amont. Il permet de changer le niveau des fonctions bêta dans le
FFS, ce qui a un impact direct sur la chromaticité. Pour chaque valeur de chromaticité,
nous adaptons les paramètres de Twiss à l’IP et réduisons autant que possible la taille du
faisceau de second ordre vers la cible. Pour estimer la taille du faisceau, nous utilisons
Mapclass. Il prend la carte de transfert entre l’entrée BDS et l’IP et renvoie la taille du
faisceau. La carte de transfert est évaluée avec MAD-X et PTC. La plus petite taille de
faisceau est ensuite trouvée en itérant les forces des sextupôles dans MAD-X. Pour trouver
la chromaticité optimale en amont, nous avons dû déplacer le FD de 4.75 m plus loin des
dipôles. De plus, nous optimisons la taille du faisceau à l’IP en utilisant la carte de transfert
de cinquième ordre. Ceci est fait pour s’assurer que les aberrations d’ordre élevé sont
également supprimées. Habituellement, il sature à partir du cinquième ordre. Les tailles
de faisceau obtenues sont σ∗x = 143.02 nm et σ∗y = 2.59 nm. La taille du faisceau cible ou
dite linéaire (évaluée à partir des paramètres de Twiss) est σ∗x = 143 nm et σ∗y = 2.38 nm. En
comparaison avec l’optique du FD d’origine, on n’a plus besoin d’octupôles. La luminosité
évaluée pour cette optique à l’aide de Placet et Guinea-Pig est de 1.66×1034 cm-2s-1. La
luminosité peak ou la luminosité qui inclut uniquement les collisions avec une énergie de
collision qui ne diffère pas de l’énergie cible de plus de 1 % est de 0.96 ×1034 cm-2s-1. Plus
la dispersion aux emplacements des sextupôles est grande, plus les sextupôles sont faibles
pour annuler la chromaticité, et plus les aberrations sont faibles à l’IP. D’autre part, un
niveau de dispersion élevé nécessite des dipôles plus puissants et conduit finalement à une
perte d’énergie et à une croissance de l’émittance du faisceau en raison de la SR. Ces deux
effets doivent être équilibrés afin d’atteindre la luminosité la plus élevée. Pour trouver
l’optimum, nous modifions le niveau de dispersion par étapes en mettant à l’échelle les
angles de courbure des dipôles dans le FFS et en évaluant la luminosité. Dans les calculs,
les champs dipolaires ont été balayées dans la plage relative de 0.37 à 1.31 de leur intensité
d’origine avec un pas de 6.25 %. Pour chaque force de dipôle, nous réapparions les forces
des sextupôles en minimisant la taille du faisceau de cinquième ordre, puis évaluons la
luminosité. Au scan, on a obtenu que le gain de luminosité était négligeable, on a donc
gardé la même dispersion. Bien que la luminosité obtenue soit la même que dans la
conception avec le FD d’origine, la nouvelle optique a une plus grande bande passante
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d’énergie et ne nécessite plus d’octupôles. De plus, il a été trouvé qu’en inverse la force
de l’un des quadrupôles du FFS, à savoir QD6B, un nouveau profil de dispersion peut être
établie pour le FFS. Il fournit une dispersion supérieure de 20 % dans la région FD pour les
mêmes angles de flexion et pourrait éventuellement permettre d’assouplir les paramètres
du sextupôle. Pour explorer les avantages possibles, nous devons réadapter l’optique à
nouveau. Comme pour l’optique précédente, nous adaptons les paramètres de Twiss à
l’IP et effectuons le balayage de la chromaticité horizontale en amont. Mais dans ce cas,
nous effectuons les deux simultanément en définissant la contrainte sur la chromaticité en
amont à l’intérieur de la correspondance de Twiss. La chromaticité est estimée à partir de
l’approximation de la lentille mince. En appliquant l’ajustement parabolique au scan, nous
avons réussi à réduire la taille du faisceau à l’IP à σ∗x = 144.31 nm et σ∗y = 3.92 nm. On
peut remarquer qu’ils sont loin de la cible. En étudiant comment la taille du faisceau à l’IP
dépend de l’ordre de la carte de transfert, nous avons conclu qu’il fallait en outre ajuster
l’emplacement du sextupôle SD5 et introduire la paire de décapoles. Le premier est fait
pour traiter les termes de couplage du troisième ordre dans la taille du faisceau vertical.
Dans les calculs, SD5 est décalé d’un pas de 1 m suivit de l’adaptation de la taille du
faisceau du cinquième ordre. L’optimum a été trouvé à environ 6 m loin de l’emplacement
d’origine, vers l’IP. Et les décapoles sont nécessaires pour corriger les aberrations résiduelles
du quatrième ordre dans les plans horizontaux et verticaux. Après ces optimisations, les
tailles de faisceau sont de 143.82 nm × 2.67 nm. Enfin, le balayage de dispersion a montré
que nous pouvons détendre les angles de courbure des dipôles de 12.5 % pour maximiser
les luminosités: Ltotal = 1.74×1034 cm -2s-1 et Lpeak = 1.01×1034 cm-2s-1. C’est 5% plus
grand que la luminosité maximale que nous avions dans les conceptions précédentes. Le
principal inconvénient de cette optique est la plus petite bande passante d’énergie de 0.3%
par rapport à 0.35% et 0.42% pour l’optique avec FD d’origine et FD court, respectivement.
Enfin, nous avons vérifié que deux nouvelles optiques sont compatibles avec la conception
actuelle de la section de collimation du bêtatron. Dans le BDS, il a l’intention de nettoyer
le halo du faisceau de sorte que ni les particules ni les photons émis n’atteignent QF1, QD0
ou l’intérieur parti du détecteur. Dans la conception actuelle, il supprime les particules
avec des décalages transversaux supérieurs à 15σx dans le plan horizontal et 55σy dans
le plan vertical. En simulant le halo du faisceau et en le suivant à travers la région FD
et IP, nous avons vérifié que la collimation fonctionne avec la nouvelle optique. Nous
avons également évalué l’ouverture pour l’ensemble du BDS et pour les quadrupôles FD
en particulier. Nous avons fixé les gradients de QF1 et QD0 à 13.3 T/m et 73.7 T/m,
respectivement. Leurs champs de pointe polaire sont évalués à 0.51 T pour QF1 et 1.99 T
pour QD0.

La deuxième partie du travail se concentre sur les études de réglage de l’ATF2 au
KEK. ATF2 a été construit en 2009 en prolongeant la ligne d’extraction ATF avec une
ligne de lumière de test FFS. L’optique de l’ATF2 est une version à l’échelle de l’optique
FFS à utiliser en ILC. Cette optique est appelée optique nominale. À la fin du FFS,
une “IP virtuelle” est située au point de focalisation du FD. L’un des principaux objectifs
d’ATF2 est de réduire le faisceau d’électrons au niveau du nanomètre dans le plan vertical
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à l’adresse IP virtuelle. Le but de mon étude est de prouver l’accordabilité du FFS avec un
niveau de chromaticité similaire à celui du CLIC. Pour cette raison, une optique spécifique
est utilisée, appelée optique “ultra-low βy”, qui fonctionne à une fonction bêta IP verticale
quatre fois plus petite par rapport à l’optique ATF2 nominale. La taille du faisceau vertical
cible pour l’optique nominale est de 37 nm, tandis que pour l’optique “ultra-low βy”, elle
est d’environ 20 nm. Pour ce faire, il faut l’instrumentation appropriée pour mesurer une
taille de faisceau aussi minuscule. Pour cela, ATF2 a adopté une version améliorée d’un
moniteur Shintake, précédemment utilisé à la FFTB. Il permet de mesurer les tailles de
faisceau dans la plage de 6 µm à 25 nm, et il est crucial pour les opérations de réglage
de la taille du faisceau. Pour régler la taille du faisceau, nous utilisons un ensemble
de soi-disant "knobs" de réglage pour corriger les aberrations au niveau de l’IP virtuelle.
Chaque “knob” corrige indépendamment les aberrations associées et utilise soit les décalages
transversaux des sextupôles, soit leurs variations de force. Dans les opérations de réglage
passées avec une optique “ultra-low βy”, nous avons utilisé les “knobs” de réglage conçus
pour l’optique nominale. Afin d’améliorer l’efficacité du réglage, nous construisons les
“knobs” de réglage spécifiquement pour l’optique “ultra-low”. Dans les simulations, nous
avons décalé chaque sextupôle dans la ligne de lumière ATF2 et observé le changement de
la corrélation des coordonnées à l’IP. De plus, nous construisons les matrices de réponse
pour chaque décalage. Les “knobs” sont évalués en appliquant la décomposition en valeurs
singulières (SVD) sur les matrices de réponse. De plus, nous les normalisons de manière à
ce que l’amplitude 1.0 du “knob” corresponde à la contribution de la taille du faisceau de
100 nm. Nous appelons ces “knobs” des “knobs” linéaires car ils corrigent les décalages de
taille, la dispersion et le couplage. Les non linéaires sont construits de manière similaire sur
les variations de forces des sextupôles. Ils sont destinés à corriger la chromaticité verticale,
les aberrations géométriques, etc. Pour s’assurer que les “knobs” ont été correctement
construits, nous avons vérifié qu’ils sont orthogonaux. Ensuite, nous les avons testés dans
les simulations de réglage pour explorer les avantages possibles de l’utilisation d’un nouvel
ensemble de “knobs” de réglage à ATF2. Nous avons réalisé cela avec le logiciel écrit en
langage de script Python, qui utilise Mapclass et est interfacé à MAD-X et PTC. Nous
avons pris en compte les désalignements des aimants et des BPM, les rouleaux, les erreurs
de force, la précision BBA et les erreurs de lecture pour les erreurs statiques. Par souci
de comparaison, nous effectuons également les simulations de réglage avec les “knobs”
nominales. Dans les deux cas, la valeur médiane est d’environ 26 nm. Néanmoins, une
amélioration apparaît pour les tailles de faisceau supérieurs à 70 nm. Le réglage avec
les “knobs” “ultra-low” est plus résistant au blocage d’une grande taille de faisceau (>
70-100 nm). Le pourcentage de machines qui n’ont pas atteint 100 nm lorsqu’elles sont
réglées avec les nouveaux “knobs” est de 4 %, contre 12 % lorsque des “knobs” nominaux
sont utilisés. Suite à l’installation de la paire d’octupôles en 2017, l’étude de la technique
d’alignement efficace était en cours. Les octupôles sont d’une extrême importance pour
l’optique “ultra-low” car ils peuvent annuler les aberrations chromatiques du troisième
ordre. Les sources dominantes de ces aberrations sont les composantes multipolaires du
QD0FF (le dernier quadrupôle avant l’IP virtuelle) et les champs marginaux dans le FD.
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Dans cette thèse, nous avons étudié les différentes possibilités d’alignement des octupôles.
Il comprend le Beam-Based Alignment (BBA) traditionnel et la nouvelle technique basée
sur le mouvement de point focalize à l’IP virtuelle. Un octupôle mal aligné génère un
coup de pied quadrupolaire normal, qui se propage à l’IP virtuel et provoque un décalage
longitudinal de la point focalize. Le changement de point focalise est ensuite mesuré en
effectuant le scan du “knob” dédié avec le moniteur Shintake. Alors que l’application du
BBA traditionnel pourrait être problématique en raison de la précision limitée des BPM et
également en raison de la gigue, le nouvel alignement avec le décalage de la taille offre une
précision d’environ 100 µm. Trois campagnes dédiées de réglage optique “ultra-low βy” ont
été réalisées au cours de cette thèse en juin 2019, décembre 2019 et mars 2020. En juin
2019, la taille du faisceau a été réduite à 51±6 nm et s’est stabilisée au niveau de 60 nm
pendant une longue période. Malheureusement, le dernier mode de l’IPBSM, qui permet de
mesurer la taille du faisceau dans la gamme 25-100 nm, n’était pas accessible en décembre
2019 et mars 2020. Ainsi, dans ces deux opérations, le faisceau a été réglé jusqu’à environ
<100 nm. De plus, lors de ces sessions de réglage, un alignement OCT2FF utilisant le
mouvement de point focalise a été effectué et le centre magnétique a été évalué à (87±135,
78±49) µm en décembre 2019 et (-161±57, 128±108) µm en mars 2020. Pour explorer
le potentiel de réglage des octupôles, des performances stables du moniteur Shintake sont
nécessaires. En décembre 2019, les performances de la machine ont été gâchées par la
présence de dérives d’orbite rapides qui n’ont pas pu être compensées par la rétroaction.
Le premier test des nouveaux “knobs” de réglage a été effectué en décembre 2019, et toute la
session de réglage de mars 2020 a été effectuée avec des “knobs” “ultra-low”. Ces nouveaux
“knobs” de réglage se sont avérés plus robustes pour le réglage du faisceau et semblent
prometteurs pour les futures opérations de réglage du faisceau.



Abstract

The e+e− collider is considered as one of the most suitable accelerator to precisely measure
the Standard Model parameters at Higgs energies. Currently, there are two kinds of e+e−

colliders proposed: the circular and the linear colliders. The e+e− circular colliders projects
under study are: the Future Circular Collider (FCCee) and the Circular electron-positron
Collider (CEPC). Alternatively, the two e+e− linear colliders projects are: the International
Linear Collider (ILC) and the Compact Linear Collider (CLIC). This PhD is focused in
the e+e− linear colliders. Both e+e− linear colliders projects are conceptually similar and
composed of similar sub-systems. Starting from the particles source to the Interaction
Point (IP) the main sub-systems are: the positron and the electron sources, the Damping
Ring (DR), the Ring to Main Linac transport (RTML), the Main Linac (ML), and the
Beam Delivery System (BDS). In particular the BDS is composed of: a diagnostic section,
an energy and a betatron collimation sections, and a Final Focus System (FFS) where
the beam is strongly focused down to several nanometers by means of a Final Doublet
(FD) of quadrupoles. The design of the FFS of both ILC and CLIC is based on the
local chromaticity correction scheme. It uses an interleaved pairs of sextupole magnets
to simultaneously correct the horizontal and vertical chromaticities. The Accelerator Test
Facility 2 (ATF2) at KEK (Japan) is an energy-scaled down implementation of a linear
collider BDS like the ILC or CLIC ones, including a FFS system. During the last years the
unique and outstanding ATF2 achievements have already verified the minimum technical
feasibility of the FFS of linear colliders such as ILC or CLIC. This thesis focuses on the
optimization of the CLIC FFS system for the first energy stage with a center-of-mass
energy of 380 GeV. In the first part the study of shortening the FD to reduce chromaticity
and an alternative optics design with a novel dispersion profile in the FFS is presented.
In the second part the analytical and experimental tunability studies of a CLIC-like FFS
optics for ATF2, called “ultra-low β∗ optics” is reported. These studies include: new
alignment technique for the octupoles, new set of ultra-low β∗ tuning knobs to better
control the aberrations and new alternative tuning strategy including the static errors
performed during the ATF2 experimental campaigns in June 2019, December 2019, and
March 2020.
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Chapter 1

Introduction to FFS systems of FLCs

1.1 Introduction
Particle colliders are of paramount importance for High Energy Physics (HEP) advances.
All the heavier particles of the Standard Model (SM) have been produced in the colliders.
In particular, the tau lepton and the charm quark at SPEAR [1] in the 70s, the W± and
Z0 bosons at the SppS [2] in the 80s, the top quark at the Tevatron in the 90s [3], and
recently in 2012 the Higgs boson at the LHC [4, 5]. Currently, LHC is being prepared for
its Run 3 (2022), where the integrated luminosity is expected to be approximately 350 fb-1

for the collisions with a center-of-mass energy of 13-14 TeV. After Run 3, a major LHC
upgrade is foreseen to occur in 2025, referred to as High Luminosity LHC (HL-LHC) [6].
After the upgrade, the luminosity is expected to increase by more than a factor of 5 with
respect to the nominal luminosity.

As discussed in the key points of the 2020 Update of the European Strategy for Particle
Physics, the next e+e− collider or a so-called Higgs factory is a priority for the HEP
community in the “post-LHC” period [7]:

“An electron-positron Higgs factory is the highest-priority next collider. For the longer
term, the European particle physics community has the ambition to operate a proton-proton
collider at the highest achievable energy. Accomplishing these compelling goals will require
innovation and cutting-edge technology:

• the particle physics community should ramp up its R&D effort focused on advanced
accelerator technologies, in particular, that for high-field superconducting magnets,
including high-temperature superconductors;

• Europe, together with its international partners, should investigate the technical and
financial feasibility of a future hadron collider at CERN with a centre-of-mass energy
of at least 100 TeV and with an electron-positron Higgs and electroweak factory as a
possible first stage. Such a feasibility study of the colliders and related infrastructure
should be established as a global endeavour and be completed on the timescale of the
next Strategy update.



2 Chapter 1. Introduction to FFS systems of FLCs

The timely realisation of the electron-positron International Linear Collider (ILC) in Japan
would be compatible with this strategy and, in that case, the European particle physics com-
munity would wish to collaborate.”

Such a collider is more suitable for the precise measurements of the SM parameters due
to the lower experimental background among others. Currently, two kinds of e+e− colliders
at Higgs energies are being proposed: the circular and the linear ones. In the case of the
circular collider, two projects are under study: the Future Circular Collider (FCC) [8] and
the Circular Electron Positron Collider (CEPC) [9]. In a first step the FCCee aims to
provide e+e− collisions for energies between 90 and 400 GeV and, in the long-term, offers
the possibility to host a hadron collider called FCC-hh with c.o.m. of 100 TeV [10]. The
CEPC is a project of e+e− collider in China that targets center-of-mass energies in the
range between 90 and 240 GeV. Alternatively, the two projects of linear e+e− colliders :
the Compact Linear Collider (CLIC) [11] and the International Linear Collider (ILC) [12].
CLIC offers a great center-of-mass energy extendability, from 380 GeV up to 3 TeV and
ILC aims to provide the collisions with the energies between 250 GeV and 500 GeV with
the possible upgrade up to 1 TeV.

The main difference between the linear and circular collider is in the approach used to
accelerate the particles. In a circular collider, the beam is accelerated in the ring and passes
through the accelerator structure multiple times until the desired energy is reached. In the
linear collider, the beam propagates through the accelerating structure only once. Circular
colliders can host more than one experiment, but the maximum energy is limited by the
losses due to the Synchrotron Radiation (SR). As discussed in Sec. 1.4.5, the instantaneous
radiated power by a bent particle is given by: Pγ ∝ E4/(ρ2m3). In order to be able to
deliver the energy to light particles, such as the electrons (rest energymec

2 = 511 keV), one
needs to have a large enough ring radius. In the case of the FCCee, the ring circumference
is expected to be 100 km.

The luminosity over the center-of-mass energy for the proposals of the future Higgs
factories are shown in Fig. 1.1. While circular colliders surpass the linear colliders at low
energies, they cannot provide the same energy extendibility as the linear colliders due to
SR. It also applied to the total cost of the machine. The estimated cost of the linear collider
scales linearly with the energy, and in the case of the circular collider, it is quadratic on
the energy. Furthermore, beams could be polarized in linear colliders, which significantly
improves the measurement precision.

1.1.1 Linear Collider main sub-systems

Both proposals of e+e− linear colliders, CLIC, and ILC are conceptually similar and com-
posed of similar sub-systems. The typical structure of a half-linear collider, starting from
the particles source to the Interaction Point (IP) is shown in Fig. 1.2.
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Figure 1.1: Design luminosities for the future e+e− colliders as function of the
center-of-mass energy [13].

Figure 1.2: Schematic layout of a half-linear collider [14].
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Figure 1.3: Schematic representation of the electron beams production at CLIC [11].

Figure 1.4: Schematic representation of the positron beams production for CLIC
500 GeV [11].

e− and e+ sources

The e− are extracted from a cathode through the interaction with an intense laser in a DC
gun as shown in Fig. 1.3 taking CLIC as an example. After, the beam is pre-bunched and
pre-accelerated to meet the requirements of the Damping Ring (DR).

The production of e+ is based on the process of e+e− pair production and has a different
implementation in CLIC and ILC. At CLIC, the photon beam is generated in the crystal
by axial channeling radiation. After, the photons hit an amorphous tungsten target, where
positrons are extracted (see Fig. 1.4). In the case of ILC, the photon beam is produced
when the electron beam passes through the superconducting helical undulator. The e+e−

pairs are generated after the photons interact with the Ti-alloy target. In both projects,
the electron beam can be polarized if needed.

Damping Rings (DR)

In the DRs, the transverse emittance of the e− and e+ beams is reduced by several orders
of magnitude by means of damping. The energy that the beam losses in the bending
sections and in the dedicated wigglers is compensated only in the longitudinal plane. Small
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Figure 1.5: Schematic layout of the CLIC 500 GeV main Damping Ring [11].

Figure 1.6: Sketch of the RTML system for CLIC 380 GeV [15].

emittances are needed to achieve the nanometer-level beam size at the Interaction Point
(IP). The schematic layout of the DR for CLIC 500 GeV is shown in Fig. 1.5.

Ring to Main Linac Transport (RTML)

The RTML system transports the beams from the DR to the entrance of the Main Linac. It
serves several goals: preserve the small emittance from the DR, increase the beam energy,
and reduce the bunch length by means of bunch compressors. The schematic layout of
RTML of CLIC 380 GeV is shown in Fig. 1.6 as example.

Main Linac (ML)

In the ML, the beams are accelerated to the design energy while keeping the small emit-
tance. It is composed of multiple sections of the coupled Radio-Frequency (RF) cavities.
In the case of ILC, 1.3 GHz superconducting RF (SCRF) cavities with an average gradient
of 31.5 MV/m are planned to be used (see Fig. 1.7). Alternatively, CLIC utilizes normal
conducting RF (NCRF) cavities with an average gradient of 72 MV/m achieved by means
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Figure 1.7: ILC SC RF cavity [12] (left) and CLIC NC RF cavity [11] (right).

Figure 1.8: Front view of the pre-assembled PETS (left) composed of 8 octants
(right) [11].

of a two-beam acceleration scheme. In this case, the power extracted in the Power Ex-
traction and Transfer structure (PETS) (see Fig. 1.8) from the decelerated Drive Beam is
delivered to the Main Beam.

Beam Delivery System (BDS)

The BDS transports the beam towards the IP. It comprises several sub-systems: the di-
agnostic section, the energy collimation, the betatron collimation, and the Final Focus
System (FFS). As an example, the schematic layout of the BDS for CLIC 380 GeV is
shown in Fig. 1.9. In the energy collimation, the particles with an energy offset larger
than the designed value are removed from the beam. Similarly, the betatron collimation
is designed to remove the halo particles with too large transverse offsets. In the FFS, the
beam is strongly focused down to several nanometers with a pair of quadrupoles QF1 and
QD0, referred to as a Final Doublet (FD). Since the beam coming from the ML is not fully
monochromatic, the particles with different energies are focused differently, producing a
wide spot at the IP. In this sense, the FFS is one of the most challenging systems of a LC
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Figure 1.9: Layout (top) and optics (bottom) of the Beam Delivery system for
CLIC 380 GeV. In the top figure, dipoles are shown in blue, quadrupoles in red, and
sextupoles in green.

due to its extremely large beta functions (see Fig. 1.9 (bottom)). Hence, the design of the
FFS is driven by the need to correct the chromatic effects, mainly produced in the FD.
Both CLIC and ILC adopted a FFS design with a local chromaticity correction scheme [16],
see Fig. 1.10. The full details of such an optics are described in Sec. 1.4.4.

1.2 Overview of current FLCs Projects

1.2.1 The International Linear Collider

The International Linear Collider [12] is a future e−e+ linear collider to be located in
Japan. It relies on an ML composed of 1.3 GHz SCRF accelerating cavities with an
average gradient of 31.5 MV/m. The same technology is implemented in the accelerating
cavities of XFEL at DESY [17]. ILC aims to provide e−e+ collisions at the IP with a
baseline configuration at 250 GeV and with potential upgrades up to 500 GeV and 1 TeV.
The main parameters of the ILC are summarized in Tab. 1.1 and the schematic layout of



8 Chapter 1. Introduction to FFS systems of FLCs

Figure 1.10: Schematic layout of the FFS with local chromaticity correction scheme
[16].

Figure 1.11: Schematic layout of the ILC with the center-of-mass energy of 250 GeV.

the baseline configuration at 250 GeV is shown in Fig. 1.11. The ILC is configured to host
two detectors in a “push-pull” configuration sharing the same IP. Both detectors will be
mounted on movable platforms, which would allow switching between the detectors within
24 hours.

1.2.2 The Compact Linear Collider

The Compact Linear Collider (CLIC) [11] is a future linear e−e+ collider to be located at
CERN, aiming to provide e−e+ collisions up to 3 TeV center-of-mass energy [18]. In the
recent update of the CLIC staging strategy [19], the initial stage of the project is foreseen
to be at 380 GeV, with further upgrades to 1.5 TeV and 3 TeV as shown in Fig. 1.12. The
BDS at 380 GeV was obtained by scaling down the 500 GeV lattice [20] introduced in the
CDR. The physics potential of operating at 380 GeV is discussed in detail in [21]. The
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Table 1.1: Summary table of the key parameters of ILC.

Center-of-mass energy [GeV] 250 500 1000
Normalized emittance (IP) εn,x/εn,y [nm] 5000/35 10000/20 10000/30
IP beam size σ∗x/σ∗y [nm] 551/7.7 474/5.9 335/2.7
Bunch length σz [µm] 300 300 225
Number of particles in one bunch N [×1010] 2.0 2.0 1.737
Number of bunches in one train Nb 1312 1312 2450
Repetition rate f [Hz] 5 5 4
Bunch separation ∆tb [ns] 554 554 366
Pulse length τRF [ms] 200 200 200
Total luminosity L [1034cm-2s-1] 1.35 1.79 5.11
Peak luminosity Lpeak [1034cm-2s-1] 1.0 1.04 2.30
Main tunnel length [km] 20.5 31 40
Estimated power consumption Psite [MW] 111 173 300

Figure 1.12: Layout of the CLIC project with the 380, 1500 and 3000 GeV energy
stages [15] (top) and linacs stages (bottom).
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Table 1.2: Summary table of the key parameters of CLIC.

Center-of-mass energy [GeV] 380 1500 3000
Normalized emittance (IP) εn,x/εn,y [nm] 950/30 660/20 660/20
IP beam size σ∗x/σ∗y [nm] 144/2.6 60/1.5 40/0.9
Bunch length σz [µm] 70 44 44
Number of particles in one bunch N [×109] 5.2 3.72 3.72
Number of bunches in one train Nb 352 312 312
Repetition rate f [Hz] 50 50 50
Bunch separation ∆t [ns] 0.5 0.5 0.5
Pulse length τRF [ns] 244 244 244
Total luminosity L [1034cm-2s-1] 1.6 3.7 5.9
Peak luminosity Lpeak [1034cm-2s-1] 0.9 1.4 2
Main tunnel length [km] 11.4 29.0 50.1
Estimated power consumption Psite [MW] 252 364 589

main conceptual difference of this energy stage with respect to 3 TeV design is that only
one drive beam complex is planned to be used for accelerating both e−e+. The schematic
layouts of CLIC 380 GeV and 3 TeV are shown in Fig. 1.13.

In Tab. 1.2 the key parameters for each stage of CLIC are shown. All energy stages
will share the same detector, called CLICdet [22]. It has a total length of 11.4 m, and
including the end coil dimension, the half-length of the detector is 5.918 m. Originally, in
the CDR [11] design, the last quadrupole QD0 was located inside the detector acceptance.
To simplify the machine detector interface (MDI) and to exclude the need for shielding
QD0 with the anti-solenoid, in the PIP [15], a so-called longer L∗ optics with L∗ of 6 m,
(4.3 m in the CDR) has been proposed, where QD0 is entirely outside of the detector. All
the details of this optics design can be founded in [23]. In this thesis, we will focus only
on the baseline or first energy stage of CLIC at 380 GeV.

1.3 Test Facilities for FLCs Projects
Several test facilities have been built and are being operated in order to investigate the
main techniques for FLCs. The most relevant are: the CLIC Test Facility (CTF3) at
CERN and the Accelerator Test Facility 2 (ATF2) at KEK.

1.3.1 The CLIC Test Facility

The CLIC Test Facility [25] (see Fig. 1.14) was built in 2002 at CERN to demonstrate
the feasibility of the two-beam acceleration scheme, which is to be used in CLIC. CTF3
consisted of: a 150 MeV e− linac, a Delay Loop (DL) of 42 m in circumference, and a
Combiner Ring (CR) of 84 m in circumference. After producing the beam of the design
energy and current, it was sent into the CLIC Experimental Area (CLEX), where it was
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Figure 1.13: Schematic layout of CLIC 380 GeV with one drive beam complex (top)
and CLIC 3 TeV with two drive beam complexes (bottom) [24].
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Figure 1.14: Schematic layout of the CTF3.

decelerated in order to extract the RF power at 12 GHz by means of the PETS. This power
was then delivered to a probe beam into the CALIFES injector. The two main concepts
explored in this test facility were the efficient generation of the high-current drive beam
on one hand and the RF power production in the PETS on the other hand. A gradient
up to 150 MV/m was achieved through two-beam acceleration in 2012 [26]. The beam
parameters used at the CTF3 were scaled with respect to the CLIC design.

1.3.2 The Accelerator Test Facility 2
The FLCs, both CLIC and ILC, rely on the collisions at the IP with extremely small
vertical beam sizes at the level of several nanometers. The two essential ingredients needed
to achieve nanobeamsizes are the low emittances and the nanobeam sizes at the IP. The
first was the subject of the investigation in the Accelerator Test Facility (ATF) in KEK.
ATF was designed and constructed in the early 1990s and consisted of: an RF Gun, a
1.3 GeV S-band linac, a Damping Ring (DR), and an Extraction line (EXT) as shown in
Fig. 1.15. In 2003, a vertical emittance of 4 pm was achieved [27]. The second, is being
investigated in the Accelerator Test Facility 2 (ATF2) [29]. ATF2 was constructed in 2009
by extending the ATF extraction line with an FFS test beamline. At the end of the FFS, a
“Virtual IP” is located in the focalization point of the Final Doublet (FD). In a real collider,
this location will correspond to IP. The ATF2 beamline design is based on a scaled version
of the FFS of ILC. It is supposed to target similar tuning difficulties that will affect the
ILC operation. The two main objectives of ATF2 are:

• Achievement of 37 nm beam size: demonstration of a compact FFS based on local
chromaticity correction and maintenance of the small beam size.

• Control of beam position: demonstration of beam orbit stabilization with nano-
meter precision at the IP and establishment of beam jitter controlling techniques at
the nano-meter level with an ILC-like beam.
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Figure 1.15: Schematic representation of the ATF-ATF2 [28].

The small beam size of 41 nm at the ATF2 IP was successfully achieved with an intra-train
orbit feedback (FONT) in 2016 [30] as shown in Fig. 1.16 (top). This demonstrates the
functionality of a compact FFS based on local chromaticity correction and the practical
effectiveness of intra-train orbit feedback. This small beam was realized under a low
aberration optics with ten times higher horizontal beta function at the IP, this optics is
labeled as "nominal" 10β∗x× β∗y , and under lower beam intensity because of the significant
impact of wakefields on the IP beam size (Fig. 1.16 (bottom)). Since the wakefields depend
on the internal geometric structure of the beamline, it was suggested to distinguish the
wakefield issues of the ATF2 beamline from the proof of the FFS [31]. The wakefield effect
on small beam becomes the important study target as "the third goal" of ATF2 [32].

ATF2 also plays a crucial role for CLIC, as it allows studying the beam tuning under
conditions similar to what is expected on CLIC, where the FD chromaticity is approxi-
mately four times larger than the nominal ATF2 design optics. For testing the CLIC-like
optics at ATF2, a so-called "ultra-low" β∗y optics was designed [34]. The ultra-low β∗y optics
has four times smaller vertical beta-function at the IP and consequently four times higher
chromaticity. In this thesis, we refer to the original "design" optics at ATF2 as β∗x × β∗y ,
and the ultra-low β∗y optics as β∗x × 0.25β∗y . In 2017, a pair of octupoles [35] was installed
in the lattice to support the ultra-low β∗y optics tuning. They are intended to help in the
beam tuning by means of canceling the 3rd order chromatic aberrations in the lattice. The
key parameters of the nominal and ultra-low optics at ATF2 in comparison with the ILC
and CLIC are given in Tab. 1.3. The cumulative results of the beam size tuning at ATF2,
for the ultra-low β∗y and half-β∗y [36] are also shown in Fig. 1.16. Chapter 3 of this thesis
is dedicated to the simulation studies of ultra-low β∗y optics and also reports on the beam
tuning results, including the new octupole alignment technique.
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Figure 1.16: Top: Smallest vertical beam sizes achieved in each beam tuning opera-
tion in the period 2012 - 2020 [33]. Here, measurements in 174◦ mode of the IPBSM,
with a modulation depth of at least 0.2, are taken. Bottom: Smallest beam sizes
achieved at ATF2 in the period from June 2016 to April 2019 as a function of the
beam intensity.
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Table 1.3: Comparison of the key parameters of ATF2 and FLCs.

ATF2 optics ILC CLIC CLICNominal Ultra-low
10β∗x × β∗y β∗x × 0.25β∗y

Beam energy [GeV] 1.3 250 380 3000
Vertical emittance [pm] 12 0.035 0.008 0.003
Horizontal emittance [nm] 1.2 5.0 2.55 0.2
Energy spread [%] 0.008 0.2 0.3 0.3
Beta-function β∗x/β∗y [mm] 4/0.1 4/0.025 13/0.4 8/0.07 4/0.007
Vertical chromaticity L∗

β∗y
10000 40000 10000 86000 50000

Vertical beam size [nm] 37 27 (20a) 7.7 2.4 1.0
awith octupoles.

1.4 Beam dynamics challenges in the FFS of FLCs

This section focuses on the key concepts of the nonlinear transverse beam dynamics rele-
vant for the FFS of Linear Colliders. In particular, the magnetic field of the multipoles,
such as sextupoles, octupoles, etc., the equations of motion from the Hamiltonian for-
malism and the transport notation and the map formalism, which efficiently describe the
particle transport along a beamline, such as the FFS, is reviewed. The chromaticity and
its correction as well as the luminosity are also reported. Finally, an overview of the main
static and dynamic imperfections that can be found in the FFS is presented.

The basic of the linear transverse beam dynamics is comprehensively described in [37–
41].

1.4.1 Multipole field expansion

The transverse magnetic field inside a vacuum beam pipe can be described with a multi-
polar expansion. In Cartesian coordinates, it is given by [42]:

By + iBx =

+∞∑
n=1

(bn + ian)(x+ iy)n−1 , (1.1)

where, an is the skew component, bn is the normal component of the n-th order multipole,
i2 = −1, and x and y are the transverse coordinates. In the general form, the magnetic
flux density ~B relates to the vector potential ~A as following:

~B = ~∇× ~A . (1.2)

It is assumed that no longitudinal magnetic field is present in the accelerator, so the
vector-potential has only longitudinal component Az(x, y), and the magnetic field could
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be written as:

Bx =
∂Az
∂y

, (1.3)

By = −∂Az
∂x

. (1.4)

Hence one can derive the vector-potential:

Az(x, y) = −<
( +∞∑
n=1

(bn + ian)
(x+ iy)n

n

)
. (1.5)

Considering a single n-th order multipole, the magnetic field writes as:

Bny + iBnx = (bn + ian)(x+ iy)n−1 . (1.6)

Following the convention used in MADX [43], we could define the normal kNn−1 and skew
kSn−1 strengths of such a multipole as:

kNn−1 ≡
1

B0ρ

∂n−1Bny
∂xn−1

, (1.7)

kSn−1 ≡
1

B0ρ

∂n−1Bnx
∂xn−1

, (1.8)

where B0ρ is the magnetic rigidity, kN1 is the magnetic strength of a normal quadrupole,
kN2 is the magnetic strength of a normal sextupole, etc. Using Eq. (1.6), one can easily
connect the normal bn and the skew an components with the corresponding strength as:

bn =
1

(n− 1)!

∂n−1Bny
∂xn−1

=
B0ρ

(n− 1)!
kNn−1 , (1.9)

an =
1

(n− 1)!

∂n−1Bnx
∂xn−1

=
B0ρ

(n− 1)!
kSn−1 . (1.10)

The vector-potential for such an n-th order multipole then writes as:

Az,n = −B0ρ
kNn−1

n!
<{(x+ iy)n} −B0ρ

kSn−1

n!
={(x+ iy)n}. (1.11)

Usually, we use only one type of the multipole, either normal or skew.

1.4.2 Hamiltonian formalism
The Hamiltonian of a relativistic particle in the Frenet-Serret coordinate system, where s
is an independent variable, writes as [41]:

H = − e

p0(1 + δ)
As −

(
1 +

x

ρ

)√
1− p2

x − p2
y , (1.12)
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where δ = ∆p
p0

is the relative energy offset of the particle, and ρ is the curvature of the
trajectory. The vector potential is given by As = (1 + x

ρ ) ~A · ~s. The canonical momentum
px,y, assuming Ax = Ay = 0 relates to the kinetic momentum as:

px =
γmẋ

p0
, py =

γmẏ

p0
, (1.13)

with m being the mass of the particle. For small angles Hamiltonian simplifies as:

H = − e

p0(1 + δ)
Az

(
1 +

x

ρ

)
− x

ρ
+
p2
x + p2

y

2
, (1.14)

The equations of motion in the horizontal and vertical plane could be derived from the
corresponding Hamiltonian as:

x′ =
∂H

∂px
= px , (1.15)

dpx
ds

= x′′ = −∂H
∂x

. (1.16)

y′ =
∂H

∂py
= py , (1.17)

dpy
ds

= y′′ = −∂H
∂y

. (1.18)

In the particular case of the FFS magnets, the Hamiltonians are:

• Dipoles with nominal magnetic field B0, excluding the weak focusing (Az,1 ≈ −B0x ):

H = − x

ρ(1 + δ)
− x

ρ
+
x′2 + y′2

2
≈ −δ

ρ
x+

x′2 + y′2

2
(1.19)

• Normal quadrupole (n = 2) with strength kN1 :

H = kN1
x2 − y2

2

1

(1 + δ)
+
x′2 + y′2

2
(1.20)

• Skew quadrupole (n = 2) with strength kS1 :

H = kS1 xy
1

(1 + δ)
+
x′2 + y′2

2
(1.21)

• Normal sextupole (n = 3) with strength kN2 :

H =
kN2
6

(x3 − 3xy2)
1

(1 + δ)
+
x′2 + y′2

2
(1.22)
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• Skew sextupole (n = 3) with strength kS2 :

H =
kS2
6

(3x2y − y3)
1

(1 + δ)
+
x′2 + y′2

2
(1.23)

• Normal octupole (n = 4) with strength kN3 :

H =
kN3
24

(x4 − 6x2y2 + y4)
1

(1 + δ)
+
x′2 + y′2

2
(1.24)

• Skew octupole (n = 4) with strength kS3 :

H =
kS3
6
xy(x2 − y2)

1

(1 + δ)
+
x′2 + y′2

2
(1.25)

• Normal decapole (n = 5) with strength kN4 :

H =
kN4
120

x(x4 − 10x2y2 + 5y4)
1

(1 + δ)
+
x′2 + y′2

2
(1.26)

• Skew decapole (n = 5) with strength kS4 :

H =
kS4
120

y(5x4 − 10x2y2 + y4)
1

(1 + δ)
+
x′2 + y′2

2
(1.27)

The corresponding equations of motion are given by introducing the Hamiltonians in
Eqs. (1.16), (1.18).

1.4.3 Map formalism
The transformation of the particles’ coordinates through the lattice in the linear approxi-
mation is performed by means of transfer matrices. In this case, each drift, dipole magnet,
and quadrupole is associated with the corresponding transfer matrix Rij . In the presence of
the high-order elements as sextupoles, octupoles, etc., the matrix formalism is extended. In
Transport notation, described in [44], the final coordinates of the particle ~u ≡ (x x′ y y′ δ)T

connect with the initial coordinates ~u0 ≡ (x0 x
′
0 y0 y

′
0 δ0)T as follows:

ui =

5∑
j=1

Riju0j +

5∑
j=1

5∑
k=j

Tijku0ju0k (1.28)

where Tijk represent the 2nd-order matrix elements. Similarly, the 3rd-order terms can be
introduced with Uijkl. This formalism could be extended for any order by using the map
Xjklmm, as in [45] ( Fig. 1.17). In this format, the index j indicates the power of coordinate
x0, the index k indicates the power of coordinate x′0, etc.:

~u =
∑
jklmn

~Xjklmnx0
jx′0

k
y0
ly′0

m
δ0
n (1.29)
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Figure 1.17: Schematic representation of the Map formalism.

where ~Xjklmn represents the transformation for each of 5 coordinates in ~u. Usually, in the
analysis, the transfer map ~X is truncated at the given order q, with j+ k+ l+m+n ≤ q.
Unsing this formalism we can evaluate the horizontal and vertical beam size at the final
point as:

σx,y
2 =

∑
jklmn

j′k′l′m′n′

X(Y )jklmnX(Y )j′k′l′m′n′

∫
x0
j+j′x′0

k+k′
y0
l+l′y′0

m+m′
δ0
n+n′ρ0 dv0 (1.30)

where ρ0 is the phase-space density at the starting point. Having, the X and Y maps
truncated to a given order and the initial particles distribution we could evaluate the beam
size at the IP, without performing a particle tracking. This is the basis of the computational
code MAPCLASS [46–48]. This code uses the map coefficients Xijklmn estimated with the
Polymorphic Tracking Code (PTC) [49] embedded in MADX to calculate the beam size as
well as various coupling between the coordinates at the IP.

1.4.4 Chromaticity in the LCs and its correction
The main source of the beam size growth at the IP is the chromaticity ξx,y [37]:

σ∗x,y
2 = εx,yβ

∗
x,y(1 + ξ2

x,yδ
2
p) , (1.31)

where εx,y is the beam emittance, β∗x,y is the beta-function at the IP, δp is the relative
momentum spread of the beam. The primary source of the chromaticity at the IP are
the FD quadrupoles. Due to this effect particles with different energy offsets experiment
different focusing properties.

Chromaticity generated by quadrupoles

The equations of motion inside a quadrupole magnet, based on Eqs. (1.16), (1.18), (1.20)
writes as: {

x′′ = −kN1 x 1
(1+δ) ≈ −k

N
1 x(1− δ)

y′′ = kN1 y
1

(1+δ) ≈ k
N
1 y(1− δ)

, (1.32)

which, in general, are the 2nd-order equations on x, y, and δ. The transformation of the
coordinates through a quadrupole in a dispersion free region in Transport notation writes
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as: {
x = R11x0 +R12x

′
0 + T116x0δ0 + T126x

′
0δ0

x′ = R21x0 +R22x
′
0 + T216x0δ0 + T226x

′
0δ0

, (1.33)

{
y = R33y0 +R34y

′
0 + T336y0δ0 + T346y

′
0δ0

y′ = R43y0 +R44y
′
0 + T436y0δ0 + T446y

′
0δ0

, (1.34)

where Rij is the transfer matrix of the quadrupoles, {x0, x
′
0, y0, y

′
0, δ0} is the set of the

coordinates at the quadrupole entrance, and {x, x′, y, y′, δ} is the set of the coordinates
at the quadrupole exit. Neglecting the impact of the synchrotron radiation and assuming
that the energy of the particle remains constant, thus δ = δ0. The terms not included here
are identically zero. Taking from [44], the nonzero terms of Tijk for a focusing quadrupole:

T116 =
√
kL
2 sin

√
kL

T126 = 1
2
√
k

sin
√
kL− L

2 cos
√
kL

T216 =
√
k

2 {
√
kL cos

√
kL+ sin

√
kL}

T226 =
√
kL
2 sin

√
kL

T336 = −
√
kL
2 sinh

√
kL

T346 = 1
2( 1√

k
sinh
√
kL− L cosh

√
kL)

T436 = −
√
k

2 (
√
kL cosh

√
kL+ sinh

√
kL)

T446 = −
√
kL
2 sinh

√
kL

, (1.35)

where k is the magnetic strength of the quadrupole, and L is the length of the quadrupole,
the equations (1.33) and (1.34) could be rewritten as:

(x x′ y y′)T =

((
Rx 0
0 Ry

)
+

(
Tx 0
0 Ty

)
δ

)
(x0 x

′
0 y0 y

′
0)T , (1.36)

where

Tx =

(
T116 T126

T216 T226

)
, Ty =

(
T336 T346

T436 T446

)
. (1.37)

Defining T̃x and T̃y as the matrices of the 2nd-order terms between the starting point and
the IP:

T̃x,y = RQ→IPx,y Tx,yR
s0→Q
x,y , (1.38)

where RQ→IPx and RQ→IPy are the horizontal and vertical parts of the transfer matrix
RQ→IP , the particles’ coordinates at the IP could be written as:{

x∗ = x∗β + T̃116xs0δ + T̃126x
′
s0δ

y∗ = y∗β + T̃336ys0δ + T̃346y
′
s0δ

, (1.39)

thus the beam size writes as:σ
∗
x

2 = εxβ
∗
x + T̃ 2

116σ
2
xs0
δ2
p + T̃ 2

126σ
2
x′s0
δ2
p + 2T̃116T̃126σxs0 ,x′s0

δ2
p

σ∗y
2 = εyβ

∗
y + T̃ 2

336σ
2
ys0
δ2
p + T̃ 2

346σ
2
y′s0
δ2
p + 2T̃336T̃346σys0 ,y′s0

δ2
p

, (1.40)
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with

σ2
xs0

= εxβx,s0 , σ
2
x′s0

= εxγx,s0 , σxs0 ,x′s0
= −εxαx,s0 ,

σ2
ys0

= εyβy,s0 , σ
2
y′s0

= εyγy,s0 , σys0 ,y′s0
= −εyαy,s0 .

Comparing Eq. (1.40) and Eq. (1.31) the chromaticity is given by:{
ξ2
x = T̃ 2

116
βx,s0
β∗x

+ T̃ 2
126

γx,s0
β∗x
− 2T̃116T̃126

αx,s0
β∗x

ξ2
y = T̃ 2

336
βy,s0
β∗y

+ T̃ 2
346

γy,s0
β∗y
− 2T̃336T̃346

αy,s0
β∗y

(1.41)

This expression is compatible with the chromaticity definition in [50], when αx,s0 = 0 and
αy,s0 = 0 we have:

ξ2
x,y = T̃ 2

116(336)

βx,y,s0
β∗x,y

+ T̃ 2
126(346)

1

β∗x,yβx,y,s0
. (1.42)

In the thin-lens approximation, the length of the magnet is assumed to be zero, but with
a finite integrated strength kL = kL. For a quadrupole, the 2nd order terms in Eq. (1.35)
are negligible, except for T216 ≈ kL, and T436 ≈ −kL. Considering a single quadrupole,
located at the FD phase (π/2 phase advance from the IP), with transfer matrix:

R̂Q→IPx,y =

√β∗x,y
βx,y

αx,y
√
βx,yβ∗x,y

− 1√
βx,yβ∗x,y

0

 , (1.43)

where βx, and αx are the Twiss functions at the quadrupole location and taking the
quadrupole entrance as a starting point, the chromaticity generated by a single thin
quadrupole is given by:

ξqx,y ≈ T̃116(336)

√
βx,y
β∗x,y

= T216(436)R
Q→IP
12(34)

√
βx,y
β∗x,y

= ±kLβx,y . (1.44)

We could see from Eq.1.44 that a strong quadrupole located in the high βx,y region gener-
ates high chromaticity. The sub-nanometer beam sizes the IP, required for the linear collid-
ers, needs extremely small values of the beta-functions at the IP hence strong quadrupoles
in the Final Doublet. Such configuration becomes the dominant source of chromaticity at
the IP.

In the case of the last quadrupole usptream of the IP, namely QD0, see Fig. 1.18, the
expression of the vertical chromaticity can be further simplified. The beta-function in the
region between the IP an QD0, at a distance s ≤ L∗ from the IP is given by:

βx,y(s) = β∗x,y +
s2

β∗x,y
. (1.45)

Considering that β∗x,y � L∗, the beta-functions at QD0 location approximates as: βx,y ≈
L∗2
β∗x,y

. In the vertical plane, the distance L∗ is a good approximation of the focal length for
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Figure 1.18: Schematic representation of the energy dependent focusing in the ver-
tical plane by QD0 quadrupole. The particles with and energy different from the
reference one p0, are focused with a different focal length, hence wider beam spot
at the IP.

QD0, so we could take: kL ≈ 1/L∗. Taking these approximations, Eq. (1.44) is simplified
as:

ξQD0
y = −kLβy ≈ −

L∗

β∗y
. (1.46)

This expression gives a good approximation of the chromaticity level in the FFS of LCs.
In the case of CLIC 380 GeV, QD0 generates a vertical chromaticity at the level of ξQD0

y ≈
0.9× 105 for L∗ = 6 m and β∗y = 70 µm.

Thin quadrupole in a dispersive region

When the quadrupole is located in a region with horizontal dispersion Dx, we could set
x0 → x0 +Dxδ, hence in the thin-lens approximation, Eq. (1.33) becomes:{

x = R11(x0 +Dxδ) +R12x
′
0

x′ = R21(x0 +Dxδ) +R22x
′
0 + T216(x0 +Dxδ)δ

, (1.47)

where Dx is the horizontal dispersion at the quadrupole location. Neglecting the vertical
dispersion, the coordinate transformation in the vertical plane remains the same. In this
case we have an additional pure chromatic term given by:

T266 ≡ T216Dx , (1.48)

which is the source of the 2nd-order dispersion at the IP, and it is given by:

T̃166 = T266R
Q→IP
12 = kLDx

√
βxβ∗x = ξqxDx

√
β∗x
βx

. (1.49)
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Chromaticity generated by a sextupole

The transfer map of a thin sextupole is given by:
x = x0

x′ = x′0 + T s211x
2
0 + T s233y

2
0

y = y0

y′ = y′0 + T s413x0y0

, (1.50)

with T s211 ≈ −ksL/2, T s233 ≈ ksL/2, and T413 ≈ ksL, where k
s
L is the integrated strength of

the sextupole. The 2nd-order terms are taken from [44]. To generate chromaticity, the
sextupole needs to be located in a dispersive region. Setting x0 → x0 +Dxδ, the 2nd-order
chromatic terms are given by:

T s216 ≡ 2T s211Dx = −ksLDx

T s266 ≡ T s211D
2
x = 1

2k
s
LD

2
x

T s436 ≡ T s413Dx = ksLDx

. (1.51)

Similarly to the quadrupole, we could evaluate the chromaticity of the sextupole, supposing
that is located at the same location of the quadrupole, applying the transformation from
Eq. (1.38) with Eq. (1.43), and taking the same definitions of Eq. (1.41), the chromaticity
writes as:

ξsx,y ≈ T̃ s116(336)

√
βx,y
β∗x,y

= ∓ksLDxβx,y . (1.52)

Apart from the terms T̃ s116 and T̃ s336 that contribute to the horizontal and vertical chro-
maticities, respectively, there are residual terms that impact to the particle’s coordinate
at the IP. These terms are given by:

T̃ s111 ≡ T s211R
Q→IP
12 = −1

2k
s
L

√
βxβ∗x

T̃ s133 ≡ T s233R
Q→IP
12 = 1

2k
s
L

√
βxβ∗x

T̃ s166 ≡ T s266R
Q→IP
12 = 1

2k
s
LD

2
x

√
βxβ∗x = −1

2ξ
s
xDx

√
β∗x
βx

T̃ s313 ≡ T s413R
Q→IP
34 = ksL

√
βyβ∗y

. (1.53)

The terms T̃ s111, T̃ s133, and T̃ s313 are pure geometrical terms, if not corrected, they are the
source of the geometrical aberrations at the IP. The last term T̃ s166, is the source of the
pure chromatic aberrations, and is called 2nd-order dispersion.

Chromaticity correction

In the FFS of CLIC 380 GeV, the chromaticity generated by QD0 is about ξQD0
x ≈ 0.9×105,

according to the Eq. (1.46). If not corrected, the vertical beam size would be five orders
of magnitude larger than the target one. To correct the chromaticity in both horizontal
and vertical planes produced by a quadrupole, sextupoles located in a dispersive region
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Figure 1.19: Schematic representation of the global chromaticity correction with
“even” dispersion. Horizontal and vertical chromaticities upstream of the FD in the
designated sections, referred as CCX and CCY. Quadrupoles are shown in red and
sextupoles in green.

are used. If the horizontal and vertical chromaticities generated by the FD are ξFDx and
ξFDy respectively, the strengths of the sextupoles intended to cancel them, have to be set
to the following values: {

kSXL = ξFDx /(Dx2βx)

kSYL = ξFDy /(Dx1βy) ,
(1.54)

where Dx1 is the dispersion at the sextupole location cancelling the vertical chromaticity,
Dx2 is the dispersion at the sextupole location cancellling the horizontal chromaticity,
and βx,y are the horizontal beta-function at the sextupole locations. We assume, they
are located at FD phase. The main source of horizontal chromaticity in the FD is QF1,
similarly the main source of vertical chromaticity is QD0.

The sextupoles are also source of the geometrical aberrations in both planes, such as
T̃ s111, T̃ s133, and T̃ s313. To cancel them, additional “paired” sextupoles of equal strength
and with −I transformation between the magnets within a “pair”, located upstream are
required, . The cancellation of the remaining term, the 2nd-order dispersion, could be made
in different ways. Two approaches are being used for the chromaticity cancellation in the
FFS, known in the literature as: the global [51], and the local [16] chromaticity correction
schemes.

Global chromaticity correction scheme

In the global chromaticitycorrection scheme, the horizontal and the vertical chromaticities
are compensated upstream of the FD in dedicated sections, CCX and CCY in Fig. 1.19 .
To cancel the 2nd-order dispersion that is generated mainly in CCX, the “paired” sextupole
are located at the same dispersion. In this case, both sextupoles in the “pair” produce
chromaticity, so their strengths are reduced by half. An alternative design [52], suggests
to use different dispersion within the sextupoles in each “pair”. In this case, the 2nd-order
dispersion is canceled by adjusting the amounts produced by CCX and CCY.

The main drawback of the global chromaticity correction scheme is the need to have
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Figure 1.20: Schematic representation of the FFS design with the local chromatic-
ity correction using interleaved sextupole “pairs”. Quadrupoles are shown in red,
sextupoles in green, and dipoles in blue

long dipole sections to produce dispersion locally in CCX and CCY. The dipole magnets
in the FFS have to be sufficiently long and weak to minimize the energy spread created by
the synchrotron radiation. The length of the FFS scales linearly with the energy [53]:

LFFS [km] ∝ E(TeV) . (1.55)

Local chromaticity correction scheme

In this design, the chromaticity correction is made in the location where is produced, i.e. in
the FD. On the contrary to the global chromaticity correction, the sextupoles intended for
the chromaticity correction are placed next to the FD quadrupoles, as shown in Fig. 1.20.
The sextupole located next to the QD0 quadrupole is traditionally named SD0 and the
next one to the QF1 is named SF1. The dispersion needed for the chromaticity correction
in SF1 and SD0 is generated upstream of the FD with dipole magnets and is zeroed at the
IP with a nonzero slope. The “paired” sextupoles to SD0 and SF1 are placed upstream
of the dipole region in a dispersion-free region to provide −I transformation within each
pair. In this design, both QF1 and QD0 are located in the dispersion region and become
the source of the 2nd-order dispersion. Due to significantly larger horizontal beta-function,
QF1 is the primary source. To cancel the vertical chromaticity, the strength of SD0 have
to be set to kSD0

L = kQD0
L /Dx. To cancel the horizontal aberrations, SF1 have to be set

to twice the strength, required to cancel the horizontal chromaticity generated by QF1,
kSF1
L = 2kQF1

L /Dx. From Eqs. (1.49) and (1.53) we could see that the 2nd-order dispersion
from QF1 and SF1 is cancelled. Since the horizontal chromaticity got overcompensated,
we need to generate an additional amount, equal to what QF1 creates, in the upstream
dispersion free region.

Compared to the global chromaticity correction scheme, this scheme is more adequate
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for energy scaling. As evaluated in [16], in the best case, the length of the FFS scales
as LFFS ∝ E2/5. In the current design of CLIC 3 TeV, the FFS optics is based on a
local chromaticity correction scheme and has a length of 450 m [20] with L∗ = 3.5 m.
In comparison, the design with a global chromaticity correction scheme [54] for the same
configuration requires a FFS with a total length of about 1.5 km.

1.4.5 Synchrotron Radiation
A charged particle under acceleration emits electromagnetic radiation known as Syn-
chrotron Radiation (SR). The instantaneous radiated power by a particle in a dipole magnet
with bending radius ρ is given by [38]:

Pγ =
2

3
remc

3βγ

ρ2
∝ E4

ρ2m3
, (1.56)

where re is the classical electron radius, m is the particle mass, c is the speed of light,
β = V/c is the reduced velocity, and γ is the Lorentz factor. One can see that light
particles, such as e− and e+, will loose much more energy than p of the same energy. Such
relation limits the energies accessible for the lepton circular colliders. In LCs the beam is
accelerated in a single pass structure with no bending magnets, so from the point of view
of SR the LCs could reach higher energies than the circular colliders.

Although the LCs do not need the bending magnets for the beam steering, some dipole
magnets are still utilized. In the BDS, it is particularly driven by the need to generate
the dispersion for collimation and for chromaticity correction. So, particles will lose some
portion of their energy by SR, leading to transverse emittance growth and beam size
dilution at the IP. For the FFS with local correction of the chromaticity, the vertical beam
size dilution scales as [37]:

∆σ∗y
σ∗y
∝ γ5

L2
FFS

D′3b , (1.57)

where D′b is the angular horizontal dispersion produced by the bend magnets and γ is the
Lorentz factor.

The Oide effect

The emission of SR becomes significant for the strong focusing quadrupoles of the FD and
for QD0 in particular. SR impacts the focusing properties in the vertical plane, as flat
beams (σ∗x � σ∗y) are used. The smaller β∗y requires stronger QD0, which increases the
radiation in QD0, and effectively is a source of emittance growth leading to a vertical IP
beam size growth, known as "Oide effect" [55] and given by:

σ∗y
2 = εyβ

∗
y +

110

3
√

6π
reλeγ

5F
(√

kL,
√
kL∗

)( εy
β∗y

)5/2

, (1.58)

where re is the classical electron radius, λe is the Compton wavelength, k is the magnetic
strength of the quadrupole, and L is the length of the quadrupole. The dimensionless
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function F is given by:

F
(√

kL,
√
kL∗

)
≡
∫ √KL

0
| sinφ+

√
KL∗ cosφ|3

×
{∫ φ

0
(sinφ′ +

√
Kl∗ cosφ′)2dφ′

}2

dφ .

(1.59)

The residual contribution to the to the beam size due to the Oide effect limits the minimum
vertical beam size achievable, being in some cases the dominant term. The smallest beam
size one can get taking into account the Oide effect is given by:

σ∗y,min =

(
7

5

)1/2( 275

3
√

6π
reλeF

(√
kL,

√
(k)L∗

))1/7

(γεy)
5/7 . (1.60)

corresponding to a minimum vertical beta-function of:

β∗y,min =

(
275

3
√

6π
reλeF

(√
kL,

√
(k)L∗

))2/7

γ(γεy)
3/7 . (1.61)

In practice the vertical beta-function in the IP has to be larger than the minimum value
estimated taking into account the Oide effect. The minimum is defined by the beam
emittance and the configuration of the FD. A detailed study of the impact of the SR in the
quadrupoles on the horizontal beam size, or the so-called 2D-Oide effect, was investigated
in [56].

1.4.6 Luminosity and luminosity limiting factors
Apart of the energy, the luminosity is the most important parameter in colliders. To char-
acterize the colliding beams independently of the studied process, the luminosity parameter
L, is introduced [57], as

Ṙ = Lσp , (1.62)

where Ṙ is the event rate and σp is the cross-section for a certain particle interaction.
Traditionally, the luminosity is measured in units of cm-2s-1. In order to be able to study
the rare processes with extremely small σp, the luminosity has to be sufficiently large. For
two equal Gaussian beams colliding head-on with no offset or crossing angle, the luminosity
is given by:

L =
N2fNb

4πσ∗xσ∗y
≡ L0 . (1.63)

where N is the number of particles in one bunch, f is the repetition rate, Nb is the number
of bunches in a train and σ∗x, and σ∗y are the horizontal and the vertical beam sizes at the
IP. In this form, the luminosity does not consider interactions between the particles. To
include the various factors that could impact the luminosity, such as the crossing angle,
the Hourglass effect, the beam-beam forces, etc., the luminosity scaling parameter RL is
introduced:

L =
N2fNb

4πσ∗xσ∗y
RL . (1.64)
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Figure 1.21: Vertical beta-function around the IP for different vertical beta-functions
at the IP, for CLIC 380 GeV with a bunch length of σz = 70 µm. The space between
vertical dashed lines corresponds to a single bunch (one sigma).

One can notice that the luminosity as defined in Eq. (1.62) does not take into account
the collision energy of the particles. In this context, an important figure of merit is the
peak luminosity Lpeak, that could be introduced as the luminosity of the collisions with a
collision energy E that does not differ from the target energy E0 more than 1%:

Lpeak = L
{
|E − E0|
E0

≤ 1%

}
. (1.65)

The most important effects that could impact the total luminosity are:

Hourglass effect

The beta-function βx,y in the close vicinity of the IP changes according to Eq. (1.45). The
geometrical luminosity given in Eq. (1.63) considers that the beam size is constant within
a single bunch, but when the bunch length is comparable with the beta-function at the IP,
the particles collide with different beam sizes, depending on how far they are from the IP.
This effec is known as the Hourglass effect. Fig. 1.21 iilustrates this effect. In the figure
the vertical beta-function dependence on the distance from the waist is shown, for the case
of CLIC 380 GeV with a bunch lenght of σz = 70 µm. The luminosity reduction factor
due to the Hourglass effect could be written as [37]:

RL =
1√
π

∫ +∞

−∞

e−t
2
dt√(

1 + t2

t2x

)(
1 + t2

t2y

) . (1.66)

For symmetric beams, the coefficients tx and ty are:

tx =
β∗x
σz

, ty =
β∗y
σz

. (1.67)
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Figure 1.22: Luminosity scaling factor RL due to the Hourglass effect evaluated for
different values of the vertical beta-function at the IP for CLIC 380 GeV. The beam
is assumed to be flat, and the bunch length is σz = 70 µm.

For the latest CLIC 380 GeV design [58] with β∗x = 8 mm, and β∗y = 70 µm, the reduction
factor simplifies and is given by:

RL ≈
1√
π

∫ +∞

−∞

e−t
2
dt√(

1 + t2

t2y

) =
ty√
π
et

2
y/2K0(t2y/2) , (1.68)

where K0(x) is the modified Bessel function of the second kind. Fig. 1.22 shows the
dependence of the factor RL as a function of β∗y .

Crossing angle

In LCs after the collision the beams are extracted and dumped, so the design of both CLIC
and ILC foresees that the beams do not collide head-on but with a given angle φ in the
horizontal plane in order to accommodate the extractlin line. The typical angles for CLIC
3 TeV and 380 GeV are 20 mrad and 16.5 mrad respectively [20]. Since the effective beam
size at the crossing increases, the luminosity produced is smaller. In the general case, the
impact from Hourglass effect and crossing angle is not separated, and the total reduction
factor for flat beams writes as [37]:

RL =

√
2

π
aebK0(b) , a =

βy√
2σz

,

b = a2

(
1 +

(
σz
σ∗x

tanφ

)2
)
.

(1.69)
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One can notice, that for head-on collisions (φ = 0), it is equal to Eq. (1.68). If the Houglass
effect is negligible, we have:

RL ≈

(
1 +

(
σz
σ∗x

tanφ

)2
)−1/2

. (1.70)

For CLIC 380 GeV with an horizontal IP beam size of about 143 nm, the reduction factor
is RL ≈ 0.12, which means that the luminosity is reduced by one order of magnitude. This
shows the importance of having crab cavities to adjust the head and tail of the bunch for
head-on like collisions at the IP [59].

Beam-beam effects and disruption parameter

The electron and positron beams generate strong electromagnetic fields in the vicinity of
the IP. The interactions between the particles within a single bunch are ignored as the
forces vanish as 1/γ2, where γ is the Lorentz-factor. The impact of these forces includes
bending or disruption of the particles’ trajectories around the IP and the beamstrahlung
effect [60, 61], which is the radiation, and consequently energy loss, due to the disruption.
In the linear approximation, for beams with no transverse offsets, the disruption can be
seen as focusing of the beam and is called the pinch effect. The amount of focusing is
described with the so-called disruption parameter Dx,y:

Dx,y ≡
2Nre
γ

σz
σ∗x,y(σ∗x + σ∗y)

, (1.71)

where re ≈ 2.8 fm is the classical electron radius and Gaussian beams are assumed. When
Dx,y � 1, the final deflecting angles of the particle depend on the initial coordinate linearly
as: {

∆x′ = −Dx
σz
x0

∆y′ = −Dy
σz
y0

(1.72)

In this case, the disruption acts as a thin lens focusing reducing the effective beam size
in both horizontal and vertical planes and consequently increasing the luminosity. When,
Dx,y � 1, the particles will move transversely during the passage through the incoming
bunch, and the motion will be nonlinear. By analogy, this is seen as a thick-lens focusing.
For CLIC 380 GeV the disruption factors are: Dx ≈ 0.3 and Dy ≈ 15.8. The smaller beam
size due to the disruption leads to the larger luminosity, which is effectively increased by
the factor HD, which is called the enhancement factor due to the disruption:

HD ≡
L
L0

. (1.73)

According to [62], for round beams (σ∗x = σ∗y), we have:

HD ≈ 1 +D1/4

(
D3

1 +D3

)
[ln (
√
D + 1) + 2 ln 0.8t] , (1.74)
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where D ≡ Dx = Dy and t ≡ tx = ty = β∗
σz
. Usually the exact values of HD are evaluated

from the simulations. For the flat beams (σ∗y � σ∗x) it scales as:

HD ≈

(
1 +D1/4

y

(
D3
y

1 +D3
y

)
[ln (
√
D + 1) + 2 ln 0.8ty]

)1/3

. (1.75)

For CLIC 380 GeV with ty = 1 and Dy ≈ 15.8, the enhancement factor is HD ≈ 1.5.
Due to the orbit deviation because of the disruption, the particles will radiate photons

and loose energy. The emitted radiation is characterized by the critical energy ~ωc [63]:

~ωc =
3

2

~γ3c

ρ
, (1.76)

where ρ is the curvature radius of the trajectory, and c is the speed of light. To characterize
this effect known as beamstrahlung, a dimensionless parameter Υ is introduced:

Υ ≡ 2

3

~ωc
E

=
λeγ

2

ρ
, (1.77)

where E is the particle’s energy before the radiation and λe is the Compton wavelength.
This parameter changes throughout the collision. The maximum and the average values
are given by:

Υmax ≈
2Nr2

eγ

ασz(σ∗x + 1.85σ∗y)
, 〈Υ〉 ≈ 5

6

Nr2
eγ

ασz(σ∗x + σ∗y)
, (1.78)

where α = 1
137 is the fine structure constant. For 〈Υ〉 � 1, the beamstrahlung spectrum

corresponds to the SR spectrum, and is called a classical regime. In the case when 〈Υ〉 � 1,
the critical energy is larger then the beam energy and the radiation is partially suppressed.
Such regime is called quantum regime. For CLIC 380 GeV with 〈Υ〉 ≈ 0.17 we are in the
the classical regime, while for CLIC 3 TeV with 〈Υ〉 ≈ 11.02 we are in the quantum regime.

The energy emitted by each particle due to the disruption can be characterized by the
number of photons nγ emitted as:

nγ ∝ 〈Υ〉
σz
γ
∝ N

σ∗x + σ∗y
, (1.79)

with the average energy given by:

Eγ ∝ 〈Υ〉
1

γ
∝ N

(σ∗x + σ∗y)σz
. (1.80)

To limit the beamstrahlung and consequently decrease the energy losses - one needs to
keep the sum (σ∗x + σ∗y) large, keeping in mind that luminosity scales as 1/(σ∗x σ

∗
y). The

balance is found by utilizing the flat beams, where normally σ∗x � σ∗y . This is valid for
both CLIC 380 GeV and CLIC 3 TeV as well as for ILC.
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1.4.7 Static and dynamic imperfections impact in FFS
In order to provide the design luminosity, the beam size in the linear colliders has to be
squeezed to the nanometer level. This implies tight tolerances to magnetic field quality and
alignment precision for magnets. Unfortunately, it is not possible to achieve that level of
precision without the live tuning techniques that are based on the actual beam data. The
traditional FFS relies on quadrupoles to provide the optical focusing of the beam, dipoles
to generate the dispersion, and sextupole for chromaticity correction. Any magnetic field
or alignment imperfection of these magnets will propagate to the IP and could be a source
of various aberrations. Ultimately it leads to beam size dilution, and to luminosity drop.

The most relevant static imperfections in the FFS are:

Magnetic field errors

It covers all the cases, when the nominal strength of the magnet differs from the design.

• The dipole with incorrect magnetic field distorts the beam orbit and is a source of
residual dispersion. Defining the magnetic field of the dipole as: B = B0(1 + ∆B

B0
),

where ∆B is the field offset so the Hamiltonian of the particle writes as:

H =
x

ρ

∆B

B0
− x

ρ

(
1 +

∆B

B0

)
δ +

x′2 + y′2

2
. (1.81)

then equation of motion is given by:

x′′ =
δ

ρ
− 1

ρ

∆B

B0
(1− δ) . (1.82)

The additional angular kick that the particle receives approximates as

θx ≈ −
1

ρ

∆B

B0
(1− δ)Ld , (1.83)

where Ld is the length of the dipole. The change of the particle’s horizontal coordi-
nate at location s downstream of the dipole is:

δ~x =

(
RD→s12

RD→s22

)
θx =

( √
βx,Dβx,s sin ∆φx√

βx,D
βx,s

(cos ∆φx − αx,s sin ∆φx)

)
θx , (1.84)

where βx,D and βx,s are the horizontal beta-function at the dipole location and at
the arbitrary point s, and ∆φx is the horizontal phase advance between them. The
constant part of θx adds the orbit distortion, while the energy dependent part is a
source of additional dispersion. Such dispersion is the source of various chromatic
aberrations in the downstream elements. Similarly, if the particle receives a kick θy
in the vertical plane, the vertical coordinate change is given by:

δ~y =

(
RD→s34

RD→s44

)
θy =

( √
βy,Dβy,s sin ∆φy√

βy,D
βy,s

(cos ∆φy − αy,s sin ∆φ)

)
θy . (1.85)

Such field errors may lead to a non zero beam transverse position and dispersion at
the IP, such that the opposing beams can miss each other.
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Figure 1.23: Schematic representation of the alignment errors for a magnet.

• The field error of a normal quadrupole is the source of the distortion of the optical
parameters in the FFS. The error will propagate to the IP and could be a source of
waist shift and residual dispersion. It becomes significant when the quadrupole is at
the FD phase. If the quadrupole is a skew quadrupole, then it becomes the source
of skew coupling at the IP.

• If the magnetic strength of the sextupole is not correct, it impacts the chromaticity
correction in the FFS. The sextupole will over-compensate or under-compensate the
chromaticity, and break −I inside the sextupole “pair”.

Alignment errors

It includes the transverse offsets of the magnet in horizontal and vertical planes, and the
tilt along the longitudinal axis, see Fig. 1.23. The magnet with a certain transverse offset
is a source of feed down to lower order multipoles magnetic field: quadrupole becomes the
source of the dipolar field, sextupole becomes the source of the quadrupolar and dipolar
fields, etc. In general these fields are a mix of normal and skew components. When the
magnet, which is the source of the normal multipole, is tilted, could also generates skew
multipole component and vice versa.

The impact of the misalignments in the main magnets is described in the following.

• Ideally, the dipolar field does not depend on the transverse coordinate. A tilted
dipole magnet adds a steering in the vertical plane and is the source of undesirable
vertical dispersion.

• The normal quadrupole with a transverse offset is a source of the dipolar field.
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Setting x→ x+ ∆x and y → y + ∆y in Eq. (1.20) gives us:

H = kN1
x2 − y2

2

1

(1 + δ)
+

Dipole︷ ︸︸ ︷
kN1 ∆x

1 + δ
x−

Skew dipole︷ ︸︸ ︷
kN1 ∆y

1 + δ
y +

x′2 + y′2

2

≈ kN1
x2 − y2

2
(1− δ) + kN1 ∆x(1− δ)x− kN1 ∆y(1− δ)y +

x′2 + y′2

2
.

(1.86)

The equation of motion is similar to the case of the dipole magnet with field errors.
If kN1,L is the integrated strength of the quadrupole, the kicks received by a particle
are: θx ≈ −kN1,L∆x(1 − δ) and θy ≈ kN1,L∆y(1 − δ). In such a way, the steering in
the horizontal plane depends linearly on the horizontal offset ∆x, and the vertical
steering depends on the vertical offset ∆y. For a misaligned skew quadrupole the
Hamiltonian will be given by:

H = kS1 xy
1

(1 + δ)
+

Dipole︷ ︸︸ ︷
kN1 ∆y

1 + δ
x−

Skew dipole︷ ︸︸ ︷
kN1 ∆x

1 + δ
y +

x′2 + y′2

2
. (1.87)

In this case, the vertical offset creates a horizontal steering, and horizontal offset
creates a vertical steering.

• The transversely misaligned sextupole becomes the source of various low-order fields.
Similarly, setting x→ x+ ∆x and y → y + ∆y and based on Eq. (1.22) the Hamil-
tonian writes as:

H =
kN2
6

(x3 − 3xy2)
1

(1 + δ)
+

Norm. quad.︷ ︸︸ ︷
kN2 ∆x

(1 + δ)

x2 − y2

2
−

Skew quad.︷ ︸︸ ︷
kN2 ∆y

(1 + δ)
xy

+

Dipole︷ ︸︸ ︷
kN2

(1 + δ)

∆x2 −∆y2

2
x−

Skew dipole︷ ︸︸ ︷
kN2 ∆x∆y

(1 + δ)
y+

x′2 + y′2

2
.

(1.88)

We could notice, that being kN2,L the integrated strength of the sextupole, such a
sextupole also acts like a normal quadrupole with strength kN2 ∆x, a skew quadrupole
with strength −kN2 ∆y, a dipole magnet with θx ≈ kN2,L

∆x2−∆y2

2 (1 − δ) and a skew
dipole with θy ≈ −kN2,L∆x∆y(1− δ).

Similarly in the case of a skew sextupole:

H =
kS2
6

(3x2y − y3)
1

(1 + δ)
+

Norm. quad.︷ ︸︸ ︷
kS2 ∆y

(1 + δ)

x2 − y2

2
+

Skew quad.︷ ︸︸ ︷
kN2 ∆x

(1 + δ)
xy

+

Skew dipole︷ ︸︸ ︷
kN2

(1 + δ)

∆x2 −∆y2

2
y+

Dipole︷ ︸︸ ︷
kN2 ∆x∆y

(1 + δ)
x+

x′2 + y′2

2
.

(1.89)
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As in case of the normal sextipole, such a magnet generates normal a quadrupolar
field of strength kS2 ∆y, a skew quadrupolar field of strength kS2 ∆x, a dipolar field of
θx ≈ kS2,L∆x∆y(1− δ), and a skew dipolar field of θy ≈ kN2,L

∆x2−∆y2

2 (1− δ).

Dynamic errors

The dynamic errors in the FFS are due to the fluctuation of the magnets’ strength or the
time-varying misalignment of the magnets. In this case, the errors vary between different
bunches or between the trains. They could be given by:

• Power supply fluctuation or ripple, being this effect the source of the strength vari-
ation of the magnets.

• Beam jitter that makes the bunches or the trains have different transverse offsets.

• Ground motion and vibration, that could lead to time-dependent feed down, so
lowering the multipole order of the magnetic fields.

These effects lead to a reduction of the average luminosity and are difficult to mitigate.
The correction approaches comprise active feedback systems, a system of this type has
been developed and it is being tested at ATF2 [64].





Chapter 2

CLIC 380 GeV FFS optimization
with Short FD and new dispersion
layout

In this chapter we report the optimizations of the FFS optics of CLIC 380 GeV based on the
reduction of the length of the FD. We have shortened FD quadrupoles by approximately
50 % to reduce the chromaticity. As a result, two optics have been designed, one with a
traditional dispersion profile and another with a novel dispersion profile.

A current state of the CLIC FFS and motivation of the shortening of the FD is given in
Sec. 2.1. In Sec. 2.2 we introduce an analytical approximation for evaluating the horizontal
beam size, that we will be used to numerically optimize the optics. The optics with the
current dispersion profile but with shorther dipoles is discussed in Sec. 2.3 and the optics
with a novel dispersion profile is described in Sec. 2.4. In Sec. 2.5 we make a complete
evaluation of the different options including beam sizes, luminosities, energy bandwidth,
and we reevaluate the apertures based on the collimation depth.

2.1 Current FFS optics and motivation for the Short
FD

The current CLIC 380 GeV FFS optics has a longer L∗, as described in the CLIC Project
implementation Plan (PIP) [15]. It was designed by scaling up the original optics with
L∗ = 4.3 m, all drifts and magnet lengths were increased correspondingly to reach L∗ =

6 m. As a result, the length of the FFS increased from 550 m to 770 m [20]. To tackle the
3rd order chromatic aberrations, a pair of octupoles was added to the lattice. A schematic
layout of the FFS is shown in Fig. 2.1, highlighting the key elements of the lattice. Further,
a new optics with a reduced β∗y , 100 µm to 70 µm [58], to increase luminosity and approach
the Hourglass effect [57] limitation was designed. Henceforward, this optics is refereed as
the “current” one. The optical functions for the original optics from PIP with β∗y = 100 µm
and the current optics β∗y = 70 µ m are shown in Fig. 2.2 and all the relevant parameters
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Figure 2.1: Schematic layout of the CLIC FFS. Quadrupoles are shown in red,
sextupoles in green, dipoles in blue and octupoles in cyan.

Table 2.1: Summary table of the key parameters of the recent designs of the FFS of
CLIC 380 GeV.

CLIC 380 GeV FFS PIP
β∗y = 100 µm

Current
β∗y = 70 µm

Final Drift L∗ [m] 6 6
FFS length [m] 770 770
Normalized emittance (IP) εn,x/εn,y [nm] 950/30 950/30
Beta function (IP) β∗x/β∗y [mm]/[µm] 8/100 8/70
IP beam size σ∗x/σ∗y [nm] 145/3.0 145/3.0
Bunch length σz [µm] 70 70
RMS energy spread δp [%] 0.3 0.3
Number of particles in one bunch N [×109] 5.2 5.2
Number of bunches in one train Nb 352 352
Repetition rate f [Hz] 50 50
Total luminosity L [1034cm-2s-1] 1.63 1.66
Peak luminosity Lpeak [1034cm-2s-1] 0.94 0.96
Vertical chromaticity ξ∗y ≈ L∗/β∗y 60000 86000

are given in Tab.2.1.
The apertures for the BDS magnets have also been evaluated and they are shown in

Fig. 2.3. The calculations are based on the collimation depth of 15σx × 55σy introduced
in the betatron collimation section of the BDS. We also apply the minimum aperture of
approximately 15 mm to limit the wakefields effect in the beampipe. We see that almost
all the magnets, except for few quadrupoles at the BDS entrance, feature less than 1.5 T
pole tip field imposed by the iron saturation limitation [65]. For the dipoles, the magnetic
field is homogeneous, while for the other magnets it is a function of the aperture:

Bdipole[T] = 3.333 p[GeV/c] 1
ρ[m]

Bquadrupole[T] = 3.333 p[GeV/c] k1[m−2] A[m]

Bsextupole[T] = 3.333 p[GeV/c] k2[m−3] A2[m]
2

Boctupole[T] = 3.333 p[GeV/c] k3[m−4] A3[m]
6

(2.1)
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Figure 2.2: Twiss functions for the latest designs of the FFS of CLIC 380 GeV.
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Table 2.2: Key parameters of the FD quadrupoles for the current optics.

QF1 QD0
Magnetic length [m] 5.59 4.69
Integrated strength k1L [m-1] 0.076 -0.184
Aperture [mm] 27.4 27.4
Pole tip field [T] 0.23 0.68

where k1, k2, and k3 are the magnetic strengths of the quadrupoles, sextupoles, and oc-
tupoles respectively, A is the aperture of the magnet, ρ is the bending radius, and p is the
beam momentum. In the particular case of the QD0 magnet with an “hybrid” design [66],
the field could be up to 2.2 T. Table 2.2 shows the FD quadrupoles settings for the current
design.

2.2 Analytical approximations for the optimization
of the upstream horizontal chromaticity.

The approaches used to simultaneously correct the horizontal and vertical chromaticity,
as well as 2nd order dispersion have been discussed in Sec. 1.4.4. When chromaticity is
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Figure 2.4: Minimum scheme required for the correction of the horizontal chro-
maticity and 2nd order dispersion in the FFS (a) and scheme of the correction of the
horizontal aberrations used in CLIC FFS (b).

corrected locally, the vertical sextupole (SD0) is set to correct the vertical chromaticity and
the horizontal sextupole (SF1) is set to twice overcompensate the horizontal chromaticity.
The additional horizontal chromaticity is generated upstream of the FD. In this section,
we investigate how the small beam size at the IP changes when the upstream horizontal
chromaticity is not optimal. We will focus on the horizontal beam size, because the vertical
one should not be affected.

In the first case, we have two sextupoles, one sextupole is placed next to a quadrupole
and the second is located in the upstream dispersion-free region to provide −I transfor-
mation between them, see Fig. 2.4a. We use the thin-lens approximation for the magnets
and we assume that geometrical aberrations of the sextupoles are mutually canceled. The
horizontal coordinate of the particle at the IP for such a system writes as:

x∗ = x∗β + (T̃ q116 + T̃ s116)x0δ + (T̃ q166 + T̃ s166)δ2 . (2.2)

where x0 is the particle’s coordinate at the entrance of the FD, δ is the energy offset,



42
Chapter 2. CLIC 380 GeV FFS optimization with Short FD and new

dispersion layout

T̃ q116 and T̃ q166 are the 2nd order terms generated by a quadrupole, and T̃ s116 and T̃ s166 are
the 2nd order terms generated by a sextupole. Introducing the additional chromaticity
ξupx , generated by the quadrupoles upstream in the dispersion-free region and combining
Eqs. (1.44), (1.49), (1.52), and (1.53), the horizontal beam size at the IP is:

σ∗x
2 = εxβ

∗
x + εxβ

∗
x(ξupx + ξqx + ξsx)2δ2

p + 3
β∗x
βx
D2
x(ξqx + ξsx/2)2δ4

p . (2.3)

One can see that to cancel the aberrations we need:{
ξupx + ξqx + ξsx = 0

ξqx + ξsx/2 = 0
(2.4)

For this we set first the chromaticity of the sextupole to ξsx = −2ξqx. Therefore to cancel the
chromaticity we need an additional contribution with value ξupx = ξqx. When the optics is
not tuned well, the natural chromaticity generated upstream is not optimal ξupx = ξqx+∆ξx.
Then we have to search for a new amount of the chromaticity generated by the sextupole
ξsx = −2ξqx+∆ξsx, to minimize the horizontal beam size by solving d

d∆ξsx
σ∗x

2 = 0. Introducing
Eq. 2.3 and solving it, we could find the optimal chromaticity for the sextupole:

∆ξsx = − ∆ξx

1 + 3
4
D2
x

βxεx
δ2
p

(2.5)

Putting back Eq. 2.5 in Eq. 2.3, we could evaluate the horizontal beam size:

σ2
x

εxβ∗x
= 1 + (∆ξx + ∆ξsx)2δ2

p +
3

4

D2
x

βxεx
(∆ξsx)2δ4

p = 1 +
∆ξ2

xδ
2
p

1 + 4
3
εxβx
D2
xδ

2
p

(2.6)

In the second case, the dispersion at the upstream sextupole S1 (refer to Fig. 2.4a)
is nonzero. This means that it is also contributing to the horizontal beam size via the
chromaticity and the 2nd order dispersion at the IP as:

σ∗x
2 = εxβ

∗
x + εxβ

∗
x(ξupx + ξqx + ξsx + ξs1x )2δ2

p+

+3
β∗x
βx
D2
x

(
ξqx + ξsx/2− ξs1x /2

Ds1
x

Dx

)2

δ4
p ,

(2.7)

where Ds1
x is the dispersion at the upstream sextupole and ξs1x = −ks,L1βxD

s1
x is the

chromaticity it generates. The minus sign in the 2nd order dispersion contribution appears
due to the −I transformation. The strength of the upstream sextupole is set ks1L = ksL to
cancel the geometrical aberrations. The optimal upstream chromaticity is given by:

ξupx = ξqx
1 +Ds1

x /Dx

1−Ds1
x /Dx

. (2.8)

It requires the sextupoles haveto be set to produce the following chromaticities:

ξsx = − 2ξqx

1−
(
Ds1x
Dx

)2 , ξs1x = − 2ξqx

1−
(
Ds1x
Dx

)2

Ds1
x

Dx
, (2.9)
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leading to the full cancellation of the above aberrations. In the presence of additional
upstream chromaticity ∆ξx, the cancellation of the geometrical aberrations does not strictly
correspond to the minimum IP horizontal beam size. One has to include the geometrical
and chromo-geometrical terms to evaluate the minimum IP horizontal beam size.

Given the fact that in CLIC FFS design, there are six sextupoles, we exlore the third
case, that corresponds to Fig. 2.4b. Here, we also need to include the impact from the rest
of the sextupoles located at large βx locations. In the current CLIC design, we have one
additional sextupole, namely SF6, referred as S2 in Fig. 2.4b. This additional sextupole is
located in a dispersive region with Ds2

x dispersion and at 2π phase advance from the FD.
Similarly to Eq. (2.2) we could evaluate the horizontal coordinate at the IP, including also
the geometrical terms:

x∗ = x∗betatron + (T̃ q116 + T̃ s116 + T̃ s1116 + T̃ s2116)x0δ

+(T̃ q166 + T̃ s166 − T̃ s1166 + T̃ s2166)δ2

−(T̃ s111 − T̃ s1111 + T̃ s2111)x2
0 + (T̃ s133 − T̃ s1133 + T̃ s2133)y2

0 .

(2.10)

We could connect the pure geometrical terms of the sextupoles with the chromaticity of
the corresponding magnet, as follows:

T̃ s111 = −T̃ s133 =
ξsx

2Dx

√
β∗x
βx

. (2.11)

When the horizontal chromaticity generated upstream differs from the value given in
Eq. (2.8) by ∆ξx, we could adjust the amount of chromaticity generated by the sextupoles
S and S1 by ∆ξsx and ∆ξs1x with respect to Eq. (2.9). At the same time, if we would like
to find the optimal settings for S2 sextupole, ξs2x = −ks2L βxDs2

x to minimize the horizontal
beam size at the IP. The IP horizontal beam size for such a system, based on Eq. (2.10)
with upstream chromaticity ξupx = ξqx

1+Ds1x /Dx
1−Ds1x /Dx + ∆ξx and including Eq. (2.11) writes as:

σ∗x
2 = εxβ

∗
x + εxβ

∗
x(∆ξx + ∆ξsx + ∆ξs1x + ξs2x )2δ2

p

3
β∗x
βx
D2
x

(
∆ξsx

2
− ∆ξs1x

2

Ds1
x

Dx
+
ξs2x
2

Ds2
x

Dx

)2

δ4
p

+
3

4

β∗x
βx

(
∆ξsx
Dx
− ∆ξs1x

Ds1
x

+
ξs2x
Ds2
x

)2

[(εxβx)2 + (εyβy)
2]+

+
β∗x
βx

(
∆ξsx
Dx
− ∆ξs1x

Ds1
x

+
ξs2x
Ds2
x

)
×

×
(

∆ξsx
2
− ∆ξs1x

2

Ds1
x

Dx
+
ξs2x
2

Ds2
x

Dx

)
Dxδ

2
p(εyβy − εxβx)

(2.12)
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The minimum could be found by solving the following system of equations:

∂

∂∆ξsx
σ∗x

2 = 0

∂

∂∆ξs1x
σ∗x

2 = 0

∂

∂ξs2x
σ∗x

2 = 0

(2.13)

Using ~ξ = (∆ξsx,∆ξ
s1
x , ξ

s2
x )T we could simplify Eq. (2.12) as:

σ∗x
2 = εxβ

∗
x + εxβ

∗
x

(
∆ξx +

3∑
i=1

ξi

)2

δ2
p +

3∑
i=1

3∑
j=i

Aijξiξj , (2.14)

where Aij are the terms one gets after comparing Eq. (2.14) and Eq. (2.12). The derivatives
are:

∂

∂ξl
σ∗x

2 = 2εxβ
∗
x

(
∆ξx +

3∑
i=1

ξi

)
δ2
p +

3∑
i=1

3∑
j=i

Aij(δilξj + δjlξi) , (2.15)

where δij is the Kronecker delta. By introducing the Heaviside step function H, with
H(0) = 1, we could rewrite the sum as:

∂

∂ξl
σ∗x

2 = 2εxβ
∗
xδ

2
p∆ξx +

3∑
i=1

ξi(2εxβ
∗
xδ

2
p +Ail(H(i− l) +H(l − i))) . (2.16)

In this format, the solution of Eq. (2.13) could be simplified as:

M̂~ξ = ∆ξx~b , ~ξ = (∆ξsx,∆ξ
s1
x , ξ

s2
x )T , (2.17)

where M̂ and ~b are the matrix and the vector estimated depending on the configuration of
the sextupoles respectively. The solution is proportional to ∆ξx, which leads to a quadratic
dependence of σ∗x

2 on ∆ξx, similarly to Eq. (2.6). This property will be used to find the
optimal upstream chromaticity in the following.

2.3 Matching of the FFS optics with Short FD
The pole tip field for both QF1 and QD0 is lower than 2.2 T, which allows to decrease their
length. Based on this, we decrease the length of QF1 and QD0 to approximately 2.79 m
and 1.69 m respectively. The advantage of a FD with shorter magnets is that it generates
less chromaticity and potentially reduces the beta-function level in the whole FFS.

To design the optics with short QF1 and QD0 magnets, we reduce their length, but we
increase their magnetic fields to keep the same integrated strength. We keep the centers of
both magnets unchanged and we adjust the length of the final drift L∗ to be exactly 6 m
(see the schematic in Fig. 2.5). Further, the optics is matched with MADX [43], for the
same Twiss parameters at the IP as in Tab. 2.1, see Fig. 2.6.
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Figure 2.5: Schematic view of the length reduction for QF1 and QD0. The
quadrupoles are shown in red, sextupoles in green, and octupoles in orange.

To match the beam sizes at the IP we use the six available sextupoles, namely SD0,
SF1, SD4, SF5, SD5, SF6 and the two octupoles, namely OCT1 and OCT2 (refer to
Fig. 2.1). For the calculations, we use MADX with PTC [49] to generate the transfer map
and Mapclass [45] to evaluate the beam sizes at the IP.

In order to minimize the horizontal beam size at the IP, we need to find the optimal
upstream chromaticity. In general it should be close to the chromaticity generated by the
FD. As evaluated in Sec. 2.2, the square of the minimum horizontal beam size at the IP
is a quadratic function of the upstream chromaticity. We denote ξFDx as the horizontal
chromaticity generated at the IP by the FD and ξupx - the horizontal chromaticity generated
at the IP by the upstream elements to the FD. The chromaticity difference impacting the
horizontal beam size at the IP is:

∆ξx = ξFDx − ξupx . (2.18)

To modify ξupx , the distance between the section of the dipole magnets Dip2 and the FD is
changed (refer to Fig. 2.1). In this case, the FD chromaticity remains the same, while the
beta-function level along the FFS is affected, which directly impacts the upstream chro-
maticity, since the chromaticity of a single quadrupoles is proportional to the beta-function
at its location, according to Eq. 1.44. For each distance change, the Twiss paramaters are
matched with the quadrupoles first , after the 2nd order beam size is matched using the
sextupoles. Figure 2.7 shows the plot of the 2nd order horizontal beam size as a function of
chromaticity difference ∆ξx evaluated for each distance change between Dip2 and FD. Also,
Fig. 2.8 connects ∆ξx with the change of the distance between Dip2 and FD. The parabolic
fit of the square of the horizontal beam size gives the optimal difference of ∆ξx ≈ 47. This
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Figure 2.6: Beta-functions and dispersion for the new optics with short FD.
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IP as the function of the difference between the FD and upstream chromaticity.

Table 2.3: Optimized integrated strength of the sextupoles.

Magnet SD0 SF1 SD4 SF5 SD5 SF6
Strength k2L [m-2] 1.18 -0.21 0.71 -0.38 2.02 0.41

is achieved by inserting an additional drift of length ∆L ≈ 4.75 m between Dip2 and the
FD. Finally, to optimize the upstream horizontal chromaticity, we perform the matching
of the 5th order horizontal and vertical beam sizes. Table 2.3 gives the optimal magnetic
strengths of each sextupole to get the smallest IP beam sizes of σ∗x = 143.02 nm and σ∗y =
2.59 nm, see Fig. 2.9. To reach this, we did not use octupoles anymore.

Calculation of the total luminosity (Ltotal) and peak luminosity (Lpeak) is done with
the particle tracking codes Placet [67,68] and Guinea-Pig [69,70]. At first, we generate the
beam distribution at the BDS entrance. In the transverse plane, the Gausian distribution
based on the optical parameters is used. In the longitudinal plane, a flat top profile is used
with a 1 % energy spread width. Then, we do the tracking with Placet and we calculate
the particle distribution at the IP and the corresponding beam sizes. For comparison,
we perform the tracking with and without SR. Finally, the distribution at the IP is used
to calculate the luminosity with Guinea-Pig. For this optics, we get a total luminosity
of 1.66×1034 cm-2s-1 and a peak luminosity of 0.96×1034 cm-2s-1. In the calculations,
we assumed head-on collisions, and do not take into account the impact of the detector
solenoid field.

The larger the dispersion at the sextupole locations are, the weaker sextupoles are
needed to compensate the chromaticity and the lower the aberrations are at the IP. On the
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Figure 2.8: Difference between the FD and upstream chromaticity as a function of
the distance change (∆L) between Dip2 and FD.

other hand, a large dispersion level requires stronger dipoles and ultimately leads to energy
loss and beam emittance growth due to SR. These two effects have to be balanced in order
to reach the highest luminosity. To find the optimum, we could modify the dispersion level
in steps by means of scaling the bending angles of the dipoles in the FFS and evaluate the
luminosity. In the calculations, the dipole strengths were scanned in the relative range of
0.37 - 1.31 of their original strength with a step of 6.25 %. The dispersion profile for the
different scaling factors is shown in Fig. 2.10. For each scale factor, the sextupole settings
were adjusted to optimize the beam sizes at the IP with MADX and Mapclass. The impact
of the dispersion change on the horizontal and vertical beam sizes evaluated with Placet,
with and without SR included, are shown in Fig. 2.11. One can notice, that small dispersion
is not enough to provide a proper aberrations correction, while large dispersion results in
σ∗x growth due to the synchrotron aberration. Finally, we calculate the luminosity for each
dispersion level. Such a scan is shown in Fig. 2.12. One can see that the dispersion level
established in the nominal design is still the optimal choice for the current optics and does
not require any changes.

2.4 Nonlinear optimization of FFS with short FD
and alternative dispersion profile

It has been found that by inverting the strength of one of the quadrupoles of the FFS,
namely QD6B (refer to Fig. 2.1), a new dispersion profile can be established for the FFS,
see Fig. 2.13. In this case, the quadrupole inverts the dispersion slope, allowing larger
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dispersion at the FD for the same dipoles bending angles.
The optics requires the similar upstream chromaticity adjustment as in Sec. 2.3, due

to the new dispersion profile. An approach that was used is based on the simultaneous
matching of the IP Twiss parameters and the upstream chromaticity to the given value,
using the quadrupoles upstream of the FD. After, for each chromaticity value we minimize
the 2nd order beam size with the sextupoles, see Fig. 2.14. By applying the parabolic fit,
one can find the minimum, which corresponds to the chromaticity difference of ∆ξ∗x ≈ 171.
The sextupole settings are obtained from the numerical optimization with MADX and
Mapclass, strengths are varied to minimize the 5th order beam sizes. Beam sizes obtained
after the optimization are σ∗x = 144.31 nm and σ∗y = 3.92 nm and they are far from the
target. The beam sizes as a function of the order of transfer map are given in Fig. 2.17
and is labeled as “Before optimization”. The vertical beam size σ∗y is large, mainly due to
the 3rd order contributions, similarly to the designs with long FD when the octupoles are
switched off. The horizontal beam size is dominated by the contributions from high-order
terms.

To analyze the obtained IP beam sizes, the transfer map is truncated at 5th order. The
terms inside the sum in Eq. (1.30) are evaluated with Mapclass and sorted in descending
order. Figure 2.15 shows the largest contributions to the horizontal and vertical beam sizes.
For simplicity the 1st and 2nd order map terms are represented in Transport notation [44]:

uf,i =
5∑
j=1

Riju0,j +
5∑
j=1

5∑
k=j

Tijku0,ju0,k . (2.19)

Looking at these results, several outlines can be made for this design:
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Figure 2.15: The largest contributions to the square of the horizontal (top) and ver-
tical (bottom) beam size, excluding the linear parts. The contributions of 2nd order
are shown in green, 3rd order in blue, 4th order in orange, and 5th order in red.
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• The horizontal beam size at 2nd order is well corrected, but with noticeable pure
geometrical contribution from T 2

111. The 3rd order chromatic terms such X01002R12

and X2
00003 are dominant and are responsible for the large σ∗x growth at 3rd order.

• The horizontal beam size is reduced close to the linear value, mainly at 5th order,
with the largest reduction coming from X01004R12.

• The vertical beam size is almost twice the target value at 5th order. It is dominated
by the 3rd order contributions, like the coupling terms Y 2

20100 and Y 2
20001.

One of the main issues limiting the IP beam size is the distribution of sextupoles in
the FFS and the transfer matrices between them. In this context, few improvements could
be done:

• Scan the location of SD5 to find the best position which gives the smallest beam
size at the IP. For each SD5 location, the beam size at the IP is matched with the
sextupoles. The results of such a scan are shown in Fig. 2.16, from the figure we
could notice that it is possible to reduce the IP vertical beam size down to 2.49 nm
when SD5 is shifted by 6 m further from the IP, without the need of the octupoles.

• Add a pair of decapoles to correct the 4th order horizontal and vertical beam sizes
growth. Although the 5th order beam size is numerically optimized, the presence
of 4th order aberrations would strongly impact the beam size dependence on the
energy offset and, consequently - energy bandwidth. It is suggested to put the pair
of decapoles in the FD region to correct it, named DEC1 and DEC2, which are
located next to the SF1 and SD0 sextupoles respectively.

The comparison of the beam sizes before and after the above optimizations, evaluated
with MADX and Mapclass is shown in Fig. 2.17. The beam sizes obtained after these
optimisations are 143.82 nm × 2.67 nm, see Tab. 2.4. To optimize the lattice in terms
of luminosity at the IP and find the balance between emittance growth due to SR and
aberrations control, one needs to find the optimum dispersion scale factor. As it is shown
in Tab. 2.4, the IP vertical beam size is around 13 % larger when SR is considered. This
fact could limit the total luminosity and reduce the peak luminosity at the IP. Dispersion
scale factors within ±50 % from the initial value are also explored, see Fig. 2.18. The
highest values of Ltotal = 1.74×1034 cm-2s-1 and Lpeak = 1.01×1034 cm-2s-1 are obtained
by reducing dispersion by 12.5 %. The final sextupole and decapole settings are given in
Tab. 2.5.

2.5 Performance evaluation of the CLIC FFS optics
with the new designs

In this section we compare the performance of the PIP optics with β∗y = 100 µm, the
current design with β∗y = 100 µm and the 2 proposed optics with Short FD, and with
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Figure 2.16: 5th order horizontal and vertical beam sizes at the IP as a function of
SD5 sextupole location. The target values are σtargetx = 143.00 nm and σtargety =
2.38 nm.

Table 2.4: Beam size and luminosity comparisons before and after dispersion op-
timization for the optics with the alternative dispersion profile. Calculations with
PLACET are performed including SR.

Mapclass PLACET + Guinea-Pig

σ∗x [nm] σ∗y [nm] σ∗x [nm] σ∗y [nm] Ltotal
[1034cm-2s-1]

Lpeak
[1034cm-2s-1]

Before 142.97 2.52 145.62 2.87 1.73 1.00
After 142.43 2.45 143.82 2.67 1.74 1.01



56
Chapter 2. CLIC 380 GeV FFS optimization with Short FD and new

dispersion layout

1 2 3 4 5 6 7 8

Order

142

144

146

148

150

152

154

σ
∗ x

[n
m

]

Before optimization

After optimization

1 2 3 4 5 6 7 8

Order

2.50

2.75

3.00

3.25

3.50

3.75

4.00

σ
∗ y

[n
m

]

Before optimization

After optimization

Figure 2.17: Horizontal (top) and vertical (bottom) beam sizes square at the IP
before and after the SD5 location scan and with a pair of decapoles.



2.5. Performance evaluation of the CLIC FFS optics with the new
designs 57

0.6 0.8 1.0 1.2 1.4

Dx scale

0.88

0.90

0.92

0.94

0.96

0.98

1.00

L/
L 0

Ltotal
Lpeak

Figure 2.18: Luminosity dependence of the dispersion level along the FFS for the
optics with β∗y = 70 µm, short FD and the alternative dispersion profile.

Table 2.5: Optimized integrated strength of the sextupoles and decapoles for the
optics with the alternative dispersion profile.

Magnet Strength
k2L [m-2] k4L [m-4]

SD0 1.21 -
SF1 -0.29 -
SD4 0.77 -
SF5 -0.47 -
SD5 4.67 -
SF6 0.50 -
DEC1 - -370
DEC2 - 9120
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Table 2.6: Beam sizes calculated with PLACET including SR and with Mapclass
including transfer map terms up to the 8th order and Luminosities calculated with
Guinea-Pig.

MAPCLASS PLACET + Guinea-Pig
σ∗x σ∗y σ∗x σ∗y bandwidth Ltotal Lpeak

Optics [nm] [nm] [%] [1034cm-2s-1]
β∗y = 100 µm 141.90 3.14 144.22 3.14 0.52 1.63 0.93
β∗y = 70 µm 143.48 2.72 145.78 2.74 0.35 1.66 0.96

β∗y = 70 µm, Short FD 142.74 2.63 144.72 2.71 0.42 1.66 0.96
β∗y = 70 µm, Short FD

+ altern. Dx
142.43 2.45 143.82 2.67 0.30 1.74 1.01

Short FD and alternative dispersion profile. We evaluate them in terms of beam sizes,
luminosity, and energy bandwidth. Lastly, we confirm the compliance of the collimation
depth with the new optics designs.

2.5.1 Beam sizes and luminosity
The beam sizes are calculated with MadX-PTC and Mapclass, including the map terms up
to the 8th order and with PLACET tracking. Luminosity is calculated with Guinea-Pig.
The results are given in Tab. 2.6.

The horizontal beam size is well matched to the linear value of 143 nm for each optics.
The vertical beam size of the optics with β∗y = 100 µm is at 15 % larger than the largest
beam size of the optics with β∗y = 70 µm. Among the different designs, the optics with
short FD and with new dispersion profile provides the best aberration control, providing
almost linear value of σ∗y , see Fig. 2.19. As a result, the optics with short FD and with new
dispersion profile provides also the largest luminosity giving the boost of 7% compared to
the previous optics with β∗y = 100 µm and 5% if compared with the β∗y = 70 µm optics.

2.5.2 Energy bandwidth
The term energy bandwidth is used to describe the beam size or the luminosity dependence
with the energy offset. Here the definition from [71] is used.

It is defined as the width of the region where the beam size does not grow more than
10 %, compared to the on-momentum beam size. For the simulation, a particle tracking
with PLACET is used for the beam with an energy offset in the range of ±1%. It is worth
mentioning that no energy collimation is applied so that the particle can have an energy
offset larger than 1.3 %. Overall it increases the beam size and total luminosity but does
not affect the peak luminosity. Fig. 2.20 shows the calculation results for the different
optics. The estimated bandwidth it is given in Tab. 2.6.

One can see that the vertical beam size rapid growth for the off-momentum beam is
responsible for the small energy bandwidth. Although it is possible to control the linear
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optics very well by adding higher-order magnets, such as octupoles and decapoles, 2nd

order beam size remains large. This is mainly due to the large vertical chromaticity, which
blow up the vertical beam size once the chromaticity correction fails to work.

To analyze how the luminosity changes with the energy offset, the beam distributions
obtained earlier are given to Guinea-Pig. The results are shown in Fig. 2.21. One can
see that the original optics with β∗y = 100 µm has the largest bandwidth for Ltotal mainly
because of the horizontal beam size reduction for negative δp. Peak luminosity bandwidth
is similar, except for the optics with different Dx profile, which is about 25 % smaller.

2.5.3 Collimation depth
The CLIC collimation section at 380 GeV was scaled down from 3 TeV and preserves the
same collimation depth. The collimation section consists of an energy and a betatron
collimation section respectively. The energy collimation removes the particles from the
beam with an energy offset larger than 1.3 % [72]. The betatron section aims to clean the
beam halo, such that neither particles nor emitted photons hit QF1, QD0, or the inner
part of the detector. Simulation studies in [73], established the optimal collimation depth
of 15σx and 55σy for 3 TeV stage. In the 380 GeV lattice, the nominal aperture is larger
than the 3 TeV one and it is comparable with the CLICdet [22] inner dimension.

The vertex detector is located in close proximity to the interaction region and has an
inner radius of 31 mm, with the beam pipe of 29.4 mm inner radius. To simulate the beam
halo, a monochromatic beam with large emittance is generated at the FFS entrance and
tracked with PLACET thorough the FFS. Collimation cuts are applied at the FD entrance,
limiting the occupied phase space to:

|x| < 15σx, |x′| < 15σx′ , (2.20)

|y| < 55σy, |y′| < 55σy′ . (2.21)

The beam distribution at the FD entrance is given in Fig. 2.22. Particles passing through
QF1 and QD0 emit photons due to the SR. The photon emission cone’s opening angle is
1/γ ≈ 2.6 µrad and it is small compared to the particle angles x′ and y′. In this case, the
photons are assumed to travel along the emission direction, calculated for each particle at
the entrance, center, and exit of QF1 and QD0 using the PLACET tracking. In Fig. 2.23,
the photons flux is shown, including the reference apertures of the detector. One can see
that photons do not hit it. QD0’s aperture is adjusted based on the cone radii at their
location to avoid the photons hitting the FD. For QF1, it is the nominal aperture, based on
the collimation depth and for QD0, it is around 27.0 mm from simulations (see Tab. 2.7).

The photon flux emitted in QF1 and QD0 has an elliptic shape in the transverse plane
with radii of around 27 mm × 18 mm at the IP location. It satisfies the requirements, as
the photons do not hit the detector nor the FD.

Based on the estimated aperture for the FD and including the studies of the resistive
wall effects in [74], the apertures for BDS of CLIC 380 GeV are shown in Fig. 2.24. The
nominal apertures, which are calculated based on the collimation depth, are increased
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Figure 2.22: Cross section of the collimated beam halo at the FD entrance.

Table 2.7: Gradients and apertures of the FD.

QF1 QD0
Gradient [T/m] 16.3 73.7
Aperture [mm] 31.2 27.0
Pole tip field [T] 0.51 1.99
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everywhere outside the FD by 44 %, and the FD aperture is set to 27 mm from the photon
flux radii.

2.6 Summary
Two new optics for the FFS of CLIC 380 GeV have been designed and fully optimized. Both
of them have a vertical IP beta function of 70 µm and shorter FD quadrupoles by about a
factor 2. The first optics is conceptually similar to the previous design. It provides the same
luminosity as the optics with longer FD but has 30 % larger energy bandwidth and does
not require octupoles. The second optics proposes the use of a different dispersion profile
within the FFS. This optics features higher total and peak luminosities, which are around
5% larger than the other optics with β∗y = 70 µm, but has a smaller energy bandwidth
and also requires a pair of decapoles. Considering the large luminosity gain for the same
vertical beta-functions, the optics with an alternative dispersion profile is preferred option
for the Final Focus of CLIC at 380 GeV.

The collimation depth has been verified to protect the FD and the detector from the
photon flux.





Chapter 3

FFS tunability studies and
implementation at ATF2

As described in Section 1.4.4, the local chromaticity correction scheme has been demon-
strated in ATF2 accelerator complex. The optical design of the ATF2 beamline is a scaled-
down version of the FFS of ILC [12]. To study the potential beam tuning related issues
on ILC, the optics used at ATF2 targets the same chromaticity level as ILC. One of the
crucial aspects to successfully reach the target beam size of 37 nm is to have an effective
tuning strategy to deal with the different types of imperfections in the ATF2 beamline.
In the particular case of CLIC, the chromaticity is 5 times larger than in the “nominal”
design of ATF2, hence to study the CLIC’s tunability, an optics with 4 times smaller β∗y
called “ultra-low” β∗ optics with a target vertical beam size of 23 nm [34, 35]. This optics
is more sensitive to the beamline imperfections and therefore possesses more tuning dif-
ficulties. In this Chapter we describe first in detail the ATF2 accelerator complex optics
and hardware relevant for the ultra-low β∗ studies in Section 3.1. Section 3.2 is dedicated
to the new tuning knobs and strategy for ultra-low β∗ optics. Then, in Section 3 we report
the simulations studies of the tuning strategy for the ultra-low β∗ optics with and without
octupoles. Finally, in Section 3.5 the overview of the ATF2 the results of the Ultra-low β∗

tuning campaigns between June 2019 and March 2020 is described in detail.

3.1 ATF2 ultra-low β∗ optics and related hardware

An ultra-low β∗y optics had been proposed in 2010 [34]. It features a 4 times smaller
vertical beta-function at the IP and consequently 4 times higher chromaticity. The optics
is referred as β∗x × 0.25β∗y , and in terms of vertical chromaticity, it approaches the CLIC
3 TeV optics. The Twiss parameters for such an optics with comparison with the nominal
optics are shown in Fig. 3.2.

Similarly to the nominal optics 10β∗x × β∗y , the impact of the multipolar errors is re-
duced by running the ultra-low βy optics with 25 times larger horizontal beta-function,
25β∗x × 0.25β∗y [33]. The reduction of the IP beta-function always leads to a linear beta-
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Figure 3.1: Schematic layout of the ATF2 beamline from [33].
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Figure 3.2: Horizontal and vertical beta-functions and horizontal dispersion in the
ATF2 beamline for the ultra-low 1β∗x×0.25β∗y optics and nominal β∗x×0.25β∗y op-
tics. The dipoles are shown in blue, quadrupoles in red, sextupoles in orange, and
octupoles in cyan. Vertical cyan lines indicate the octupoles locations.

function growth in the FD. In the case of the ultra-low βy optics, furthemore it gives a
significant increase of the 3rd order chromatic aberrations [20] The dominant sources of
these aberrations are the multipole components of the QD0FF (the last quadrupole before
the virtual IP) [75], and the fringe fields in the FD [76]. To cancel them, a pair of octupoles
had been installed in 2016, according to the specifications in [77] (see Fig. 3.3). The mini-
mum beam size achievable with the ultra-low βy including the octupoles is around 20 nm.
The key parameters of these octupoles are given in Tab. 3.1. Both magnets are air-cooled
and are mounted in micrometric tables with a dynamic range of ± 1 mm. They are located
in the beamline with a −I transformation between them, with OCT1FF located in a high
horizontal dispersion region, and OCT2FF located in a low horizontal dispersion region,
see Fig. 3.2. One can notice, that OCT1FF is designed stronger than OCT2FF. At the
same time, in the optics designs we need OCT2FF to be stronger for the proper aberrations
cancellation (see Tab. 3.1). It is valid for both ultra-low β∗y optics and is very important
for 25β∗x × 0.25β∗y . In Fig. 3.4 one can observe the σ∗y reduction due to the octupoles.
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(a) (b)

Figure 3.3: Octupoles installed in the ATF2 beamline: OCT1FF (a) and OCT2FF
(b) from [20].

So, in order to be able to see the impact of the octupoles with 25β∗x × 0.25β∗y optics, the
octupoles’ positions were swapped in 2019.

Table 3.1: Octupole main parameters.

OCT1FF OCT2FF
Max. integr. gradient [T/m2] 7663 390
Max. integr. strength [m-3] 730 90
Max. current [A] 50 50
Magnetic length [mm] 300 300
Designed integrated strength [m-3]
βx × 0.25βy -19.24 102.61
25βx × 0.25βy -35.51 730.0

3.1.1 IP Beam size measurement (IPBSM)

One of the main goals of ATF2 is to shrink the electron beam to the nanometer level in
the vertical plane at the Virtual IP. The target beam size for the nominal optics is 37 nm,
while for ultra-low β∗y it is approximately 20 nm. To accomplish that, one needs the proper
instrumentation to measure such an extremely tiny beam size. For this, ATF2 adopted
an upgraded version of a Shintake monitor [78, 79], previously used at FFTB [80, 81]. It
allows measuring the beam sizes in the range from 6 µm down to 25 nm and it is crucial
for the beam size tuning operations.

The key property used in the design of the Shintake monitor is the interaction between
the electron and the laser beams, called Compton scattering. The laser beam of wavelength
λ = 532 nm is generated and splitted into so-called lower and upper paths, as shown
in Fig. 3.5. Both paths are designed in a way that the laser beams are focused at the
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virtual IP and cross the path of the incoming electron beam perpendicularly. As a result,
in the intersection region, two laser beams generate the interference pattern. Also, the
upper path has an embedded optical delay line, which allows changing the phase of the
incoming laser. By making so, we can adjust whether it is a maximum or a minimum of
the interference pattern at the Virtual IP. When the electron beam crosses the interaction
region, it Compton scatters the photons towards the Gamma Detector located downstream.
The number of scattered photons depends on the distribution of the particles in the electron
beam and also on the configuration of the fringe pattern. After the interaction, the electron
beam is safely sent into a beam dump with a dipole magnet (BDUMP), such that the
electron beam does not interfere with the gamma detector. When we continuously scan the
fringe pattern by varying the phase of one of the laser beams, we might observe the signal
correlation at the Gamma Detector, see Fig. 3.5. It requires the transverse dimensions
of the electron beam to be smaller than the dimension of the fringe pattern. In this
case, the maximum signal corresponds to the maximum of the interference pattern, and
the minimum corresponds to the minimum of the interference pattern. If the vertical
dimension of the electron beam is comparable or larger than the dimension of the fringe
pattern, the correlation will be small or even negligible. We define Nmax and Nmin as the
maximum and minimum signals at the Gamma Detector and introduce the modulation
depth M :

M =
Nmax −Nmin

Nmax +Nmin
. (3.1)

For Gaussian beams, the modulation depth writes as a function of the vertical beam size
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Figure 3.5: Schematic layout of Shintake Monitor (top) and principle of work (bot-
tom). Figure taken from [78].
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Figure 3.6: Modulation at IPBSM evaluated for different laser crossing angles. In
dashed, the beam size range of the corresponding working mode is indicated.

at the IP (σ∗y) as:

M = C| cos θ| exp−2k2yσ
∗
y
2

] , ky =
π

d
, (3.2)

where d is the fringe pitch and it depends on the wavelength (λ) and the angle between the
two laser paths (θ): d = λ

2 sin θ/2 and C is the modulation reduction factor, which includes
various types of the systematic errors taking place throughout the measurements [33, 82].
The beam size at the IP is given by:

σ∗y =
d

2π

√
2 ln

(
C| cos θ|
M

)
. (3.3)

There are three crossing angles available for the measurements, 2◦-8◦ (usually we utilize
6.4◦ angle), 30◦, and 174◦, see Tab. 3.2. Depending on the laser crossing angles, there
are 3 working modes of the Shintake monitor, adapted for different beam size ranges, see
Fig. 3.6. To detect the Compton scattered photons either CsI scintillating detector or

Table 3.2: Different laser crossing modes of Shintake monitor.

Crossing angle θ 2◦ 6.4◦ 8◦ 30◦ 174◦

Fringe pitch d [µm] 15.2 4.77 3.81 1.03 0.27
σ∗y [nm], Upper limit 6000 1600 1400 360 100
σ∗y [nm], Lower limit 1200 360 350 100 20

Cherenkov radiation detector is utilized. In Fig. 3.7, a typical modulation scan is shown,
performed in March 2019 ultra-low β∗y tuning operation.

The larger beam sizes can also be measured with a wire scanner installed at the IP [83].
The wire scanner consists of a carbon wire with 5 µm diameter. The configuration of
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Figure 3.7: Measurement of the vertical IP beam size performed with Shintake moni-
tor in 30◦ mode in March 2019 ultra-low β∗y tuning operation. Estimated modulation
is 0.76.
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the wire scanner allows measuring the beam sizes in both horizontal and vertical planes.
When the beam interacts with the wire, it generates bremsstrahlung photons, which are
then collected downstream in the plastic scintillating detector (referred to as Background
detector). The detector is located at the same location as the Gamma detector of the
Shintake monitor.

3.1.2 Measurement of the optics functions at the IP
The measurements of the beta-functions at the IP β∗x,y are crucial to verify the proper
implementation of the optics. For this, at ATF2, a quadrupole scan method is used. Such
a scan also provides the initial beam waist alignment at the IP. It is performed by scanning
the strengths of the FD quadrupoles (QF1FF and QD0FF) while measuring the beam size
at the IP. Based on Eq. (1.45) the beam size in the close vicinity of the beam waist depends
on the distance sx,y from the waist as:

σ∗x,y
2 = εx,yβ

∗
x,y + εx,y

s2
x,y

β∗x,y
. (3.4)

In most of the cases, the beam waist is not located at the Virtual IP at the beginning of
the beam tuning and requires further adjustment. To evaluate the optical beam sizes from
the the Wire Scanner, we need to take into account the dispersion at the IP, and also the
finite dimension of the wire:

σ∗x,y
2 = σ∗x,y;measured

2 −D2
x,yδ

2
p −

(
d

4

)2

, (3.5)

where δp is the momentum spread of the beam, d is the diameter of the wire, and Dx,y is
the dispersion at the Virtual IP. For small variations of the FD quadrupoles strengths ∆kL
of QF1 and QD0, the added waist shift is ∆sx,y ∼ ∆kL. The absolute amount depends
on the optics, and in particular, on the beta-functions at the quadrupoles location. The
horizontal waist is more sensitive to variations of the strength of QF1FF, while vertical
is more sensitive to the variations of the strength of QD0FF. So, the strength of each
quadrupole is varied while measuring the beam size with the Wire Scanner. Then, the
data is fitted with a parabola to evaluate both the emittance and the IP beta-function.
At ATF2, we use a flat beam, so while the horizontal beam size varies from 2.8 µm for
β∗x optics to 14 µm for 25β∗x optics, the vertical beam size, even before beam size tuning,
is expected to be less than 1 µm. So, in the vertical plane, the minimum beam size that
we measure with Wire Scanner will correspond to the physical dimensions of the wire.
Therefore, the beam size at the waist cannot be trusted, and only the beam divergence is
evaluated from the fit:

εy
s2
y

β∗y
≈ σ∗x,y;measured

2 −D2
yδ

2
p −

(
d

4

)2

. (3.6)

In this case, we could not evaluate the vertical emittance and beta-function at the IP
simultaneously, but the beam divergence εy/β∗y instead. To calculate the exact value of
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the β∗y we either rely on the vertical emittance measurements in the damping ring or we
evaluate it with the Multi-OTR system [84], located in the matching section of the FFS.

3.1.3 Orbit and dispersion correction

The beam position along the ATF2 beamline is evaluated by means of 38 BPMs of 2 types:
13 stripline-BPMs and 25 Cavity-BPMs (C-BPMs). The stripline BPMs are composed of
four metal strip-like electrodes to be able to measure the beam orbit in both directions.
The resolution of such BPM varies between 5 µm and 20 µm. The C-BPMs [85] used
at ATF2 are based on the induced EM files in a specific resonant cavity when the beam
passes through. They are designed to operate in the dipole mode (TM110) at a frequency
of 6.422 GHz. In this case, the amplitude of the signal depends linearle on the beam offset.
The resolution of such BPMs is usually smaller than 1 µm and can reach 200 nm. The
beam orbit is flattened with 13 horizontal and 13 vertical correctors distributed along the
ATF2 beamline.

After the beam orbit is corrected, we evaluate the dispersion in the beamline. For this,
we slightly change the beam energy at the exit of the damping ring. The orbit change at
each particular BPM will depend on the dispersion at its location, as follows:

∆x(∆y) = Dx,y
∆p

p
, (3.7)

where ∆p/p is the relative momentum change. The beam energy is changed by slightly
changing the RF frequency cavities in the damping ring with a step of ∆f = 2 kHz.
Being he designed frequency of the RF cavity f0 = 714 MHz, the energy change is given
approximately by:

∆p

p
=

∆f

f0αc
, (3.8)

where αc = 0.00214 is the momentum compaction of the ATF damping ring. Changing
the frequency by 2 kHz leads to a beam energy change of about 1.3 %. The horizontal
and vertical dispersions are corrected with two pairs of normal and skew quadrupoles,
being the two quadrupoles within a pair separated by 2π phase advance in the horizontal
plane and π in the vertical plane and located at the same horizontal dispersion but of
opposite sign. At ATF2, there is a dedicated pair of normal quadrupoles (QF6X, QF1X)
for horizontal dispersion correction and a pair of skew quadrupoles (QS1X, QS2X) for the
vertical dispersion correction. Both pairs are located almost identically at the dispersion
peaks in the extraction line, see Fig. 3.8. To correct the horizontal dispersion, we vary the
strengths of QF6X and QF1X simultaneously. Similarly, to correct the vertical dispersion,
we vary the strengths of QS1X and QS2X simultaneously, we will refer in the following as∑

-knob. The change of the strengths of QS1X and QS2X in opposite directions, will be
refered in the following as ∆-knob. In this case, the pair of skew quadrupoles is the source
of 〈x, y〉 coupling. This is especially useful when used in combiation with the meaurement
in the multi-OTR system for minimizing the vertical emittance.
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Figure 3.8: Horizontal and vertical beta-functions and horizontal dispersion along
the ATF2 beamline for Ultra-low β∗ optics. In violet, the locations of skew
quadrupoles QS1X and QS2X are indicated. Normal quadrupoles QF6X and QF1X
are located in close vicinity to QS1X and QS2X respectively, in a range of 20 cm.

3.1.4 Beam tuning knobs

At ATF2, we use a set of so-called tuning “knobs” to correct the aberrations at the virtual
IP. Each knob corrects the associated aberrations independently and uses either sextupoles’
transverse offsets or their strength variations. The list of the knobs available at ATF2 with
a short description is given in Tab. 3.3. The details on how they are constructed are given
in Sec. 3.2.1.

Table 3.3: Tuning knobs used at ATF2 and the corresponding aberrations they
correct at the virtual IP.

Knob Aberration at the virtual IP
Ay Longitudinal location of the vertical waist.
Ey Vertical dispersion.

Coup2 〈y, x′〉 coupling.
Y24 Geometrical aberration 〈y, x′, y′〉.
Y46 Vertical chromaticity 〈y, y′, δ〉.
Y22 Geometrical aberration 〈y, x′, x′〉.
Y26 Chromo-geometrical aberration 〈y, x′, δ〉.
Y44 Geometrical aberration 〈y, y′, y′〉.
Y66 2nd order vertical dispersion 〈y, δ, δ〉.
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3.2 Tuning knobs construction for 25β∗x×0.25β∗y op-
tics

Some studies of the ultra-low βy optics tuning have been performed before in ATF2 [33,35].
In these studies the nominal tuning optics strategy has been used [86], obtaining beam sizes
of the order of 50 nm (see Fig. 1.16). In order to improve these achievements a dedicated
tuning knob strategy for the 25β∗x × 0.25β∗y optics has been made in this thesis. In the
following I will present the new knobs definition and the simulation studies to test the
orthogonality and the efficiency of these knobs in comparison with the nominal ones. We
construct a new set of the knobs for 25β∗x×0.25β∗y . As discussed in Sec. 1.4.7, static magnets
imperfections are the sources of various errors at the IP, such as waist shift, dispersion,
coupling, and also the nonlinear terms, such as chromaticity and geometrical aberrations.

3.2.1 Knobs definition
Under the presence of the alignment imperfections and magnetic field errors in the FFS,
the beam size at the IP is no longer linear but is dominated by various linear and nonlinear
aberrations. Linear aberrations include the longitudinal shift of the horizontal and vertical
waists, residual dispersion in both planes, and coupling. These errors are mainly generated
by the quadrupoles. They can be corrected with normal sextupoles displacements, using
the feed-down to quadrupole field. The sextupole, displaced transversely by ∆x and ∆y

additionally kicks the particle approximately by:{
∆x′ ≈ −kN2,Lx∆x+ kN2,Ly∆y − kN2,LDx∆xδ

∆y′ ≈ kN2,Lx∆y + kN2,Ly∆x+ kN2,LDx∆yδ
. (3.9)

where kN2,L is the integrated strength of the sextupole, x and y are the transverse coordinates
at the sextupole entrance, and δ is the energy offset. The dipolar terms that are quadratic
on the deviations are not considered here. They are the source of the orbit distortion and
the residual dispersion. The dispersion generated by these dipolar components is negligible
compared to what is created by the quadrupolar component since usually ∆x(y) � Dx.
Such kicks produces a displacement at the IP given by:{

∆x∗ = −kN2,LRS→IP12 ∆xx+ kN2,LR
S→IP
12 ∆yy − kN2,LRS→IP12 Dx∆xδ

∆y∗ = kN2,LR
S→IP
34 ∆yx+ kN2,LR

S→IP
34 ∆xy + kN2,LDxR

S→IP
34 ∆yδ

, (3.10)

where RS→IP is the transfer matrix between the sextupole and the IP. The sextupoles are
located in the FD phase for proper chromaticity correction, such ∆µx,y = π/2+πnx,y with
nx,y a whole number. In this case the transfer matrix terms are:

RS→IP12 = (−1)nx
√
β∗xβx , R

S→IP
34 = (−1)ny

√
β∗yβy . (3.11)

Furthermore, for the sextupoles at the FD phase the following relations hold (see Eq. 1.43):{
x′∗ = RS→IP21 x = −1/RS→IP12 x

y′∗ = RS→IP43 x = −1/RS→IP34 x
. (3.12)
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We could connect the displacements ∆x∗ and ∆y∗ at the IP from Eq. (3.12) with the
angles x′∗, y′∗ using the Eq. 3.12 as:{

∆x∗ = R̃∗12x
′∗ + R̃∗14y

′∗ + R̃∗16δ

∆y∗ = R̃∗32x
′∗ + R̃∗34y

′∗ + R̃∗36δ
, (3.13)

with the corresponding terms:

R̃∗12 ≡ kN2,L(RS→IP12 )2∆x

R̃∗14 ≡ −kN2,LRS→IP12 RS→IP34 ∆y

R̃∗16 = D∗x ≡ −kN2,LRS→IP12 Dx∆x

R̃∗32 ≡ −kN2,LRS→IP12 RS→IP34 ∆y

R̃∗34 ≡ kN2,L(RS→IP34 )2∆x

R̃∗36 = D∗y ≡ kN2,LRS→IP34 Dx∆y

(3.14)

One can see that by offsetting a sextupole in the horizontal direction, we introduce a
waist shift in both horizontal and vertical planes and also we create a horizontal dispersion
D∗x. An offset in the vertical plane introduces coupling between planes and also vertical
dispersion D∗y. Setting ∆x∗ = x∗ − x∗β and ∆y∗ = y∗ − y∗β , where x∗β and y∗β are the
non-perturbed or betatron coordinates, we get:{

x∗ = x∗β + R̃∗12x
′∗ + R̃∗14y

′∗ +D∗xδ

y∗ = y∗β + R̃∗32x
′∗ + R̃∗34y

′∗ +D∗yδ
(3.15)

We could evaluate the coordinates correlations as:

〈x∗, x′∗〉 = R̃∗12〈x′∗, x′∗〉
〈x∗, y′∗〉 = R̃∗14〈y′∗, y′∗〉
〈x∗, δ〉 = R̃∗16δ

2
p

〈y∗, x′∗〉 = R̃∗32〈x′∗, x′∗〉
〈y∗, y′∗〉 = R̃∗34〈y′∗, y′∗〉
〈y∗, δ〉 = R̃∗36δ

2
p

(3.16)

We could introduce the linear knobs, as:

Xi ≡
〈x∗, ui〉√
〈ui, ui〉

, Yi ≡
〈y∗, ui〉√
〈ui, ui〉

, (3.17)

where u∗i is one of the particle’ coordinates {x∗, x′∗, y∗, y′∗, t, δ} at the IP. The beam size
at the IP then writes: {

〈x∗, x∗〉 = εxβ
∗
x + X2

2 + X2
4 + X2

6

〈y∗, y∗〉 = εyβ
∗
y + Y2

2 + Y2
4 + Y2

6

(3.18)

One can see that each particular sextupole, displaced by ∆x and ∆y, is the source of
the various effects at the IP, which are linear on the magnitude of the displacements. By
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utilizing several sextupoles, we could establish the combination of the shifts, such each
particular aberration is changed independently. Such a configuration of the shifts is called
a linear tuning knob. Additionally, the terms R̃∗14 and R̃∗32 are identical for each sextupole,
so the knobs X4 and Y2 would be the same. This means that only one can be used at the
same time. To construct five linear knobs, we require at least three sextupoles, and in the
ATF2 beamline, there are five normal sextupoles available.

Nonlinear aberrations at the IP are associated with the field errors in the sextupoles.
When the strength of the normal thin sextupole is changed by ∆kN2,L, the kick a particle
receives is: {

∆x′ = −∆kN2,L
2 ((x+Dxδ)

2 − y2)

∆y′ = ∆kN2,L(x+Dxδ)y
. (3.19)

Such kicks propagate to the IP, causing the following coordinate change:

∆x∗ = −

Geometrical aberrations︷ ︸︸ ︷
∆kN2,L

2
RS→IP12 (x2 − y2)−

2nd-order dispersion︷ ︸︸ ︷
∆kN2,L

2
RS→IP12 D2

xδ
2−

Horizontal chromaticity︷ ︸︸ ︷
∆kN2,LR

S→IP
12 Dxxδ

, (3.20)

∆y∗ =

Geometrical aberrations︷ ︸︸ ︷
∆kN2,LR

S→IP
34 xy +

Vertical chromaticity︷ ︸︸ ︷
∆kN2,LR

S→IP
34 Dxyδ .

(3.21)

Based on that, we set: 

T̃ ∗324 ≡ ∆kN2,LR
S→IP
12 (RS→IP34 )2

T̃ ∗346 ≡ −∆kN2,L(RS→IP34 )2Dx

T̃ ∗122 ≡ −∆kN2,L
2 (RS→IP12 )3

T̃ ∗126 ≡ ∆kN2,LDx(RS→IP12 )2

T̃ ∗144 ≡ ∆kN2,L
2 RS→IP12 RS→IP34

T̃ ∗166 ≡ −∆kN2,L
2 D2

xR
S→IP
12 RS→IP34

(3.22)

In this way, the particles’ coordinates at the IP are:{
x∗ = x∗0 + T̃ ∗122x

′∗2 + T̃ ∗144y
′∗2 + T̃ ∗126x

′∗δ + T̃ ∗166δ
2

y∗ = y∗0 + T̃ ∗324x
′∗y′∗ + T̃ ∗346y

′∗δ
, (3.23)

here x∗0 and y∗0 are the not perturbed coordinates. We can construct the nonlinear corre-
lations between the coordinates as:

〈y∗, x′∗, y′∗〉 = T̃ ∗324〈x′∗, x′∗〉〈y′∗, y′∗〉
〈y∗, y′∗, δ〉 = T̃ ∗346〈y′∗, y′∗〉δ2

p

〈x∗, x′∗, x′∗〉 = 3T̃ ∗122〈x′∗, x′∗〉2 + T̃ ∗144〈x′∗, x′∗〉〈y′∗, y′∗〉+ T̃ ∗166〈x′∗, x′∗〉δ2
p

〈x∗, y′∗, y′∗〉 = T̃ ∗122〈x′∗, x′∗〉〈y′∗, y′∗〉+ 3T̃ ∗144〈y′∗, y′∗〉2 + T̃ ∗166〈y′∗, y′∗〉δ2
p

〈x∗, x′∗, δ〉 = T̃ ∗126〈x′∗, x′∗〉δ2
p

〈x∗, δ, δ〉 = T̃ ∗122〈x′∗, x′∗〉δ2
p + T̃ ∗144〈y′∗, y′∗〉δ2

p + 3T̃ ∗166δ
4
p

. (3.24)
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We could introduce the nonlinear knobs as follows:

Yij ≡
〈y∗, u∗i , u∗j 〉√
〈u∗i , u∗i 〉〈u∗i , u∗i 〉

, Xij ≡
〈x∗, u∗i , u∗j 〉√
〈u∗i , u∗i 〉〈u∗i , u∗i 〉

, (3.25)

Extracting the terms of T̃ ∗ from the system in Eq. (3.24) and evaluating the beam size [86]
we have:{

〈x∗, x∗〉 = εxβ
∗
x + 2

5(X2
22 + X2

44 + X2
66)− 1

5(X22X44 + X44X66 + X66X22) + X2
26

〈y∗, y∗〉 = εyβ
∗
y + Y2

24 + Y2
46

(3.26)
The knobs Xij and Yij are linear on the terms of T̃ ∗ and consequently they are linear on
the strength deviation of the sextupole ∆kN2,L. For several sextupoles, their contributions
to the map T̃ ∗ are summed. We can establish the combination of the strengths deviations
of the sextupoles in a way to correct a particular aberration associated with the knob. To
fully construct all six knobs, we need at least six sextupoles. In the ATF2 beamline, there
are only five normal sextupoles available. As discussed in [86] the contribution from X44

is expected to be insignificant, so this knob is neglected.
Besides, in the ATF2 beamline, there are four skew sextupoles, namely SK1, SK2,

SK3, and SK4. To correct the potential skew sextupole fields errors we construct the
tuning knobs on the strengths deviations of these sextupoles. By swapping the horizontal
and vertical coordinates in the solution for the normal sextupoles we introduce the knobs
Y22, Y44, Y26, Y66, X24, and X46, using the defintion given in Eq. (3.25). The contributions
to the beam size is:{

〈x∗, x∗〉 = εxβ
∗
x + X2

24 + X2
46

〈y∗, y∗〉 = εyβ
∗
y + 2

5(Y2
22 + Y2

44 + Y2
66)− 1

5(Y22Y44 + Y44Y66 + Y66Y22) + Y2
26

(3.27)
Further, we only focus on the tuning knobs dedicated to the correction of the vertical beam
size.

3.2.2 Knobs construction
To construct the tuning knobs, we need to establish the set of the transverse offsets of
the normal sextupoles and the set of the strengths deviations of the nominal and skew
sextupoles in a way that only one correlation at the IP is changed independently. We
start with the linear tuning knobs. Each sextupole in the ATF2 beamline (SD0, SF1, SD4,
SF5, and SF6) is misaligned transversely by ∆xi and ∆yi, and we observe the change of
the coordinates correlation at the IP, in the form of the knobs in Eq. (3.17). Further, we
construct the response matrices Rx and Ry as follows:

Rx =


1

∆x1
∆

(
〈x∗,x′∗〉√
〈x′∗,x′∗〉

)
1

∆x2
∆

(
〈x∗,x′∗〉√
〈x′∗,x′∗〉

)
. . . 1

∆x5
∆

(
〈x∗,x′∗〉√
〈x′∗,x′∗〉

)
1

∆x1
∆
(
〈x∗,δ〉
δp

)
1

∆x2
∆
(
〈x∗,δ〉
δp

)
. . . 1

∆x5
∆
(
〈x∗,δ〉
δp

)
1

∆x1
∆

(
〈y∗,y′∗〉√
〈y′∗,y′∗〉

)
1

∆x2
∆

(
〈y∗,y′∗〉√
〈y′∗,y′∗〉

)
. . . 1

∆x5
∆

(
〈y∗,y′∗〉√
〈y′∗,y′∗〉

)
 , (3.28)
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Ry =

 1
∆y1

∆

(
〈y∗,x′∗〉√
〈x′∗,x′∗〉

)
1

∆y2
∆

(
〈y∗,x′∗〉√
〈x′∗,x′∗〉

)
. . . 1

∆y5
∆

(
〈y∗,x′∗〉√
〈x′∗,x′∗〉

)
1

∆y1
∆
(
〈y∗,δ〉
δp

)
1

∆y2
∆
(
〈y∗,δ〉
δp

)
. . . 1

∆y5
∆
(
〈y∗,δ〉
δp

)
 . (3.29)

The coordinate correlations for each corresponding sextupole offset are evaluated with a
dedicated software in Python [87] that has been written for knobs handling and tuning
studies at ATF2. It uses Mapclass to calculate the correlations. The transfer map for
Mapclass is generated with PTC in MADX. In the calculations, the ultra-low 25β∗x×0.25β∗y
optics is utilized with no errors. Each sextupole was shifted by a basic step of 1 µm in
horizontal and vertical planes. The knobs are evaluated by applying the singular value
decomposition (SVD) on the response matrices Rx and Ry. In this case we factorize the
response matrix Rx,y = USV T . The rows of the matrix V T are taken as the knobs. The
shifts associated with the knobs are also scaled in a way that the amplitude 1.0 of the
knob corresponds to the beam size contribution of 100 nm. The knobs construction results
are shown in Tab. 3.4. Here, we utilize the same naming as in the ATF2 machine (see
Tab. 3.3)

Table 3.4: Linear and nonlinear knobs constructed on the transverse shifts and
strength variations of the normal sextupoles respectively. The shifts of the sextupoles
are shown in [µm].

SF6 SF5 SD4 SF1 SD0
∆x ∆y ∆x ∆y ∆x ∆y ∆x ∆y ∆x ∆y

Ax 4.0 - 0.3 - 1.1 - -1.4 - 1.1 -
Ay 1.7 - -0.1 - -7.9 - -1.6 - -0.4 -
Ex 8.9 - 6.4 - -0.8 - 16.4 - -12.7 -
Ey - -0.1 - 7.1 - 50.5 - 17.3 - -36.2

Coup2 - 20.1 - 1.7 - 8.7 - -4.8 - 10.1
∆kN2 [m-3] ∆kN2 [m-3] ∆kN2 [m-3] ∆kN2 [m-3] ∆kN2 [m-3]

Y24 -0.1 0.1 0.1 -0.4 -0.9
Y46 1.6 2.9 5.4 0.1 0.6

Similarly, we construct the nonlinear knobs on the strength deviations. The strength of
each sextupole is changed by ∆ki. In the simulations, a step of 0.1 m-3 is used. Then, the
coordinates correlations associated with knobs Y24, Y46, X22, X26, and X66 are calculated.
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The response matrix evaluates as:

Rkn =



1
∆k1

∆

(
〈y∗,x′∗,y′∗〉√
〈x′∗,x′∗〉〈y′∗,y′∗〉

)
. . . 1
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(
〈x∗,x′∗,y′∗〉√
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)
. . .

1
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(
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〈y′∗,y′∗〉δp
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(
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. . .

1
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(
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. . . 1
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(
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〈x′∗,x′∗〉

)
. . .

1
∆k1

∆

(
〈x∗,x′∗,δ〉√
〈x′∗,x′∗〉δp

)
. . . 1
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∆

(
〈x∗,x′∗,δ〉√
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)
. . .

1
∆k1

∆
(
〈y∗,δ,δ〉
δ2p

)
. . . 1

∆k5
∆
(
〈x∗,δ,δ〉
δ2p

)
. . .


. (3.30)

By applying the SVD method, we extract the sets of strength deviations of the normal
sextupoles for Y24 and Y46 knobs. They are also adjusted to produce the contributions of
100 nm when applied. The details are given in Tab. 3.4. Finally, we build the nonlinear
knobs Y22, Y44, Y26, and Y66 on the strength variations of the skew sextupoles. Similarly,
we change the strength of one of the sextupoles by 0.1 m-3 and we calculate the response
matrix Rks:

Rks =



1
∆k1

∆
(
〈y∗,x′∗,x′∗〉
〈x′∗,x′∗〉

)
. . . 1

∆k4
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(
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(
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. . .
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(
〈y∗,δ,δ〉
δ2p

)
. . . 1

∆k4
∆
(
〈y∗,δ,δ〉
δ2p

)
. . .


. (3.31)

The knobs are given in Tab. 3.5

Table 3.5: Nonlinear knobs constructed on the strength variation of the skew sex-
tupoles.

SK4 SK3 SK2 SK1
∆kS2 [m-3] ∆kS2 [m-3] ∆kS2 [m-3] ∆kS2 [m-3]

Y22 knob 0.0 7.5 -0.1 35.7
Y26 knob 0.0 -11.5 -0.1 23.6
Y44 knob 0.2 1.4 0.6 0.5
Y66 knob 0.6 -0.9 0.0 -1.9

3.2.3 Orthogonality validation of the tuning knobs for ultra-
low β∗y optics

The tuning knobs have been evaluated in a way, that when the knob is applied, only the
associated aberration is impacted. In total there are nine tuning knobs for the vertical



3.2. Tuning knobs construction for 25β∗x×0.25β∗y optics 83

−1.0 −0.5 0.0 0.5 1.0

Knob amplitude

−100

−50

0

50

100

∆
σ
∗ y

[n
m

]

Ay knob scan

(a)

−1.0 −0.5 0.0 0.5 1.0

Knob amplitude

−100

−50

0

50

100

∆
σ
∗ y

[n
m

]

Ey knob scan

(b)

−1.0 −0.5 0.0 0.5 1.0

Knob amplitude

−100

−50

0

50

100

∆
σ
∗ y

[n
m

]

Coup2 knob scan

(c)

Figure 3.9: Vertical beam size contributions resulting from the scans of the linear
tuning knobs Ay (a), Ey (b), and Coup2 (c).

beam size. Combining Eqs. (3.18), (1.40), (3.27) the vertical beam size for an error-free
lattice writes as:

σ∗y
2 = εyβ

∗
y + Ay

2 + Coup2
2 + Ey

2 + Y2
24 + Y2

46 +
2

5

(
Y2

22 + Y2
44 + Y2

66

)
−1

5
(Y22Y44 + Y44Y66 + Y22Y66) + Y2

26

. (3.32)

When the knobs are constructed properly, the application of the knob Ay results in a beam
size growth with the largest contribution coming from Ay, etc. We call this an orthogonal
set of the knobs. To verify such a property, we test each knob and check the beam size
contributions from all the knobs. The detailed results of these calculations are shown in
Figs. 3.9 and 3.10. Simulations show the satisfactory orthogonality level of the tuning
knobs. The best results are achieved for the linear knobs. In the case of the nonlinear
knobs, a considerable amount of the beam size contributions comes from the “coupled”
knobs. By “coupled” knobs, we refer to the knobs that change the same parameters in the
beamline, sextupole horizontal shifts, strength deviation, etc, for example Y24 and Y46.
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Figure 3.10: Vertical beam size contributions resulting from the scans of the non-
linear tuning knobs Y24 (a), Y46 (b), Y22 (c), Y26 (d), Y44 (e), Y66 (f).
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This means that these knobs may require several iterations to simultaneously correct the
aberrations associated with them.

3.3 Tuning simulations including static imperfec-
tions with 25β∗x × 0.25β∗y optics

In this section, the simulations of the tuning process at ATF2, using the ultra-low β∗y optics,
are presented. The presence of various imperfections in the beamline leads to numerous
aberrations at the virtual IP, such as waist shift, residual dispersion, coupling, and also
high-order aberrations, such as geometrical aberrations and chromaticity. The origins of
these aberrations are discussed in Sec. 1.4.7. To deal with them in ATF2, a tuning routine
is followed. In this work we simulate this tuning routine to explore the possible benefits
of using a new set of tuning knobs at ATF2. The tuning simulations are performed with
the software that is used to construct the tuning knobs [87]. It is based on the Python
scripting language and uses Mapclass [46] and is interfaced to MADX. The full list of
the static errors considered in the simulations is listed in Tab. 3.6. Also, the full details
of the experimental setup at ATF2 are given in Sec. 3.1. Initially, we randomly allocate

Table 3.6: Summary table of the errors considered in the tuning studies.

Element Error

Quadrupole, Sextupole,
Octupole, BPM

Misalignment [µm] 100
Roll [µrad] 200
Strength [%] 0.1
BBA accuracy [µm] 100a

Strip line BPM Accuracy [µm] 5
C-band cavity BPM Accuracy [µm] 0.2

a Uniform distribution.

misalignments, rolls, and strength errors to the magnets following a Gaussian distribution.
Then, we follow the tuning routine at ATF2:

1. Beam orbit correction:
We use all the available BPMs in the ATF2 beamline. We also introduce the precision
of the orbit measurements, based on the type of the BPM: Stripline BPM or C-band
cavity BPM. In the simulations, the orbit is corrected with the MADX internal
routine, which uses SVD to evaluate the optimal correctors’ settings. This routine
is faster and more precise than the orbit correction in the real machine. It is worth
mentioning that the BPMs are also misaligned by the same amount as the quadrupole
they are bound to.

2. Dispersion correction:
The adjustment of the dispersion level in the FFS, is vital for chromaticity correction.



86 Chapter 3. FFS tunability studies and implementation at ATF2

In the horizontal plane, has to match the design profile. In the vertical plane has to
be zero in the whole FFS. Horizontal dispersion is corrected by scanning the strength
of QF1X and QF6X quadrupoles. Vertical dispersion is corrected by means of the
Σ-knob - strength variations of the skew quadrupoles QS1X and QS2X in the same
direction.

3. Adjustment of the beam waist:
The strengths of the FD quadrupoles QF1FF and QD0FF are scanned to minimize
the beam size. For this, the Wire Scanner is utilized.

4. Sextupoles switched on:
We switch the sextupoles on and we align them. In the simulations, we evaluate the
real beam orbit at the sextupole locations and we align them with respect to it, also
taking into account the Beam Based Alignement (BBA) precision.

5. Beam size tuning with linear and nonlinear tuning knobs:
Finally, we scan the tuning knobs to find the smallest beam size. There are linear
knobs named: Ay, Ey, and Coup2 to correct the longitudinal shift of the vertical
waist, vertical dispersion, and 〈y∗, x′∗〉 coupling at the IP, respectively. We also
use a so-called difference or knob, which tackles 〈x, y〉 coupling, and the strengths of
QS1X and QS2X are changed equally in different directions. There are also nonlinear
knobs aimed to correct the residual 2nd order aberrations Y24, Y46, Y22, Y26, Y44,
Y66. The summary of all the knobs used in the beam tuning is given in Tab. 3.3.
Each knob is scanned in the range [-2.0, +2.0], and the optimum is found within this
range. Depending on the vertical beam size, we use either the Wire scanner and fit
σ∗y

2 with a parabola, or the IPBSM, where we fit the modulation with a Gaussian.
A detailed overview of IPBSM is given in Sec. 3.1. Since the IPBSM has several
working modes, we change the mode depending on the beam size to be measured,
see Tab. 3.7.

The beam size tuning with the tuning knobs is a very time-consuming part of the
ATF2 ultra-low β∗y operation. We estimate that one knob scan takes approximately
30 minutes in experimental real time and set the total number of iterations to 51. It
corresponds to the total 25 hours of the beam size tuning. We define a short knobs
sequence that it will be used further:

Lin. knobs ≡ Ay → Ey → Coup2

KN knobs ≡ Y24 → Y46

KS knobs ≡ Y22 → Y26 → Y44 → Y66

(3.33)

The sequence of the knobs used in the simulations is:

3× Lin.→ 2× {2× Lin.→ KN → 2× Lin.→ KS → Lin.} (3.34)

Enough statistics is acquired by running the tuning simulations on 100 machines with
different static errors. Besides, for comparison reasons, we perform the tuning simulations
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Table 3.7: Different regimes used to evaluate the vertical beam size at the IP.

Wire Scanner IPBSM 6.4◦ IPBSM 30◦ IPBSM 174◦

σ∗y range [nm] > 1600 [1600, 360] [360, 100] [100, 25]
σ∗y error [nm] 800 100 20 8
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Figure 3.11: Evolution of the vertical beam size throughout the tuning process in
the simulations for the ultra-low 25β∗y × 0.25β∗x optics. The green points correspond
to the average beam size with a standard error. The red points correspond to the
machine with the smallest beam size.

using the tuning knobs constructed for the nominal β∗x × 1β∗y optics [86]. We will refer to
these knobs in the following as “Nominal knobs”. In Fig. 3.11 the tuning results for the
ultra-low 25β∗x × 0.25β∗y with the new “ultra-low” tuning knobs are shown. The average
vertical beam size achieved at the end of the tuning process is 39.5 nm with a rms value of
51 nm. In this case, the final average is skewed by the several machines that have a large
final beam size. These machines are stuck at a large beam size. The possible explanation
is that in these particular simulations, we have a strict definition of the range of the knobs
iterations, as consequence even several knob iterations are not enough to fully cancel this
particular aberration. Also, we do not use the optimal sequence of the tuning knobs. The
evaluation of the probability to reach a specific beam size and the comparison with the
tuning results for the “Nominal” knobs, is shown in Fig. 3.12. In both cases, the median
value is approximately 26 nm. But, an improvement appears for the beam sizes larger
than 70 nm. The tuning with the “ultra-low” knobs is more resistant to being stuck at
large (> 100 nm) beam size. The percentage of the machines that did not reach 100 nm
when tuned with the “ultra-low” knobs is 4 %, compared to 12 %, when “nominal” knobs
are used. The average vertical beam size reduction for each knob iteration is shown in
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Figure 3.12: Distribution of vertical beam size at the virtual IP at the end of the
beam tuning process with “ultra-low” and “nominal” sets of knobs.

Fig. 3.13. We could conclude from these simulations that the linear knobs are the most
important for the beam size reduction. Also, Y46 has the most significant impact among
the nonlinear knobs, and it evaluates to be approximately 15 nm. The reduction from the
rest of the nonlinear knobs is less than 10 nm. This reduction might not be visible at the
IPBSM due to the presence of dynamic measurement errors.

When we consider the measurement errors of the IPBSM, see Tab. 3.7, the tuning is
more challenging compared to the case when only static errors are taken. The median
value, in this case, is 33.8 nm, although only 72 % of the machines reached the beam size
below 100 nm. To reduce the impact of the dynamic errors, we evaluate the beam size
several times for each knob value, using the procedure described before.

3.3.1 Tuning simulations including the octupoles

After the beam size is tuned with the tuning knobs, we could scan the strengths of the two
octupoles present in the beamline: OCT1FF and OCT2FF. In the simulations, we adjust
their transverse position with respect to the actual orbit evaluated at their positions. At
this point, we apply the same BBA error as to the sextupoles. Then, their strength is
scanned to minimize σ∗y . The tuning results are shown in Fig. 3.15. One can see that the
octupoles’ impact is visible when the beam is tuned at least to 30 nm. In this case, the
octupoles reduce the beam size by approximately 2.5 nm. The distribution of the required
strengths of the octupoles are shown in Fig. 3.16.
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Figure 3.13: Average vertical beam size reduction for each knob iteration. In cyan
are shown the IPBSM measurement errors for the three work regimes: 6.4◦ (100 nm),
30◦ (20 nm), and 174◦ (8 nm) modes.
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measurement errors are considered. In the simulations the “Ultra-low” knobs are
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3.4 Octupole alignment
In order to mitigate the feed down magnetic fields that impact the beam size at the virtual
IP is necessary to perform the octupoles alignment. The key parameters of the octupoles
are given in Tab. 3.8 and their locations are indicated in Fig. 3.2. When an octupole

Table 3.8: Main parameters of the octupoles.

OCT1FF OCT2FF
Max. integr. gradient [T/m2] 7663 390
Max. integr. strength [m-3] 730 90
Max. current [A] 50 50
Magnetic length [mm] 300 300

is displaced transversely from the beam orbit, it generates sextupolar, quadrupolar and
dipolar magnetic fields. For a thin octupole, misaligned by ∆x and ∆y in the horizontal
and vertical planes respectively, the particle’s kick in the vertical plane is given by:

∆y′ =

Normal Octupole︷ ︸︸ ︷
k3,L

6
(3yx2 − y3)−

Normal sextupole︷ ︸︸ ︷
k3,L∆y

2
(y2 − x2) +

Skew sextupole︷ ︸︸ ︷
k3,L∆xxy −

Normal quadrupole︷ ︸︸ ︷
k3,L(∆y2 −∆x2)

2
y+

Skew quadrupole︷ ︸︸ ︷
k3,L∆x∆yx +

Dipole︷ ︸︸ ︷
k3,L

6
(3∆y∆x2 −∆y3)

, (3.35)

and in the horizontal plane is given by:

∆x′ =

Normal Octupole︷ ︸︸ ︷
k3,L

6
(3xy2 − x3)−

Normal sextupole︷ ︸︸ ︷
k3,L∆x

2
(x2 − y2) +

Skew sextupole︷ ︸︸ ︷
k3,L∆yxy −

Normal quadrupole︷ ︸︸ ︷
k3,L(∆x2 −∆y2)

2
x+

Skew quadrupole︷ ︸︸ ︷
k3,L∆y∆xy +

Dipole︷ ︸︸ ︷
k3,L

6
(3∆x∆y2 −∆x3)

. (3.36)

where k3,L is the integrated strength of the octupole. In the traditional BBA, the magnet
is aligned by measuring the beam orbit change at the downstream BPMs. In this case,
the orbit deviation is based on the dipolar component of the misaligned magnet, and it is
given by: {

∆x = R̃12
k3,L

6 (3∆x∆y2 −∆x3)

∆y = R̃34
k3,L

6 (3∆y∆x2 −∆y3)
, (3.37)
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where R̃ is the transfer matrix between the octupole and the corresponding BPM. The first
BBA study was performed on OCT1FF in 2017 using the beam position data from the
IPBPMs [20]. At that time, the stronger magnet was located at OCT1FF location. The
alignment of the weaker octupole OCT2FF was problematic since the sensitivity of the
beamline BPMs was not enough to perform the BBA. After the octupoles were swapped,
a new alignment strategy need to be developed for the stronger octupole, which now is
located at OCT2FF position. Since the orbit deviation depends on horizontal and vertical
shifts simultaneously, we consider two scenarios. In the first scenario, we scan the horizontal
location of the magnet and measure the horizontal orbit. Consequently, the horizontal orbit
change is cubic on the horizontal offset, see Eq. (3.37). In the second scenario, we scan the
horizontal location but we measure the vertical orbit at the BPM. Therefore, the vertical
orbit dependence is quadratic, but to measure it, we need to have a constant offset in the
vertical plane: ∆y 6= 0. The same considerations are also valid for the vertical alignment
of the octupole. We simulate both scenarios and we observe the orbit change on the
most sensitive BPMs: MQF5BFF, MQD4BFF, MQF3FF, MQD2BFF, and MQD2AFF.
To simulate the alignment, we set the octupole to the maximum current (50 A) and the
offset in the range of [-1 mm, 1 mm] in both planes and we perform the orbit scans on an
error-free lattice.

In Fig. 3.17 the expected orbit changes evaluated in the first scenario are shown. We
see that the orbit change is maximized when we offset the octupole in the opposite plane
to the one we perform the alignment. In particular, when the vertical offset is set to 1 mm,
the horizontal orbit change at MQF3FF BPM varies in the range approximately ± 1.4 µm
for the octupole offset ± 1 mm in the horizontal plane. Similarly, the vertical orbit change
at MQD4BFF is in the range ± 1.3 µm for the vertical offsets ± 1 mm, when the horizontal
offset is set to 1 mm. In Fig. 3.18 the orbit scans for the second scenario are shown. For the
vertical alignment of OCT2FF, the orbit at MQF3FF changes in the range from -1.4 µm to
0.7 µm. For the horizontal alignment, the orbit change at MQD4BFF varies in the range
-1.3 µm to 0.6 µm. Based on these scans, we could conclude that the optimal strategy for
octupole alignment in the two planes is to use the horizontal orbit change at MQF3FF. But
a good resolution of the orbit measurement at MQF3FF is needed. Figure 3.19 shows the
simulation of the octupole alignment when the resolution considered is 1 µm. Based on [85]
the resolution of MQF3FF is slightly larger than 1 µm. Also, considering the presence of
the orbit jitter, such BBA might be difficult to perform.

3.4.1 Octupole alignment using the waist shift at the virtual
IP

In this section we explore a new technique for octupole alignment, which is based on
the measurement of the waist shift at the IP. A misaligned octupole generates a normal
quadrupole kick via feed-down, see Eqs. (3.35) and (3.36), which propagates to the virtual
IP and causes a longitudinal shift of the beam waist that is given by [88]:

∆sx,y ≈ ±∆kβx,yβ
∗
x,y cos 2∆µx,y, (3.38)



3.4. Octupole alignment 93

−1.0 −0.5 0.0 0.5 1.0

OCT1FF Horizontal shift [mm]

−600

−400

−200

0

200

400

600

B
ea

m
o
rb

it
[n

m
]

MQF5BFF

MQD4BFF

MQF3FF

MQD2BFF

MQD2AFF

(a)

−1.0 −0.5 0.0 0.5 1.0

OCT1FF Vertical shift [mm]

−600

−400

−200

0

200

400

600

B
ea

m
o
rb

it
[n

m
]

MQF5BFF

MQD4BFF

MQF3FF

MQD2BFF

MQD2AFF

(b)

−1.0 −0.5 0.0 0.5 1.0

OCT1FF Horizontal shift [mm]

−1500

−1000

−500

0

500

1000

1500

B
ea

m
o
rb

it
[n

m
]

MQF5BFF

MQD4BFF

MQF3FF

MQD2BFF

MQD2AFF

(c)

−1.0 −0.5 0.0 0.5 1.0

OCT1FF Vertical shift [mm]

−1000

−500

0

500

1000

B
ea

m
o
rb

it
[n

m
]

MQF5BFF

MQD4BFF

MQF3FF

MQD2BFF

MQD2AFF

(d)

Figure 3.17: (a): Horizontal orbit change at BPMs, for different horizontal offsets
of OCT1FF, the vertical offset of OCT1FF is set to ∆y = 0;
(b): Vertical orbit change at BPMs, for different vertical offsets of OCT1FF, the
horizontal offset of OCT1FF is set to ∆x = 0.
(c): Horizontal orbit change at BPMs, for different horizontal offsets of OCT1FF,
the vertical offset of OCT1FF is set to ∆y = 1 mm;
(d): Vertical orbit change at BPMs, for different vertical offsets of OCT1FF, the
horizontal offset of OCT1FF is set to ∆x = 1 mm.
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Figure 3.18: (a): Horizontal orbit change at BPMs, for different vertical offsets of
OCT1FF, the horizontal offset of OCT1FF is set ∆x = 1 mm;
(b): Vertical orbit change at BPMs, for different horizontal offsets of OCT1FF, the
vertical offset of OCT1FF is set ∆y = 1 mm.
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Figure 3.19: OCT1FF alignment in the horizontal (a) and vertical (b) planes using
the horizontal orbit change at MQF3FF BPM fitted based on Eq. (3.37).
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Figure 3.20: Simulation of the OCT2FF alignment in the horizontal (a) and vertical
(b) planes using the waist shift at the virtual IP. The “Ultra-low” knob Ay is used
in the scan.

where βx,y is the beta-function at the octupole location, ∆µx,y is the phase advance between
the octupole and the virtual IP, and ∆k = k3L(∆x2−∆y2)

2 is the associated quadrupole kick.
The shift of the vertical beam waist is quadratic on the octupole offsets as follows:

∆sy ∝ (∆y2 −∆x2). (3.39)

We can measure ∆sy with the IPBSM. Normally, during the beam size tuning, we scan
the waist shift knob Ay and check the beam size or the modulation we measure with the
IPBSM. The smallest beam size or largest modulation corresponds to the condition when
the waist shift is corrected. In this case, the waist shift change is proportional to the
amplitude of the Ay knob. So, when we tune the beam, such as the initial waist shift is
negligible, and switch on the octupole after, we will observe a waist shift when we perform
the Ay knob scan. So we set the octupole at 50 A and we evaluate the maximummodulation
with Ay knob scans for each offset ∆x and ∆y and then we fit it with a parabola. The
center of the parabola corresponds to the magnetic center of the octupole. Figure 3.20
shows the scans performed on an error-free lattice. In these scans, we did not include
the measurement errors of the IPBSM, and the knobs scans have been performed in the
174◦ mode of the IPBSM. It is worth noticing that the absolute value of the modulation
will change throughout the scan, but it is not critical for the alignment as long as it is
reasonable for the fit. When we include the IPBSM measurement errors, they will impact
the efficiency of the alignment, especially if we consider a realistic machine. Figure 3.21
shows the octupole alignment in 30◦ and 174◦ modes of the IPBSM. Before performing the
octupole alignment, the vertical beam size was tuned to approximately 100 nm in 30◦ mode
and to approximately 30 nm in 174◦ mode. Previously, we have performed all the octupole
alignment scans using the “ultra-low” knobs. The results using the “nominal” knobs are
shown in Fig. 3.22.

Besides, we need to keep in mind the amount of time required to perform such an
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Figure 3.21: Simulation of the OCT2FF alignment in the horizontal (a) and vertical
(b) planes using the waist shift at the virtual IP, including the static and IPBSM
measurement errors. The “ultra-low” knob Ay is used in the scan.
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Figure 3.22: Simulation of the OCT2FF alignment in the horizontal (a) and vertical
(b) planes using the waist shift at the virtual IP, including the static and IPBSM
measurement errors. The “Nominal” knob Ay is used in the scan.
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alignment. Since one knob scan takes approximately 30 minutes, and we require at least
5 points to estimate the magnetic center, the minimum amount needed to perform the
octupole alignment is 5 hours. Another aspect is that it could be difficult to perform
this with the nominal optics. Table 3.9 shows the vertical beam size at the virtual IP for
several configurations of OCT2FF. One can see that in the case of the nominal optics, the
octupole increases the beam size greatly when moved in the vertical direction. This means
that even in the case of a well-tuned beam, the modulation in 174◦ mode may vanish when
we switch on OCT2FF. One can solve it by either performing the scan in 30◦ mode or by
using the octupole at lower currents, but in this case, the sensitivity of the waist shift will
reduce.

25β∗x × 0.25β∗y 10β∗x × 1.0β∗y
(∆x, ∆y) [mm] σ∗y [nm]

OCT2FF off - 35.7 37.3

OCT2FF on

(0, 0) 26.6 68.7
(1, 0) 79.9 95.1
(-1, 0) 90.5 85.6
(0, 1) 67.3 333.6
(0, -1) 66.3 334.7

Table 3.9: Vertical beam size at the virtual IP evaluated for ultra-low and nominal
optics for several octupole offsets.

3.5 Experimental beam size tuning of the ultra-low
25β∗x × 0.25β∗y optics at ATF2

In this section, we present the results of the dedicated ultra-low β∗y tuning campaigns
carried in June 2019, December 2019, and March 2020.

3.5.1 June 2019
The ultra-low β∗y optics applied in June 2019 is similar to 25β∗x×0.25β∗y optics used in March
2019 [89] tuning operation. The detailed view of the activities during the tuning week is
shown in Tab. 3.10. After the DR tuning, the vertical emittance was evaluated εy ≈ 12 pm
for the intensity of 1.5×109 particles per bunch. Further, we reduced the dispersion in the
Multi-OTR region and we performed the emittance measurements. Although we scanned
the skew quadrupoles QK2X, QK4X, the vertical emittance measured with the Multi-OTR
remained almost two times larger than the emittance in the DR, εy = 22.3±0.5 pm. In the
further optics matching, we relied on the measurements in the DR due to the a possible
emittance overestimation by the Multi-OTR. Typically, when correcting the orbit, we aim
to minimize the BPMs readings to be less than 300 µm with respect to the target orbit.
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We kept the same reference orbit that was used in the beam tuning with the nominal
optics the week before. We also kept the same sextupole BBA settings. After the beam
orbit adjustment, we corrected the horizontal and vertical dispersion with QF1X-QF6X
and QS1X-QS2X quadrupole pairs, respectively. To measure the beta-function at the IP,
we perform strengths scans of QF1FF and QD0FF. Based on that data, we perform the
optics matching.

Table 3.10: Summary table of June 2019 ultra-low β∗y tuning campaign, indicating
each allocated shift. The highest modulation, and consequently smallest vertical
beam size achieved in the corresponding shift are also indicated.

Date Shift Activity Comments Measurements
β∗x
[mm]

β∗y
[µm] M σ∗y

[nm]
Mon
17.06

Day Startup and DR tuning - - - - -
Swing Measurements and tun-

ing of vertical emittance
with Multi-OTR; disper-
sion correction

- - - - -

Tue
18.06

Owl Optics matching; evalua-
tion of β∗

x,y ; linear knobs
tuning with Carbon Wire

Problem
with SF1
mover

91.9 28.6 - ∼1500

Day IPBSM setup and switch
to 6.4◦ mode; linear knobs
tuning

- - - 0.58 787

Swing Beam tuning with lin-
ear knobs in 6.4◦ and
30◦ modes; attempt to
switch to 174◦ mode

Switch to
174◦ mode
not success-
ful

- - 0.57 150

Wed
19.06

Owl Beam tuning with linear
and nonlinear knobs in
30◦ mode

- - - 0.70 107

Day IPBSM was switched to
174◦ mode; beam tuning
with linear and nonlinear
knobs

- - - 0.35 61

Swing Beam tuning in
174◦ mode; scans of
the QK2X, and QK3X;
consecutive modulation
evaluations

- - - 0.50 50

Thu
20.06

Owl Beam tuning in
174◦ mode; switch
to 30◦ mode to verify
modulation

At the start
of shift
modulation
sudden
dropped
to 0.2 in
174◦ mode

- - 0.2 76

Day Intensity dependence mea-
surements at 30◦ mode

- - - 0.61 137

Swing Beam tuning in 30◦ mode;
switch and beam tun-
ing in 174◦ mode; inten-
sity dependence scan in
174◦ mode

Position
readout error
of the normal
sextupoles
encountered

- - 0.4 57

Fri
17.06

Owl Beam tuning in 174◦ mode - - 0.37 60
Day Beam tuning in

174◦ mode; attempt
align octupoles; energy
bandwidth scans at
30◦ mode

- - - 0.37 60
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Figure 3.23: QF1FF (a) and QD0FF (b) waist scans performed during the tuning
campaign in June 2019.

Before the matching, we had β∗x ≈ 125 µm and β∗y ≈ 34.7 µm, and after the matching
we got β∗x ≈ 93 µm and β∗y ≈ 28.6 µm. In the calculations we assume, the vertical emittance
to be εy ≈ 12 pm. In Fig. 3.23, there are shown the strength scans performed after the
optics re-matching. After the fine adjustment of the IPBSM laser, we proceeded to the
beam tuning with the tuning knobs. The modulation was easily found in 6.4◦ mode, and
after several iterations of the linear knobs, we proceeded to the beam tuning in 30◦ mode.
The full progress of the beam size throughout the tuning is shown in Fig. 3.24. By using
the linear knobs and nonlinear knobs Y24 and Y46 the modulation was increased to M =
0.65 in 30◦ mode, and we successfully switched to 174◦ mode of the IPBSM. After the
numerous iterations of the tuning knobs, the vertical beam size was stabilized at the level
of approximately 60 nm, with a minimum of 50.1 ± 0.6 nm, see Fig. 3.26. The distribution
of the beam size can be justified by the IPBSM measurement error of 8 nm in 174◦ mode
and by the dynamic effects in the beamline. To reduce the impact of the IPBSM precision
in the beam tuning, the modulation is measured twice for each knob value. The fringe
scan evaluated for the smallest beam size is shown in Fig. 3.25. The discrepancies between
the measured and design beam size concerning June 2019 tuning operations are discussed
in [33].

At the end of the beam tuning, we tried to investigate the impact of the octupoles
on the vertical beam size. In the simulations, it allows canceling the 3rd order chromatic
aberrations. Unfortunately, we were not able to perform the OCT1FF alignment with
IPBPMs, so we performed a similar study as in [20]. We evaluated the change of the
modulation as the function of the horizontal offset, see Fig. 3.27. Moreover, we did not
manage to evaluate the similar dependence for the set of the vertical offsets due to the
OCT1FF overheating interlock. We also scanned the dependence of the modulation on
the current in OCT1FF, see Fig. 3.28. We observe a significant modulation reduction for
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Figure 3.24: Vertical beam size at the virtual IP and IPBSM’s modulation depth
during the beam tuning with tuning knobs, performed in June 2019 tuning campaign.

Figure 3.25: Vertical beam size at the virtual IP measured with the Shintake Monitor
in 174◦ in June 2019 ultra-low β∗y tuning operation.
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Figure 3.26: Distribution of 20 consecutive measurements with the IPBSM per-
formed in 174◦ mode during June 2019 tuning operation.
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Figure 3.27: Vertical beam size at the virtual IP as the function of the horizontal of
OCT1FF performed at 174◦ mode in June 2019. For the scan OCT1FF was set to
the maximum current (50 A).
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Figure 3.28: Dependence of the modulation at the IPBSM in 174◦ mode on the
OCT1FF current for original location (a) and when OCT1FF is misaligned by 1 mm
in the horizontal plane (b).

the original OCT1FF location. After, we also performed the strength scan, with OCT1FF
misaligned by ∆x = 1 mm. In the latter the modulation is somewhat stable in the
range of M ≈ 0.3 - 0.4. This could indicate that the magnetic center of the octupole
is close to the beam orbit. In this case, the beam size reduction might not be visible.
As evaluated in the beam tuning simulations in Sec. 3.3, the impact of the octupoles for
25β∗x × 0.25β∗y starts to be visible when the IP vertical beam size is tuned at least to
30 nm. Also, the overall beam size reduction of 2.5 nm might be problematic, considering
the dynamic errors and IPBSM measurement errors. But this study is important for the
future implementation of β∗x×0.25β∗y optics. The difficulties associated with the alignment
of the octupoles encountered here led us to explore the alternative alignment techniques
discussed in Sec. 3.4.

3.5.2 December 2019
After the startup, the beam tuning in the DR was performed. Vertical emittance was
evaluated εy = 14.5 pm. Similarly, to June 2019 operation, the optics used was 25β∗x ×
0.25β∗y . The full list of the shifts is given in Tab. 3.11. After the orbit adjustment and
dispersion matching with

∑
-knob and QF1X and QF6X, we proceeded to the vertical

beam size measurements at the virtual IP. The reference orbit utilized was the one from
the beam tuning of the Nominal optics. Based on the, we also keep the similar BBA
alignment setup of the normal sextupoles.

Table 3.11: Summary table of December 2019 Ultra-low β∗y tuning campaign, in-
dicating each allocated shift. The highest mudulation, and consequently smallest
vertical beam size achieved in the corresponding shift are indicated.

Date Shift Activity Comments Measurements
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β∗x
[mm]

β∗y
[µm] M σ∗y

[nm]
Mon
09.12

Day Startup - - - - -
Swing DR tuning; orbit correc-

tion in the extraction line
QM14 read-
ing jumps

- - - -

Tue
10.12

Owl Bunch length dependence
study

- - - - -

Day Orbit and dispersion cor-
rections; optics matching

70 19 - -

Swing Optics matching - 117 27 - -

Wed
11.12

Owl Beam tuning with linear
knobs with Carbon Wire;
IPBSM setup; beam tun-
ing in 6.4◦ mode; beam
tuning in 30◦ mode

Horizontal
orbit and
dispersion
drifts
encountered

- - 0.31 234

Day Beam tuning in 30◦ mode;
dispersion and orbit cor-
rections

Modulation
in 30◦ mode
was not
stable

- - 0.49 175

Swing Beam tuning in 30◦ mode;
dispersion and orbit cor-
rections

Fast orbit
drifts en-
countered in
the FFS

- - 0.61 138

Thu
12.12

Owl Beam tuning in 30◦ mode;
attempt to switch to
174◦ mode

Switch to
174◦ mode
was not
successful

- - 0.6 140

Day Dispersion correction;
Beam tuning in 30◦ mode

Orbit feed-
back routine
was modified
to fix fast
orbit drifts

- - 0.72 99

Swing Beam tuning in 30◦ mode;
attempts to switch to
174◦ mode

- - 0.4 57

Fri
13.12

Owl Beam tuning in 174◦ mode - - 0.37 60
Day Octupole alignment in

30◦ mode
- - - - -

With the wire scanner, the optics was matched to the target values, see the final waist
scans of QF1FF and QD0FF in Fig. 3.29. Evaluated beta-functions are the following
β∗x = 117 mm and β∗y = 28 µm, assuming the vertical emittance is εy = 14.5 pm. The
sextupoles were switched on and after several iterations of the linear knobs in 6.4◦ mode of
the IPBSM, we switched to 30◦ mode, see Fig. 3.31 for the full beam tuning results. After
several iterations of the linear and nonlinear tuning knobs, we increased the modulation
to the level M ≥ 0.55, but it was not stable and could change in the wide region. In
December 2019, tuning operations, we observed fast orbit drifts, with the period at the
level of several minutes, see Fig. 3.30. It led to a sudden orbit change in the region where
sextupoles are located, and the slow orbit feedback that utilizes ZV1FBFF could not correct
such drifts. It had a direct impact on the beam size measured with the IPBSM due to
the sextupoles being located in the region of the maximum of the orbit drift. Figure 3.32
shows the modulation depth and vertical beam size for 25 consecutive measurements with
the IPBSM in 30◦ mode. The measured beam size, in this case, varies from 165 nm to
300 nm. It contrasts with the results obtained in June 2019 tuning campaign, where the
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Figure 3.29: QF1FF (a) and QD0FF (b) waist scans performed at the end of the
optics matching during the tuning campaign in December 2019.

Figure 3.30: Fast horizontal orbit drifts measured during December 2019 tuning
operation.

vertical beam size remained between 50 and 65 nm in 174◦ mode. In the following case,
such a distribution cannot be described solely with the IPBSM measurement error, which
is around 20 nm in 30◦ mode. Consequently, it was not possible to perform beam tuning
in 174◦ mode. However, we managed to perform several measurements with modulation
of M ≈ 0.3, which corresponds to the beam size of approximately 66 nm, see Fig. 3.33.

In December 2019 operations, we made the first attempt to perform the Octupole
alignment, based on the waist shift, introduced in Sec. 3.4. Before starting the alignment
procedure, the modulation was M ≈ 0.6 in 30◦ mode of IPBSM. We switched on OCT2FF
and set it to the maximum current (50 A). After, we misalign OCT2FF in the horizontal
plane in the range ± 1 mm with the step of 0.33 mm. For each offset, we perform Ay

knob scan and evaluate the location of the peak, see Fig. 3.34. After, a similar procedure
was performed in the vertical plane. Then, we apply the parabolic fit and evaluate the
magnetic center of OCT2FF, see Fig. 3.35. It evaluated as ∆x = −161 ± 57 µm and
∆y = 128 ± 108 µm. The result is similar to what is predicted in the simulations, see
Fig. 3.22.
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Figure 3.31: Vertical beam size at the Virtual IP and IPBSM’s modulation depth
progress during the beam size tuning performed in December 2019 tuning campaign.
Blue points correspond to the measurements performed in 174◦ mode of IPBSM.
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Figure 3.32: Distribution of 25 consecutive measurements of the vertical beam size
with the IPBSM performed in 30◦ mode during December 2019 tuning operation.
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Figure 3.33: Vertical beam size at the Virtual IP measured with Shintake Monitor
performed in 174◦ mode in December 2019 Ultra-low β∗y tuning operation.
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Figure 3.34: Ay knob scan performed with IPBSM at 30◦ mode when OCT2FF is
misaligned by 1 mm in the vertical plane, performed in December 2019 operation.
The Ay knob value that maximizes the modulation is estimated to -0.05.
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Figure 3.35: Waist shift measurements at the Virtual IP for horizontal (a) and ver-
tical (b) displacements of OCT2FF performed in December 2019 tuning operation.

3.5.3 March 2020
Similarly, to the previous ultra-low β∗y operations, the optics 25β∗x × 0.25β∗y was applied.
After the initial beam tuning in the DR, the vertical beam emittance measured was ap-
proximately 13 pm. After orbit correction and adjusting the dispersion in the Multi-OTR
region, εy measured by the Multi-OTR was 16.76 ± 2.83 pm. Further, we corrected the
dispersion in the whole FFS and performed the optics matching by utilizing the matching
quadrupoles. The orbit drift encountered in December 2019 tuning operation was partially
suppressed by increasing the response frequency of the slow orbit correction with ZX2X and
ZV1FBFF. The measured β∗x and β∗y are obtained by performing the QF1FF and QD0FF
strength scans. Fig. 3.36 shown such scans, performed at the end of the optics matching.
The horizontal beta-function was evaluated as β∗x ≈ 97 mm, and the vertical divergence
was εy/β∗y ≈ (5.28 ± 0.06) × 10−7. Based on the vertical emittance data from the Multi-
OTR, the vertical beta-functions is β∗y ≈ (31.7 ± 5)µm. Further, normal sextupoles were
switched on and the BBA was performed. After, we proceeded to the vertical beam size
tuning with the tuning knobs. In March 2020 operation, we used the new tuning knobs,
constructed for ultra-low β∗y optics, described in Sec. 3.2. In Figs. 3.37 and 3.38 are shown
the scans of the linear (Ay, Ey, Coup2) and nonlinear (Y24, Y46, Y22, Y26, Y44, Y66) knobs
performed during the beam size tuning.

Table 3.12: Summary table of March 2020 Ultra-low β∗y tuning campaign, indicating
each allocated shift. The highest modulation, and consequently smallest vertical
beam size achieved in the corresponding shift are also indicated.

Date Shift Activity Comments Measurements
β∗x
[mm]

β∗y
[µm] M σ∗y

[nm]
Mon
02.03

Day Startup; ATF2 orbit feed-
back study

- - - - -

Swing DR tuning - - - - -
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Tue
03.03

Owl Vertical emittance mea-
surement with Multi-OTR;
orbit and dispersion cor-
rection; optics matching

97 32 - -

Day Sextupoles BBA - - - - -
Swing Beam size tuning with lin-

ear knobs using Wire scan-
ner; attempt to switch to
6.4◦ mode

No clear
modulation
in 6.4◦ mode
was found

108 27 - ∼800

Wed
04.03

Owl Beam tuning in 6.4◦ mode;
beam tuning in 30◦ mode

Cavity BPM
reading
was not
stable due to
the timing
jumps;
IPBSM
interface
crushed
around 10
times during
the shift

- - 0.49 175

Day Beam tuning in 30◦ mode;
attempt to switch to
174◦ mode

No clear
modulation
in 174◦ mode
was found

- - 0.54 160

Swing Dispersion correction;
beam tuning in 30◦ mode

Once, high
modulation
(∼ 0.79) in
30◦ mode
was ob-
tained, but
soon after it
was lost

- - 0.54 160

Thu
05.03

Owl Beam tuning in 30◦ mode;
beam size consecutive
measurements; Attempt
to measure beam size in
174◦ mode

Modulation
in 174◦ mode
was not sta-
ble

- - 0.19 77

Day Beam tuning in 30◦ mode;
Attempt to switch to
174◦ mode

No clear
modulation
in 174◦ mode
was found

- - 0.53 161

Swing Beam tuning in 30◦ mode;
attempts to switch to
174◦ mode

Modulation
in 174◦ mode
was not sta-
ble

- - 0.21 75

Fri
06.03

Owl Octupole alignment
studies with IPBSM at
30◦ mode

- - - 0.6 140

Day Octupole alignment
studies with IPBSM
at 30◦ mode; energy
bandiwdth studies

- - - 0.58 146

The evolution of the vertical beam size throughout the machine tuning is shown in
Fig. 3.40. Large modulation (M > 0.6) was quickly found in 6.4◦ mode of the IPBSM, and
after 6 iterations of the linear knobs, we switched to 30◦ mode. After several iterations
of the linear knobs, modulation was stabilized at the level M ≥ 0.5. We performed four
attempts to measure the modulation in 174◦ mode, but they were not successful. Although
we managed to measure the small modulation at the level M ≈ 0.19 (see Fig. 3.39), but it
was not stable enough to perform knobs tuning. The fringe scan of the largest modulation
M = 0.65, measured in 30◦ mode is shown in Fig. 3.41. It corresponds to the vertical beam
size of approximately 125 nm. In this operation, we also tested the new octupole alignment
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Figure 3.36: QF1FF (a) and QD0FF (b) waist scans performed during the tuning
campaign in March 2020.

technique based on the waist shifts. Before performing the alignment, the modulation
was stable at the level M ≈ 0.5 in 30◦ mode. The magnetic center was found at ∆x =

87± 135 µm and ∆y = 78± 49 µm.

3.6 Discussion on the measurements
Three ultra-low β∗y tuning campaigns are reported in this thesis: the June 2019, the De-
cember 2019, and the March 2020. The minimum beam size obtained in these operations
combined with the earlier tuning campaigns is shown in Fig. 3.43, including the tuning
campaigns carried out in the dedicated ultra-low β∗y tuning weeks. We could conclude
from these results, that June 2019 operation was the most successful among them, with
a vertical beam size tuned to approximately 50 nm. Except for the February 2018 tun-
ing run, when the beam tuning was not finished due to the lack of time, the rest tuning
campaigns mainly suffered from unstable modulation conditions in the 174◦ mode of the
IPBSM, either no evidence of modulation or not stable enough to perform the tuning knob
scans. But for all of them, modulation of at least 0.6 in 30◦ mode was reached.

Although the small beam size of 50 nm was reached in June 2019, this value is signif-
icantly larger than the design beam size of 20 nm or the simulated beam size of: 26 nm
(with only static errors) or 34 nm (with static errors and IPBSM measurement error). The
discrepancy, as discussed in [33], could be due to: magnets multipolar errors, wakefields,
beam jitter, and IPBSM diagnostics errors. Besides, various technical limitation were en-
countered during the beam tuning that limited the use of the 174◦ mode of the IPBSM, as
the orbit feedback and the BPM readout system. Fast orbit drifts were clearly observed
during December 2019 tuning operation. The slow orbit feedback system, to flatten the
beam orbit at BPMs, was not effective with the fast orbit drifts. This also led to fluctuation
of the modulation measured with the IPBSM. Further, the timing jumps in the C-BPMs
readout system make the orbit data in some of the C-BPM to be untrustworthy.
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Figure 3.37: “Ultra-low” knobs scans performed in 30◦ mode of the IPBSM during
the tuning campaign in March 2020.
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Figure 3.38: “Ultra-low” knobs scans performed in 30◦ mode of IPBSM during the
tuning campaign in March 2020.
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Figure 3.39: Vertical beam size at the virtual IP measured with Shintake monitor
in 174◦ mode during March 2020 Ultra-low β∗y tuning operation.
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Figure 3.40: Vertical beam size at the Virtual IP and IPBSM’s modulation depth
during the beam size tuning performed in March 2020 tuning campaign. Blue points
indicate the tuning knob scans after which the attempts to switch to 174◦ mode of
IPBSM were performed.



3.6. Discussion on the measurements 113

Figure 3.41: Vertical beam size at the Virtual IP measured with Shintake Monitor
in 30◦ mode in March 2020 Ultra-low β∗y tuning operation.
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Figure 3.42: Waist shift measurements at the Virtual IP for horizontal (a) and
vertical (b) displacements of OCT2FF performed in March 2020 tuning operation.
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Figure 3.43: Minimum vertical beam size at the Virtual IP achieved in the tuning
of ultra-low 25β∗x× 0.25β∗y optics from December 2017 to March 2020. Green points
correspond to the measurements performed in 30◦ mode of IPBSM. Red points cor-
respond to the measurements in 174◦ mode with stable modulation (the beam tuning
was also performed in 174◦ mode). Grey points correspond to the measurements in
174◦ mode but without stable modulation (the beam tuning in 174◦ mode was not
performed). The blue dashed line corresponds to the design beam size. In all cases,
the beam size was measured for a bunch charge of about 1×109.

In March 2020, we used the new set of the tuning knobs, specially constructed for
25β∗x × 0.25β∗y optics. These new tuning knobs proved to be more robust for the beam
tuning in 6.4◦ and 30◦ modes and look promising for the beam tuning in 174◦ mode. The
octupole alignment using the new waist shift method was performed twice in December
2019 and March 2020 operations. The magnetic center locations of OCT1FF evaluated in
these operations are consistent. To explore the octupoles’ potential, a stable performance
of 174◦ mode of IPBSM is needed.

In the next future, addressing the beam orbit stability issue in the FFS and the im-
provement of the IPBSM performance are the key points required for the a future successful
realization of the ultra-low β∗y optics at ATF2.
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Conclusions

This PhD work has two main objectives. The first one is to understand the optimization
process of the FFS in LCs analytically and numerically by simulations. A procedure has
been developed and applied to CLIC, but could be used for ILC as well. The second
objective is the experimental implementation of these ideas in ATF2 tunability studies.

More in detail, a new optics design of the FFS with Short FD and with a novel dis-
persion profile for the first energy stage of CLIC at 380 GeV has been designed. The FD
in the CLIC FFS at 380 GeV was made two times shorter in the new design. In this case,
the impact of the FD chromaticity and the beta-function in the FFS due to the reduc-
tion of vertical beta-function from 100 µm to 70 µm was reduced. The FFS optics was
fully reoptimized to provide the designed luminosity. Additional changes in the FFS lay-
out were required to preserve the local chromaticity correction scheme. The luminosities
achieved for this design are Ltotal = 1.66×1034cm-2s-1 and Lpeak = 0.96×1034cm-2s-1. Due
to the reduced βy, the 3rd order chromatic aberrations are not significant, and octupoles
are no longer needed. Also, the energy bandwidth is 30% larger with respect to the cur-
rent design. Besides, an alternative optics with short FD and new dispersion in the FFS
has been designed. The new design was obtained by inverting the strength of the QD6B
quadrupole. To optimize the FFS, additional layout adjustments were performed, such
as a SD5 location scan. To deal with the 4th order chromatic aberrations, 2 decapoles
were introduced in the lattice. The scan of the disperion level in the FFS, showed that
relaxing the dispersion by 12.5% the luminosities coul be increased to the final values of
Ltotal = 1.74×1034cm-2s-1 and Lpeak = 1.01×1034cm-2s-1. The luminosity performance of
this FFS design is at least 5% better compared to the other options. But, the drawback
of such an optics is the narrower energy bandwidth. Beam tracking simulations with the
new FFS designs show that both optics are compatible with the current collimation depth
in the BDS.

To support experimentally the tunability of a CLIC-like FFS with similar chromaticity
an ultra-low β∗y optics has been implemented in ATF2.To reduce the impact of the multipole
errors, an optics 25βx×0.25βy has been used in the simulations and during the beam tuning
experiments at ATF2. With the aim to optimize the existing tuning routine, a new set
of tuning knobs has been constructed. The tuning simulations were performed, assuming
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realistic beamline errors and tuning time. Compared to the nominal, the new knobs have
a similar median beam size at the end of the tuning of around 26 nm, but the percentage
of the machines with the large beam size (> 100 nm) is smaller when tuned with the new
knobs: 4 % against 12 %.

Furthermore in 2019, the octupoles were swapped to be more consistent with the design
model, where OCT2FF is the strongest in the pair. Two strategies for the OCT2FF
alignment routine have been considered: a traditional BBA and a novel technique based
on the waist shift at the IP. Simulations have shown that the BBA is difficult to perform
due to poor BPM resolution and orbit jitter. The novel technique relies on the waist shift,
which misaligned octupole creates at the virtual IP through the feed-down to quadrupole
field. In this case, the waist shift is quadratic on the octupole offset and is measured with
the Ay ATF2 knob scan. The alignment of the weaker octupole, as concluded in [20] is not
possible. Simulations show that such an alignment can be performed both in 30◦ and 174◦

modes of the IPBSM. Also, the beam size reduction of the octupoles for 25β∗x × 0.25β∗y
optics was evaluated to be 2.5 nm. But, in order to measure that, the beam size has to be
tuned down to at least 30 nm.

Three dedicated ultra-low β∗y optics tuning campaigns have been realized during the
PhD in June 2019, December 2019, and March 2020. In June 2019, the beam size was
reduced down to 51±6 nm and was stabilized at the level of 60 nm for a long period of
time. Unfortunately, 174◦ mode of the IPBSM was not reached in December 2019 and
March 2020, so in both operations, the beam was tuned in 30◦ mode with the modulation
in both cases M ≈ 0.6. Also, in these tuning sessions, OCT2FF alignment using the waist
shift was performed and magnetic center was evaluated to be (87 ± 135, 78 ± 49) µm
in December 2019 and (−161 ± 57, 128 ± 108) µm in March 2020. In December 2019,
machine performance was spoiled by the presence of the fast orbit drifts that could not be
compensated with the orbit feedback. The first test of the new tuning knobs was carried
out in December 2019, and the whole March 2020 tuning session was done with ultra-low
knobs.

To conclude, we can say the results obtained in this thesis contribute to a better
understanding of optimizing the complex beamlines, such as the FFS of the linear collider.
A contribution made in this thesis has an important role in the successful realization of
the Ultra-low β∗ optics at ATF2 and reaching the ultimate goal of 20 nm beam size.
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