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The Large Hadron Collider (LHC) at CERN is presently the largest particle collider with a cir-
cumference of almost 27 km. In the past runs the LHC has provided an instantaneous lu-
minosity of 2 x 10%>* cm~2s~! by colliding two counter-rotating 6.5 TeV proton beams, which
is the luminosity record for hadron machines. Its successor, the High Luminosity LHC (HL-
LHC) is designed to achieve a levelled instantaneous luminosity of at least 5 x 1034 cm=2s~1.
The presently highest luminosity of 3.1 x 1034 ecm~2s~! is achieved at SuperKEKB, a 3 km elec-
tron positron circular collider at KEK. Within the framework of the Future Circular Collider
design and feasibility study possible circular colliders for the post HL-LHC era at CERN are
currently being explored. This includes the electron-positron collider, the FCC-ee, and two
possible hadron options, the FCC-hh and the High Energy LHC (HE-LHC). While the first
two options would have a circumference of about 100 km, the HE-LHC would be installed in
the LHC tunnel infrastructure. The so-called integrated FCC program would foresee first the

construction of the FCC-ee, followed by the FCC-hh.

The work presented in this thesis is driven by the motivation of improving the understanding
the beam optics of existing circular colliders at the energy and luminosity frontier and aims to
define parameters required for improving the measurement quality, the energy reach and the
understanding of performance limitations of the next generation synchrotron storage rings.
This question is addressed, on one hand, by performing Turn-by-Turn (TbT) optics measure-
ments at the LHC and at SuperKEKB, where the latter also allows understanding optics chal-
lenges of the FCC-ee. On the other hand, lattice and optics design concepts applicable for
future circular colliders aiming to be built in an existing tunnel infrastructure are developed
for the HE-LHC. Complementary simulations presented here show the impact of increased
particle burn-off on the collider performance.

To improve the understanding of the LHC optics TbT measurements of run 2 are used to mea-
sure the second-order dispersion and the momentum compaction factor for the first time.
Analyzing the latter allows for novel insights on the average arc BPM calibration. To test these
findings a novel LHC injection optics with an arc cell phase advance of 60° is proposed here,
which is 33 % lower compared to the nominal LHC optics with 90°.

Although the LHC is continuously being improved this collider and its successor, the HL-LHC,
are limited in energy reach. Thus, lattice and optics options for possible energy upgrades
are studied, which would replace one third or two thirds of installed arc dipoles, and could
increase the beam energy up to 9.5 TeV and 11.5 TeV, respectively. In addition to such partial
energy upgrades, lattice and optics options for a new collider in the LHC tunnel infrastructure
are presented here, achieving a beam energy of up to 13.5 TeV, which is also known as the HE-
LHC. Presented strategies for lattice optimization and beam stay clear improvement are also
applicable for other possible future projects, such as the integrated FCC program.
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As novel higher energy hadron colliders also aim at pushing the luminosity record for hadrons
further, a large fraction of the initial bunch is burned, leading to an emittance growth over the
physics fills. The luminosity loss due to luminosity production is therefore analyzed here for
the three future hadron colliders HL-LHC, HE-LHC and FCC-hh.

A new collider demands optics commissioning to achieve its design goals. Although Su-
perKEKB holds the record for luminosity production, its design goals include a 20 times higher
instantaneous luminosity. This demands improving the beam life time, smaller g-functions
at the interaction point and an exceptionally good knowledge and control of the beam optics.
TbT optics measurements, recorded at four different machine settings, are performed during
this commissioning phase and suggest unexpected sextupoles, octupoles and decapoles as
larger than expected chromaticity up to third order and amplitude detuning is found. Mea-
surement data obtained at various bunch currents reveal intensity dependent effects, esti-
mate the head-tail damping time and show a larger than expected tune shift with intensity
than the used impedance model, suggesting unexpected wake-field sources. Here presented
studies also aim at showing techniques for improving the quality of TbT measurements at Su-
perKEKB using single kicks and a continuous excitation and benchmark results with closed
orbit distortion measurements. Gained experience from SuperKEKB will also influence the
design of future projects, such as the FCC-ee.
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Der Large Hadron Collider (LHC) am CERN ist der weltweit grof3te Speicherring mit einem
Umfang von knapp 27km, welcher in den vergangenen Operationsjahren erfolgreich zwei
gegenldufige Protonenstrahlen mit einer Strahlenergie von 6.5 TeV zur Kollision gebracht hat.
Die héchste gemessene Luminositit betragt 2 x 1034 ecm~2s~! und stellt damit den Weltrekord
fiir Hadronenspeicherringe dar. Der Nachfolger des LHC, der High Luminosity LHC (HL-

2

LHC), mochte diesen Rekord auf zumindest 5x 1034 cm—2s~! erhohen und wird voraussichtlich

2027 mit Teilchenkollisionen starten. Eine noch hohere Luminositdt wurde am SuperKEKB
mit einem Umfang von 3 km am KEK fiir Leptonen erreicht und betragt 3.1 x 103 cm=2s71.
Mogliche zukiinftige Hadronen- (Future Circular Collider, FCC-hh, sowie High Energy LHC,
HE-LHC) und Leptonenspeicherringe (FCC-ee) mit einem Umfang von bis zu 100 km, die
nach dem HL-LHC Kollisionen unter h6heren Energien verrichten und auch den momen-
tanen Luminositidtsrekord weiter erhohen sollen, werden momentan in der FCC-Studie er-
forscht. Das sogenannte integrierte FCC-Programm sieht zunédchst den Bau des Tunnels
und des FCC-ee vor, welcher nach der Erreichung des Physikprogramms, welches Préizisions-
messungen der W- und Z-Bosonen, des Higgs-Bosons sowie der Top-Quark-Physik vorsieht,
wieder aus dem Tunnel entfernt und durch den FCC-hh ersetzt werden soll. Bevor ein neuer
und leistungsstdrkerer Speicherring gebaut wird, gilt es die Strahlqualitdt existierender Ma-
schinen kontinuierlich zu verbessern und daraus Konsequenzen fiir mogliche Zukunftskreis-

beschleuniger zu ziehen.

Diese Dissertation beschiftigt sich mit der Frage, wie die Strahloptik bereits existierender
Speicherringe potenziert werden kann und welche Schritte vonnoten sind, um héhere Strahl-
energien zu erreichen und die Performance und Qualitdt der Strahloptikmessungen zu ver-
bessern. Um dieser grundlegenden Fragestellung nachzugehen werden Messungen des LHC
und SuperKEKB analysiert, wobei letztere auch Prognosen fiir den FCC-ee erlauben. Uberdies
werden theoretische Design- und Optikkonzepte fiir den HE-LHC erarbeitet — selbige sind
auch fiir andere Projekte, wie beispielsweise das integrierte FCC-Programm anwendbar —
sowie neue Simulationen von Operationszyklen des HL-LHC, des HE-LHC sowie des FCC-
hh prasentiert.

Neue hier prasentierte Analysen der Strahloptik des LHC, fiir welche Turn-by-Turn (TbT)
Messungen aus Run 2 bei einer Strahlenergie von 6.5 TeV verwendet werden, bieten neue
Erkenntnisse der nichtlinearen Optik und der Kalibrierung der Strahlpositionsmonitore. Zum
ersten Mal ist die Dispersion zweiter Ordnung des LHC analysiert, welche eine gute Uberein-
stimmung mit dem Modell aufweist. Die dadurch verursachte VergroBerung der transver-
salen Strahlgrof3e erweist sich als vernachldssigbar. Messungen der Achromatic-Telescopic-
Squeeze-Optik zeigen eine Dispersion zweiter Ordnung von 5 m am Interaktionspunkt, welche
bei einer relativen Impulsspanne von 1.13 x 10~ zu einer transversalen Strahlverschiebung
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von etwa 4 um fiihrt. Selbige Messdaten werden auch verwendet, um den Momentum-Com-
paction-Faktor zu bestimmen, indem die relative Impulsidnderung iiber die relative Anderung
der RF-Frequenz berechnet wird. Fiir alle analysierten Messungen ergibt sich ein Wert, der
die Erwartungen um 3 % unterschreitet und auf auf eine nicht-optimierte Kalibrierung der
Strahlpositionsmonitore zuriickgefiihrt wird. Um diese Annahme zu tiberpriifen und das
Wissen tiber die LHC Optik zu erweitern, wird angedacht, eine Optik mit einer transversalen
Phase Advance von 60° — die nominale LHC-Optik verfiigt iiber eine Phase Advance von 90° —
in den FODO-Zellen in Run 3 fiir einen Strahltest zu verwenden. Solch eine Optikkonfigura-
tion, geeignet fiir einen Teilchen-bunch mit 10! Protonen und einer Injektionsstrahlenergie
von 450 GeV, wird im Zuge dieser Arbeit designt.

Obwohl die Performance des LHC kontinuierlich verbessert wird, ist die erreichbare Strahlen-
ergie durch die installierten Dipolmagnete, die im HL-LHC voraussichtlich ein 8.33 T starkes
Feld erreichen, dennoch limitiert. Mehrere mogliche Lattice- und Optikoptionen fiir teilweise
oder vollstindige Energieupgrades des HL-LHC werden hier analysiert, wobei letzteres auch
als HE-LHC bekannt ist. Das Hauptziel solcher Upgrades ist, eine Strahlenergie {iber der des
HL-LHC von 7TeV zu erreichen. Da alle méglichen Upgrades im selben Tunnel, der mo-
mentan den LHC beherbergt, installiert wiirden, miissen strenge geometrische Bedingungen
beriicksichtigt werden. Mit partiellen Energieupgrades, wobei 1/3 oder 2/3 der installierten
Arc-Dipole mit neuen Dipolen, die wiederum bis zu 16 T Felder erzeugen, aufgewertet wer-
den, ist es moglich, Strahlenergien von 9.53 TeV und 11.5 TeV zu erreichen. Die strengen
Geometriebedingungen gelten als erfiillt, wenn zumindest die Hélfte der in den Dispersion
Suppressors installierten Dipolen ersetzt wird. Um 10 o physikalische Apertur bei einer In-
jektionsenergie von 450 GeV zu gewdhrleisten, miissen die neuen Dipole dem Strahlverlauf
folgen. Da die LHC Quadrupole mit der nominalen 90°-Optik auf 8.6 TeV limitiert sind, stellt
die 60°-Optik eine Moglichkeit dar, diese auch bei hoheren Strahlenergien von bis zu 12.3 TeV
zu verwenden.

Im Vergleich zu bereits existierenden HE-LHC Designs, sind hier prasentierte Resultate an
die Tunnelgeometrie angepasst und erreichen Strahlenergien von 12 TeV fiir die Option mit
23 FODO-Zellen per Arc, oder 13 TeV fiir 18 Arc-FODO-Zellen, wobei die Phase Advance in
beiden Fillen 90° betrdgt. Eine physikalische Apertur von 10 ¢ kann erzielt werden, indem
man die Injektionsenergie erhoht, das existierende Beam-Screen-Design 1.1 mal vergrof3ert
oder so-genannte Combined-Function-Dipole verwendet. Letztere generieren zusitzlich zu
einem Dipolfeld auch ein Quadrupolfeld, wobei dessen Stirke durch die b,-Komponente
ausgedriickt wird. Mit einer b;-Komponente von 500 x 10~* bei einem Referenzradius von
16.7 mm konnen 10 o erreicht werden. Eine weitere Moglichkeit die verfligbare physikalische
Apertur zu erhohen, ist, die Strahloptik besser zu kontrollieren indem man beispielsweise den
Fehler des Strahlorbits auf 1 mm reduziert. Alternative HE-LHC FODO-Zellen mit 60° Phase
Advance benoétigen schwédchere Quadrupolegradienten und weisen daher einen hoheren rel-
ativen Anteil an Dipolmagneten, der wiederum zu einer erh6hten Strahlenergie fiihrt, auf.

Zukiinftige Hadronbeschleuniger wie der HL-LHC, der HE-LHC oder der FCC-hh, verfol-
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gen auch den Zweck, die Luminositédt im Vergleich zu existierenden Maschinen signifikant
zu erhohen. Dies geschieht, indem ein hoher Anteil der urspriinglich im Strahl enthaltenen
Teilchen durch Kollisionen vernichtet wird, wodurch es zu einer Vergrof3erung der transver-
salen Emittanz und folglich zu einer Verminderung der Luminositdt kommt. Vorausgehende
Studien, welche fiir hier prisentierte Analysen herangezogen werden, prognostizieren eine
Vergrollerung von 20 %, 30 % und 40 % fiir HL-LHC, HE-LHC und FCC-hh. Zusitzlich zur
Emittanzvergroflerung durch Burn-Off wird auch Intra-Beam-Scattering als eine zusétzliche
Storungsquelle berticksichtigt. In einem pessimistischen Szenario, in dessen Rahmen ange-
nommen wird, dass die Verluste durch Burn-Off durch den totalen Wirkungsquerschnitt ent-
stehen, betrdgt der Verlust der integrierten Luminositdt dadurch in etwa 6 % fiir den HE-LHC
und den FCC-hh sowie 1.2 % fiir den HL-LHC.

Fiir Prazisionsmessungen des Higgs-Bosons, der W- und Z-Bosonen sowie des Top-Quarks
erweist sich ein neuer Speicherring mit einer flexiblen Energiespanne nach dem HL-LHC als
vorteilhaft. Als moglicher Kandidat gilt der Leptonenspeicherring FCC-ee, welcher schnelle
und prézise Messungen der Strahloptik erfordert. Strahloptikmessungen am SuperKEKB,
dem Speicherring mit der momentan hochsten erreichten Luminositdt, welcher sich ger-
ade in der Commissioning-Phase befindet, tragen wesentlich dazu bei, diesen Speicherring
besser zu verstehen und erlauben gleichzeitig Prognosen fiir den FCC-ee. Zahlreiche TbT-
Daten sind hier fiir den 7 GeV Elektronring (HER) und den 4 GeV Positronring (LER) fiir vier
verschiedene Strahloptiken, die sich im Wesentlichen durch den Wert der 5-Funktion am
Interaktionspunkt unterscheiden, analysiert. Fiir TbT Messungen am SuperKEKB wird der
Strahl entweder horizontal mit einem Injection-Kicker (IK) gekickt, wodurch nur die hori-
zontale Optik hinreichend gut gemessen werden kann, oder kontinuierlich mit einer Phase-
Lock-Loop (PLL) getrieben. In allen IK Messungen wird eine schnellere als von Synchrotron-
strahlung zu erwartende Dampfung beobachtet, welche bei niedrigen Bunch-Stromen mit
Hilfe eines auf Leptonen erweiternden Mechanismus durch Decoherence rekonstruiert wer-
den. Messungen von Chromatizitét bis zur dritten Ordnung sowie von linearem Amplitude-
Detun-ing deuten auf stirker als im aktuellen Modell vorhandene Sextupole-, Oktopolfelder
und Decapolfelder hin. Der grol3e Vorteil von TbT-PLL Messungen ist, dass zusdtzlich zur
horizontalen Optik auch die vertikale gemessen werden kann, welche fiir die Performance-
evaluation und -verbesserung essentiell ist. Beim Vergleichen von Messungen von Closed
Orbit Distortion (COD) mit TbT-IK, findet sich ein rms g-beating von 6 %, wobei sich die
meisten Ausreiler nahe am Belle II Experiment befinden. Fiir TbT-PLL ergeben sich horizon-
tal und vertikal jeweils 14 % und 20 %. Gezielte TbT-IK Messungen am LER fiir Bunch-Stréme
von 0.25mA zu 1.25mA zeigen intensitdtsbedingte Effekte auf, wie in etwa eine schnellere
Dampfung mit steigendem Strom. Wdihrend der gemessene vertikale intensitdtsbedingte
Tune-Shift anhand des verwendeten Modells erkldrt werden kann, gilt dies nur fiir etwa 70 %
des horizontalen, was auf zusitzliche Impedanzquellen hindeutet.

Abschlie8end ldsst sich festhalten, dass hier prasentierte Analysen und Resultate zum Ver-
standnis existierender Speicherringe beitragen und Strahloptikkonzepte fiir mogliche Zukun-
ftskreisbeschleuniger aufzeigen.
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The best that most of us can hope to achieve in physics is

Wolfgang Pauli

simply to misunderstand at a deeper level.
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Particle colliders are nowadays essential tools for the validation of the standard model in physics. In the past
decades they have led to the discovery of new particles, among with numerous other applications. The highest
energy and luminosity colliders are synchrotrons, where an ongoing feasibility study aims at pushing present
performance records far beyond the current limits. This chapter introduces the framework and motivation of
this thesis and describes present circular colliders at the energy and luminosity frontiers, together with possible
future ones.

1.1 Motivation

Particle accelerator science is a fairly new branch of physics, as it started less than 100 years
ago with the Cockcroft-Walton Generator built in 1932 [8, 9]. Nowadays particle accelerators
are widely used, where their applications range from dedicated high energy physics experi-
ments leading to an improved understanding of the universe [10], over medical applications
for cancer treatment or production of radioactive isotopes [11], up to analyzing ancient paint-
ings or archaeological relics [12, 13].

Over the past decades numerous collider types have been established and successfully op-
erated, whereby the probably most famous colliders for high energy particle physics are the
Large Hadron Collider (LHC) [14] at CERN (European Council for Nuclear Research, from
French Conseil Européen pour la Recherche Nucléaire) [15] and its predecessor the Large
Electron Positron Collider (LEP) [16], the Tevatron [17] at Fermilab [18] and SuperKEKB [19]
at KEK (High Energy Research Organization, from Japanese Ko Enerugi Kasokuki Kenkyt
Kiko) [20]. All four machines are circular storage ring colliders and all except SuperKEKB are
synchrotrons. In synchrotrons the particle orbital radius is fixed by increasing the magnetic
field strength simultaneously to the beam energy'.

In synchrotrons storage rings the particles are stored typically up to several hours and the
same bunches are brought to collision many times, contrarily to linear colliders, where parti-
cles only collide once. Another conceptual advantage over linear colliders is that synchrotrons
are able to provide higher beam energies, as the particles receive an energy gain in each rev-
olution until the desired value is reached. For lepton machines, however, strong synchrotron
radiation limits the reachable beam energy and needs to be considered in the design. In ad-
dition to providing in general higher beam energies, synchrotrons therefore also provide a
flexible energy range.

One could hence conclude that a storage ring collider would be the most natural choice for

'Other examples of circular collider types are cyclotrons, microtrons, betatrons or synchrocyclotrons, where
more information is given in [21].
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the next generation of colliders, with an increased circumference and energy reach than ex-
isting ones. A detailed comparison of possible future circular and linear colliders is given
in [22, 23]. The feasibility of future circular colliders with a circumference up to 100 km, and
therefore about four times as large as the LHC, is currently being investigated in the Future
Circular Collider (FCC) design study [24, 25]. In addition to the lepton FCC (FCC-ee) [26]
and the hadron FCC (FCC-hh) [27], the High Energy LHC (HE-LHC) [28] is also being studied
as a possible future synchrotron. Contrarily to a FCC the HE-LHC aims at being installed in
the same technical infrastructure which currently hosts the LHC. All possible future collid-
ers would aim at being commissioned after the physics program of the High Luminosity LHC
(HL-LHC) [29], an scheduled upgrade of the LHC.

The work motivating this PhD thesis is driven by the research question

“How can existing circular colliders be improved in terms of beam optics and what is
necessary to push energy, performance and measurement quality further?”

Performed studies include, on the one hand, experimental measurements and results of ex-
isting state-of-the-art colliders LHC and SuperKEKB, where hadron and lepton beam optics
are analyzed, respectively. Studying hadron and lepton beam optics challenges and gaining
experience with operational aspects is also a crucial part of proving the feasibility of the next
collider. On the other hand, throughout simulations are performed, showing merits of pos-
sible future hadron colliders, built in the same tunnel infrastructure as the LHC, such as the
HE-LHC. Moreover, performance degradation caused by an increased luminosity production
is evaluated for HL-LHC, HE-LHC and FCC-hh.

1.2 Outline of the thesis

This thesis starts by giving an overview of the presently highest energy and luminosity col-
liders, including approved upgrades. The FCC design and feasibility study is currently inves-
tigating in possible circular colliders after the HL-LHC-era. Studied colliders are described
here to show various future scenarios for accelerator physics in Europe.

Essential concepts of accelerator physics and optics measurements and corrections are in-
troduced briefly in Chapters 2 and 3, respectively. Those concepts will be used throughout
the thesis.

The first results chapter, Chapter 4, shows novel findings in the LHC. Measurements of the
momentum compaction factor using orbit data lead to an improved understanding of the
beam position monitor calibration. Other contributions on the orbit readings, such as mag-
netic errors or from second-order dispersion, are analyzed and their impact on the orbit is
evaluated. In addition of showing results by analyzing data taken during the last LHC run,
a novel LHC optics is designed, envisaged to be tested in the next LHC run. Although the
LHC is constantly being improved and its scheduled upgrade, the HL-LHC, will further push
the achieved precision and performance, it is limited in energy and luminosity. To ensure
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the continuation of high energy particle accelerator physics it is hence inevitable to study the
feasibility of further upgrades and new colliders.

In Chapter 5 the possibility of partial or full energy upgrades of the HL-LHC are presented,
where the latter is also known as the HE-LHC. Those possible upgrades are designed to be in-
stalled in the same technical infrastructure and assume the replacement of different fractions
of existing elements. Such partial upgrades could also be envisaged before a new collider is
being built and commissioned in a new tunnel, such as the FCC-ee or the FCC-hh.

New hadron colliders aim at operating at an increased luminosity by burning off a large frac-
tion of the initial particle distribution. These particles burn off unevenly and therefore lead
to an emittance growth. Simulations evaluating the performance impact of burn-off induced
emittance growth are given in Chapter 6 for the HL-LHC, the HE-LHC and the FCC-hh.

For precision measurements of the Higgs boson, the W- and Z- bosons and top-quark physics
a novel circular lepton collider, succeeding the HL-LHC, with a flexible energy range is highly
advantageous. Such a high luminosity lepton collider could be the FCC-ee and demands fast
optics measurements to identify possible error sources with a high precision and accuracy.
During the commissioning of the present highest luminosity lepton collider, SuperKEKB, op-
tics measurements with various machine settings are performed to establish improved optics
measurements and to possibly identify unexpected error sources. Obtained results of Su-
perKEKB measurements are summarized in Chapter 7, which also give valuable first insights
for optics measurements and commissioning of FCC-ee.

A final conclusion is drawn in Chapter 8.

1.3 Existing circular colliders and approved upgrades

SuperKEKB [19] at KEK [20] is an electron-positron collider and currently holds the record
for the highest produced instantaneous luminosity of 3.1 x 10** cm~2s~! and its current de-
sign goal is set to approximately 6 x 103> cm~2s~! [19, 30]. The LHC [14] at CERN is presently
the largest particle collider, which reaches highest energies for hadrons. Moreover, the HL-
LHC [29], an approved LHC upgrade, aims at reaching an instantaneous levelled luminosity
of at least 5 x 1034 ecm~2s~! with proton beam energies up to 7 TeV. It has to be noted, that
the LHC and the HL-LHC also perform ion-ion and proton-ion collisions which is not dis-
cussed here further. Understanding the design and beam dynamics of these state-of-the-art

synchrotrons are essential for the design of possible future circular colliders.

1.3.1 The LHC and the HL-LHC

The LHC [14] at CERN [15], Geneva, Switzerland, is presently the highest energy hadron col-
lider. Probably the most important recent achievement is the discovery of the Higgs boson,
leading to the Nobel prize in physics in 2013 [31]. This synchrotron with 27 km circumfer-
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ence, accelerates two counter-rotating hadron beams which are brought to collision at four
interaction points, which house the four experiments ATLAS (A Toroidal LHC Apparatus) [32],
CMS (Compact Muon Solenoid) [33], ALICE (A Large Ion Collider Experiment) [34] and LHCb
(LHC-beauty) [35], where the first two are the main experiments. In previous runs a proton
beam energy up to 6.5 TeV has been achieved, and hence increasing by about a factor 14 the
injection energy of 450 GeV, provided by the Super Proton Synchrotron (SPS) [36].

Its luminosity upgrade, the HL-LHC is scheduled to be commissioned around 2027 and to
operate through the late 2030s. With a proton beam energy of 7 TeV a leveled luminosity of
atleast 5.0 x 103 cm~2s~! is envisaged at ATLAS and CMS. One key concept of the HL-LHC is
the use of Nb3Sn magnet technology for the first time in a storage ring collider.

Although the LHC is the biggest synchrotron collider, it is the last part of a complex acceler-
ator chain, consisting of eight accelerators and numerous experimental areas. The complete
CERN accelerator complex is schematically shown in Fig. 1.1 [37].

ALICE g s North Area LHCb

SPS

TT42

T2 AWAKE
)
ISOLDE
992
o — RIBs REX/HIE
o d 2001/2015
n_iOf { East Area§

PS

Fig. 1.1. Schematic illustration of the accelerator complex at CERN. [Plot adapted from [37]]

1.3.2 SuperKEKB

SuperKEKB [19] is an electron-positron collider at KEK [20] in Tsukuba, Japan, designed to
reach an instantaneous luminosity of up to about 6 x 10%° ecm~2s~! [30] and is currently in
commissioning. The electron beam with 7 GeV and the positron beam with 4 GeV collide
at one interaction point, where the Belle II experiment is installed [38]. SuperKEKB holds
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the present instantaneous luminosity record of 3.1 x 1034 cm~2s~!. With approximately 3 km
circumference it is currently the biggest lepton collider. Similar to CERN, KEK consists of
several other facilities, where a schematic view is given in Fig. 1.2 [39].

Nikko

Positrons
Electrons

HER

Positron Positron
Damping Generator
Ring oY

i
Fig. 1.2. Schematic illustration of the accelerator complex at KEK. [Plot adapted from [39]]

1.4 Future circular colliders

Various possible future circular colliders (FCCs), envisaged to be built at CERN and to start
operating after the HL-LHC-era around 2040 are being explored within the framework of the
FCC design feasibility study [24, 25]. This feasibility study explores the physics potential of
such colliders together with suitable designs. The FCC study covers three colliders, namely
the hadron FCC, FCC-hh [27], the lepton FCC, FCC-ee [26], and the HE-LHC [28]. While the
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Fig. 1.3. Schematic comparison between the LHC, the FCC and the French-Swiss border.

HE-LHC is designed to fit in the existing LHC tunnel, which currently hosts the LHC, both
FCC options would have a circumference of approximately 100 km, therefore demanding the
construction of a new tunnel infrastructure. Acquired experiences from existing high lumi-
nosity and high energy machines like the LHC or SuperKEKB greatly influence the design of
the next generation circular colliders and are hence essential for the future of particle accel-
erators. The three possible future colliders are described in the following. A schematic view
of the LHC and the FCC in the Geneva area is shown in Fig. 1.3.

1.4.1 The lepton collider FCC-ee

The FCC-ee is designed to collide one electron beam with a positron one at four different
beam energies during its physics program [26]. The lowest beam energies of 45.6 GeV and
80 GeV are envisaged to study the Z- and W- bosons, respectively. At 120 GeV the focus is on
understanding the Higgs-boson and its coupling to the Z-boson. Operating at the highest
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beam energy of 182.5 GeV allows to study the physics related to the top-quark.

In the conceptual design report [26] two collision points are foreseen, PA and PG, with a max-
imum reached luminosity of 230 x 103* cm~2s~! for the lowest beam energy [40]. This un-
precedented luminosity is foreseen to be reached by focusing beams transversely up to the
nano meter regime [41, 42]. Recent investigations, however, study the possibility of four in-
teraction regions dedicated to high energy physics experiments [43]. At the interaction point
the beams are designed to cross outwards to reduce the impact of generated photons by syn-
chrotron radiation close to the collision point. In addition to the electron and the positron
ring, the FCC-ee booster is also planned to be accommodated in the same tunnel to enable
a continuous beam injection (top-up injection) [44]. A schematic plot of the FCC-ee and
booster layouts are shown in Fig. 1.4 [26].

To finalize the FCC-ee design beam tests at existing facilities are inevitable. As there are
numerous similarities between, for example, the FCC-ee and SuperKEKB, obtained experi-
ence from the latter, especially during commissioning, will influence greatly the FCC-ee de-
sign [45]. Improving the top-up injection, identifying beam optics challenges and proving
the feasibility of fast and accurate optics measurements at SuperKEKB also aim to prove the
feasibility of the FCC-ee key concepts.

PA

134m 10.6m Booster
Interaction

0.3m

PD
RF system

PJ
RF system

500

Interaction
Point

PG

Fig. 1.4. Schematic conceptual design of the FCC-ee with two collision points at PA and PG.
[Plot taken from [26]]
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1.4.2 The hadron collider FCC-hh

With a designed proton beam energy of 50 TeV the FCC-hh aims at an about 7 times higher
beam energy than the HL-LHC [27]. To reach this unprecedented beam energy the use of
16 T Nb3Sn is foreseen. The initial luminosity at the two main interaction points, PA and PG,
is designed at 5 x 1034 cm~2s~!, whereas the ultimate goal foresees almost 30 x 1034 cm=2s~1.
Similar to the LHC two lower luminosity experiments are foreseen, located in PB and PL. One
of them could be used to collide a hadron beam with an external electron one, also known as

the FCC-eh. A schematic layout of the FCC-hh design is shown in Fig. 1.5.

By comparing Figs. 1.4 and 1.5 it can be seen that both possible future colliders have the
same conceptual layout and location of the insertion regions. Their layouts only diverge in
the interaction regions by about 10 m, where recent studies aim at reducing this offset [43]. As

Experiment
Experiment + Injection PA Experiment + Injection
PL PB
1.4 km
Extraction
PJ O «——— 28km 2.8 km ———> PD
B-collimation
1.4 km
PH bl PF
Radiofrequency system e o&-collimation

Fig. 1.5. Schematic conceptual design of the FCC-hh with two collision points at PA and PG.
[Plot taken from [27]]
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the most efficient method to use a novel 100 km technical infrastructure is by using it for the
FCC-ee and the FCC-hh, the so-called FCC integrated project foresees first the construction
of the tunnel and commissioning of the lepton collider around 2040, followed by the hadron
collider with a scheduled commissioning around 2065 [46].

1.4.3 The HE-LHC

The HE-LHC aims at reaching beam energies up to 13.5 TeV for proton beams, while being
installed in the same tunnel infrastructure which already hosted the LHC and its predecessor
LEP and is hence a synchrotron with 27 km circumference [14, 16, 28]. To reach this beam
energy the use of NbsSn up to 16 T, similar to the ones designed for the FCC-hh, is envisaged.
Although the HE-LHC allows to re-use the tunnel infrastructure, which currently hosts the
LHC, this imposes strict constraints onto its layout. Hence, the HE-LHC is designed to have
the same conceptual design as the LHC, including the installation of four experiments. This
possible future hadron collider is aimed to be commissioned around 2040, as an alternative
to the integrated FCC project. Moreover, it could also be used an intermediate step between
the HL-LHC and a FCC.

1.5 Hadrons or leptons for future colliders?

During the history of accelerator science numerous hadron and lepton colliders have been
built, allowing to study in depth high energy physics and leading to the discovery of new
particles. Lepton colliders typically collide electrons with positrons, where the latter is the
anti-particle of the electron. In the observed energy range leptons are fundamental particles,
meaning they do not have an inner structure, contrarily to hadrons which are composed of
two or more quarks and gluons, summarized as partons. Therefore the hadron momentum
is distributed between the individual partons and hence hadron collisions probe naturally a
wide energy range, while lepton collisions are better suited for precision measurements.

The W- [47, 48] and Z- [49, 50] bosons were discovered in 1983 at the Super Proton Anti-
Proton Synchrotron (SppS) at CERN, which were studied in dedicated physics programs at
LEP [51, 52]. This is just one example of the symbioses between hadron and lepton colliders
and shows the necessity of a thorough accelerator physics program, covering both collider
types.
In 2020 the European strategy upgrade of particle physics expressed the long-term plan for
particle colliders as follows [53]:
“Europe, together with its international partners, should investigate the technical
and financial feasibility of a future hadron collider at CERN with a center-of-mass
energy of at least 100 TeV and with an electron-positron Higgs and electroweak fac-
tory as a possible first stage.”
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The FCC integrated project would follow this suggestion and would also allow to re-use the
same infrastructure for both colliders. However, before investing in a large scale project, the
existing colliders, in particular the LHC, the HL-LHC and SuperKEKB, demand constant per-
formance improvement, including studying the option of higher energy upgrades, allowing
to re-use the same tunnel infrastructure.
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Understanding accelerator and beam physics concepts is essential for measurement, design, correction and
performance improvement of circular colliders. In this chapter crucial concepts are described, where single-
particle and multi-particle dynamics are covered, which are used throughout the thesis. As this thesis covers
only synchrotron, the theory section also focuses on lepton and hadron circular colliders.

2.1 Introduction

Particle accelerators science started in the 20" century, where various types have been de-
veloped [21]. The presently most powerful colliders, which provide either the highest energy
reach or number of collisions are synchrotrons, where two counter-rotating bunched parti-
cle beams collide at dedicated interaction points (IPs). Colliding beams allows to study high
energy particle physics. Moreover, several ambitious future projects [26, 27, 28], covered in
this thesis, aim at pushing these limits even further are also synchrotrons. The described the-
ory therefore focuses on this accelerator type. This chapter aims to introduce concepts of
accelerator physics essential for this thesis, where a more detailed description of accelerator
physics can be found in numerous textbooks [54, 55, 56].

Charged particles interact with electromagnetic fields via the Lorentz-force FE [54]

ﬂ_dﬁ_

Fr=o = ¢(E+7x B), 2.1)

with the particle momentum g, particle charge g, electrical field E, particle velocity 7 and
magnetic flux density B. Particles are accelerated with electrical fields, where the energy gain
is given by the path integral of the Lorentz force using

s2 S2 R . 52
AE:/ ng:/ q(E + 7 x B)d§:/ qEds, (2.2)
S1 s

1 S1

where the integral over the vector product is zero as the path element d3'is parallel to the ve-
locity. In case of synchrotrons radio frequency (RF) cavities are used to provide high electrical
fields. The energy gain per revolution AF is then given by

AE = gAV 2.3)

with the gap voltage AV.

Dipole magnetic fields guide the charged particles onto circular paths, with a bending radius

11
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p, which are then described by the centripetal force F} [54]

—2
=" (2.4)

p
In case of a circular collider the magnetic flux density is perpendicular to the velocity. With
F7, = F; one can define the beam rigidity | Bp| as [55]

Bl = '1;1 . 2.5)

Typically the right-handed Frenet-Serret coordinate system [57] is taken as a reference for
synchrotrons, which is illustrated in Fig. 2.1. The coordinate system travels along with the
particle and has the coordinates (z, y, s), where x and y refer to the horizontal and vertical
displacements of the particle with respect to the reference trajectory. « and y are the trans-
verse planes, summarized by u. The longitudinal coordinate s is tangential to the reference
orbit. In an ideal machine the orbit passes through the center of each element and closes
itself after one revolution and is named closed orbit. Such elements are all structures used in
an accelerator, such as dipoles or quadrupoles. The set of all structures is named the lattice.

y

Fig. 2.1. Frenet-Serret coordinate system, used in accelerator physics [57].

2.2 Linear beam dynamics

A linear lattice consists only of linear elements, which are dipoles and quadrupoles. In first
approximation the dipoles define the bending radius, p, of a circular machine and the energy
reach as already given in Eq. (2.5). Although dipoles are mainly used as guiding structures,
they have a weak focusing effect in the horizontal transverse plane of 1/p? [55]. Quadrupole
fields act on particles which do not pass through their center and are therefore used to focus
particle beams transversely. By convention a focusing quadrupole describes a horizontally fo-
cusing quadrupole, where a defocusing quadrupole focuses the beam vertically. A schematic
plot of a dipole and a quadrupole magnet is shown in Fig. 2.2.

In circular colliders such as the LHC [14] or SuperKEKB [19, 41, 42], the vast majority of the
lattice is made of so-called FODO cells [54]. A FODO cell describes a structure of a focusing
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P X

Fig. 2.2. Schematic plot of a dipole (left) and a quadrupole (right) magnet. The beam direc-
tion is perpendicular to the transverse planes = and y. The longitudinal direction is pointed
towards the reader.

quadrupole (F) and a defocusing quadrupole (D) with non-focusing areas (O) in between. In
synchrotrons dipoles are typically installed between the quadrupoles. A FODO cell structure
with alternating gradients is schematically shown in Fig. 2.3.

Fig. 2.3. Schematic plot of a FODO cell. F: focusing quadrupole. D: defocusing quadrupole.

2.2.1 Twiss parameters

Equations of motion

The motion of particles in a transverse plane in a linear lattice can be described with Hill’s

differential equation
u"(s) + Ku(s) =0, (2.6)

with the focusing strengths K, in the transverse planes

1
KJ: = 5 _kla

p (2.7)
Ky, =k,
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and the quadrupole strength k;, assuming it is focusing in one transverse plane while de-
focusing in the other. The term (1/p?) in the horizontal component arises from the weak
focusing caused by dipoles. The solutions to Hill’'s equation are given by [54]

u(s) =V 5U/Bu(s) COS(¢U(S) + ¢u,0) s

/ . Eu . (2.8)
u'(s) =—,/ ) (sin(@y(s) + Pu,0) + as) cos(du(s) + dup)) -

g, is the transverse emittance and is constant for the particle motion at a given energy. The
p-function, 3,(s), describes the transverse position dependent amplitude of the oscillation of
a particle in one of the transverse planes and has the dimension of meters. These equations
describe a harmonic oscillation in the transverse planes, also known as betatron oscillations.
B is the S-function at the interaction point (IP), where in a collider two counter-rotating
particle beams collide. ¢, is the phase advance.

The solution of Hill’s equation can also be written as

(u(s)) - M <u(0)> 7 2.9)
u'(s) u'(0)

with the transfer matrix M, assuming that the magnetic field of an element is constant along
the longitudinal direction. The transfer matrix of a dipole, Mg;,, a focusing quadrupole,
M qu., a defocusing quadrupole, My g, and a drift space, M gjf, are given by [55]

M _ cos(\//?ll) ﬁsin(\/ﬁl) o cosd psin 6
P T\ SVEsin(VELT)  cos(VRil) )T \~1/psing  cosh )

cosh(Wl) mSinh(\/WO Mo — <1 l)
Msinh(Ml) cosh(\/Wl) 7 it 0 1)

where [ is the element length and ¢ = [/p the bending angle of the dipole. For example
the transformation matrix of a FODO cell shown in Fig. 2.3 is obtained by multiplying the

(2.10)

My qu. —

individual transfer matrices of the elements, i.e.

Mcropo = Mf. qu.Mdrifth. qu.Mdrift . (2.11)

The number of betatron oscillations over one revolution is the tune @, given by

1 ¢ ds
L= — . 2.12
Qu=5 /0 e 2.12)

The a-function, a,(s), is defined via the derivative of the 5-function by

() = —%5;(3) . (2.13)



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

15

The so-called v-function, ~,, is defined via

1+ a3(s)
Yu(s) = “Buls) (2.14)

o, Bu, T and ¢, are also called twiss parameters [58]. A convenient way to express the trans-
fer matrix in twiss parameters is given by [59]

M — <m11 m12> _ (cosgf)u—i-au sin ¢y, Busin ¢y, ) ' (2.15)

M1 Ma2 —Yu SIN @y COS (y, — iy SIN Py

Emittance
Combining Egs. (2.8) leads to
Yu(8)u? + 200, (s)ur + Bu(s)u? = e , (2.16)

with the single particle emittance ¢, in phase space (u, v/). A schematic plot of ¢, is given
in Fig. 2.4, showing also the relation to the twiss parameters. Liouville’s theorem states that
the phase space area remains constant along the beam line. This theorem, however, only

tan(2o) =
 2al(y-)

g/3p0

» U

Fig. 2.4. Single particle emittance in the transverse phase space.
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holds for closed system. Acceleration of a particle beam is not a closed system and hence this
theorem is not applicable. One can define the normalised emittance

norm

€y = BrelVrel€u (2.17)

which remains constant for all energies with the relativistic Lorentz-factors ;¢ and 7,e. The
action J, is related to the single particle emittance by

2J, = €4 . (2.18)
The transverse beam size o, is defined as

Ou = \/5Beamﬁu(s) , (2.19)

with the beam emittance @™, The beam emittance is typically defined as the emittance
corresponding to a 1 o amplitude of the Gaussian charge distribution.

2.2.2 Chromatic effects

The relative momentum offset of particles, ¢, is defined as

. A
5, =210 _ 2P (2.20)
Po Po

with the nominal momentum py. Effects and parameters which depend on §, are so-called
chromatic effects.

Dispersion
In the presence of dispersion equation (2.8) has to be extended, leading to [54]

u(s) = v/euBu(s) cos(du(s) + Gu0) + Mudp , (2.21)

with the transverse dispersion 7,, which is generated by dipoles and quadrupoles. The po-
sition of off-momentum particles scales linearly with dispersion. Parameters which depend
on ¢, are referred to as chromatic parameters. Higher order-dispersion, and therefore a non-
linear dependence of the beam orbit on the particle momentum is also possible and is further
described in Chapter 4.

Momentum compaction

In circular machines particles with a momentum offset with respect to the reference momen-
tum experience a different path length and hence a change of circumference with respect to
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on-momentum ones, AC//C. This relation is described by the momentum compaction factor

ac by y
AC/C L [
— - 1z 2.22
ac 5, c?, ds, (2.22)

which can be positive or negative. In lattices with a positive momentum compaction factor

the path of particles with higher momentum is longer compared to particles with nominal
momentum and vice versa [54]. The transition energy - is defined as

1

5 - (2.23)
1

ac
At transition energy the revolution frequency is independent of the particle energy, which can
lead to instabilities. High energy accelerators typically operate only above transition energy.

Chromaticity

Another chromatic parameter is the chromaticity @/,, which describes the tune shift AQ,, with
particle momentum by

Q. = AéQ” . (2.24)
p

In alinear lattice the natural chromaticity is a result from the momentum dependent focusing
of quadrupoles and can be approximated by [60]

r b
Qy ~ i 7{ Bu(s)Kyds . (2.25)

2.2.3 Longitudinal dynamics

The acceleration of particles with RF-cavities leads to oscillations in the longitudinal plane.
These synchrotron oscillations are similar to the betatron oscillations in the transverse planes.
The synchrotron tune Q)5 can be expressed as [56]

hqgV'n,. cos pg
Qs = Lﬂ ’ (2.26)
27Tf8relE

with the nominal particle energy £ and the synchronous phase ;. h is the harmonic num-
ber, which is equal to the number of buckets and is therefore an integer. Moreover, the RF-
frequency frr has to be an integer multiple of the revolution frequency frey, i.e.

fRF =h frev . (2.27)

The phase slip factor 7, relates to the momentum compaction factor by

Ne=—5" — —5 » (2.28)
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and is widely used in longitudinal dynamics.

For synchrotrons operating above transition energy the synchronous phase is chosen to be
/2 < ps < 7to ensure phase stability [61, 62]. A particle with a higher than nominal momen-
tum arrives earlier in the acceleration gap and is therefore gaining less momentum from the
RF-frequency. Contrarily a particle with lower than nominal momentum arrives later and is
stronger accelerated. Off-momentum particles move therefore towards the nominal one. If a
particle with an initial lower than nominal momentum receives an energy gain which then re-
sults in a higher than nominal momentum, this particle crosses the nominal momentum and
oscillates around the nominal one. This movement is also known as previously mentioned
synchrotron oscillation. The longitudinal phase focusing is schematically shown in Fig. 2.5.
All particles of a beam perform continuous synchrotron oscillations around the nominal par-
ticle and generate thereby a steady longitudinal distribution of particles. The bunch length is
the rms of this longitudinal particle distribution.

RF-Voltage

Fig. 2.5. [llustration of phase focusing and synchrotron motion, where the red dot represents
the reference particle with nominal momentum. At ¢; and ¢, a particle with greater (lower)
than nominal momentum, shown in green (blue), arrives earlier (later) in the acceleration gap
and hence experiences a smaller (larger) accelerating voltage. At ¢3 the particle with initially
greater (lower) than nominal momentum has received an energy gain resulting in a lower
(greater) than nominal momentum.

2.3 Non-linear beam dynamics

Colliders are not only made of dipoles and quadrupoles, but also include higher-order mag-
netic multipoles. The lowest order of a non-linear element is a sextupole. While non-linear
elements are installed for dedicated optics control, each magnetic component can include
several higher-order magnetic multipoles, resulting from imperfections during its construc-
tion. Such unwanted higher-order magnetic fields can have a severe impact on the beam and
hence need to be identified and corrected accordingly.
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2.3.1 Multipole expansion

Non-linear lattices include non-linear elements such as sextupoles and octupoles. The mul-
tipole expansion is given by [63]

By(x,y,5) + iBa(z,y,8) = Y _ [bu(s) + ian(s)] (x +iy)" ",
n=1
buls) = Gy gt (2.29)
1 B,
an(s) = (n—1)! Qan—1~’

where n is the multipole order, i.e. n = 1 for a dipole field, n = 2 for a quadrupole field, and so
forth. B,, and A,, are the normal and skew multipole field components, where a skew magnet
is rotated by = /(2n) with respect to the normal one.

The equations of motion are derived using Hamilton Equations

dp: oM 7 oH
AT T o (2.30)

where the Hamiltonian for the transverse planes for a multipole of order n is given by [64, 65]
H = TRe | (by + iay) EFW" ] 2.31)
P n

For a linear lattice it follows

2 2 2

px Ky(s)x Ku(s)y
= 4 = — . 2.32
H= 5 + 5 44 5 5 (2.32)

The Hamiltonian in Eq. (2.31) can be expanded and then reads [65]

H = Z Bt (2] ) (2J )Hm UG=F) (P =a,0)+(l=m)(Py—dy.0)] (2.33)
Jklm

with the Hamiltonian coefficients A, of the multipole order n = j + k£ 4 | + m. Observed

Resonance Driving Terms (RDTS) f;x,, correspond to Hamiltonian coefficients by [64, 65]

_ Pjkim
fikim = [ F0-hQu Gy (2.34)

Multipoles lead to resonance behavior at certain values of the tune, namely when
(J=F)Qz+ (I —m)Qy=p with j, k,l,m,p € Z. (2.35)

Resonances up to order of n = 5 are shown in Fig. 2.6. Transverse fractional tunes of a ma-
chine, also known as the working point, should be chosen to avoid such resonances.
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Fig. 2.6. Tune diagram showing resonance lines for multipoles n < 5.

The frequency spectrum from Fourier transformation of Turn-by-Turn beam position mon-
itor data, discussed in Section 3.2, contains information of RDTs, as fj,, drive lines in the
horizontal and vertical spectrum by [66]

j+k—1 I+m
2

H(—j+km— l) =2j |fjklm‘ (2Jw) (2Jy)T )
I+m—1

- (2.36)
V(k:—j,l—l—l-m) :2l|fjklm|(2']x)T (2‘]31) 2 ;

where in the parentheses multiples of the fractional tune are given. For example H (0, 1) indi-
cates an observed line at 1 x @, in the horizontal spectrum.

2.3.2 Betatron coupling

If the horizontal and vertical motions of the beam are independent, it is named an uncoupled
motion. In a synchrotron such as the LHC or SuperKEKB, this situation is typically preferred.
However, various effects lead to a coupling of the transverse planes. The main sources of
linear coupling are skew quadrupoles or solenoid fields. The two most common descriptions
are the Edwards-Teng-parametrization [67] and the Mais-Ripken-parametrization [68].

In a machine with coupling the horizontal and vertical motion cannot be treated indepen-
dently by two independent 2 x 2 matrices. The coupled motion can be described with a 4 x 4
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M = (P p) , (2.37)
q Q

where P, p,q and Q are 2 x 2 matrices. If the motion is uncoupled it follows p = q = 0. The

matrix as

Edwards-Teng-parametrization applies a symplectic rotation R on the matrix, i.e. [67]

(X o Tcosd —K lsind
M = —RMR~! with R=(_ S I (2.38)
0 Y Ksin ¢ Tcos®

where I is the 2 x 2 unit matrix and K a 2 x 2 symplectic matrix, i.e. det(K) = 1. This
parametrization allows to treat a coupled motion like an uncoupled one with the matrix K
and the Teng'’s rotation angle ¥.

Linear coupling drives the resonances, according to Eq. (2.35), @, + Q, = pand Q, — Q, = p,
which are also referred to the sum and difference resonance, respectively. The respective
resonance driving terms are f1919 and f1001, where the magnitude of the coupling resonances
are |C4| and |C_|, respectively. Due to present linear coupling a minimum betatron tune split
exists AQmin = Q. — @y, as shown in Fig. 2.7 and can be approximately related to the RDTs
by [69]

cos(27Q,) — cos(2mQy))  4+/|f1001]* — | f1010/?
7 (sin(27Qx) +sin(2mQy)) 1 +4 (| f10011* = | fr010/%) -

The enhancement of the difference resonance does not lead to an unstable motion, whereas,

AQmin = (2.39)

the sum resonance induces severe beam instabilities [54, 70]. The working point is hence typ-
ically chosen closer to the difference resonance than to the sum resonance. The magnitude

nQ

X,y

Fig. 2.7. Finite closest tune AQ,i, caused by linear betatron coupling.
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of the difference coupling resonances can therefore be estimated using the measured f1¢o; at
all Beam Position Monitors (BPMs) N by [65]

|C_| = 4|AQmin| = Z!flom\ (2.40)

2.3.3 Non-linear chromatic effects

Non-linear chromaticity

The natural chromaticity as it is defined in Eq. (2.24), is typically negative and leads to a
weaker quadrupolar focusing effect for particles with a higher momentum. For stable op-
eration for machines above transition energy a slightly positive value, typically in the order
of +2, is desired which can be achieved by sextupoles, as illustrated in Fig. 2.8. While chro-
maticity @/, of a synchrotron is naturally generated by quadrupoles, it can be controlled with
sextupoles. In a non-linear lattice the tune can be expanded for off-momentum particles and
then reads

Qu(dp) = Quo + Q0p + Q”52 + Q”’53 + 0(3)) (2.41)

where Q! and Q! and possible hlgher—order terms are named non-linear chromaticity. @’/
and @Q!” can be controlled, respectively, with octupoles and decapoles, where a more detailed
description is given in [71].

P,
p,<p, /

[/

Fig. 2.8. Schematic and simplified illustration of effect of sextupoles on particles with different
particle momenta.

Amplitude detuning

Betatron tunes can also vary with the single particle emittance, by

_ 0Qy 0Qy
Qu(gxy 5y) - Qu,O + T%gx + T%gy (2 42)
1 82Qu 2 82Qu Qu 2 3 3 '
5 < 85% & + 68338 Ex&y + 885 > + 0(61‘76y) .
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First order amplitude detuning (% and %%:) is generated by octupoles and by second-order
contributions of sextupoles [71].

Synchro-betatron resonances
Equation (2.35) can be extended to [72]
(J—F)Qe+ (I —m)Qy +nQs=p with j, k,l,m,n,p € Z, (2.43)

which describes so-called synchro-betatron resonances. In the presence of synchro-betatron
coupling the transverse planes couple to the longitudinal one, which can lead to instabilities
and should hence be avoided.

2.4 Multi-particle dynamics

The physics described in previous sections relate purely to single particle dynamics, which
is sufficient to describe the beam optics. In a synchrotron, however, several intense parti-
cles bunches are typically stored, introducing multi-particle effects and multi-bunch effects,
where the latter are not covered in this thesis. Further information on collective effects can
be found in [73].

2.4.1 A closer look to the beam emittance

The beam emittance corresponds to a 1o amplitude of the Gaussian charge distribution in
phase space. Several effects are described in the following which can increase or decrease it
and can hence also lead to a transverse beam size growth or shrinking.

Synchrotron radiation damping

Charged and accelerated particles emit synchrotron radiation, with an opening angle, ©, of
1/7re1- Assuming ultra relativistic beams, and thus 7, > 1, leads to © ~ 0. Synchrotron pho-
tons are therefore emitted parallel to the direction of the beam, leading to a reduction of both
longitudinal and transverse particle momentum. As the particles are only accelerated longi-
tudinally in the RF cavities, the transverse beam emittance is reduced. Synchrotron radiation
therefore naturally damps the transverse beam emittance. The lost power P per turn due to
synchrotron radiation increases with the beam energy F by

P x E—4

47
my

(2.44)
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with the rest mass of the particle mgy. As mg of a proton is about a 2000 times heavier com-
pared to an electron, losses due to synchrotron radiation are more dominant for the latter
particle [74].

Quantum excitation

Synchrotron radiation is emitted in discrete units by photons, which disturbs the trajectory
of a particle when located in a dispersive region. These cumulative emitted quanta introduce
anoise into the individual oscillations and therefore leads to an emittance growth [75].

Coulomb scattering

Particles within a bunch perform individual betatron and synchrotron oscillations and can
therefore collide with each other. Their interaction can be described by Coulomb scattering
processes, leading to a momentum transfer between particles in all dimension, i.e. horizon-
tally, vertically and longitudinally. For multiple small scattering angles this process can lead
to a redistribution of particles in phase space and hence to an increased emittance, which is
also known as intra-beam scattering [76]. Scattering processes with a large angle can lead to
a drastic change in single particle momentum. If the new particle momentum is above the
momentum acceptance, particles are lost. This phenomenon is the Touschek effect [77] and
can severely limit the beam lifetime.

Equilibrium emittance

In lepton synchrotrons strong synchrotron radiation damps the beam emittance. With de-
creasing beam emittance quantum excitations become stronger, leading to an emittance in-
crease. The beam emittance where both effects cancel one another out is the equilibrium
emittance [75]. Due to weaker synchrotron radiation in hadron synchrotrons these machines
operate far away from equilibrium emittance.

2.4.2 Chromatic multi-particle effects

Tune spread

A spread of oscillations amplitudes within a beam is a result from amplitude detuning and
chromaticity. This a finite tune spread is illustrated by the tune footprint in the tune dia-
gram. Various contributions, for example from beam-beam [78] or collective effects [79], can
lead to an increased tune spread and to an enhancement of instabilities. To control the tune
spread and, therefore, to avoid instabilities, Landau damping can be introduced by dedicated
octupole settings [80].
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Decoherence

Without decoherence or additional damping sources, the amplitude of a beam excited with
a single kick remains constant for hadrons, and decays solely due to emitted synchrotron ra-
diation for leptons. Decoherence is a result of a finite tune spread, as the particles do not
oscillate synchronously and the beam centroid motion starts to decohere. Although the am-
plitude of individual particles remains unchanged, the center-of-charge oscillation ampli-
tude decreases after a single kick, as shown in schematically in Fig. 2.9. For decoherence
due to large linear chromaticity, synchrotron motion leads to a decoherence and recoher-
ence of the centroid position. The periodicity of decoherence and recoherence is equal to
the synchrotron tune [81]. For decoherence caused by other sources than linear chromaticity
particles will not recohere.

Amp. Individual particles —— Average
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Fig. 2.9. Illustration of decoherence and recoherence. Although the oscillation amplitude
of individual particles remains unchanged, the amplitude of the center-of-charge decoheres
and recoheres.

2.4.3 Wake-fields and impedance

The particle beam dynamics is affected greatly by its interaction with the surrounding struc-
tures. Any discontinuity of the vacuum pipe creates wake-fields and induces impedance,
which can influence the longitudinal and the transverse optics. Examples of impedance
sources are RF-cavities, collimators, kicker magnets or BPMs. Wake-fields are only gener-
ated at a certain lattice element if a charge passes through it. Hence, wake-fields are only
generated by the interaction between the beam and the vacuum chamber. The induced volt-
age V(w) from the reaction between a charge and a lattice element at a certain frequency w
increases with the total bunch current 7(w) by [54]

Viw)=-Z(w) I(w), (2.45)

with the impedance Z(w), where the minus sign indicates an energy loss [54]. Impedance is

in general compley, i.e.
Z(w) = Zpe(w) + 1 Zim(w) , (2.46)
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where the real part can lead to a betatron tune shift and the imaginary one to emittance
damping or growing [54]. For example a change of the vacuum chamber cross-section, for
example by a cavity-like structure, induces the longitudinal impedance [54, 82]

Z(w) = —I(lw) / Ej(w)ds, (2.47)

for an on-axis particle. Such a cavity-like structure also induces asymmetric transverse fields
for a charge passing off-axis, i.e. with a transverse offset Au. One can define the induced
transverse impedance similar to the longitudinal one as [54, 82]

Z0(w) = —i I(wl)Au / (B + 7 x Bw), ds. (2.48)

The wake-potentials are defined as the Fourier-transform of the longitudinal and transverse
impedance by [54]

1 > iws/(c
W) (s) = o Z)(w)e /(eBre) g |
o (2.49)
1 [ ;
Wi(s)= 1 By 7 (w)etws/(eBa) dey |

with the relativistic 3,.;. One can distinguish between various types of impedance. For exam-
ple, the resistive wall impedance results from the interaction of the beam with the vacuum
chamber, where cavity-like structures (change of the cross-section) induce a so-called broad-
band impedance.

2.4.4 Head-tail effect

Wake-fields are generated by the head of a bunch passing through a broad-band impedance
source and act on the tail of the bunch, which is known as the head-tail effect. In a syn-
chrotron particles oscillate between the head and the tail of a bunch by performing syn-
chrotron oscillations. As the synchrotron tune is typically orders of magnitude smaller than
the betatron tune one obtains a stability criterion which defines the maximum bunch current
Iy [56]. A bunch current above this threshold would drive the Transverse Mode Coupling In-
stability (TMCI) and particles would be immediately lost.

The head-tail effect does not only define the maximum bunch current, but can also act as
a source of transverse emittance damping or growing assuming a two-macro-particle model
with the head-tail damping time ryr, [54]

i _ lQl Te ﬁIGICNb WJ_(2Z) (2 50)

THT 27 Vel ‘770| Q?

with the classical electron radius r., the number of particles N, the wake-field generated
from the head and affecting the tail W, (2/) and the distance between the head and the tail
2. For synchrotrons operating above transition a negative chromaticity leads to a beam-
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blow up and therefore the chromaticity is typically corrected to a positive value, resulting
in a damping [72].

2.5 Performance

Particle colliders are designed to collide two counter-rotating beams to study phenomenons
of high energy particle physics. As some of the observed phenomenons are very rare, a large
number of collisions are required.

2.5.1 Luminosity

As a figure-of-merit for the number of collisions the luminosity is used. The instantaneous
luminosity £ is the proportional factor between the number of events per unit time dR/d¢

and the cross-section o¢ross,
dR

dt
Assuming two colliding Gaussian beams the instantaneous luminosity becomes [83]

= L 0cross - (2.51)

L= MS, (2.52)
drooy
with the revolution frequency fiey, the number of particles of both beams N; and N, and the
transverse beam sizes o, and o,,. S is the luminosity reduction factor, resulting from bunches
colliding under a non-zero crossing angle, with a collision offset, with a non-zero dispersion
at the interaction point or the hour-glass effect [83]. The latter originates from the parabolic
increase of the g-function with increasing distance to the interaction point by [83]

B(s) = B* (1 + <;>2> . (2.53)

It can be seen from Eq. (2.53) that the hour-glass effect is especially important for optics,
where §* is about the size of the longitudinal bunch length.

For Gaussian bunches colliding under a crossing angle 6, where o, > 0,, 0y, and neglecting
other beforehand mentioned contributions, the luminosity reduction factor is approximated
by [83]

S = S . (2.54)

2
0os
14 (22:)
The integrated luminosity L, is defined as [83]
to

Ling= [ Ldt, (2.55)

t1
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and is typically given in units of fb~! = 103 cm 2.

2.5.2 Crab-cavities

As a result from a non-zero crossing angles the two colliding bunches do not fully overlap. To
increase the overlap area, also named luminous region, crab-cavities have been successfully
used at KEKB [84], the predecessor of SuperKEKB and are currently tested at the Super Proton
Synchrotron (SPS) at CERN [85], as they are foreseen to be used in future machines such as the
HL-LHC [29]. Although they are also RF-cavities, they do not accelerate the particles but only
induce a rotation which compensates for a certain fraction of the crossing angle to increase
luminosity. The expected peak luminosity gain is about 65 % for the HL-LHC [85].

2.5.3 Crab-waist collision scheme

Despite the similar name this collision scheme does not include previously described crab-
cavitites. The crab-waist collision scheme has been first successfully implemented in DA®NE,
Frascati, Italy [86, 87, 88], it is currently in commissioning in SuperKEKB [42] and is also fore-
seen in FCC-ee [26]. This collision scheme is designed to increase the luminosity without
increasing the number of particles or squeezing the f—function and is based on three steps,
as described below.

* Large Piwinksi angle: The luminosity reduction factor for Gaussian bunches colliding
under a non-zero crossing angle decreases if the denominator in Eq. (2.54) increases.
To be more precise, the Piwinski angle, ¢y,

piw = (0/2) (05/0z) , (2.56)

is also used in Eq. (2.54) and increases with bunch length and crossing angle, while
decreasing with horizontal beam size.

The interactions between two near by beams are known as beam-beam effects [89].
Close to the interaction point the generated field of one beam, leads to a transverse kick
on the other beam and, hence, to a tune shift. With a large Piwinksi angle, i.e. ppiw > 1,
provided by a large crossing angle and small horizontal beam size, the horizontal beam-
beam tune shift decreases and fewer parasitic collisions occur as the beam-beam sepa-
ration in terms of o, is larger. The vertical beam-beam tune shift is kept constant, which
allows to increase the bunch population and hence the luminosity [86, 87, 90, 91].

* Vertical S-function comparable to the overlap area size: The vertical -function at the
interaction point j3; is set comparable to the overlap area size (0../¢) and hence signifi-
cantly smaller than the longitudinal bunch length, i.e.

@%%<@. (2.57)
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AXx

Overlap

Fig. 2.10. Schematic plot of interaction point (IP) and collision point (CP) for two colliding
beams with large Piwinski angle and 3; comparable to the overlap area size.

With smaller 3; the luminosity is further increased, while suppressing vertical synchro-
betatron resonances [92] and the vertical beam-beam tune shift [86, 87]. However, a
large Piwinksi angle itself introduces new beam-beam resonances [93], which can be
suppressed with the third step of the crab-waist collision scheme.

Crab-waist transformation: The third and last step of the crab-waist collision scheme
is the crab-waist transformation. With 3 ~ 0./0 and ¢y > 1 new betatron reso-
nances are excited, which would not be the case for larger 3; or smaller Piwinski angles.

Due to suppressed vertical beam-beam kicks and large horizontal separation, particles
with large longitudinal offset, with respect to the bunch center, do not interact with the
center of the other beam. The collision point is hence not at the interaction point, but
can be defined as the position, where a particle crosses the center longitudinal axis of
the other bunch, as shown in Fig. 2.10 [94, 95]. It can also be seen in the same figure,
that particles with a horizontal offset have also a longitudinal offset, which shifts the
minimum of the vertical -function longitudinally and induces strong betatron reso-

nances.

Sextupole P Sextupole

Apy =T1/2 Apy =T1/2

Ap =Tt Ap =Tt

Fig. 2.11. Crab-waist sextupoles locations and required phase advances.
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In this optics, where 3} is also comparable with the distance between the interaction
point and the collision point, the phase advance between these two points becomes im-
portant. As a; = 0 at the interaction point the unperturbed transfer matrix element s>
from Eq. (2.15) between the so-called crab-waist sextupole and the interaction point is
zero if p, = w/2. Furthermore, it is shown in [94, 95] that for this phase advance also
the transfer matrix element between the crab-waist sextupole and all collision points is
0, independent of their horizontal offset with respect to the bunch center. Crab-waist
sextupoles are installed on both sides of the interaction point at locations with specific
phase advances, as shown in Fig. 2.11.

In other words, the crab-waist transformation rotates the vertical S-function and aligns
its minimum at each collision point on the longitudinal axis, which suppresses beta-
tron resonances and, in addition, boosts the luminosity further. The alignment of the
vertical S-functions with respect to the beam trajectory without and with crab-waist
transformation is shown in Fig. 2.12.

AX Ax

Fig. 2.12. Demonstration of alignment of g-function waists without (left) and with (right) crab-
sextupole transformation. With the crab-sextupole on the -function waists are aligned par-
allel to the beam axis of the other beam.
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To validate the machine beam optics and to identify possible errors beam measurements are inevitable. More-
over, controlling the beam and applying dedicated correction schemes ensures save operation and helps estab-
lishing good luminosity production. In this chapter the essential beam instrumentation for optics measurements
is described and concepts of beam optics corrections are given. As optics measurements are performed for
the LHC and for SuperKEKB, beam instrumentation and measurement procedures for both machines are
described.

3.1 Beam instrumentation

Different types of beam instrumentation are installed in circular colliders which serve various
purposes. These purposes range from injection kickers, over feedback systems up to devices
dedicated for optics measurements.

3.1.1 Beam position monitors

Beam Position Monitors (BPMs) are installed to measure the center of the beam charge, and
are one of the most crucial devices for beam diagnostics. One of the most common types are
so-called button BPMs, which are composed of typically four electrodes and are capable of
measuring the horizontal and vertical center of charge simultaneously. The location of the
electrodes depends also on the used particle type. For hadrons with lower synchrotron radi-
ation the buttons are aligned with the transverse axes [96]. In button BPMs used for high en-
ergy lepton colliders the buttons are rotated by 45° due to emitted synchrotron radiation [97].
A schematic view of button BPMs is given in Fig. 3.1.

The particle bunch induces a signal in the electrodes and the beam position is then recon-
structed by comparing the induced voltages by

B S L N £ el £ 3.1)
RN Y= Vir v '

o Vi+Vi— (Vo + Vi Vi+Vy— (Va4 V.,
_ 1+ Ve — (Va4 V3) and y= 1+ Vo — (Va4 V) (3.2)

Vi+Va+Vs+Vy Vit Vot Va4V
respectively, for the BPMs used in hadron or lepton machines. It has to be noted that scaling
factors or calibration errors resulting from the BPM geometry or known misalignment errors
would spoil the measured orbit from Egs. (3.1) and (3.2). BPMs can be used to measure the
centroid beam position in each turn (Turn-by-Turn), or by using the average over numerous
turns, resulting also in different resolutions. In addition to the different operation modes,

31
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Fig. 3.1. Schematic view of button BPMs in the LHC (left) and in SuperKEKB (right).

their resolution depends also on the beam current.

Another widely used type of BPMs are stripline BPMs, which are also capable of identifying
the beam direction [98]. This additional feature is necessary in regions where both beams of
a collider travel through the same element aperture. For example in the LHC stripline BPMs
are installed close to the interaction point.

3.1.2 Beam current monitors

These monitors measure the beam intensity. The working principle of such a device is based
on a current transformer, where the beam is equivalent to the primary coil and induces a
current in the secondary coil, placed around the beam. In addition to observing the beam
current to monitor the performance of a collider, optics measurement performed at various
intensities allow for studying intensity dependent effects.

3.1.3 Tune measurement

The betatron tune is monitored constantly, by performing spectral analysis of the orbit data at
a specific location. To analyze the small oscillations performed by the beam, high frequencies
are filtered, keeping only frequencies close to the expected tune. In the LHC this system is
named the Base Band Tune (BBQ) system [99, 100]. The BBQ is also capable of measuring an
estimation of the linear coupling.
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3.1.4 Excitation devices

TbT measurements require the excitation of the beam to increase the oscillation amplitude
enough that the BPMs can record a signal. Different excitation devices are used for the LHC
and SuperKEKB as described in the following.

Kicker

In storage rings the beam is traditionally kicked with a single kick. In a lepton storage ring
the excitation amplitude is then damped by synchrotron radiation over several turns until
the equilibrium emittance is reached again. For a hadron machine, however, synchrotron
radiation is too weak to damp the motion and the particles start to decohere. Although the
BPMs record a damped signal over several turns, this effect arises solely from decoherence
and the individual excitation amplitudes remain undamped, which leads to an emittance in-
crease. Exciting the beam with a single kick is therefore suitable for lepton machines, but is
a destructive method for hadron machines. One great advantage of using a kicker magnet
for beam excitation is that it is possible to use the same device as for beam injection (injec-
tion kicker) for optics measurements, as done in SuperKEKB. A schematic plot of TbT orbit
data after applying a single kick is shown in Fig. 3.2 for a lepton ring, where the amplitude is
damped over time due to synchrotron radiation.

N
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Fig. 3.2. Schematic turn-by-turn BPM orbit data after applying a single kick in a lepton ring,
where the amplitude is damped over time due to synchrotron radiation.

Phase lock loop

In SuperKEKB a continuous beam excitation is achieved using a Phase Lock Loop (PLL) feed-
back system [101]. An exciter provides a sine wave excitation from a reference oscillator. Ex-
actly at the betatron frequency the phase difference between the excitation and the beam
motion is 90° and the oscillator locks to this frequency of the beam signal. The PLL follows
therefore the betatron tune of the machine continuously and together with an amplifier the
beam is excited.
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AC-dipole

A non-destructive method for beam excitation in hadron machines is achieved using an AC-
dipole [102]. This fast oscillating magnet allows to adiabatically increase and decrease the
excitation amplitude, leading to coherent oscillation. An AC-dipole does not drive the beam
at the betatron tune of the machine, also named natural tune Q**, but at a so-called driven
tune QJr. Exciting the beam with an AC-dipole hence introduces systematic effects on the
beam optics, demanding dedicated methods to compensate for these effects [103]. Recorded
orbit data with an AC-dipole excitation is schematically shown in Fig. 3.3. In this example
only the turns 1000 to 4000 would be used for optics measurements.

The change of a particle orbit due to an oscillating dipole field, as provided by an AC dipole,
at turn number n is expressed by [102, 104]

u(s,n) = Zhriiéu \/ Bu(s)Buo cos (2#@3% + du(s) + qﬁu,o) 3.3)

with the amplitude of the oscillating magnetic field B, the AC-dipole length L, the magnetic
rigidity Bp, the difference between the driven and the natural tune ¢, the amplitude func-
tions at an observation point and the AC-dipole 3, and j3j, the phase advance of the free
oscillation ¢,, from the location of the AC-dipole and the phase advance of the AC-dipole at
the first kick ¢, o.
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Fig. 3.3. Schematic turn-by-turn BPM orbit data with AC-dipole excitation.

3.2 Optics measurements

To validate the optics quality and to identify the error with respect to the model the beam
optics is measured regularly in any accelerator or collider facility. One figure-of-merit used to
quantify the relative error is optics beating at each BPM. For example the S-function beating
in the transverse planes, where u denotes one of the transverse planes z or y, is defined as

IBmeas _ Bmdl
u U
mdl
u

ABu/Bu = (3.4)
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As already described above, BPM orbit readings are spoiled, among others, by calibration
errors. While there are calibration independent measurements of the 5-function, the disper-
sion is affected by those uncertainties. To cancel out BPM calibration effects, a new observ-
able, namely the normalized dispersion 7, ,, can be defined by [105]

M = M)\ Bu - (3.5)

Various methods to measure the beam optics are described in the following.

3.2.1 Closed orbit distortion measurements

For this method various kicker magnets distort the beam orbit one after the other and the
response on the average orbit is measured at each BPM. Measured orbits are then summa-
rized in a matrix, which therefore contains a large number of elements. The optics of both
transverse planes is then retrieved using analytical equations or fitting techniques, where
more details can be found in [106, 107, 108]. As the orbit distortion of each powered kicker
magnet is measured separately, Closed Orbit Distortion (COD) is a rather time consuming
procedure, and increases with the size of a storage ring. Another disadvantage is that the
measured optics-functions can be spoiled by possible BPM calibration errors. For example in
SuperKEKB this method is performed routinely [41, 97].

3.2.2 K-modulation

K-modulation is used in the LHC and at SuperKEKB [109, 110] and allows to measure the aver-
age p-function at a quadrupoles by changing its strength A K, and simultaneously measuring
the change of the betatron tune by

AQy
AK,

Bu = t4w (3.6)
where it is assumed that the change in tune is small and the working point is not close to
integer or half integer resonances. Modulation of the quadrupoles closest to the interac-
tion point on both sides and comparing obtained average -functions allows to measure 3,
where more information on the analysis technique and the software application in the LHC
are givenin [111, 112].

3.2.3 Turn-by-turn measurements

TbT measurements are widely used to measure the beam optics. One huge advantage of TbT
measurements is that the optics can be retrieved significantly faster compared to COD mea-
surements, once stable measurement settings are established. The main steps of performing
TbT measurements are described below.
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Excitation

TbT measurements require the excitation of the beam, in order to increase the oscillation
amplitude enough to record orbit data at the BPMs. Common excitation devices, performing
either single kicks or leading to a driven motion are described in Section 3.1. To record the
orbit data in each turn requires dedicated hardware equipment at the BPMs. Typically several
thousands of turns are recorded in SDDS format [113] for LHC or SuperKEKB.

Harmonics analysis

As a first step the recorded raw orbit data is cleaned using algorithms based on Singular
Value Decomposition (SVD) [114]. This cleaning includes removing of dominant BPMs, BPMs
which measured exactly 0 and keeping only a certain number of singular values. A Fourier
Transform is then performed on the cleaned orbit data, which provides information about
the phase and the measured amplitude at each BPM. The Fourier spectrum also gives indi-
cations of the presence of possible resonance driving terms, which drive certain harmonics
as described by Egs. (2.36). Harmonics analysis is performed with codes like HARPY [115] or
SUSSIX [116].

Optics analysis

Information about the transverse optics can be retrieved using TbT measurements and the
model, obtained by accelerator optics design codes such as MAD-X (Methodical Accelerator
Design) [117] or SAD (Strategic Accelerator Design) [118]. The s-function at BPM i is calcu-
lated from the measured phases from 3 BPMs (i, j, k) by [119]

ﬂph(i) _ cot (puli = J)) + cot (pu(i — k))
u - Mi1(i—7) + M1 (i—k) )
Mlz(i—>j) Mlg(i—)k)

(3.7)

with the model transfer matrix elements A;;(i — j) from BPM i to j. This method can also
be extended to n BPMs [120, 121]. The precision of BPh depends solely on the precision of the
measured phase advance and is independent of BPM calibration [122].

The measured amplitude A, is proportional to the g-function, i.e.

0

5, (3.8)

B (i)

with the action 2J,. The action is typically calculated by the measured peak — to — peak oscil-

lation amplitude
Z (peak—to—peak/2)?
n

2, = sl , (3.9)
n

over all BPMs n. This method is directly influenced by BPM calibration errors [123].
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Chromatic parameters such as the dispersion or the chromaticity demand optics measure-
ments at various momentum settings. Small beam momentum deviations are achieved by
adjusting the RF-frequency typically between —100 Hz and 100 Hz.

3.3 Correction principles

Optics corrections are inevitable to ensure save operation and low optics beating, where dif-
ferent approaches are used, described in the following.

3.3.1 Global corrections

Global corrections are based on a response matrix approach. This matrix contains the infor-
mation of the model in response to a change in model settings and is computed using particle
accelerator codes. As an example the response of a change in quadrupole knob strength on
the phase advance, the horizontal dispersion and the tunes can be written as

—
RAK = (A§0x7 A@y, Ann,x; Ann,ya AQIv AQy) . (310)

R isa M x N response matrix, with N quadrupole knobs and M observation points, equal to
the number of BPMs. The required quadrupole strengths for a measured optics beating are
obtained by

AR =R (w1Apy, w2A0y, ws A wiAQ, wsAQ, ) (3.11)

with weights w; to ws. Applied weights are adjusted to either focus on the correction of one
optics property, ignore one parameter completely or to balance the corrections between all
properties. Linear coupling and vertical dispersion can be controlled with a response matrix
approach using skew quadrupole knobs.

3.3.2 Local corrections

In the LHC local corrections are applied to strong local errors in the interaction region, which
would limit its performance significantly. This method concentrates on a certain segment of
the collider and is therefore also referred to as segment-by-segment method [124, 125, 126],
where each segment is treated as a line. The measured beam optics at a location outside
the interaction region are propagated through the model lattice. These propagated beam pa-
rameters are then aimed to be reproduced by powering the magnets of the interaction region
individually.
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3.3.3 Orbit bumps

Applying an orbit bump to the beam leads to a deflection in transverse position and hence to
an offset through lattice elements. For example an off-center particle through a sextupole ex-
periences a quadrupole kick due to feed-down, which can then be used for optics corrections
as foreseen for the HL-LHC and HE-LHC [1, 127, 128, 129].
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The contents of this chapter have already been published in [1, 2, 3].

Novel optics measurements are performed for the LHC, aiming to measure for the first time non-linear dispersion
and the momentum compaction factor. Aiming to measure the latter parameter allows new insights on the arc
BPM calibration. Lastly, a novel LHC optics with reduced phase advance is designed, to help understanding
second-order dispersion and to conclude on the BPM calibration, aiming to be measured in LHC run 3.

4.1 Introduction and motivation

In 2010 the first beams collided in the LHC with a beam energy of 3.5 TeV and g-function at
the interaction point of 2 m [130]. During the first LHC run (run 1) from 2010 to 2013 the peak
[-beating with respect to the model has decreased from over a 100 % [131] to about (7 +4) %,
while the beam energy increased to 4 TeV [132]. To prepare for LHC run 2 lasting from 2016 to
2018 the main dipole magnets have been trained during the so-called Long Shutdown 1 (LS1)
to increase the beam energy to 6.5 TeV. During run 2 the highest luminosity for hadrons of ap-
proximately 2 x 103 cm™2s~! has been achieved, with a minimum £} , of 25 cm. Remarkably,
this is lower than the initial design goal of 37 , =55cm. One reason a smaller S-function at
the interaction point than foreseen in the LHC design has been achieved due to an extraordi-
nary optics control, resulting in a -function beating of as low as 1 % in the main experiments
at below 2 % in the arcs [133]. Run 3 of the LHC is foreseen to start in 2022 and is currently
scheduled until 2024.

Beam optics control includes performing regularly optics measurements and comparing re-
sults with simulations, where in the LHC the beam optics is typically measured using TbT
BPM data. In addition to regular measurements of optics parameters, such as the g-function,
the dispersion or the chromaticity, dedicated machine development time is allocated to test
new analysis algorithms and to measure new phenomenons. Moreover, measurements taken
during previous runs are reanalyzed, for example to find systematic errors or to identify novel
optics challenges. Understanding observations is also essential to acquire a better knowledge
of the LHC and to allow for predictions of future upgrades or new synchrotron colliders.

The scheduled upgrade of the LHC is the HL-LHC [29], which is designed to achieve a lev-
elled instantaneous luminosity of at least 5 x 103 cm™2s~! with a minimum g} , of 15 cm. It is
scheduled to start operations after LS3 around 2027. The HL-LHC’s luminosity goal is sched-
uled to be achieved around 2029, as schematically shown in Fig. 4.1, illustrating the present

39
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Fig. 4.1. Luminosity evolution for LHC and HL-LHC. Year 10 relates to 2010. [Plot adapted
from [134]]

LHC and HL-LHC timeline. The HL-LHC is planned to operate until the late 2030s. Com-
pared to the initially designed LHC optics, the LHC optics at the end of run 2 as well as the
HL-LHC is designed using the Achromatic Telescopic Squeeze (ATS) optics [127], featuring
about 3 times lower -functions at the interaction point, crab-cavities to compensate for a
large fraction of the crossing angle and a beam energy of 7 TeV. As a consequence of a differ-
ent optics, certain optics errors, such as unexpected higher-order multipole contributions or
hardware challenges, could lead to a reduction of performance or machine protection can no
longer be guaranteed.

A well understood and controlled beam optics also helps to reach the ultimate HL-LHC per-
formance estimate of a levelled instantaneous luminosity of 7.5 x 103 cm=2s~! [29]. A better
performance also helps increasing the statistics of numerous particle physics phenomenons
and hence may help motivating the necessity of a new generation circular collider. To en-
hance the knowledge about the LHC optics further, measurements acquired during run 2 are
analyzed to measure second-order dispersion for the first time in the LHC. Moreover, the
same TbT measurements are used to measure the momentum compaction factor. As both
beam parameters are linked strongly to the quadrupole strengths in the arcs, a LHC optics
with 60° arc cell phase advance is designed, envisaged to be tested in run 3. Compared to the
nominal LHC optics with 90° the quadrupoles and sextupoles are weaker, leading to a factor 2
larger dispersion and momentum compaction factor.

4.2 LHC optics and its measurements

The LHC with about 27 km circumference is a hadron synchrotron collider, where the beams
are brought to collisions at four Interaction Points (IPs), located in four Interaction regions
(IRs). These IRs, namely IR1, IR2, IR5 and IR8 host the experiments ATLAS [32], ALICE [34]
, CMS [33] and LHCDb [35], respectively. Moreover, Beam 1 and Beam 2 are injected in IR2
and IR8 in the respective rings. While ATLAS, CMS and LHCb are mostly measuring inter-
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actions between two proton beams, ALICE studies are specialized in ion-ion and ion-proton
collisions. In addition to four IRs dedicated to high energy physics experiments, the LHC has
four other IRs, where beam instrumentation and RF-cavities (IR4), beam dump (IR6) or col-
limation systems (IR3 and IR7) are installed. The eight IRs are connected by eight arcs, each
made of 23 FODO cells, with a phase advance of approximately 90°. In the following impor-
tant concepts of the LHC such as the operational cycle, the optics and its measurements are
described, where more information is given in [14].

4.2.1 The LHC cycle

The LHC operational cycle [135], shown in Fig. 4.2 starts with a pre-cycle of certain machine
elements [136]. During this process no beams are present in the rings and the respective el-
ement currents are increased up to several TeV. This ensures the reproducibility of the mag-
netic fields. After the pre-cycle the beams are injected from the Super Proton Synchrotron
(SPS) at a energy of 450 GeV. At injection optics the 3; , is 11 m. The number of bunches,
their intensity and their filling pattern depends strongly on the experimental demands. For
example, to perform optics measurements one low intensity bunch with about 10'° parti-
cles is sufficient for each beam. In the present configuration of the cycle the beam energy is
increased while the 5* is squeezed. This combined ramp and squeeze has been used since
2017 [137]. In LHC run 1 the squeezing process started once the energy had reached its colli-
sion value. At top energy with squeezed optics, also known as flat top, the optics is confirmed
and eventually adjusted before collisions start with stable beams. The cycle ends with dump-
ing the beams followed by a ramp down of the magnetic currents.

Pl %Squee;zei !
£ | Precycle | s Injection Ramp! Adjust Stable beams ' Dump |
col] i PN L o v A !
Einj{ | Lo ! P ;
—/ —— Current — B,

Start End

Fig. 4.2. [llustration of the LHC operational cycle.

4.2.2 Arc optics

The LHC arc optics is approximately a fully periodic structure thanks to 106.9 m long peri-
odic FODO cell lattices. In addition to two main quadrupoles (MQ) and six main dipoles
(MB) the FODO cells also include two main sextupoles (MS), two double plane Beam Po-
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sition Monitors (BPMs), two vertical or horizontal dipolar kicker magnets (MCB) and trim
quadrupoles (MQT). It has to be noted, that in certain FODO cells the MQTs are exchanged
by main octupoles (MO) or skew quadrupoles (MQS), whereas several MS are replaced by
skew sextupoles (MSS). In the arcs the beams are separated, meaning they do not share the
same aperture in the lattice elements.

In each arc the MQTs are connected to two circuits, one focusing and one defocusing. MQT
circuits are used to match the betatron tune at the desired value. Similar to the MQTs also
the MS are powered in two circuits in each arc. As the natural chromaticity of the LHC is in
the order of —80 it is corrected to a slight positive value using the MS circuits. Linear and
non-linear coupling in the LHC is corrected using circuits of MQS and MSS [138].

To correct locally for higher-order magnetic field errors, i.e. b3, by and b5 (see Eq. (2.29)), sex-
tupole, octupole and decapole spool pieces (MCS, MCO, MCD) are installed throughout the
arcs. While the MCS are attached to every MB, the interleaved MCO and MCD occur after
every second MB. They are powered in series per arc.

4.2.3 Interaction region optics

The eight IRs are designed with individual optics, best suited for their functionality, where a
detailed description is given in [14]. Important concepts are recalled here.

IR1 and IR5

IR1 and IR5 house the main experiments for proton-proton collisions ATLAS and CMS, re-
spectively, and are identical in terms of a lattice and optics. One reason the LHC holds the
luminosity record for hadrons is a low g-function at the interaction point, where in run 2 a

% Of 25 cm has been achieved. Close to the IP both beams share the same aperture, which
leads to beam-beam interactions. The beams cross under a crossing angle of typically be-
tween 80 purad to 200 prad, in the vertical and horizontal planes, respectively, for IR1 and IR5.
During injection, ramp and squeeze of the LHC operation cycle IP beam separation bumps
are applied to avoid collisions. Due to vertical crossing and orbit bumps vertical dispersion
is generated, which propagates through the ring without dedicated correction. In the second
half of the LHC run 2 orbit bumps are used to correct the generated dispersion from crossing
angles.

IR2 and IR8

In addition to the experiments ALICE and LHCb, Beam 1 and Beam 2 are injected clockwise
and anti-clockwise in IR2 and IR8, respectively. Compared to ATLAS and CMS j3; , is larger,
where a minimum of 2m and 8 m has been achieved in run 2. The beams cross vertically or
horizontally, respectively, in IR2 and IR8 and similar to IR1 and IR5 separation bumps are
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applied to prevent collisions.

IR3 and IR7

To ensure proper collimation strict optics constraints are applied to these IRs. For example,
the optics in IR3 aims to maximize the normalized dispersion, to guarantee efficient momen-
tum collimation. As IR7 is designed for betatron collimation the dispersion is kept low to
reduce the effect of off-momentum particles.

IR4

The RF-cavities and various LHC beam instrumentation is integrated in IR4. In addition to
a tune compensation in the LHC arcs, this IR is also used for compensation of the phase
advances to reach the desired tunes. In the RF-cavities the horizontal dispersion is designed
at exactly O m.

IR6

In IR6 the beam dump system for both beams is located. The main constraint is the available
aperture at the quadrupoles and the septum magnet.

4.2.4 Special optics configurations

The before mentioned squeezed /5-functions at the interaction point apply for anominal LHC
proton optics, designed for physics experiments. However, numerous optics configurations
are being used, serving various purposes. Special LHC optics covered in these studies are
described briefly in the following.

Achromatic telescopic squeeze

The ATS [127] optics is foreseen to be used in HL-LHC for physics mode and has already been
successfully tested in the LHC [139]. This optics allows for a 3; , of 15cm by introducing a
[-beating with the minimum at the interaction point, while simultaneously correcting chro-
matic aberrations from the final focus magnets. Propagating large horizontal and vertical
dispersion arising from induced optics beating is corrected by induced feed-down by sex-
tupoles as the particles pass off-center. The ATS optics demands a phase advance in FODO
cells of arcs adjacent to the main experiments in IR1 and IR5 of exactly 90°.
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Ballistic optics

A ballistic optics has been used to evaluate the BPM calibration factors in IR1 and IR5. In
this optics the final focus triplets are switched off, thus, generating a large drift space in the
IR. Calibration factors of BPMs inside this drift space have successfully been evaluated in
various years of run 2 [123, 140, 141]. It has to be noted, that recent studies also investigate
in a ballistic optics for IR4 [142], allowing for calibration of BPMs closest to the RF-cavities.
Moreover, an IR4 ballistic optics could also be useful for other beam instrumentation such as
the transverse feedback system or the beam synchrotron radiation telescope [142].

High 5* optics

Contrarily to squeezing the optics step-wise, in high-5* runs the optics at the interaction
point in IR1 and IR5 is increased, where more information is given in [143, 144]. In run 2
the highest 3; , of about 2.5 km is measured successfully. This configuration is used to mea-
sure the elastic scattering in the LHC, and its contribution to the total proton-proton cross-
section. For these measurements dedicated detectors are installed in IR1 and IR5, namely
ALFA [145] (Absolute Luminosity For ATLAS) and TOTEM [146] (Total cross section, elastic
scattering and diffraction dissociation Measurement at the LHC), respectively.

Van-der-Meer scans

This method is used to determine the best transverse position of both beams to increase
the luminosity. For this purpose the transverse beam separation is varied by applying orbit
bumps while measuring the impact on the observed instantaneous luminosity [147, 148].

4.2.5 Ring optics measurements

In the LHC the ring optics is routinely measured using Turn-by-Turn (TbT) BPM data, which
record the center-of-charge over several turns. TbT measurements demand the excitation of
the beam, using either a kicker magnet or an AC-dipole. While a kicker applies a single kick
and is in case of hadrons a destructive measurement as synchrotron radiation is too small to
damp the excitation amplitude, an AC-dipole ramps the beam adiabatically and is therefore a
non-destructive method. The latter technique is therefore the preferred one at top energy. A
schematic plot of the recorded orbit data is already given in Fig. 3.3. Using an AC-dipole drives
gfy, different to the natural tune ga;, and hence, introduces a
perturbation to the beam optics. Compensation techniques are therefore required to retrieve
the beam optics. The recorded orbit data is stored in the SDDS [113] file format.

the beam at transverse tunes ()

The tune and the phase advances between the BPMs are determined by a harmonics analy-
sis of the spectrum, using a Fourier-transform and dedicated cleaning algorithms based on
Singular Value Decomposition (SVD). In case of the LHC the 12 largest SVD modes are kept.
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The p-functions are then measured using either the phase advance or the amplitude, where
respective formulas have already been introduced in Chapter 3.

Off-momentum optics is reconstructed by measuring the optics at various RF frequency set-
ting. The relative momentum offset is computed using the measured horizontal closed orbit

and the model dispersion by
(17 'COx)

((mph)?)

As the vertical dispersion in the LHC optics is significantly smaller and oscillating around 0, it

5, = (4.1)

is not considered in Eq. (4.1). Chromatic parameters such as the dispersion or the chromatic-
ity are then measured by fitting the closed orbit or the tune over various relative momentum
offsets, respectively.

4.3 Second-order dispersion measurements

In order to improve the performance of the LHC, it is necessary to investigate in non-linear
optics measurements. The second-order dispersion is therefore measured and compared
with model expectations for the first time for the LHC and presented here.

4.3.1 Expanding to second-order

The transverse orbit change, Au, due to present dispersion up to second-order is given by

Au = ny 8y + 00y, 4.2)

with the linear and second-order dispersion 7,, and 779 , respectively. Linear dispersion is gen-
erated by dipoles and quadrupoles and second-order dispersion is mainly generated by sex-
tupoles [54]. Moreover, field errors in magnetic elements, betatron coupling and feed-down
through misalignments impact the orbit and hence also the second-order dispersion [149].
In a perfectly flat machine, i.e. with no vertical bending magnets, the vertical dispersion is
zero. Due to vertical crossing angles, beam separations, betatron coupling or misalignment
of quadrupoles vertical dispersion is generated.

Using the approach for a general solution of higher-order dispersion given in [54], assuming
a perfect flat machine without betatron coupling the linear dispersion at the longitudinal
position j reads

N 2sin WQx (4.3)

ne(j) = Vﬁ(@) 5 VB cos(0nsy — 7).

ny(3) =0,
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and the second-order dispersion

120) = g YL S (2 RO+ Kona)) VLD cos(6asy — 1)

1P (j) =0,

(4.4)

with the dipole bending radius p and the quadrupole and sextupole strengths K and K (?). The
sum extends over all dipoles, quadrupoles and sextupoles. It has to be noted that higher order
terms of 1/p and terms including the dispersion deviation with respect to the longitudinal
position, i.e. 1, = dn, /ds, are neglected [150]. The phase advance between longitudinal
positions i and j reads

Guj — Gy for j>i

Tij = 4.5
Pzis {¢x,j¢z,i+27TQx for j<i (4.5)

Equations (4.3) and (4.4) also agree with [151], divided by a factor 2 in the second-order dis-
persion, which arises from the definition of the higher-order dispersions by a Taylor-expansion.

Normalized second-order dispersion

As already described in Chapter 3 measuring the dispersion from TbT data is spoiled by pos-
sible BPM calibration errors. Therefore the normalized linear and second-order dispersions
are used and compared to the model, obtained in measurements by
m mdl
T = T ZBPMS nn,sl and 77(2) . 771(12) ZBPMS 7]1(1?71 (4.6)
nu — nu — .
(Au) 2 oBpMs M/ (Au) (Au) > BPMs 171(?)/<Au>

where u is one of the transverse coordinates x or y. The term A, denotes the weighted av-

erage of the measured amplitudes and the sum,  5p, ., €xtends over all BPMs. For model
simulations the normalized dispersion and second-order dispersion is simply obtained by
! omal 1"
mdl __ u mdl __ Hu

77H7u - \/W and 77n,u - . (47)
The average of the normalized second-order dispersion over the ring is constant over a large
range of 3-beating, which is shown in Fig. 4.3 for model simulations. The rms -beating is
increased by applying increasing random quadrupolar error (b2 errors (see Eq. (2.29)) in the
main quadrupoles in the MAD-X [117] model.

. . . . . . . . dl .
As the vertical dispersion is typically oscillating around zero, if follows that » ‘ppy\ iy =

<17;“d1> = 0, thus leading to vanishing vertical normalized dispersion. The latter is hence not
discussed here. However, future optics measurements with a ballistic optics [140] featuring a
non-zero <n;ndl) can be designed and measurements performed to study vertical normalized
dispersion.
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Fig. 4.3. Average of normalized second-order dispersion of a lattice with quadrupole errors
in the main quadrupoles, over the average second-order dispersion for an error free lattice,
shown for a large range of horizontal 5-beating.

Effect on the transverse beam size

In the presence of second-order dispersion, Eq. (2.21) is expanded and reads [149]

u(s) = v/euwbu(s) cos(du(s) + duo0) + nudp + 17782)512) ) (4.8)

To obtain the average orbit and the transverse beam size one needs to calculate, respectively,
(u) and (u?). For Gaussian beam distributions, which is the case for the LHC, i.e.

U/ (207) (4.9)

1
) =~

the transverse beam size is the average over the squared transverse position, hence it follows
(u?) = oy, (4.10)

with the transverse beam size o,,. Assuming ¢, follows also a Gaussian distribution with the
maximum at ¢, = 0, i.e.

F(8y) = ———e 53/ C) (4.11)
2nol
it follows
0 for n=1,3,...
0p) =19 . | B} : (4.12)
op (n—1" for n=24,..

If 5, is uncorrelated to ¢, and ¢, it follows for the calculation of (u) and (u?)

(u) = v/2uBu(s) (cos(du(s) + duo)) + 0P (82) (4.13)
and
(u?) = euBu(s) (cos*(Bu(s) + uo)) + 12 (82) + 0P (62) . (4.14)
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The average orbit then reads
(u)y =nPo?, (4.15)

and the transverse beam size

(u?) = 0% = euBu + myoy + 30 %0, (4.16)

While the transverse beam size is increased due to linear and second-order dispersion, as
expressed in Eq. (4.16) the average transverse orbit position is only shifted by the contribution
of the second-order dispersion, as shown with Eq. (4.15). Without second-order dispersion
the expected transverse orbit rests in the center of the lattice elements.

At the interaction point the linear dispersion is typically matched to zero to avoid beam size
growth, which could lead to a reduction of luminosity. Moreover, beam size growth must
also be avoided to guarantee machine protection. However, second-order dispersion also
contributes to the transverse beam size and its impact must hence be evaluated.

Dispersion correction

One feature of the ATS optics is the spurious dispersion correction by orbit bumps, to correct
the dispersion generated by crossing beams over the adjacent arcs. Interestingly, by correct-
ing the linear dispersion also the second-order dispersion is controlled as seen in Fig. 4.4 for
Beam 1 with 3} , = 40 cm at [P1 and IP5.

An interesting observed feature for the ATS optics, is that the second-order dispersion gener-
ated in IP1 and IP5 is also damped in the adjacent arcs without applied orbit bumps, which is
shown in the same figure. However, the propagating second-order dispersion is larger com-
pared to an optics with applied orbit bumps.

1007, ; . ,
: —— Ny uncorr. —— ny corr.

50|

...Aj..lj!'l]AA

E
; 0 ;vhvhvn‘l;'.v‘v.;? Ay V L ‘
=
-50] §
100553 a2 p5  1P6  1P7___1P8_ IPL

Fig. 4.4. Reduced second-order dispersion by correction of linear dispersion with induced
orbit bumps in ATS optics with 3; | = 40 cm at IP1 and IP5.
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4.3.2 Measurements

Measuring the dispersion up to the second-order requires TbT data of at least four different
momentum offsets to fit a parabola including the respective standard deviations. In general
n + 2 different momentum offsets are required to fit dispersion of the order n.

To measure second-order dispersion in the LHC TbT data of seven different fills recorded dur-
ing LHC run 2 are analyzed, taken at five different machine optics: for a proton physics fill, a
Van-der-Meer and a high 5* optics configurations, two optics using the ATS scheme and two
ion optics. All measurements are taken at 6.5 TeV beam energy, with various optics function
at the interaction point and crossing angles configurations. The presented measurements are
acquired using an AC-dipole, with a driven tune Q;‘fy, different from the natural tune Q7.
Several optics parameters for each measurement are summarized in Table 4.1, where the val-

ues for 3; , refer to IP1 and IP5.

Table 4.1. Analyzed measurements for second-order dispersion. g*: S-function at IP1 and
IP5. Xing: Half crossing angle. ATS: Achromatic Telescopic Squeezing optics. VdAM: Van der
Meer optics. @ The measurements of Beam 1 are performed after a crossing angle switch to
-137 prad.

Date Type  B* [m] Fractional Tunes Crossing Angles [prad]
Qut Qut Qi Qi 1Pl P2 IP5 IP8
26/03/16 physics 11.0 0.28 0.31 0.268 0.325 0 0 0 0

10/05/16  VdM 19.2  0.31 0.32 0.298 0.335 -140 200 140 -170
16/06/16 high s* 2500 028 0.31 0271 0.325 0 200 0 -200
28/07/16  ATS 0.40 028 0.31 0265 0322 0 0 0 0
03/10/16  ATS 0.21 028 031 0265 0322 0 200 0 -250
20/10/16  ions 060 031 032 0295 0332 0 138 0 -180
03/11/18  ions 050 031 0.32 0.298 0.335 160 137@ 160 -170

Relative momentum offset

The relative momentum offset is calculated using Eq. (4.1), which considers only the linear
horizontal dispersion. The vertical dispersion is not included as it is expected to be signif-
icantly smaller and oscillating around zero. Including contributions from the second-order
dispersion show a relative error of about 1 % on the measured relative momentum offset and
is therefore neglected in the following analysis.

Second-order dispersion

For all analyzed measurements in general a fairly good agreement is found for the normalized
second-order dispersion for both beams. However, a 10 to 20 times larger normalized second-
order horizontal dispersion is measured for the Van-der-Meer optics where 3; , = 19.2m, as
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Fig. 4.5. Normalized linear (top) and second-order (bottom) horizontal dispersion for the ion
optics with 3, = 60 cm at IP1 and IP5 for Beam 1.

well as for the ion optics with B, = 60cm over the whole ring, while the linear normal-
ized dispersion agrees very well. The latter is shown in Fig. 4.5 for Beam 1. Increasing the
crossing angles in IP1 and IP5 up to 200 pm leads only to a 10 % larger normalized horizontal
dispersion and can hence not reproduce the measurements. This systematic 10 to 20 times
larger normalized horizontal second-order dispersion is not observed for the measurements
from 2018, where 3; , = 50 cm. An normalized second-order dispersion of 20 /m in the arcs
corresponds to about 200 m second-order dispersion. With the LHC momentum spread of
1.13 x 10~* [152] at collision energy this corresponds to an additional orbit offset of 2.5 pm.

Measurements of the Van-der-Meer optics revealed differences in the second-order disper-
sion between Beam 1 and Beam 2. The used Van-der-Meer optics is designed with a rather
large 3; , of 19.2m. While the measurements of Beam 2 agree well with the model, shown in

n@ vm ]
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1 i
H
p {1 7))
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1 D

—— Model $ Measurement |

? | L
IP1 IP2 IP3 IP4

Fig. 4.6. Normalized second-order horizontal dispersion for the Van-der-Meer optics with
>y = 19.2m at IP1 and IP5 for Beam 2.
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Fig. 4.7. Normalized second-order horizontal dispersion for the Van-der-Meer optics with
>y = 19.2m at IP1 and IP5 for Beam 1.

Fig. 4.6 a larger normalized second-order dispersion is measured around IR7 for Beam 1 and
is shown in Fig. 4.7.

The largest second-order dispersion of about 400 m for Beam 1 and 600 m for Beam 2 is found
in ATS optics with 3; , = 21 cm, which is also expected from the model. The peaks are located
close to the main experiments. However, at the IP the second-order dispersion is about 5m,
which results in an additional orbit offset of 4 pm with 1.13 x 104, The resulting beam size
growth is negligible. The second-order dispersion is shown in Fig. 4.8.

500 : ¢ Measurement

250

0 m]
o

-250

—500

IP1 P2 IP3 IP4 IPS IP6 IP7 IP8

Fig. 4.8. Second-order horizontal dispersion for ATS optics with 3; | = 21 cm atIP1 and IP5 for
Beam 2.

4.4 Novel insights on the arc BPM calibration

Major investigations [123, 141] revealed and corrected BPM calibration in the IRs housing
the main experiments. Those calibration factors are calculated by comparing measured cali-
bration dependent and independent beam optics, for example by comparing the 5-function
from amplitude, §;.,°, with the S-function from phase advance, ﬁ;{?,};. These studies con-
cluded on a roughly 3 % systematic calibration error between the BPMs in the arcs and the
ones closest to the IP [123, 141]. It is worth noting, that these calculated IR BPM calibration
factors are obtained with respect to the average arc BPM calibration.
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Contrarily to previous studies focusing on determining the IR BPM calibration [140, 141], here
presented ones focus on the average arc BPM calibration. As the momentum compaction fac-
tor links the transverse optics with the longitudinal one, it is aimed to measure it in various
ways to improve the understanding of the beam dynamics and of the average arc BPM cali-
bration. In addition to analyzing TbT measurements of run 2, simulations are used to investi-
gate in arising differences between the expected and the measured momentum compaction
factor.

4.4.1 Measurement of the momentum compaction factor

As already discussed in Chapter 2, in circular machines such as in the LHC, particles with a
relative momentum offset 6, = Ap/p experience a different path length and therefore cir-
cumference AC/C. The momentum compaction factor ac is defined by (see also Eq. (2.22))

— = =¢ —ds. 4.17
5 C , (4.17)

aC

In a perfect and flat machine the momentum compaction factor therefore is defined by the
horizontal dispersion in the bending dipole magnets. The momentum compaction factor is
defined via the chosen optics parameters such as the phase advance. In the LHC the momen-
tum compaction factor is typically between 3.2 x 10~* and 3.5 x 10~%.

In the following, various techniques to measure the momentum compaction factor from TbT
optics measurements are explored, together with possible limitations. The analyzed mea-
surements are the same as already used for the measurement of the second-order dispersion.

Non-linear momentum compaction factor

The momentum compaction factor itself also depends on the relative momentum offset, it
follows [54]

ac =Y alsit, (4.18)
i>1

where i = 1 refers to the linear momentum compaction factor. The second-order momentum
compaction factor, O[(Cz), is given by [150, 153]

(2)
2 _ 1 My | Na
ac—0f<2+p>ds, 4.19)

with 7/, = dn, / ds. Alarge second-order momentum compaction factor leads to an asymmet-

ric momentum acceptance and can be controlled using sextupoles. For example, the FCC-ee
at 182.5 GeV beam energy features such an asymmetry to account for the losses caused by
strong synchrotron radiation. In addition to a possible reduced momentum aperture, un-
expected non-linear momentum compaction can lead to smaller bucket sizes and enhance-
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ment of the head-tail instability [56, 154]. The second-order momentum compaction factor
is introduced by chromaticity correction using sextupoles and is given by [155]

@2  1-2Q,Q,— Q2
« = .

c 01 (4.20)

As 04(02 ) decreases for increasing horizontal tune it can be seen that its impact is stronger for
smaller rings. Using Eq. (4.20) Oz(g) is about —3 x 10~ for Q, = 61.31 and Q!, = 2 for the LHC
and its contribution to the total momentum compaction factor is negligible. From analyzing
TbT data only a linear momentum compaction factor is therefore expected.

The third-order momentum compaction factor, ag’ ) is generated by octupoles. Interestingly,

recent studies show the possibility to symmetrically increase the momentum aperture by op-
timized octupole settings [153].

Limitations affecting the momentum compaction measurements

The relative momentum offset links the closed orbit with the dispersion and the momen-
tum compaction factor with the path length. For LHC TbT measurements it is retrieved by
the model dispersion and the measured closed orbit (see Eq. (4.1)). Hence, great emphasis
is put into using the correct knob settings to reproduce measured crossing angles and beam
separation in the model to avoid introducing errors by the model dispersion. The same mea-
surements already analyzed to measure the second-order dispersion are therefore used for
the measurements of the momentum compaction factor.

For retrieving the relative momentum offset the measured closed orbit is used, which is, how-
ever, spoiled by arising BPM calibration errors. In recent studies [123] an average calibration
error in the BPMs closest to the interaction point of -3 % with respect to the average arc cali-
bration has been measured.

As the momentum compaction factor depends on the dispersion in the bending magnets and
hence also on the quadrupole strength, it is also affected by quadrupolar errors. A quadrupole
error source, AK, leads to a shift of the momentum compaction factor by [56]

AK (03 —ng)

C (4.21)

Aac = —
As 2 > n; quadrupole errors at locations with large horizontal dispersion are the main con-
tributor to a momentum compaction factor shift. To study the impact on the model momen-
tum compaction factor normal and skew quadrupole errors from the WISE [156, 157] tables
are included in the bending dipoles. As there are 60 different error tables, 60 different ma-
chines are generated for each optics. After applying corrections for the quadrupole errors
and correction of the linear coupling using the closest tune approach the transverse tunes
and the chromaticities are matched by trim quadrupoles and sextupoles, respectively. The
rms (-beating with respect to the error free model is approximately 2 % and the relative error
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of the momentum compaction factor is less than 1 %. In the following the model momentum

compaction factor always includes known quadrupolar errors in the main dipoles, argd”AK ,

and is summarized in Table 4.2, where the error represents the standard deviation over the 60
WISE tables.

Table 4.2. Model and measured momentum compaction factors for different optics. All mo-
mentum compaction factors are given in 10~ ag“ﬂ: Ideal model. ag’d”AK ': Model including

known quadrupole errors. agldHAK 4P-: Model approximation using Eq. (4.23). oflf: Measure-

ment using fit of §, over Af/f. ofi': Relative error between ofif and o54+2X1, 02P: Measured

approximation using Eq. (4.23). o®: Relative error between o and agdHAK’ap "

Date Model Measurements
argdl OzgldHAKl aIgdl+AK,ap. agt oAt (%] aacp. 7P [%)]

26/03/16 3.22 3.224+0.001 3.28+0.008 3.08=+0.001 -4.4 3.28 0.01
05/10/16 3.20 3.21 +£0.008 3.264+0.002 3.11 +0.010 -3.0 3.28 0.6
06/16/16 3.18 3.20£+0.001 3.26+0.001 3.11+0.001 -2.8 3.26 0.1
28/07/16 3.49 3.48+0.003 3.51+0.002 3.3840.001 -2.8 3.51 -0.3
03/10/16 3.49 3.504+0.004 3.56=+0.003 3.39=+0.003 -3.1 3.57 0.1
16/10/16 3.21 3.23+0.002 3.294+0.002 3.17 +0.005 -1.8 3.32 +1.4
03/11/18 3.49 3.494+0.003 3.544+0.004 3.39=+0.002 -2.8 3.53 -0.4

Measurement from dispersion

The first synchrotron radiation integral, /; (see Eq. (4.17)), is only non-zero in the bending
dipoles. However, using TbT measurements the optics is only given at the BPMs, where I; =
0. One can define an approximation by
Nz
I = ¢ —ds =~ (n,)2m, (4.22)
p

with the average measured dispersion at the BPMs (7). The approximation of the momen-

tum compaction factor is hence

ap. 2m <7]m>

ac~al = =1 (4.23)

By using only the dispersion at the BPMs a systematic error between the real momentum
compaction factor and the approximation is introduced. Using the models including errors,
the relative error between ag““*AK and the approximation, ozgldHAK’ap ", is about 2 %, where

only BPMs not cleaned in the measurements are included.

Using Eq. (4.23) the measurements agree well with the model expectation. The relative error,
o(ap.), is mostly well below 1%. As the measured mean dispersion over the ring demands
the measured relative momentum offset (see Eq. (4.1)), a possible effect of the average arc
BPM calibration cancels out. This approach is hence neither suitable to study the arc BPM
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calibration, nor the momentum compaction factor. The small relative error can result from
not included field or misalignment errors in the model. A summary of the measured ap-
proximated momentum compaction factor, the model value, and the relative error is given in
Table 4.2.

Relative energy change from RF-frequency shifts

In synchrotrons devices such as a magnetic probe or a spectrometer can be installed to deter-
mine the beam energy. This method is then used to retrieve the momentum compaction fac-
tor with great precision by using various RF-frequency shifts A f/f and measuring the beam
energy [158, 159, 160]. In the LHC, however, no device of this kind is installed. It has to be
noted that recent studies show a novel technique to extract the beam energy from proton-ion
operations [161].

As the relative change of beam energy by shifting the RF-frequency is equal to the relative
momentum offset §,, it is computed using Eq. (4.1) at various on- and off-momentum mea-
surements and used to measure to retrieve the momentum compaction factor by

1 Af
op=—|—"-| —, (4.24)
P <'y;312 + ozo> f

with the Lorentz-factor 7. At 6.5 TeV beam energy 7;312 ~ 108, which is about four orders
of magnitude smaller than the momentum compaction factor and is hence negligible. For
all analyzed measurements only a linear change of the relative momentum offset over the
relative frequency shift is found. As expected, higher-order contributions to the momentum
compaction factor are negligible. An example is shown in Fig. 4.9, where the measurement
yields an about 3 % lower value compared to the model.

For all samples a systematic lower momentum compaction factor is measured of (—2.95 +
0.003) %, where the error results from least-square fit, and is displayed in Fig. 4.10. As the rel-
ative difference of about -3 % is found for various machine settings, it is tentatively attributed

50
i
L o
N
g
-50
-6 ) 2 0 2 4 6
6, [104]

Fig. 4.9. Relative momentum offset §, for relative change of RF-frequencies A f for an ATS
proton optics, obtained at 3" October 2016.
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to result from an average arc BPM calibration error. The measured momentum compaction
factors with this method are also given in Table 4.2, the error arises from the least-square fit.

36 Fit
_ —— gl AK = gt
<
Io 3.4 __ober
=
3.2

3995 320 325 330 335 340 345 3.50
ag\dI+AK [10—4]

Fig. 4.10. Measured momentum compaction factor obtained from fit, oflf, over model mo-
mentum compaction factor including known quadrupole errors, agld”AK L

4.4.2 Impact of quadrupole field errors

To understand if the observed systematic relative error of -3 % could arise from systematic
beam optics errors, which are not considered in the model, simulations are performed aim-
ing to exclude possible error sources. As the measured linear momentum compaction factor
strongly depends on the strength of the quadrupoles, it is investigated here in studying the
effect of quadrupole errors as possible explanation for the observation.

As already shown in Eq. (4.21) quadrupole errors at locations with large horizontal dispersion
lead to a momentum compaction factor shift. In the LHC arcs the dispersion is the largest
in the main quadrupoles and therefore systematic quadrupole errors would change the mo-
mentum compaction factor the most.

Since the measured momentum compaction factor is smaller than the model prediction, pos-
itive quadrupole errors (b, see Eq. (2.29)) are introduced for the arc main quadrupoles in the
MAD-X model. In the LHC they are defined at a reference radius of 17 mm. Without matching
the transverse tunes to the nominal working point, the momentum compaction factor de-
creases, while the horizontal tune increases for positive quadrupole components. However,
matching the tune with trim quadrupoles also shifts the momentum compaction factor back
to the nominal value, as shown in Fig. 4.11. Strong quadrupole errors can therefore not ex-
plain the 3 % relative difference between the model and the measurements, since other optics
parameters would also be affected.

It has to be noted that possible orbit errors at the BPMs could also affect the measured mo-
mentum compaction factor. As the measured dispersion error with respect to the model is
small it is presumed that this contribution is small, however, it would need to be quantified
in future studies.
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Fig. 4.11. Shift of momentum compaction factor and horizontal tune with increasing intro-
duced quadrupole errors in the main arc dipoles at a reference radius of 17 mm.

4.4.3 Prospects on longitudinal optics measurements

Measurements of the momentum compaction factor presented above suggest that the ob-
served relative error between the measurement results and the model is -3 % and arises from
arc BPM calibration. However, used methods to determine the momentum compaction fac-
tor depend on an accurate optics model and the BPM reading. Future studies are aimed to be
performed to determine the momentum compaction factor from longitudinal dynamics and
help concluding on the arc BPM calibration.

For example the phase slip factor can be measured by fitting the synchrotron tune @ over
the total RF-cavity voltage using [72]

o hnoqV cosy

Qs - 27 BrelCp (4.25)

with the harmonic number 4, the unit charge ¢, the synchronous phase angle ¢, the rela-
tivistic S5, the speed of light ¢ and the particle momentum p. In the LHC 16 RF-cavities are
installed and therefore the total voltage V demands careful evaluation. In addition, the syn-
chronous phase itself also depends on the voltage [72], which would need to be considered.
This technique has been used in LEP, to measure the momentum compaction with a preci-
sion lower than 1072 [162]. Another option of measuring the momentum compaction factor
from longitudinal optics is by using the bunch length, o, the synchrotron tune and the rms
energy spread, o, by [72]
cop(ae— ’yr;l?)

oy = —— ¢ Trel ] (4.26)
27Tstrev
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with the revolution frequency frey.

4.5 LHC optics with 60 degree phase advance

Performed measurements of the momentum compaction factor suggest a systematic average
arc BPM calibration error of about 3 %. Measuring an optics with a complete different mo-
mentum compaction therefore helps to conclude on the origin of this offset. A LHC injection
optics with 60° arc cell phase advance results in a momentum compaction of approximately
7 x 10~* and is therefore designed for both beams, based on the 2021 LHC lattice and op-
tics [163]. All essential operational aspects are preserved to allow for testing this configuration
during LHC run 3 with a single low intensity bunch consisting of 10'° protons.

In addition, testing a 60° optics in the LHC also leads to interesting complementary studies,
allowing new insights on magnet imperfections, sextupole spool piece misalignments [164],
linear and non-linear coupling [165, 166] and the corresponding correction techniques. It is
worth noting that the momentum compaction is increased by a factor 2 for a 60° optics, com-
pared to a 90° leading to a factor v/2 lower transition energy. This could lead to the additional
benefit of a smaller momentum spread at injection, after capture and filamentation, as well
as a decrease of the longitudinal emittance, essential requirement for beam stability during
ramp and collisions [28, 167, 168].

Indeed, understanding optics with different FODO-cell phase advance for the same lattice
will not only help to constrain mentioned possible error sources, but will, in addition, probe
optics flexibility. A flexible optics is also a challenge for future circular colliders such as the
FCC-ee, as its present conceptual design features 60° and 90° optics. It has to be mentioned
that recent studies [169] suggest an alternative FCC-ee optics with 45°, proving again the ne-
cessity for a flexible lattice for the next generation collider.

By lowering the transverse phase advance in the LHC to 60° from 90°, optics functions in-
crease due to weaker quadrupole strengths, as shown in Fig. 4.12. For example the maximum
B-function increases from 177 m to 182 m, while the maximum of the dispersion almost dou-
bles from 2.2 m to 4.1 m.

Modifying the optics of the FODO cells also leads to new boundary conditions between the
arcs, the DS and the IRs, and hence a rematching of the whole ring optics is unavoidable.
For the injection optics, a 3; , of 11/10/11/10m is kept for IPs 1/2/5/8. This is unchanged
compared to the nominal 2021 injection optics [163]. Phase advance constraints required
for beam injection in IR2 and IR8 for Beam 1 and Beam 2 are preserved. The collimation
optics in IR3 and IR7 are kept unchanged between Q6 on the left and right side of the IP.
The optics between the RF-cavities in IR4 is unchanged. For the beam dump in IR6 the -
functions remain unchanged, while, however, the horizontal dispersion is about 2 m smaller
for the 60° optics. Due to lower natural chromaticity and larger horizontal dispersion the
sextupole strengths for chromaticity correction is reduced by a factor 3. Several lattice and
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Fig. 4.12. LHC FODO cell with the g-functions and the dispersion function for a 60° and a
90° optics. One FODO cell consists of consisting of six main dipoles (MBs), each equipped
with a sextupole spool piece corrector (MCS). After every second MB an octupole (MCO) and
a decapole (MCD) corrector are placed. The short straight section is equipped with a main
quadrupole (MQ), a trim quadrupole (MQT), an orbit corrector (MCB), a main sextupole (MS)
and a beam position monitor (BPM). Focusing and defocusing quadrupoles are shown below
and above the horizontal axis, respectively.

optics parameters are given in Table 4.3.

Weaker quadrupoles lead to a lower phase advance and larger optics functions and hence
transverse beam sizes, assuming the same emittance. Due to increased beam sizes the avail-
able aperture is smaller compared to an optics with larger phase advance. The Beam Stay
Clear (BSC), defined here as the minimum transverse distance between the beam center and
the mechanical aperture, is expressed in units of the local transverse beam size and is es-
pecially crucial at injection energy due to larger beam sizes compared to top energy. It is

Table 4.3. 60° and nominal 90° LHC injection optics parameters at 450 GeV.

Parameter 60° LHC 90° LHC
Brmin/ Pmax [M] 63/182 32/177
nzv,min/nzv,min [m] 2.5/4.1 1.1/2.2
Momentum compaction factor a. [107%] 7.0 3.5
Transition energy ~; [GeV] 40.0 53.6
Natural chromaticity [-] —60 —83
Corrected chromaticity [-] 2 2
Sextupole strength [Tm 2] 56 142
Quadrupole gradient [Tm™!] 9.3 13
Tune at injection (H/V) [-] 45.28/44.31 62.28/60.31
BSC at 450 GeV in arc [o] 13.2 13.4
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Fig. 4.13. §-function beating (top, middle) and horizontal dispersion errors (bottom) intro-
duced by adjusting the fractional injection tune by 0.01 and using all trim quadrupole families
for a 60° optics design.

evaluated here using MAD-X [117], where the implemented algorithm is given in [170]. For
here presented studies mechanical tolerances of 1 mm, a closed-orbit tolerance of 2 mm, a rel-
ative momentum offset of 8.6 x 10~ at injection energy and a 10 % /3-beating (equivalent to
5% beam size beating) with respect to the model are assumed. Moreover, a fractional par-
asitic dispersion of 14 % is used [171]. Using these parameters the arc BSC results in 13.2¢
for 60° arc FODO cells and is hence comparable to the one obtained with 90° cells of 13.4 .
Local bottlenecks with a minimum of about 8 ¢ arise in the DS using before described param-
eters. In a pessimistic scenario, with a -beating of 44 % and a fractional parasitic dispersion
of 28 % these BSC minima decrease further to about 6.7 o, which is, however, assumed to be
sufficiently large for a low intensity pilot test bunch.

While the fractional part of the tunes is matched identical to LHG, i.e., Q. , = 45.28,44.31 for
injection, the integer part is smaller due to weaker quadrupoles for the lower phase advance
optics. The fractional part is matched by adjusting the arc phase advance slightly and by
compensation in IR4. Similar to the LHC, the arc trim quadrupoles are used to change the
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working point. Contrarily to the 90°optics, a 5-beating with respect to the model is introduced
in the 60° optics by powering the trim quadrupoles. Changing the transverse tunes by 0.01
introduces a rms /-beating of 0.55 % with a maximum of 1.2 % for both planes and beams
using all available families, as shown in Fig. 4.13. The rms introduced horizontal dispersion
error is 1.2 cm with local maxima of 6 cm. Using only half of the families lowers the rms (-
beating to 0.4 % [1].

Linear coupling is corrected using skew quadrupoles located in the arcs and in the IRs [172].
Optimization algorithms described in [172] generate dedicated coupling knobs for the real
and the imaginary part of the difference resonance fi99; by introducing a local linear cou-
pling at one of the IPs of 0.001 and 0.0014, respectively. In the past runs knobs evaluated
starting from IP7 are used for the LHC optics. Although used algorithms are based on the
90°, coupling knobs can be defined for all eight different starting evaluation points for the 60°
optics. To compare the required skew quadrupole strength for the various evaluation points
the sum is taken of the rms values of the knobs required for increasing the tune split by 1 for
the real and the imaginary part of the difference resonance fio;. This figure of merit, rms K
is shown in Fig. 4.14 for both beams, where it can be seen that starting from IP7 results in a
fairly low required skew quadrupole strength for both beams and is hence also suitable for
the 60° optics. The introduced rms vertical dispersion is approximately 1 mm and 1.5 mm,
respectively, for beam 1 and beam 2.
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Fig. 4.14. Sum of the rms skew quadrupole strengths for defining coupling knobs for the real
and imaginary part of fi99; and an increased tune split of 1 over different evaluation points.

4.6 Conclusions

Optics measurements of seven different fills from run 2 are analyzed to measure second-order
dispersion and the momentum compaction factor. All analyzed fills feature different optics
at flat top energy of 6.5 TeV.

For the first time in the LHC the second-order dispersion is measured, where in general a
good agreement between the analyzed measurements and the model is found. It has to be
noted that all data sets are taken at top energy, and an injection optics at 450 GeV has not
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yet been measured. Local outliers are located mostly close to the main experiments, where
possible error sources could be uncorrected non-linear errors or strong non-linear elements.
The beam size growth due to second-order dispersion and the additional transverse offset at
the interaction point are negligible.

The momentum compaction factor is retrieved by a fit of the relative change in RF-frequency
over the relative momentum offset. By comparing measured momentum compaction with
the model, including known quadrupolar errors, a relative error of approximately -3 % is
found. This error is tentatively attributed to an average negative arc BPM calibration error,
as it could not be reproduced by additional large quadrupole errors in the main quadrupoles.
Re-analyzing all acquired off-momentum measurements from run 2, measuring an optics
with a lower transverse phase advance of 60° and aiming to measure this property from lon-
gitudinal optics measurements could help clarifying the arc BPM calibration and in the fol-
lowing also the IR BPM calibration.

An optics with a lower transverse phase advance in the FODO cells of 60°, compared to about
90° for nominal LHC optics, has an about factor 2 larger momentum compaction factor. Such
an optics is designed and aimed to be measured in LHC run 3 to gain new insights into the
LHC beam optics. Comparing both optics will also help to better understand error sources in
the LHC.
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The contents of this chapter have already been published in [1].

Possible energy upgrades of the LHC aim at increasing the nominal beam energy of 7TeV to expand the
discovery potential and physics reach. Some critical aspects of the feasibility of partial or full energy upgrades
are studied here, together with novel mitigation measures. Higher beam energies can be realised by pushing
the installed main dipoles to their ultimate limits or by replacing different fractions of installed magnets with
new ones. In addition to these partial energy upgrades, a revised lattice design for a full energy upgrade, also
known as the HE-LHC, is presented. Presented studies focus on the linear optics design and on the lattice
layout. Developed methods are also applicable to other future circular collider projects, such as the integrated
FCC design study.

5.1 Introduction and motivation

The LHC [14] at CERN, is presently the highest energy collider and holds the record instanta-
neous luminosity for hadron beams. Its luminosity upgrade, the HL-LHC [29], is scheduled
to be commissioned around 2027 to operate until the late 2030s. With a nominal beam en-
ergy of 7 TeV, a levelled luminosity of 5 x 103 cm~2s~! is expected for nominal beams, where
up to 7.5 x 103 cm~2s~! are foreseen for the ultimate scenario. One key ingredient of the
HL-LHC is the first-ever use of Nb3Sn magnet technology in a storage ring collider. Com-
pared to the LHC 16 inner triplet NbTi quadrupoles around the two primary collision points,
ATLAS and CMS, will be replaced by larger aperture Nb3Sn quadrupoles. This allows the re-
quired stronger focusing and hence smaller beam sizes at the interaction points. In addition
to stronger quadrupoles close to the interaction point novel 11 T dipoles will be installed in
the dispersion suppressors of one collimation interaction region, to gain space for extra col-
limators.

Possible hadron collider successors of the HL-LHC are currently studied within the frame-
work of the FCC study (25, 24]. The hadron FCC (FCC-hh) [27] is designed to reach a beam
energy of about 50 TeV with a circumference of almost 100 km and 16 T dipoles, demanding
a whole new infrastructure, which needs to be integrated in the CERN accelerator complex.
The FCC integrated project [46] foresees the electron-positron collider FCC-ee [26] as a first
stage, followed by the FCC-hh, similar to LEP [16] and LHC. Despite focusing on the integra-
tion of new LHC-like machines in an existing tunnel, presented results are also applicable for
the FCC integrated project, or to a similar projects proposed in China (CEPC, SppC) [173].
In addition to the FCC, the HE-LHC [28, 174] has also been studied. Its present baseline de-

63
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sign assumes the installation in the existing LHC tunnel, which already hosted the LHC and
LEP. By using new 16 T dipoles based on the FCC-hh magnet technology, the HE-LHC design
aims at reaching up to 13.5 TeV beam energy. Key parameters for LHC, HL-LHC, HE-LHC and
FCC-hh are given in Table 5.1 [14, 27, 28, 29, 175].

Table 5.1. Nominal parameters for (HL-)LHC, HE-LHC and FCC-hh for proton operation.

Parameter (HL-)LHC HE-LHC FCC-hh
Circumference [km] 27 27 100
Beam energy [TeV] (N7 13.5 50
Arc dipole field [T] (8.33) 8.33 16 16
Protons per bunch [10!!] (2.2) 1.15 2.2 1.0
Norm. rms emittance e, , [pm] (2.5) 3.75 2.5 2.2
IP B-function j3; , [m] (0.15) 0.55 0.45 0.3
Half crossing angle [prad] (250) 142.5 165 100
Peak luminosity [10**cm™2s7] L0 (5, lev.) 1 16 30
Annual luminosity Ly [fb~! yr—!] (>250) 55 500 1000

Increasing the beam energy of the HL-LHC could enlarge the discovery potential [176] and
hence, various options to reach beam energies above 7 TeV beam energy have already been
considered [177, 178, 179]. While previous considerations focus on pushing installed main
dipoles to their field limit of 9 T [14, 177, 178], replacing one third of installed main dipoles
by 11 T ones, and replacing arc quadrupoles with combined-function magnets, the here pre-
sented studies cover a broader area, namely by assuming dipole magnets from 11T to 16 T
and replacing a higher fraction, of installed elements [178, 179, 180]. Although beam ener-
gies are, to first order, defined by higher bending fields, the limit imposed by the required
quadrupolar gradients must not be neglected. In fact, the present 90° arc cell phase advance
optics of HL-LHC is limited to beam energies of about 8.6 TeV [14], as main quadrupoles
would exceed their limits. A reduced phase-advance optics of 60°, as described in Chapter 4
could alleviate this limit and allow to guide beams up to about 12.3 TeV. For a similar reason,
a 60° arc cell phase advance design has previously been proposed for the HE-LHC [181].

A more radical approach to increase the beam energy consists of reusing only the tunnel in-
frastructure and designing an entire new accelerator ring, which is also known as the HE-
LHC. The two baseline designs, presented in [4, 28, 182] are revised here, with emphasis of
reducing the peak-to-peak offset from the LEP tunnel geometry. Improved lattice designs
moreover allow the installation of dispersion suppressor collimators, while keeping the off-
set below 5cm. In addition to these essential geometry improvements, various options to
increase the beam aperture are discussed. Alternatively to the 90° phase advance designs, an
optics with 60°, which has first been proposed in [181], is studied. A 60° phase advance design
could also help to suppress the effect of magnetic nonlinearities [181]. In addition to these es-
sential improvements compared to the previous designs [28], various options to increase the
beam aperture, including an alternative HE-LHC optics based on combined-function dipoles
and a new beam screen design, optimized for maximum beam aperture are discussed.
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The presented studies focus on linear optics, layout optimization and reachable energy. Non-
linear beam dynamics resulting from magnetic imperfections or emittance growth from mag-
netic flux jumps in the Nb3Sn conductor are not discussed [183]. Moreover, collective effects
or impedance are not addressed and would need to be examined in future studies.

5.2 LHC and HL-LHC lattice and optics

As studied energy upgrades are based on the LHC and the HL-LHC, a detailed description
of their layout is presented. The LHC [14] at CERN, a synchrotron with about 27 km circum-
ference, is designed to collide two counter-rotating proton or ion beams at four Interaction
Points (IPs) to provide luminosity for the four main experiments ATLAS, ALICE, CMS and
LHCb. Proton beams are designed to reach a beam energy of 7 TeV, where in previous runs
6.5 TeV have already been achieved. For proton operation the LHC achieves an instantaneous
luminosity of 2x 103* em~2s~1. Its scheduled upgrade, the HL-LHC [29] is designed to improve
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Fig. 5.1. Schematic layout of LHC and HL-LHC. Beam 1 and beam 2 are shown in solid blue
and dashed red lines, respectively. The beam separation is not to scale. [Plot taken from [184]]
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25~1, using luminosity leveling techniques. Both

luminosity production to at least 5 x 1034 cm™
colliders share the identical conceptual layout, consisting of eight arcs with 23 FODO cells per

arc, connecting eight insertion regions (IRs), as shown in Fig. 5.1 [184].

ATLAS and CMS experiments are located in IRs 1 and 5. IR2 and IR8 house the ALICE and
LHCDb experiments, together with the injection systems of Beam 1 and Beam 2. Momentum
and betatron collimation are installed in IR3 and IR7, respectively. The RF-cavities are located
in IR4, together with the transverse fast bunch-by-bunch feedback system and parts of the
beam instrumentation. The beam extraction is in IR6, from where the beams are ejected
through an about 600 m long transfer line onto a beam dump block.

All IRs feature a maximum of seven quadrupoles at each side of the IP. In IRs without beam
crossing the term IP marks the center of the IR. In the experimental IRs, the final focus sys-
tems consists of 3 quadrupole magnets (Q1, Q2 and Q3), the so-called inner triplet (IT). It
has to be noted that Q2 is split into two physical elements Q2a and Q2b. In IRs without
beam crossing no final focus triplets are installed. The quadrupoles Q4 to Q6 are used for
matching and have individual power supplies. The triplet of Q4 to Q6 is also named outer
triplet. To match the periodic arc optics to the IR one, dispersion suppressors (DS) are in-
stalled. The DS is strictly speaking separated in two parts. The first part spans from individu-
ally powered quadrupoles Q7 to Q10, where between two quadrupole magnets two bending
dipoles (MB) are installed. This first part of the DS is then followed by a drift space of about
13m. The second part of the DS is identical with the first periodic arc FODO cell and ranges
from Q11 to Q13, where individually powered trim quadrupoles are installed, close to the
main quadrupoles MQ11, MQ12, and MQ13. This lattice structure, from the IP up to Q14,
is schematically shown in Fig. 5.2 for an experimental IR. For the HL-LHC the DS on both
sides of IR7 is slightly modified, namely by replacing one MB by two stronger, yet smaller
long Nb3Sn dipoles with a collimator (TCLD) in-between, with 11 T and 5.307 m. The regular

Q2 Q4 Q6 Q8 Q10 Q12 Q14
MB
IP
Q1Q3 Q5 Q7 Q9 Q11 Q13
4 <+ B E— ‘ P
IT Match. Sec. Irreg. DS Reg. DS
<4+ » <

IR Arc

Fig. 5.2. Schematic layout of quadrupoles (Q) and main dipoles (MB) of the lattice from the
IP to Q14, for an experimental IR, where the latter spans from the IP to the start of Q7. Q1 to
Q3 form the Inner Triplet (IT). The Interaction Region (IR) proper extends through Q7. After
the matching section (Q4 to Q6), the irregular part of the dispersion suppressor (DS) spans
from Q7 to Q11. Following a drift space the regular DS includes Q11 to Q13, and the regular
arc lattice structure starts at Q11.
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arc optics starts after Q13 and hence spans over 21 FODO cells in each arc.

Each arc FODO cell contains six main dipoles (MB), equipped with a sextupole spool piece
corrector (MCS). After every second MB, octupole (MCO) and decapole (MCD) spool piece
correctors are placed. The short straight section (SSS), i.e., the bending-free region, is made
of a beam position monitor (BPM), a trim quadrupole (MQT), a main quadrupole (MQ), a
main sextupole (MS) and a dipolar orbit corrector (MCB). In every arc eight of the MQTs are
replaced by four octupoles (MO) and four skew quadrupoles (MQS), and Four of the MS per
arc by skew sextupoles (MSS), which are used for the correction of chromatic coupling [185,
186, 187]. A (HL-) LHC arc FODO cell is schematically shown in Fig. 5.3.

MB MQT MQ

MCS MCD
MCO MS

Fig. 5.3. Schematic plot of a LHC FODO cell, consisting of 6 main dipoles (MB), each equipped
with a sextupole spool piece corrector (MCS). An octupole (MCO) and a decapole (MCD)
corrector are placed after every second MB. The short straight section is equipped with a main
quadrupole (MQ), a trim quadrupole (MQT), an orbit corrector (MCB), a main sextupole (MS)
and a beam position monitor (BPM). Focusing and defocusing quadrupoles, respectively, are
shown below and above the horizontal axis.

5.3 Constraints for a new lattice and optics

As possible energy upgrade options are based on the HL-LHC, the conceptual layout includ-
ing an arc FODO cell structure, the location of the experiments, beam injection, beam dump,
collimation and RF sections remain unchanged. Designing new lattices demands respecting
minimum element-to-element distances, which are different for partial upgrades and or the
full upgrade. For the first case HL-LHC drift spaces are kept to simply this study, while for
the latter HE-LHC drift spaces are respected. A summary of minimum drift spaces between
various elements is given in Table 5.2 [14, 27, 28].

Beam energy, and hence the magnetic rigidity Bp of a synchrotron is determined by the
length of the main bending magnets Lyp, their bending angle 6, bending radius p and the
magnetic field B through [55]

_Blws ) Lws (5.1)
0 P

Bp

In the past LHC run 6.5 TeV beam energy have already been achieved with 1232 main dipoles
providing a field of 7.74 T. For the nominal beam energy of 7 TeV a field of 8.33 T are required.
These installed NbTi dipoles are bent to match the particle path and have an inter-beam
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Table 5.2. Minimum required element spacing for HL-LHC and HE-LHC lattices.

Drift between elements [m] HL-LHC HE-LHC

MB — MB 1.36 1.5
MB — BPM 1.153 1.3
BPM — MQT 0.591 0.35
MQT — MQ 0.301 0.35
MQ — MS 0.1605 0.35
MS — MCB 0.085 0.35
MCB — MB 1.1035 1.3

distance of 194 mm. In the following the installed LHC dipoles are named weak dipoles, which
are designed to reach the ultimate field of 9.0 T [14].

In various R&D programs [27, 188, 189] dipoles with a design field up to 16 T are developed.
For partial energy upgrades, the use of dipoles generating a field between 11 T and 16 T is as-
sumed, with the same inter-beam distance as for LHC of 194 mm. In the following these mag-
nets will be named strong dipoles. For the HE-LHC 16 T dipoles, similar to those designed for
the FCC-hh with an inter-beam distance of 250 mm are foreseen [27].

The installed (HL-)LHC arc quadrupoles provide a nominal gradient of 223 Tm~! at 7 TeV
beam energy, which is required for a phase advance . per FODO cell in both transverse planes
x,y of about 90°. It has to be noted that p, , of one FODO cell is not exactly 90° in the LHC,
leading to a tune split per arc of about 7/2, which contributes to about 80 % to the total tune
split of 5 in nominal LHC optics. For the HL-LHC optics, exactly 90° phase advance is kept
in the arcs adjacent to the high-luminosity experiments in IR1 and IR5, since this is required
for implementing the ATS optics [127]. A gradient of 278 Tm~! [190] is assumed to be the
maximum achievable, and hence arc quadrupoles are limited at a beam energy of 8.7 TeV
with 90° optics. One possibility to lower the required integrated quadrupole gradient K, while
keeping the cell length L., unchanged, is choosing a design with smaller phase advance,

such as 60° as [55, 181]
1 Lcell

K~ 4sin(p/2)
In the present LHC, different quadrupole types with specific strength constraints are used
for Q1 to Q10 for each IR, where further information can be found in [14]. For simplicity,
the quadrupole strength limit is set to 360 Tm ™! for Q1 to Q7 for the HE-LHC [28]. It has to
be noted that the inner triplet gradient is well below this limit, and resulted from a trade-
off between aperture, magnet length, and radiation load [128]. The minimum gradient at

(5.2)

injection energy must be greater than 3 % of the nominal one at maximum beam energy, as
already enforced for the LHC [14], which is related to the accuracy of the power converters.

Studied possible upgrades need to fit in the existing tunnel infrastructure and need, therefore,
to have a similar footprint as the LHC, the HL-LHC or LEP. The geometry difference is defined
as the radial difference between two lattices sharing the same center. This radial offset is
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Fig. 5.4. Schematic plot of radial difference between two concentric circular accelerators, ap-
proximated by circles, at a given angle a.

calculated at approximately 5000 different angles by

TQ-?”l:\/l‘g—l-y%—\/l‘%-l-y%, (5.3)

where the suffix 1 and 2 are used for the reference lattice and a new lattice, respectively, and
is schematically shown in Fig. 5.4. The peak-to-peak distance between the LHC and LEP is
about 6.5 cm an must not be exceeded significantly for possible future configurations.

The Beam Stay Clear (BSC) at any given longitudinal location is defined here as the mini-
mum transverse distance between the beam center and the mechanical aperture and is ex-
pressed in units of the local transverse beam size. For the presented studies it is evaluated
through a numerical algorithm [170] implemented in MAD-X [117]. Its calculation includes
error tolerances to the aperture itself, as well as to the orbit and optics. For possible en-
ergy upgrades of the HL-LHC mechanical tolerances of 1 mm, identical to the LHC, are as-
sumed [171]. These mechanical tolerances arise from installation and alignment, ground
motion and beam screen tolerances. The beam tolerances are assumed to be the same as
for the HL-LHC [191, 192, 193], namely a 2 mm closed orbit tolerance, a relative momentum
offset of 8.6 x 10~* at and a 10 % [3-beating at 450 GeV injection energy. A fractional parasitic
dispersion, defined as the fraction of the horizontal peak arc dispersion, scaled by the ratio
\/m, which remains in the IRs after optics corrections, of 14 % are assumed [194]. The
determination of the minimum acceptable BSC involves the analysis of the performance of
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the collimation system which is designed to intercept and dispose of high amplitude parti-
cles [195, 196, 197]. For the HL-LHC at injection energy of 450 GeV 12.6 o BSC are considered
safe [192]. In future possible energy upgrades this limit is tentatively set to 10 ¢ at the same in-
jection energy. This tighter limit assumes increased quench limits of new magnets, improved
aperture and optics tolerances, such as better controlled closed orbit and smaller optics beat-
ing. In addition it is assumed to operate with tighter collimator settings to ensure protection
of aperture bottlenecks also in failure scenarios, as in [198].

At injection optics the minimum BSC is typically located in the arcs and DS areas, while at
top energy with a squeezed * optics the beam screens in the IRs define this minimum. In
the presented studies the beam screens of the LHC and FCC-hh are assumed for all existing
and new elements, respectively. A schematic plot of the FCC-hh beam screen is shown in
Fig. 5.5 [199]. The location and dimensions of the helium channels for these beam screens
differ substantially. The present LHC magnets in the IRs feature again different beam screens,
where more details can be found in [14, 28].

In the LHC the main dipoles are bend to follow the reference beam path. In a pessimistic
scenario new dipoles could be straight, leading to a beam sagitta of

sag/2 = p sin® o (5.4)

1
and is shown schematically in Fig. 5.6. For an LHC MB with 14 m, sag/2 is in the order of 4 mm.
In addition to BSC reduction this effect is equivalent to an orbit offset, where possible feed-
down effects from the magnetic field quality of the dipoles might not be negligible. These
effects, however, are not discussed in the here presented studies.

Fig. 5.5. Cross section of FCC-hh beam screen, values are given in mm. The blue line displays
the implementation in MAD-X. [Plot adapted from [199]]
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Fig. 5.6. Reference beam path through bent (left) and straight (right) dipoles and resulting
beam sagitta (sag).

5.4 Partial energy upgrade options

Possible partial energy upgrades of the HL-LHC rely on increasing the effective dipole strengths.
This can be achieved by increasing the global MB field or by replacing the arc MQs by combined-
function dipoles [178, 179, 180]. In the following the first option is studied in detail, which can
be realized by either pushing the installed MBs to their ultimate field of 9 T, or by replacing
different fractions of existing ones by stronger ones with a field up to 16 T.

5.4.1 Pushing installed main dipoles

A beam energy of 7.5 TeV can be attained if all existing main dipoles are successfully pushed
to 9T and has already been foreseen in the LHC design report [14]. This field would require
dedicated training with about 2.8 quenches expected per dipole [179], but it would allow
reusing the vast majority, of installed components, although not all of the magnetic elements,
with a 90° optics [179]. The full implications of pushing the ring to ultimate beam energy have
been recently reviewed, where a detailed analysis can be found in [179]. This 8 % energy up-
grade with respect to the nominal HL-LHC does not require any new dipoles. Therefore, a
BSC of about 13.4 0 at 450 GeV in the arcs is remained. The footprint of the lattice also re-
mains unchanged from (HL-)LHC.

5.4.2 Partial replacement of main dipoles

Partial replacement of main dipoles, upgrading one third (1/3-option) or two thirds (2/3-
option) of the arc MBs is studied, hence, complementing studies in [180]. Minimum HL-LHC
drift spaces from Table 5.2 are preserved. The energy reach for various partial energy upgrade
options assumes strong main NbsSn dipoles, with dipole fields ranging from 11 T to 16 T, and
weak NbTi dipoles, with fields of 7.74 T, 8.33 T, or 9T. The beam energy reach for various
combinations of weak and strong dipole fields is shown in Fig. 5.7, together with a theoretical
full upgrade, which assumed HL-LHC element lengths and minimum drift spaces between
them, however, with solely strong MB fields of up to 16 T. In order to ease their integration, it
is assumed that in the case of intermediate energy upgrade options, weak and strong MBs in
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Fig. 5.7. Reachable beam energy for various 1/3-solutions (solid lines), 2/3-solutions (dashed
lines), assuming 7.74 T (blue), 8.33 T (orange), or 9 T (green) weak dipole fields, together with
a full upgrade (red). The maximum beam energy compatible with the main quadrupoles
limits is 8.6 TeV and 12.3 TeV for a 90° and a 60° arc-cell phase advance design, respectively.

the arcs are part of the same powering circuit.

As expected, beam energy increases linearly with increasing dipole fields. For example, re-
placing 1/3 of the arc dipoles with 16 T ones and pushing existing HL-LHC dipoles to their
ultimate field of 9T leads to a beam energy of 9.53 TeV, whereas for the corresponding 2/3
option 11.5 TeV can be achieved. For all studied magnet strengths, 2/3 options lead to 10 %
to 20 % higher beam energy as the corresponding 1/3-option, assuming the same weak and
strong dipole fields. Moreover, pushing installed dipoles to ultimate field increases the beam
energy by about 2% or 5% for 2/3- or 1/3-options, respectively, compared to the nominal
field of 8.33 T. It has to be noted, that several other magnets, such as separation dipoles and
IR quadrupoles, could possibly need to be replaced too [180].

In addition to their difference in strength, the two dipole types could also differ in their ge-
ometry. The weak, existing ones are bent to follow the LHC reference beam. Bending of
NbsSn dipoles has not yet been demonstrated and therefore it is pessimistically assumed that
new dipoles could be straight and equipped with the FCC-hh beam screen. The combination
of unequal dipole strength, dipole straightness, and the small aperture of the FCC-hh beam
screen significantly reduces the available minimum physical aperture in the horizontal plane,
compared with the present LHC dipoles, and also compared with the FCC-hh. The lowest BSC
of about 4.3 o at 450 GeV is found for a 2/3 solution with 2 16 T dipoles and one 7.74 T dipole,
which is significantly below the limit of 10 o and is hence assumed to be too low to operate
efficiently the machine. However, using the LHC beam screen also for the new dipoles would
increase the BSC to about 100. Although the installed MBs are bent, their curvature is no
longer following the beam trajectory of a partial energy upgrade. This resulting orbit offset is
about 1 mm and the reduction of the BSC is negligible. The use of two different strengths for
dipoles in arc FODO cells changes the bending radius with respect to the HL-LHC DS, leading
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Fig. 5.8. Top: Main dipoles, quadrupoles and powering scheme of the DS and the arcs for a
1/3-option resulting in a peak-to-peak of 1 cm and a constant offset below 1 cm in the arcs
and DS, respectively. Strong and weak MBs are shown in red and orange, respectively. MBs in
the DS, shown in green, are the same type as strong dipoles in the arcs, but have a different
power supply. Bottom: a different geometry and powering scheme for 1/3-option resulting in
a peak-to-peak of 1 cm and below 2 cm in the arcs and DS, respectively.

to a tremendous geometry offset with respect to HL-LHC in the DS, if only installed dipoles
are used. To restore a low geometry difference with respect to the tunnel, and assuming the
same DS scheme, the dipole fields in the DS need to be adjusted. Installing new main dipoles
in all DS with a bending angle per dipole (fps) equal to the average bending strength per half
FODO cell (6.),

Ops = (Onc) , (5.5)

results in the best possible geometry offset with respect to LEP. In other words, this means
that (¢ps) must stay the same as in HL-LHC in each DS. For example for an 1/3-option with
7.74'T installed dipoles and 16 T new ones, a field of 10.5 T for a MB in the DS is required. For
a2/3-option with the same dipole fields, 13.25 T DS dipoles would be needed. Although these
DS dipoles could be of the same type as the new and strong arc MBs, they would need to be
connected to a different power supply as schematically shown in top Fig. 5.8 for the DS right
of an IR for an 1/3-option. Using this configuration the peak-to-peak geometry difference
with respect to the LHC tunnel results in 0 cm in the DS and below 1 cm in the arcs as shown
in Fig. 5.9. This DS and arc configuration demands the replacement of 496 (40 %) or 864 (70 %)
main dipoles, respectively for an 1/3 or a 2/3 option.

Another possibility would be replacing half of the DS main dipole magnets [200], as schemat-
ically shown in bottom Fig. 5.8 for an 1/3-option. These DS MBs would need to be connected
to a different power supply. For example, an 1/3-option with installed 7.74 T and 16 T new
dipoles, would require DS MBs with 13.3 T. This DS configuration increases the geometry off-
set in the DS to about 1.5 cm, while keeping 1 cm in the arcs, as shown in Fig. 5.10. Although
this solution help to reduce the number of new dipoles for an 1/3-option, this configuration
is not suitable for 2/3-upgrades, as the required bending strength in the DS would exceed the
maximum dipole field of the arcs. If the integration of two different power supplies is not fea-
sible, alternative DS configurations for partial upgrades would need to be explored in future
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Fig. 5.9. Impact of non-optimized (blue) and optimized (orange) DS bending radius on ge-
ometry offset with respect to LHC for a 1/3-option with 7.74 T weak, and 16 T strong dipoles,
by replacing all DS dipoles, together with the lattice shown in Fig. 5.8 (top) and resulting in a
geometry offset of 0 cm and below 1 cm peak-to-peak in the DS and the arcs, respectively.

studies.

With partial energy upgrades the highest reachable beam energy is 11.50 TeV with a 2/3-
options, where the existing dipoles provide an ultimate field of 9T and new ones 16 T. This
beam energy would exceed the limit for main quadrupoles of 8.7 TeV with the present 90°
phase advance optics. Using an optics with a reduced phase advance of 60° can increase the
limit for main quadrupoles to 12 TeV, which would allow to reuse installed HL-LHC MQs and
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Fig. 5.10. Impact of non-optimized (blue) and optimized (orange) DS bending radius on ge-
ometry offset with respect to LHC for a 1/3-option with 7.74 T weak, and 16 T strong dipoles,
by replacing half DS dipoles, together with the lattice shown in Fig. 5.8 (bottom) and resulting
in a geometry offset of 2 cm and below 1 cm peak-to-peak in the DS and the arcs, respectively.
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hence helps to reduce the demand for new magnets.

5.5 Full energy upgrade - the HE-LHC

The HE-LHC represents a full energy upgrade of the HL-LHC, as almost all presently installed
elements are assumed to be replaced. While respecting all minimum HE-LHC drift spaces,
given in Table 5.2, various arc cell and DS options have been generated and analyzed [201],
converging on two baseline designs. An 18 x90 arc design with 18 FODO cells per arc with 90°
phase advance and a 23x90 LHC-like lattice are found to be the most promising ones [4, 28,
202]. These lattice designs are already described in REF and are further optimized here. Com-
plementary studies regarding impedance, collimation, dynamic aperture and performance
have been performed and are summarized in [5, 203, 204, 205].

5.5.1 Geometry optimization

FODO cell, MB and DS lengths are optimized to reduce the geometry offset with respect to
LEP while increasing so-called dipole filling factor, which is the fraction of dipole lengths in
the total cell length. As the LHC geometry has also been designed to minimize the difference
to LEDB this reference is also chosen for HE-LHC. To simply the generation of lattices with var-
ious number of FODO cells and dispersion suppressors, a software application named ALGEA
(Automatic Lattice Generation Application) has been developed [202]. Based on a few input
parameters such as minimum drift spaces, type of DS,and number of FODO cells, it is pos-
sible to generates LHC-like lattices, in a format compatible with MAD-X. It is found that the
geometry offset with respect to LEP can be significantly reduced if the following parameters
are properly adjusted.

Arc cell length

To minimize the arc offset of HE-LHC with respect to LHC, the effective FODO-cell bending
radius p.ep of the new lattices needs to be as close as possible to the one of LHC [1]

HE ! LHC
Pcell = Peell  » (5.6)

where the effective bending radius for a FODO cell is defined as (also see Eq. (5.1))

L cell

_ 5.7
Pcell NMB 0 ) ( )

with Ny denoting the number of MBs per FODO cell and # the MB bending angle, defined by
the total number of MBs. To avoid feed-down effects it is assumed that the center of MQs has
no transverse offset with respect to the closed orbit generated by the MBs. Hence, optimizing
the arc-cell length, reduces to a purely geometric challenge, depending only on the number
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Fig. 5.11. Effect on the geometry offset with respect to LEP of choosing an optimized cell
length of 137.19 m for an 18 cell HE-LHC design, compared with a cell length of 137.33 m.

and length of MBs and on the FODO-cell length. If the length of FODO cells of a possible
new lattice is too long, an U-shaped geometry difference with respect to the reference lattice
is obtained as seen in Fig. 5.11 for an 18 cells per arc design. On the contrary, an too short
cell length results in a geometry difference bent upwards. Hence, it is possible to reduce the
peak-to-peak geometry difference with respect to the nominal lattice in the arc to about 2 cm
if an optimized cell length is chosen.
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Fig. 5.12. Impact of shifting the arc position by 1.2 m counter-clockwise for an 18 cells HE-LHC
design on the geometry offset with respect to LEP.
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Arc position

The overall transverse offset can be controlled by adjusting the central position of the arc,
composed of regular FODO cells, with respect to the unmoved irregular part of the DS. In the
example shown in Fig. 5.12 all arcs are shifted counter-clockwise by 1.2 m for an 18 FODO cells
per arc design. The resulting geometry difference results in a sinusoidal-like shape, where
each arc is tilted with respect to the reference lattice. Aligning arcs in the middle between two
DS leads therefore to a straightening of the footprint.

Dispersion suppressor position

Although it is assumed that the geometry offset in the IRs is less restricted compared to the
arcs and the DS, it is aimed to reduce this offset as much as possible. The geometry offset in
the IRs can be reduced by adjustment of the position of the irregular DS part with respect to
the IP. For an 18-cell HE-LHC design shifting all irregular DS by 3 m towards the IR reduces
the IR geometry offset by about 11 cm as shown in Fig. 5.13.
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Fig. 5.13. Impact of shifting DS position with respect to the interaction point. Shifting all DS
3 m towards the IRs reduces the geometry offset in the interaction region by about 11 cm with
respect to LEP for an 18-cells-per-arc HE-LHC design.

5.5.2 Arc optics and beam stay clear

Above described geometry optimization methods are applied to the existing 18 x 90 and 23 x 90
HE-LHC lattice options. The arc FODO cells follow the LHC design of Fig. 5.3 and are shown
in Fig. 5.14. Each MB is equipped with a MSC. In addition, octupole and decapole correc-
tors (MCO, MCD) are attached to every second dipole. The short straight section, i.e. the
bending-free space between a main dipole and a main quadrupole, is composed of an orbit
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Fig. 5.14. Arc-cell layout of the 18x90 (upper) and 23 x90 (lower) design. In both arc-cell de-
signs, MBs are each equipped with a sextupole spool piece corrector (MCS). Similar as in
LHC, an octupole (MCO) and a decapole (MCD) corrector are placed after every two MBs.
Next to the main quadrupole (MQ), a trim quadrupole (MQT), an orbit corrector (MCB), a
main sextupole (MS), and a beam position monitor (BPM) are located. Focusing and defo-
cusing quadrupoles are represented by bars being located below and above the horizontal
axis, respectively.

corrector (MCB), a sextupole (MS), a Beam Position Monitor (BPM) and a trim quadrupole
(MQT). Similar to LHC, eight MQTs per arc are exchanged against four octupoles and four
skew quadrupoles, and four MS per arc are replaced by skew sextupoles. Future studies
would be required to decide on the exact number of those elements. The resulting FODO-
cell lengths are 137.19 m and 106.9 m, respectively, for the 18 x90 and the 23x90 designs. With
filling factors of 81 % and 77 %, beam energy of 13.62 TeV and 12.92 TeV are reached using
16 T dipoles. 16.7 T dipoles would be required to reach the target beam energy of 13.5 TeV
for the 23 x 90 option. The MQs are kept about 10 % below their maximum gradient limit
of 360 Tm~!, where using exactly 360 Tm~! would allow shortening the MQs and lengthen-
ing the MBs, thereby further increasing the dipole filling factor and the energy reach. For
these HE-LHC FODO cells the possibly beam energy gain is, however, negligible. Important
HE-LHC FODO-cell parameters are given in Table 5.3.

At 450 GeV the two options reach 7.37 o and 8.78 o, respectively, assuming the FCC-hh beam
screen, shown in Fig. 5.5. In both cases the tentative BSC design constraint of 10 % is not
achieved. Although choosing a design with a different cell phase advance has not shown sig-
nificant improvements to the BSC, a proper adjustment could allow resonance cancellations
to improve the dynamic aperture and which could be explored in future studies [206]. Various
options to improve the BSC are discussed in detail in the following.

Higher injection energy

450 GeV provided by the present SPS is not sufficient to reach 10 ¢ BSC. An intermediate en-
ergy upgrade, where about half of the SPS magnets could be replaced by superconducting
ones, as described in [36], could increase the beam energy to 600 GeV. Within the framework
of the FCC design study, SPS upgrades resulting in 900 GeV or 1.3 TeV injection energy in a
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Table 5.3. Parameters of the two HE-LHC design options, compared with the existing (HL-)
LHC.

HE-LHC (HL-)LHC

Parameter

18x90 23x90 23x90
Cell Length [m] 137.19 106.90 106.9
Dipoles per Cell 8 6 6
Dipole Length [m] 13.92 13.73 14.3
Filling Factor [%] 81 77 80
Quadrupole Length [m] 2.8 3.3 3.1
Quadrupole Strength [Tm~!] 335 352 223
Brmin/ Pmax [M] 41/230 32/177 32/177
N, min/ Mz, max [M] 1.7/3.6 1.1/2.2 1.0/2.0
Dipole field [T] 16 16 8.33
Beam Energy [TeV] 13.62 12.92 7
Field for 13.5TeV [T] 15.8 16.7 —
Arc BSC at 450 GeV [o] 7.37 8.78 13.4

possible HE-LHC are considered [28]. For an 23 x 90 HE-LHC 600 GeV and hence an interme-
diate upgrade of the SPS would be sufficient to reach 10 o« BSC. It has to be noted, however,
that a partial upgrade of the SPS could imply integration issues for a combination of warm
and cold powering circuits. The 18 x 90 option demands at least 830 GeV to reach 100, and
therefore requires a full upgrade of the SPS.

At higher injection energy particle losses are more destructive and the quench limit is lower.
On one hand, the minimum required BSC in units of the transverse beam size is therefore
expected to be higher at higher injection energy, where the exact limit would need to be ex-
plored in future studies. On the other hand, since the transverse beam size decreases with
higher injection energy the achieved BSC is also expected to be larger. Assuming that the
latter effect is stronger, as in the LHC [193], it could be easier to reach the target BSC.

Combined-function dipoles

In addition to a dipole field, combined-function dipoles provide also a normal quadrupole
component (b2), represented by the magnetic field expansion (see also Eq. (2.29)) [194],

HbQ(x}; y)
ref

with the reference dipole magnetic field B, and the quadrupole field b R,s at a reference
radius R,.¢. This additional focusing can help to decrease the transverse beam size and hence

By +iB, = B : (5.8)

to increase the BSC.

As the minimum BSC in a FODO cell is found at the defocusing MQ, the goal of this study is to
determine additional b, components in the MBs that reduce 3, at the defocusing quadrupole.
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Fig. 5.15. 18x90 FODO-cell and 23 x90 (right) optics for the baseline (BL) cell and with the use
of combined-function dipoles (CFD) for Beam 1 (top) and the required quadrupole compo-
nent (middle). For Beam 2 only the required quadrupole components are shown (bottom).
The plus and minus signs represent additional positive and negative quadrupole components
of 515 x 10~* and £500 x 10~* units, respectively.

To find the required quadrupolar component, bs is step-wise increased while testing all possi-
ble combinations of positive and negative quadrupolar fields in the MBs and keeping a trans-
verse phase advance of90°. 10 o BSC can be obtained by adding b, components of +£515x 1074
and 500 x 10~* with R,.f = 16.7 mm, respectively, for the 18x90 and the 23 x90 FODO cells.
The peak vertical 5-functions are reduced to about 133 m (—42 %) and 138 m (—22 %).

Due to these large b, components and hence focusing, quadrupole gradients of the MQs are
decreased significantly to about 36 Tm~! and 240 Tm ! for the 18 x90 and the 23 x90 option,
respectively. The length of the MQs can hence be decreased, which allows to increase the
MBs. Resulting filling factors are 85 % and 79 %. Increasing the BSC with combined-function
dipoles assumed the feasibility of two different dipole types, providing e.g. +500 x 10~* on
beam 1 and —500 x 10~* on beam 2 and vice versa. The resulting optics functions including
required quadrupole components for both HE-LHC FODO cell options are shown in Fig. 5.15
for beam 1 together with the baseline design. The bottom plots show the required distribution
of by components for beam 2.

Optimized beam screen dimensions

As already demonstrated during the design of the LHC, the shape of the beam screen highly
impacts the BSC [207]. Even though the FCC-hh beam screen has been fully optimized for
cooling efficiency, vacuum properties, impedance, electron-cloud suppression etc., it is not
necessarily the best choice for the BSC. To reach 100 BSC a scaling factor of 1.10 or 1.22
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would need to be applied to the existing FCC-hh beam screen, respectively for the 23 x 90
or the 18 x 90 arc FODO cell. Moreover, a fully optimization with respect to the BSC can be
performed for the HE-LHC lattice options, where more details can be found in [1].

Improved aperture tolerances

To estimate how the aperture tolerances impact the BSC, scans over the values of these toler-
ances have been performed for the HE-LHC FODO cell options using MAD-X. For these studies,
the closed-orbit, 5-beating, and parasitic dispersion uncertainty, as well as tolerances of the
mechanical aperture itself are considered. The impact of the varied tolerances on the BSC
can be assumed linear within the used ranges, where the upper boundary are the presently
used aperture tolerances, leading to a BSC of approximately 7.4 o and 8.8 o, respectively, for
the 18 x 90 and the 23 x 90 option.

Setting these four tolerances to exactly zero, i.e. identical to the lower boundary of the pa-
rameter space, would result in a BSC in the arc FODO cells of about 11.1 ¢ and 12.6 ¢ for the
18x90 and the 23x90 lattice, respectively. In this case without aperture tolerances, both op-
tions would be compatible with the target BSC for the 450 GeV injection energy. An applied
closed-orbit uncertainty of 2mm is found to reduce the BSC drastically by about 1.7 0 and
1.9 0, respectively. An improved closed orbit tolerance of 1 mm, assuming that all orbit cor-
rectors are always available during beam operations [192], would increase the BSC to about
8.50 and 9.8¢. With a g-beating of 10 %, the BSC is reduced by about 0.4 ¢ and 0.5, re-
spectively. With a maximum j-beating of 5 %, which can be assumed from a rms -beating
of about 2 % in the arcs, as already demonstrated for the LHC [133], increases the BSC with
already improved closed-orbit tolerances of 1 mm further to 8.8 ¢ and 10.0 0. The 23 x90 op-
tion could therefore reach the goal of 100 at 450 GeV injection energy. Another important
contribution is found to arise from the mechanical aperture tolerances of 1 mm and results in
about 0.9 ¢ and 1.0 o BSC loss, respectively. An improvement by a factor of 2 of the mechan-
ical tolerances would bring the BSC to approximately 9.2 o and 10.5 0. The 18x90 therefore
approaches the goal of 100 at 450 GeV injection energy. Contrarily to the severe impact of
the beforehand described tolerances, which can lead to a significant BSC reduction, a para-
sitic dispersion of 14 % reduces the BSC by only about 0.1 . Hence, its possible reduction is
irrelevant for the studied HE-LHC FODO cells.

These results suggest the possibility to reach 10 ¢ BSC at 450 GeV by a careful revision of the
tolerances on the closed-orbit and the mechanical aperture.

5.5.3 Dispersion suppressors

The structure of the DS is based on that of the LHC ring. Contrarily to the LHC, the identical
lattice is chosen for all DS, where the irregular part is made of eight MBs and three 4.5 m-
long individually-powered quadrupoles (Q8-Q10), followed by a drift space of about 12m.
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Fig. 5.16. Irregular part of the dispersion suppressor, right of the interaction region, consist-
ing of 8 main dipoles (MB), each equipped with a sextupole spool piece corrector (MCS),
3 quadrupoles (MQ), 3 orbit correctors (MCB), 3 octupole (MCO) and decapole correctors
(MCD) and 3 beam position monitors (BPM), without (top) and with (bottom) collimators
(TCLD).

The regular part of the DS is identical to the first arc FODO cell, where the first arc main
quadrupoles are powered individually. Periodic arc optics is therefore achieved after the first
FODO cell.

Energy deposition simulations and particle tracking studies revealed the need for DS colli-
mators (TCLDs) for FCC-hh [208, 209] and HE-LHC [204, 210, 211], similar to those foreseen
for the HL-LHC. The possibility of including two TCLDs in each DS neighboring the main
experiments and collimation IRs is studied for the HE-LHC. It is assumed that each TCLD de-
mands an additional space of 1.5 m, therefore increasing the length of the DS and hence the
geometry offset with respect to the tunnel. The lattice of both irregular DS options, with and
without TCLDs, are shown in Fig. 5.16.

Due to local g-function peaks in the DS aperture bottlenecks appear with a BSC of approx-
imately 6 0 and 7 o at 450 GeV, respectively, for the 18 x 90 and the 23 x 90 option. These
aperture restrictions can be mitigated using the strategies outlined beforehand and by apply-
ing a refined optics rematching.

5.5.4 HE-LHC lattices and ring optics

Optimizing layouts of arc FODO cells and DS lead to a geometry offset with respect to LEP,
comparable to that of the LHC as shown in Fig. 5.17. A peak-to-peak transverse offset of
8.7 cm and 4.6 cm for the 18x90 and the 23 x90 lattice, respectively, is found, with peaks in the
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Fig. 5.17. Geometry offset of HE-LHC options and LHC with respect to LEP, where the disper-
sion suppressors neighboring odd interaction regions and the collimation insertions include
2 TCLDs.

DS. Installed TCLDs increase the geometry offset by about 1.7 cm compared to DS without
collimators. Moreover, installed TCLDs in the DS lead to an increased offset in the respective
interaction regions by about 5 mm, which is, however, assumed to be negligible.

After geometry optimization the ring injection and collision optics are matched for both
beams. Interaction regions specifically design for the HE-LHC are integrated in IR1, I3, IR4,
IR5, IR6 and IR7 [212, 213, 214, 200], where lattice and optics of IR2 and IR8 are taken from
the LHC [14]. Similar to LHC, the arc trim quadrupoles (MQTs) are used to control the tune
and to match its fractional part to the LHC value of (0.28,0.31). The main experiments in IR1
and IR5 feature an optics with a minimum 5* of 45 cm at collision energy. In order to match
the fractional part of the working point of (0.31,0.32) at collision energy, the tune is controlled
by the independently powered quadrupoles in IR4 and the main quadrupoles in the arcs not
neighboring the main experiments, generating therefore a small deviation of the FODO-cell
phase advance. Exactly 90° transverse phase advance per FODO cell are preserved in the arcs
neighboring the main experiments which allows to use an ATS optics in future collision op-
tics, similar to what is implemented in LHC.

The natural chromaticity of about -160 and -205 for the 18x90 and 23x90, respectively, at
collision energy and -70 or -85 at injection energy, is corrected by two families of chromatic
sextupoles to +2 in both transverse planes. The 18x90 lattice features a 66 % higher momen-
tum compaction factor than the 23x90, leading to lower transition energy, impacting longi-
tudinal parameters as summarized in [215]. The optimized ring parameters for both options
are summarized in Table 5.4.

Beam-beam simulations revealed the necessity of a beam-beam long-range separation of at
least 15.8 o, which can be realised by a half crossing-angle of 165 prad, vertically or horizon-
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Table 5.4. Lattice parameters of the HE-LHC baseline options.

Parameter 18x90 23x90

f* [em] 45

Half crossing angle [prad] 165
Momentum compaction o, (1074 5.8 3.5
Transition energy v; (GeV] 41.5 53.8
Nat. Chromaticity at injection —-70 -85
Nat. Chromaticity at collision —162 —205
Tune at injection (H/V) 50.28/49.31 61.28/58.31
Tune at collision (H/V) 50.31/49.32 61.31/58.32

tally, respectively for IR1 and IR5. Crossing beams lead to the generation of spurious disper-
sion of about 53 cm and 51 cm, respectively for the 18 x 90 and the 23 x 90 lattice. Without
dedicated correction the spurious dispersion wave propagates through the lattice, as shown
in Fig. 5.18 for the 18 x 90 optics without TCLDs, affecting negatively the BSC, dynamic aper-
ture, luminosity and IR functionalities. In the LHC orbit bumps are induced in the arcs adja-
cent to the main experiments, leading to off-centered beams in quadrupoles and sextupoles.
Due to feed-down effects for off-axis beams the spurious dispersion can be controlled. To
avoid linear-coupling effects generated by vertically of-centered particles passing through
sextupoles, the phase advance between the arc sextupoles and the IP needs to be n x 7/2,
where n € N. The same scheme as already used in [127, 128, 216] is applied for both im-
proved HE-LHC lattices. Although for the 23 x 90 optics this phase-advance constraint is not
exactly fulfilled, the deviation is small enough to induce negligible skew quadrupole terms in
the MAD-X model. Induced orbit bumps correct spurious dispersion efficiently as shown for
the 18 x 90 optics in Fig. 5.19.

_Bx _By — Nx — Ny

10

b

Bx.y [km]
Nx,y [mM]

0
IPL IP2 IP3 IP4 IP5 IP6 IP7 IP8 IP1

Fig. 5.18. Spurious dispersion, arising from crossing angles, propagating through the optics
for the 18 x 90 lattice without dispersion suppressor collimators.
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Fig. 5.19. Orbit bumps (bottom) and the resulting compensation of spurious dispersion (top)
in the horizontal (green) and vertical (orange) plane for the 18x90 lattice without dispersion
suppressor collimators. The compensation of spurious dispersion is displayed as the absolute
difference between an optics without crossing angles, and an optics with crossing angles and
spurious dispersion correction using orbit bumps.

Generated orbit bumps lead to orbit peaks up to 4.3mm and 7.3 mm, respectively, for the
23 x 90 and the 18 x 90 optics. As the LHC-like arc FODO cell structure features more FODO
cells and therefore more sextupoles, leading to a smaller orbit for spurious dispersion correc-
tion. It is worth mentioning that the induced orbit bumps, especially for the 18 x 90 lattice
reduce drastically the BSC to about 9 ¢ at 13.5 TeV beam energy. Hence, a trade-off should
be found between the aperture loss due to the induced orbit bumps and the harmful effect
of the spurious dispersion, where the latter also impacts the ring aperture, and also other
properties. Such a trade-off can be found by limiting the amplitude of induced orbit bumps
to reduce, although not fully compensate, spurious dispersion. Alternatively, further opti-
mization of the crossing angle can be envisaged. The present half-crossing angle of 165 prad
results from demanding a beam-beam long-range separation of 15.8 o, where a 8* of 40 cm is
assumed [217]. In the present HE-LHC IR design, however, a 5* of 45 cm is used. The possi-
bility of reducing the crossing angle could therefore be studied, which also reduces spurious
dispersion and therefore the amplitude of orbit bumps used for its correction. Lastly, the im-
pact of the strong octupoles, used to control collective instabilities, on the feed-down due to
these orbit bumps would need to be explored in further studies.

5.5.5 HE-LHC with 60 degree phase advance

Several 90° [201] and 60° [181] FODO-cell phase-advance designs have been studied and
compared. Using 60° phase advance together with designs that fulfill [181]

N pigy =21k, (5.9)
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where N, refers to the number of FODO cells per arc and & € N, have been found to suppress
second-order effects from sextupoles and higher-order non-linearities from magnet imper-
fections [181]. Moreover, a 90° phase advance design demands about 40 % higher integrated
gradient than a 60° one. Hence, an alternative 60° optics, based on the existing HE-LHC base-
line designs with 18 and 23 FODO cells per arc, would imply the possibility to use shorter
main quadrupoles, freeing space to increase the dipole filling factor and, therefore, the en-
ergy reach. An 18x60 and a 23 x60 arc optics are therefore analyzed while keeping the same
cell lengths and conceptual lattice structure, as already shown in Fig. 5.14. FODO-cell param-
eters for these alternative FODO cell optics are given in Table 5.5.

Table 5.5. Parameters of the HE-LHC design options with 60° phase advance.

Parameter 18x60 23x60
Cell Length [m] 137.19 106.90
Dipoles per FODO cell 8 6
Dipole length [m] 14.11 14.03
Filling factor [%] 82 79
Quad. length [m] 2.0 2.3
Quad. strength [Tm™!] 340 356

Bmin/ fmax in FODO cell [m] 80/235 63/182
Ne,min/ Nz, max I FOCO cell [m] 4.0/6.7 2.5/4.1

Beam energy at 16T [TeV] 13.79 13.20
Field for 13.5 TeV [T] 15.66 16.36
BSC at 450 GeV in arc [o] 4.66 7.43

For both analyzed FODO cell optics the dipole filling factor is increased to 82 % and 79 %,
which results in beam energies of 13.79 TeV and 13.20 TeV, respectively, for an 18 and 23 cells
per arc design. This resembles a gain of about 2 % with respect to the respective 90° cells.
While weaker quadrupoles increases the energy reach, optics functions are increased, de-
creasing the BSC by about 2.7 o and 1.3 0. Strategies to reach the target BSC would therefore
need to be reviewed and optimized for the 60° phase advance optics. Implications on longi-
tudinal dynamics, correction schemes and dynamic aperture are not considered and would
need to be explored in further studies in order to complete the assessment of these alternative
optical configurations with reduced phase advance.

5.6 Conclusions

Design options for possible energy upgrades of the HL-LHC are studied, which aim at in-
creasing the beam energy above 7TeV. The assumption that a possible successor should
be installed in the existing tunnel infrastructure and CERN accelerator complex is imposing
strong geometry constraints onto the layout.

By partially replacing installed LHC dipoles by stronger ones, assuming the feasibility of the
16 T dipoles similar to FCC-hh, beam energies of 9.53 TeV of 11.5 TeV can be achieved by re-
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placing 1/3 or 2/3 of arc main dipoles, respectively. The constraint of keep the geometry off-
set between an intermediate upgrade and the LHC lattice low imposes the installation of new
main dipoles, with adapted bending strength, in the dispersion suppressors. To reach at least
100 BSC at 450 GeV injection energy and with HL-LHC aperture parameters, all new dipoles
must be bent to follow the beam path. It should be pointed out that installed arc quadrupoles
are limited to 8.6 TeV with a 90° phase advance optics. It has been shown, that this limitations
can be mitigated with a 60° design, as this allows a beam energy of up to 12.3 TeV and, hence,
to reuse the vast majority of installed elements. This motivates even further testing a LHC op-
tics with 60° arc cell phase advance presented in Chapter 4. However, several other magnets
could still be replaced, namely separation dipoles and insertion quadrupoles, in addition to
dedicated engineering efforts to adapt other components to the increased beam energy, and
to address the interfaces between new and old magnets, including their vacuum chambers,
which would need to be addressed in future studies.

Existing HE-LHC options, representing a full HL-LHC upgrade, are reviewed and optimized.
Great emphasis is put into optimizing both baseline lattices to reduce the geometry offset
with respect to the LEP and LHC geometry. The arc and dispersion suppressors layouts are
significantly improved, where the latter are now compatible with the option of installing addi-
tional collimators in the DS neighboring the IRs, which house the main experiments and the
collimation system, while keeping the geometry offset low. Improving the available aperture
at injection energy is considered in detail, as this has implications on the feasibility of an op-
tics and layout, including possible modifications of the SPS. Various solutions to reach a mini-
mum BSC of 10 o are proposed, also including an adaption of the present beam screen design,
demanding further studies aiming at its engineering optimization. The use of combined-
function dipoles are explored, where it is found that by including an additional b, component
0f 515 x 104 or 500 x 10~* at a R,¢; of 16.7 mm in the main dipoles, respectively, for the 18 x 90
and the 23 x 90 option, 10 o BSC are reached. Furthermore, a careful study of the impact of
the values assumed for the parameters used in the aperture computations is performed. To
achieve the target BSC it could also be envisaged to assume an improved correction of the
closed orbit together with a better mechanical alignment. It is also worth noting, that the
achieved level of optics quality in the LHC, would lead to a significant improvement on the
BSC. For example, 10 o can be achieved with a residual closed-orbit of 1 mm and a 5-beating
of 2 %.

The HE-LHC optics is brought to maturity, using advanced features to ensure optimal per-
formance. For example, spurious dispersion is corrected using orbit bumps, while keeping a
phase advance of exactly 90° in arcs adjacent to the main experiments, similar to [127]. This
also allows using an ATS optics for the HE-LHC. In addition, an alternative HE-LHC arc optics
with areduced phase advance of 60° is studied, which would require lower gradients and thus
allows for a higher dipole filling factor and hence even further increased beam energy.

Used techniques, which focus on lattice and optics optimization with respect to a given tun-
nel infrastructure, are also applicable for other possible future projects, such as the integrated
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FCC project, which foresees the same tunnel infrastructure for the hadron and the lepton col-
lider. Furthermore, presented strategies to increase the aperture and minimize field strengths
could help to show the feasibility of a future hadron collider.
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The contents of this chapter have already been published in [5].

Future hadron colliders aim at producing higher luminosities by burning off an increased fraction of the particle
bunches. This burn-off, however, removes particles unevenly and leads therefore to a transverse emittance
growth. The effect of burn-off on the emittance is estimated analytically for hadron colliders operating far away
from the equilibrium emittance and including synchrotron radiation. As an increased emittance increases the
beam size at the interaction point, the impact of burn-off induced emittance growth on the collider performance
is evaluated for the HL-LHC, HE-LHC and FCC-hh. Effects from intra-beam scattering are considered in the
presented simulations.

6.1 Introduction and motivation

Great effort has been put into understanding and modeling the luminosity evolution accu-
rately for present and future colliders [218, 219, 220, 221, 222]. The effect of emittance growth
has already been studied for ion collisions at the LHC and at RHIC in [223, 224], using an
approximate analytical model and numerical simulations assuming Gaussian distributions
throughout the fill. Analytical equations, derived by R. Tomas [5], describe non-Gaussian
bunch density distribution in the two transverse planes after luminosity burn-off and in-
cluding synchrotron radiation in hadron circular colliders. Necessary theoretical concepts to
understand the estimated emittance growth from particle burn-off are recalled below. Emit-
tance growth from intra-beam scattering is treated as an additional perturbation to the trans-
verse emittance. It has to be noted that derived equations do not apply for lepton colliders
which operate at the equilibrium emittance.

In the LHC, the presently highest energy hadron collider, which has achieved a beam energy
of 6.5 TeV in previous runs, a particle burn-off of about 15 % is typically recorded in proton
runs from 2017 and 2018. Emittance growth from particle burn-off in the LHC is therefore
fairly small and hence its impact on the performance is not studied further in this work. It
has to be noted, that the LHC luminosity model is currently being investigated in [225, 226,
227].

Contrarily to the LHC, emittance growth from particle burn-off will have a greater impact in
future hadron colliders, which aim at reaching at least five times higher luminosity by burning
off a huge fraction of the initial particle bunch. For example in the FCC-hh about 80 % of
particles are expected to burn off during a physics fill [27]. For the HL-LHC and HE-LHC a
slightly lower burn-off of about 60 % and 70 % are expected, respectively [28, 29]. As these

89
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particles do not burn-off equally distributed in the bunch, luminosity production itself leads
to an emittance growth, which cannot be neglected. As an emittance growth results in a larger
beam size at the interaction point, at constant /3;;, the luminosity reduces. Hence, the impact
on the performance of burn-off induced emittance growth is studied for HL-LHC, HE-LHC
and FCC-hh. Used parameters for performed simulations are summarized in Table 6.1.

Table 6.1. Key parameters for (HL-)LHC, HE-LHC and FCC-hh for proton operation.

Parameter (HL-)LHC HE-LHC FCC-hh
c.o.m. energy [TeV] 14 27 100
ppb [10%] (2.2) 1.15 2.2 1.0
Exy0 (] (2.5)3.75 2.5 2.2
5y (m] (0.15) 0.55 0.45 0.3
o, [mm] (75.5) 75.5 90 ~ 80
€2y damp. time [h] 25.8 3.6 1.1
Hor. IBS growth time [h] 14.7 23.5 406.7
Inelastic cross-section [mb] 85 91 108
Total cross-section [mb] 111 126 153
Turn-around time [h] 2.42 3 4
Lmax [103*cm™2s71] (5,1ev) 1 16 30
Lint (b~ 1y ~1] (1.9) 0.4 4.5 8.0

The instantaneous luminosity, bunch population and transverse emittances for reference
physics fills of HL-LHC, HE-LHC and FCC-hh are shown in Fig. 6.1. It can be seen that these
colliders feature different luminosity productions over a physics fill and hence need to be
treated separately. All presented simulations are performed using the LEVELLING code [228],
already used extensively for HL-LHC [229, 230, 231] and for HE-LHC [202]. Intra-beam scat-
tering also contributes to the emittance growth and cannot be neglected in simulations for
future hadron colliders. It will be added here as a perturbation after considering synchrotron
radiation damping and emittance growth caused by burn-off. Possible effects from dynamic
aperture [232], beam scraping [233], beam excitation from power converters, flux jumps and
crab-cavity noise are not considered [183, 229, 234, 235].

6.2 Analytical derivations

Analytical derivations to calculate the burn-off induced emittance growth are derived by R. Tomas,

where the most important steps are recalled in the following. The complete formalism is
given in [5]. Assuming a Gaussian beam distribution at the start of the physics fill the particle
density p(u) given by

1 _u?
u) = e 20'7% ,
p(u) G

where « is any of the transverse dimensions {z,2’,y,y'} and o, is the transverse beam size.
Assuming head-on collisions from two identical bunches the 4-dimensional distribution of

(6.1)
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Fig. 6.1. Simulated instantaneous luminosity, bunch population (ppb) and transverse rms
emittances for physics fills in HL-LHC, HE-LHC and FCC-hh including synchrotron radiation
damping and intra-beam scattering.

particles experiencing collisions is given by [223]
AN (2,2, y,y") = 0, NG f p(x)? p(y)* p(a’) p(y) dtdv 6.2)

with the proton total cross-section o), the initial number of particles per bunch N, and the
collision frequency f. dv is the 4-dimensional phase-space differential, i.e.

dv = dx dz’ dy dy' . (6.3)

The hour-glass effect is neglected here as all future colliders are designed to operate with j3;
larger than the bunch length o, (see Table 6.1). By performing a variable transformation to
action-angle variables allows to re-write Eq. (6.2) into

N2
AN Ty, 0y) = —y g 0L o Ualheos® )t isess? o) ey dy (6.4)

0202010, 873

where ¢ is the rms geometric beam emittance. For simplicity equal horizontal and vertical
emittances are assumed, i.e. ¢ = ¢, = ¢,,.. After the variable transformation the 4-dimensional
phase-space differential reads

dv = dJ, d¢, dJ, do, . (6.5)
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Using the known trigonometric relation

1 + cos(2¢)

cos? ¢ = , (6.6)
2
Eq. (6.4) transforms into
2
AN (Jy. b, Iy, 6) = NS (B reos@on)+0, (reos2a))/29) grdy . (6.7)
) » Yy Py 0’%0’50’1/0’?/8773
It is then integrated over the angles ¢, ,, as already shown in [223], i.e.
i /27r /QW e_(Jx cos(2¢s )+ Jy cos(2¢y))/(2¢) déy dg, =1 & I ﬁ (6.8)
ar? Jo  Jo P02 ) P\ 2e ) '
where the definition of the modified Bessel-function of the first kind,
1 vy
To(z) = = / 5% dg (6.9)
™ Jo

is used. After integration over the phase variables the action distribution of the colliding par-
ticles is given by

op NG f —3(Jat S J,
AN (Jy, Jy,t = 0) = U%UQ;’#M x e 3(JetIy)/(22) 1 <2€> Iy <2z> dtdJ,dJ, , (6.10)

which is the equivalent result as in [223]. In a further step Eq. (6.10) is analytically integrated
over time, using

N,
N(Ja, 1y, 0) = e /e, (6.11)

incorporating it in Eq. (6.10) and making the ansatz that the same differential equation holds
for N(J,, Jy,t) atany t > 0 gives

opfNodJpdJ, - Ja J
AN (Jg, Sy, t) = =L 2SI N,y (St T)/ G (Z2 ) To (2 ) dt . (6.12
( Ty JY> ) 8\/,%271' ( xy Jys ) X e 0 % 0 2 ( )
It is important to highlight that no assumption on the shape of N(J,, J,, t) is taken and that e
remains constant. Dividing by N (.J;, J,, t), integrating over ¢ and using Eq. (6.11) results in

N ety e TN ety o)1y (22 1o (L)
N(Jgy Jyrt) = =2 x e VB8 () . (6.13)

62
This equation can be simplified by introducing the scaled Bessel function Iy(z) and a new
time variable 7 as

Ip(z) = e *“Ip(x), (6.14)
O'prO

7t ,
e/ BiB2m

(6.15)
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giving the final result of

t o (Jz\i. [Ty T
N(Jy Iy, ) = 0=t d/eta(32)io ) (6.16)
13
7 can also be expressed in terms of the initial particle collision rate, Ry, and the initial number

of particles in the bunch, Ny, as [5]
_ Rot

T= 5Ny’

Hence = 1/2 can be interpreted as the time needed to burn all particles with the initial

(6.17)

collision rate. From Eq. (6.16) the total number of particles versus time, N(7), and the aver-
age action, .J,(7), identical to the rms emittance, are given by the double integrals over the
transverse action variables, i.e.

N(r) = //N(Jz,Jy,T)szdJy, (6.18)

Ju(T) = ]\%//JxN(Jx,Jy,T)dedJy. (6.19)

It is shown in [5] that the relative emittance growth from burn-off has the same behav-
ior whether or not synchrotron radiation damping is included. However, by including syn-
chrotron radiation damping the particle burn-off is faster [5]. The actual results in 2 dimen-
sions, using Eq. (6.16), are shown in Fig. 6.2. Although with included synchrotron radiation
the transverse emittance is damped over time, Fig. 6.2 still holds by defining ¢ = ¢(¢). More-
over it is shown in [5] that the difference in emittance growth between one and two dimen-

1.5

1.4}

1.1}

LHC _
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
N(t)/No

1.0

Fig. 6.2. Relative emittance growth versus remaining bunch intensity from analytical formula
considering two transverse dimensions. If synchrotron radiation damping is considered ¢ in
the vertical label means ¢(¢). [Plot taken from [5]]
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sions is minor.

At a given particle loss over a physics fill, resulting from luminosity production, the expected
emittance growth is estimated using Eq. (6.16), which is also highlighted in Fig. 6.2 for LHC,
HL-LHC, HE-LHC and FCC-hh. In the extreme case of FCC-hh where up to 80 % of the beam
could be burnt-off about 40 % relative emittance growth is expected. For the HE-LHC with
a burn-off of 70 %, it is expected that the emittance is increased by 30 %. The HL-LHC is
designed with the lowest particle burn-off of 60 %, resulting in an emittance growth of 20%.
For the LHC with 15 % particle burn-off the expected emittance growth is lower than 10 % and
hence the impact on the performance is not considered in the following simulations.

6.3 Simulations

To estimate the impact of particle burn-off and the resulting emittance increase on the lu-
minosity reduction, simulations are performed for HL-LHC, HE-LHC and FCC-hh, using the
LEVELLING code [228] where a detailed description is given in [230]. This code framework
has already been used for performance studies for the HL-LHC and the HE-LHC to simulate
physics fills. In presented studies the transverse distribution is approximated to be Gaussian
during the entire physics fill. Beam parameters, such as the bunch population, are updated
step-wise every three minutes of a simulated fill. Due to particle burn-off the bunch popu-
lation decreases over the fill. The optimal fill time is optimized to maximize the integrated
luminosity in each scenario. The crab-cavity curvature and the hour-glass effect are included
in the code framework. In performed simulation the bunch length is kept constant assuming
longitudinal emittance blow-up. Parameters used for the simulations are given in Table 6.1.

6.3.1 Burn-off growth times

The transverse emittance is determined in each step by 3 growth or damping times, namely
synchrotron radiation (rsg), intra-beam scattering (r1gs) and burn-off induced emittance
growth (7p0). The emittance evolution over time can therefore be written as

u 1 1 1
dew _ - <_ L ) ' (6.20)

dt TSR TIBS TBO

Emittance damping due to synchrotron radiation is determined by the particle mass and its
energy and is constant over the fills. Intra-beam scattering induced emittance growth is not
constant and is evaluated by MAD-X [117] in each step. Emittance growth due to particle burn-
off results from inelastic cross-sections. In a real machine, however, the bunch population
depends on the total cross-section, which determines pile-up and hence luminosity. Burn-off
damping times and resulting integrated luminosity are therefore given for these two extreme
scenarios, to mark the boundaries for a real machine. The burn-off growth time is evaluated,
based on fills including synchrotron radiation and resulting in an emittance growth of 20 %,
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30 % or 40 %, respectively for the HL-LHC, the HE-LHC or the FCC-hh. T3¢ is calculated using

ef = o X e'i1/TBO | (6.21)

with the initial and final emittances ¢y and &, and the fill length ¢g), of the reference fills.
Resulting growth times from burn-off are summarized in Table 6.2. 75 calculated including
only burn-off from inelastic cross-section results in longer growth times compared to using
the total cross-section for all machines. The burn-off growth times decrease the higher the
beam energy of the machine is. For example the burn-off growth time for FCC-hh is about
8 times shorter compared to the HL-LHC. Calculated growth times are added as an additional
source for emittance growth in addition to intra-beam scattering.

Table 6.2. Burn-off growth times for possible future hadron colliders.

HL-LHC HE-LHC FCC-hh

Tpo from inelastic cross-section [h] 66.1 20.4 8.5
Tgo from total cross-section [h] 50.6 16.8 6.0

6.3.2 Performance impact

The impact of burn-off induced emittance growth on the performance for HL-LHC, HE-LHC
and FCC-hh is evaluated including calculated growth times. A summary is given in Table 6.3
and a detailed description is given in the following.

Table 6.3. Parameters at the end of a physics fill for HL-LHC, HE-LHC and FCC-hh, where in
one case only the synchrotron radiation damping (SR) and intra-beam scattering growth (IBS)
are respected. In the other case emittance growth resulting from burn-off (BO) considering
total cross-section is added additionally.

HL-LHC HE-LHC FCC-hh

Parameter

SR+IBS +BO SR+IBS +BO SR+IBS +BO
10T [11m] 2.7 3.1 1.1 1.8 0.13 0.16
epe™ [m] 1.9 2.3 0.8 1.1 0.06  0.08
tay [hl 8.5 8.1 4.4 4.0 3.5 3.8
Tgo [h] — 50.6 — 16.8 - 6.0
ppb [10'1] 0.96 1.0 0.8 098 018 0.20
Lint (b~ y™1] 262 259 557 525 933 883
ALjp [%] — -1.2 — -6.1 — -5.7
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HL-LHC

HL-LHC baseline physics fill, taking losses from the total cross-section into account is shown
in Fig. 6.3, including growth and damping times. This fill includes a j3; , leveling technique
with a minimum of 15 mm. With this leveling-technique f; , is step-wise decreased to keep
the instantaneous luminosity at 5 x 103 cm~2s~! until the minimum $* of 15 cm is reached.
It has to be noted that the ultimate HL-LHC design foresees an instantaneous luminosity of
7.5 x 103* cm~2s~!. However, this option is not considered in these simulations. After the
smallest optics functions at the interaction point are reached the instantaneous luminosity
decays until the optimal fill length is reached. In all studied scenarios the optimum fill time is
about 8 h to 8.5 h. It is assumed that installed crab-cavities compensate 77 % of the full cross-
ing angle of 500 prad at a beam energy of 7 TeV. In fills including synchrotron radiation and
intra-beam scattering, horizontal emittance is already blown up due to strong intra-beam
scattering. Burn-off enhances the emittance blow-up by additionally 20 %. Synchrotron radi-
ation damping time of 25.8 h is too weak to compensate for the emittance growth from intra-
beam scattering and burn-off. The effect of intra-beam scattering is weaker if the additional
growth due to burn-off is present, as the latter leads to an increased 7igs. It is also found that
T18s increases over the fill. The additional emittance growth caused by burn-off from total
cross-section leads to a loss of integrated luminosity of 1.2%. In the more optimistic sce-
nario where burn-off from inelastic cross-section only is assumed, the integrated luminosity
decreases by 0.8 %.
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Fig. 6.3. Simulated physics fill for HL-LHC, including synchrotron radiation (SR), intra-beam
scattering (IBS) or emittance growth due to burn-off (BO) from the total cross-section losses.
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HE-LHC

For the HE-LHC with a beam energy of 13.5 TeV it is assumed that crab-cavities compen-
sate for the full crossing angle. In the present HE-LHC design no leveling technique is im-
plemented. However, a constant beam divergence scheme can be envisaged to increase the
luminosity, as described in [202]. Concerning luminosity, physics fills including synchrotron
radiation and intra-beam scattering or fills including synchrotron radiation and emittance
growth due to burn-off from total cross-section, lead to comparable luminosities as shown
in Fig. 6.4. This is the result as ;g5 and 7o are both in the order of 20h at the beginning
of the fill and therefore lead to a comparable emittance growth. In fills including both con-
tributions to the emittance growth, the horizontal emittance growth is severely increased by
almost 65 % with respect to the reference physics fill, which includes synchrotron radiation
and intra-beam scattering. One explanation for this significant emittance blow-up is the in-
terplay between these two sources for emittance growth. Although the synchrotron radiation
damping of 3.6h is stronger compared to the HL-LHC, the resulting damping is too small
to compensate for induced emittance growth from intra-beam scattering and particle burn-
off. The resulting loss of integrated luminosity is 6.4 % and hence more than 5 times higher
compared to the HL-LHC. Considering particle burn-off only from inelastic cross-section, the
integrated luminosity is decreased by 4.7 % with respect to the nominal scenario.
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Fig. 6.4. Simulated physics fill for HE-LHC, including synchrotron radiation (SR), intra-beam
scattering (IBS) or emittance growth due to burn-off (BO) from the total cross-section losses.
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FCC-hh

The highest energy future hadron collider is the FCC-hh, and aims at reaching 50 TeV. To
reach the highest number of particle interactions the installation of crab-cavities, compensat-
ing for the full crossing angle, is assumed. For this machine 7gg is about 1.1 h. The emittance
growth time due to intra-beam scattering is initially 400 h and hence negligibly small com-
pared to synchrotron radiation damping. As a result of the high beam energy the transverse
emittance is damped rapidly, leading to an increase of instantaneous luminosity during the
first third of the physics fill. The highest luminosity is reached after 1.2 h, as afterwards intra-
beam scattering becomes stronger, leading to the decay of instantaneous luminosity. Includ-
ing emittance growth from burn-off decreases the luminosity and results in an integrated
luminosity loss of 5.7 %, assuming burn-off from total cross-section. In addition to the loss of
integrated luminosity the peak instantaneous luminosity is decreased from 26 x 1034 cm 25!
t0 23 x 1034 em~2s~!, while the optimum fill length is increased from 3.5 h to 3.8 h. Considering
in addition the emittance growth from intra-beam scattering has a negligible impact on the
luminosity reduction. FCC-hh physics fills are shown in Fig. 6.5, where the burn-off is from
collisions considering the total cross section. The integrated luminosity is reduced by 5.7 %
due to burn-off induced emittance growth. With particle burn-off only from inelastic cross-
—24-1

section the peak instantaneous is 25 x 1034 cm and results in an integrated luminosity

reduction of 3.7 %.
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Fig. 6.5. Simulated physics fill for FCC-hh, including synchrotron radiation (SR), intra-beam
scattering (IBS) or emittance growth due to burn-off (BO) from the total cross-section losses.
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6.4 Conclusions

Future hadron colliders are designed to produce unprecedented luminosities by burning off a
large fraction of the initial bunch population. The FCC-hh is designed to burn-off up to 80 %
of the particles during each physics fill. For the HE-LHC and the HL-LHC, 70,% and 60 % are
expected to be burnt off, respectively. A derived formalism predicts an emittance growth of
from particle burn-off of 20 %, 30 % or 40 %, respectively, for the HL-LHC, the HE-LHC and
FCC-hh.

The LEVELLING code, which evaluates beam parameters step-wise of a physics fill, is used
to calculate the impact of burn-off induced emittance growth on the performance for these
three possible future colliders. In a pessimistic assumption the burn-off losses from total
cross-section is taken into account, which results in an integrated luminosity reduction of
about 6 % for the HE-LHC and for the FCC-hh. In case of the HL-LHC, the integrated lumi-
nosity loss due to burn-off induced emittance growth is approximately five times lower, and
about 1.2 % compared to nominal fills.
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The contents of this chapter have already been published in [6, 7].

Beam optics measurements are an inevitable part, especially during the commissioning, of a collider aiming
at unprecedented luminosities. Turn-by-turn and closed orbit distortion methods are widely used to determine
the optics in various commissioning steps. To ensure precise results, stable measurement conditions need to
be established. The prospects and limitations of turn-by-turn optics measurements using different excitation
techniques are currently being explored at SuperKEKB and results are compared with closed orbit distortion
ones. Optics parameters such as non-linear chromaticity and amplitude detuning is evaluated and compared
to models. Measuring the optics at various bunch currents for the positron ring gives first insights on intensity
dependent effects.

7.1 Introduction and motivation

Over the past decades circular colliders have reached continuously lower optics beating with
respect to the model [126]. SuperKEKB currently holds the instantaneous luminosity record
of 3.1 x 103* em~2s~! [236], where improved quality of optics measurements and corrections
contributed to this success. This luminosity record has been achieved using the crab-waist
collision scheme with a maximum powered crab-waist sextupoles of 80 % and 40,%, a verti-
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Fig. 7.1. Predicted luminosity for SuperKEKB. [Plot taken from [19]]
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cal g-function at the interaction point of 1 mm and beam currents of about 0.8 A and 0.7 A, re-

spectively for the Low Energy positron Ring (LER) and the High Energy electron Ring (HER) [237].

The goal of SuperKEKB is a 20 times higher instantaneous luminosity than the present record,
aimed to be achieved around 2028, as seen in Fig. 7.1 [19]. Reaching approximately 60 x
10** em™2s~! [30] demands a 3} of 0.27 mm and 0.3 mm for the electron and positron beams
and beam currents of 2.8 A and 2.0 A [30]. It has to be noted, that the beam parameters quoted
in the original design report are more ambitious than present design values and are summa-
rized in [42]. For example, the original design report foresees an instantaneous luminosity of
80 x 103* cm~2s~! with beam currents of 3.6 A and 2.6 A, respectively for HER and LER. A de-
tailed comparison of already achieved beam parameters in 2021 and recently updated design
values is given in Table 7.1 [30, 237].

Table 7.1. Beam parameters for achieved instantaneous luminosity of 3.1 x 10** cm=2s7! in
2021, together with recently updated design goals [30, 237].

June 2021 Design

Parameter

LER HER LER HER
Beam energy [GeV | 4 7 4 7
Number of bunches [-] 1174 1761
Beam current [mA] 790.3 686.6 2800 2000
B2 [mm] 80 60 32 25
By [mm] 1 1 0.27 0.3
oy [pm] 24 22 10.1 10.7
oy, [pm] 0.26 0.23 0.048 0.062
Lomax [103*cm™2571] 3.12 60

To increase further the instantaneous luminosity, the g-functions at the interaction point
need to be decreased, also known as squeezing, where optics measurements, corrections and
tuning are demanded in each squeezing step. In SuperKEKB the ring optics is measured by
two different techniques, Closed Orbit Distortion (COD) and Turn-by-Turn (TbT) measure-
ments. Both methods are based on recording the bunch centroid transverse position. For
COD measurements the average over several turns is used, whereas for TbT measurements
the orbit is recorded in each turn. The advantages and limitations of TbT measurements
are explored here, together with evaluation of their accuracy by comparing measurements to
simulations, theory or COD results.

Recent studies pursued an optics with a 3; below the design value of 0.09 mm, which could
help to increase the luminosity further, if the bunch current is limited due to arising instabil-
ities [238]. In order to reach these ambitious design values unprecedented optics control is
demanded, including rapid identification of unexpected error sources, achieved by perform-
ing optics measurements. It is hence inevitable to establish measurement setting best suited
for optics measurements, which motivated the here presented studies. It has to be noted that
K-modulation has been used recently to measure §* in the electron ring of SuperKEKB and is
not discussed here [110].
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Fig. 7.2. Transverse tunes and bunch current over time for the SuperKEKB electron ring using
asingle bunch, with a 8; , = 60, 1 mm optics. 0 indicates nominal RF-settings, while +A f and
—Af a positive and negative shift of the RF-frequency, respectively.

In addition to smaller g*-functions, more bunches need to be circulated in the rings and the
number of stored particles per bunch is aimed to be increased by about a factor 2 and 3.5,
respectively for the electron and the positron ring, to reach the present design goal. There-
fore, intensity dependent effects, resulting from wake-fields generated by impedance sources,
can impact greatly the collider performance. Dedicated optics measurements are hence per-
formed to benchmark the present impedance model and aiming at identifying unexpected
impedance sources.

The commissioning of SuperKEKB started in 2016 [239] and is presently ongoing. In the
framework of machine commissioning, optics measurements, obtained in 2019 and 2021,
are analyzed and presented here. During data acquisition in 2019 optics with §; from 2mm
to 0.8 mm are used. Frequent machine tuning in each optics is needed to ensure sufficient
beam stability for obtaining measurements in every optics step. Decreasing /5*, which is one
essential step to fulfill the design goals, demands the commissioning of the optics in each g*
squeezing step and is hence a time consuming procedure. Moreover, operating a machine
at various optics shows different challenges and imperfections and therefore highlights the
complexity of a storage ring collider.

Although continuous optics tuning improves the beam stability and the lifetime, establish-
ing stable beams is challenging. For example, during acquisition of TbT data for the most
squeezed optics in the electron ring with 33, = 60,1 mm the beam is lost very quickly, as
seen in Fig. 7.2 for single bunch measurements, showing the bunch current together with the
transverse tunes over 20 min. The latter are measured using the SuperKEKB tune feedback
system. In addition to an intensity dependent tune shift, tune drifts are observed. It can
be clearly seen in the same figure that for this optics the beam current decreases drastically
faster after shifting the RF-frequency, aiming to measure the off-momentum optics. This can
hint to a smaller than expected momentum acceptance, caused by various possible machine
errors.

In the last run in spring 2021 the same optics is kept for both rings with a 3 of 2mm. Instead
of decreasing the S-function at the interaction point, the focus of this run is to strengthen
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the understanding of the machine and identifying various error sources limiting the perfor-
mance. Compared to 2019 the crab-waist sextupoles are switched on and powered at 80 %
and 40 % of their maximum strength, respectively for LER and HER [237]. For example, it
is found that chromatic linear coupling at the interaction point contributes to the observed
beam-beam blow-up [240], whereas its full origins are currently being in the process of being
understood. Apart from observed magnetic imperfections and stronger than expected cou-
pling, increasing the bunch current is found to be difficult. The Transverse Mode Coupling
Instability (TMCI) threshold is observed at 0.9 mA [240], and therefore lower than required
to achieve the design goal. In addition, a large tune shift with intensity of about half of the
synchrotron tune per mA of bunch current [240], combined with strong synchro-betatron
resonances limits the available regions in the tune diagram for suitable working points.

Gained experience during commissioning at SuperKEKB will also allow for first predictions
of arising optics commissioning challenges for FCC-ee, which is designed to collide 1.4 A lep-
ton beams with a 4, of 0.8 mm in its first beam energy stage of 45 GeV [26]. Remarkably, this
B, has already been achieved in 2020 in SuperKEKB, showing the necessity to investigate in
understanding commissioning challenges and also performing optics measurements at the
presently highest luminosity lepton collider to demonstrate various aspects of the optics fea-
sibility of FCC-ee [45].

7.2 SuperKEKB description

SuperKEKB [19, 41, 42], an upgrade of the KEKB collider with 3.016 km circumference, is lo-
cated at KEK in Tsukuba, Japan. It consists of a 4 GeV Low Energy positron Ring (LER) and a
7 GeV High Energy electron Ring (HER). The beams are brought to collision at one interaction
point, where the Belle II experiment [38] is installed. Its predecessor, the Belle experiment,
the Charge Parity (CP) violation has been demonstrated successfully, leading to a Nobel Prize
in physics in 2008 [241]. The goal of SuperKEKB and Belle 11 is to study the CP violation further
and to possibly find physics beyond the standard model.

The Belle II experiment is installed in Tsukuba straight section, one of the four straight sec-
tions. A second beam crossing is performed in Fuji straight section, where also the beams
are injected continuously at the final beam energy, also known as top-up injection scheme.
No additional acceleration is performed in SuperKEKB and hence installed RF-cavities only
preserve the injected beam energy by compensating losses from synchrotron radiation. In
straight sections Oho and Nikko RF-cavities, wigglers and other beam instrumentation are
installed for both rings. Recently, movable collimators have been installed in the arcs for
both rings. In total 20 and 11 collimators are integrated, respectively, in HER and LER. The
location of those collimators, RF-cavities and wigglers are shown in Fig. 7.3 [242].

To measure the beam optics 466 and 444 Beam Position Monitors (BPMs) are installed for
HER and LER, respectively. From all BPMs 70 and 68 of those are capable of recording TbT
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Fig. 7.3. Schematic layout of SuperKEKB including the location of the collimators. [Plot taken
from [242]]

orbit data, respectively. The schematic layout and description of the used button BPMs are
already given in right Fig. 3.1 in Chapter 3.

The four SuperKEKB arcs consist of periodic cells with a phase advance of 2.57 = 450°. One
arc cell is approximately 76.6 m long and consists of four bending dipoles, five focusing (QF)
and five defocusing (QD) quadrupole structures and two non-interleaved sextupole pairs per
cell. In addition to the focusing and defocusing quadrupoles, two additional quadrupoles
(QE) are installed. The lattice and optics for the LER arc cell is shown in Fig. 7.4.

Between the sextupoles of each pair the transverse phase advance is equal to 180° in both
planes and the phase advance between two neighboring pairs is approximately 45°. Each ring
consists in total of 50 non-interleaved sextupole pairs used to correct the chromaticity and to
optimize the dynamic aperture, while keeping the transverse emittance small [42]. The trans-
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Fig. 7.4. Schematic plot of the lattice, S-functions and horizontal dispersion () of a 2.57
LER arc cell, consisting of four bending dipoles (orange), five focusing and five defocusing
quadrupoles (blue), two additional quadrupoles (green), which here act as focusing struc-
tures and two non-interleaved sextupole pairs (red). Focusing and defocusing quadrupoles
and sextupoles are shown below and above the horizontal axis, respectively.

fer matrix, I, within one sextupole pair represents a pseudo —/-transformation, canceling out
non-linear kicks by sextupoles and is given by [42]

I= . (7.1)
0 0 mays -1

The installed additional quadrupoles QE allow to adjust the momentum compaction factor
and the transverse emittance and hence the matrix elements mo; and mys.

As about 80 % of the natural vertical chromaticity is resulting from the final focus, SuperKEKB
has alocal correction scheme implemented. Hence, in addition to the sextupole pairs in the
arcs, four pairs are installed in the interaction region. This non-interleaved sextupole scheme
with a local chromaticity correction guarantees an improved injection, dynamic aperture
and Touschek-lifetime compared to other arc layouts [243], as already studied in detail for
KEKB [244]. The advantages of a non-interleaved sextupole scheme for FCC-ee are also stud-
ied [245] and included in its design [26, 40].

In the interaction region the nano-beams collide under a crossing angle of 83 yrad, and the
Piwinski-angle foreseen in the final design is 24.6rad and 19.3rad, respectively for LER and
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Fig. 7.5. Interaction region of SuperKEKB. [Plot taken from [41]]

HER [41]. In contrast to the original crab-waist scheme, where dedicated crab-waist sex-
tupoles are installed close to the interaction point, SuperKEKB uses the same sextupoles
as used for the local chromaticity correction. The final focus quadrupoles, (QC1LE, QC2LE,
QCIRE and QC2RE for HER and QC1LP, QC2LP, QC1RP and QC2RP for LER), are interleaved
with the detector solenoid (ESL, ESR1 and ESR2) from the Belle II experiment. These quadru-
poles also contain various higher-order multipole correction coils, up to the order of dode-
capoles, where more details are displayed in Fig. 7.5, together with a schematic view of the
SuperKEKB interaction region. As the final focus quadrupoles closest to the IP of LER are
close to the electron beam, dedicated leak field cancel coils are installed, compensating mul-
tipoles b3, by, b5 and bg (see Eq. (2.29)). It has to be noted that recent investigations aim at
improving the modeling of the closed orbit in the final focus and its impact on the generated
background [246].

7.3 Optics measurement in SuperKEKB

To validate the machine optics by comparing obtained results with the expectations from the
Strategic Accelerator Design (SAD) [118] model, beam optics measurements are performed
regularly. In SuperKEKB two different techniques are used, namely COD and TbT measure-
ments, where for the latter the beam needs to be excited. In SuperKEKB beam excitation is
performed by either a single kick with an Injection Kicker (IK), or by continuous excitation
provided by a Phase Lock Loop (PLL). Both methods have various advantages and challenges
which are aimed to be understood for SuperKEKB.
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7.3.1 Measurement techniques

In SuperKEKB the beam optics is measured by either using COD or TbT measurements. As
fast optics measurements could be achieved with TbT method, a measurement campaign is
performed, aiming to improve the measurement quality, which includes investigating var-
ious beam excitation techniques and settings. As one goal of this work is on improving the
quality of TbT measurements, this method, including its limitations, is studied and described
in more detail. Moreover, inevitable pre-processing steps are described in the following. In
addition to these techniques, recent studies use K-modulation to measure 5* in the electron
ring [110], which is not discussed here.

Closed orbit distortion

Optics measurements using COD [108, 247, 248] method are already well established and
performed routinely in SuperKEKB. For COD measurements the beam is excited with six cor-
rector magnets and the centroid orbit is recorded by 466 and 444 BPMs, respectively for HER
and LER. The measured orbits, taking the average over several turns, is stored in a matrix,
containing therefore a large number of elements. The optics of both transverse planes are
then reconstructed using analytical formulas. As the correctors need to be powered one af-
ter the other, the COD method is rather time consuming. Another limitation in SuperKEKB
is that currently the feed-down from sextupoles on off-axis particles is not considered. This
introduces an error which limits the amplitude of the orbit distortion and is expected to be
even more severe for optics with smaller 3; | [249]. Moreover, as the average particle orbit is
observed, the BPM readings depend on an exact calibration. One important benefit of COD
measurements in SuperKEKB is that about 6.5 times more BPMs are used for this method
compared to TbT data.

Turn-by-turn

68 and 70 BPMs in HER and LER are capable of recording TbT orbit data, where typically
several thousands of turns are recorded in both transverse planes. In SuperKEKB TbT mea-
surements are usually performed with a single bunch and a bunch current from 0.2 mA up to
1.5mA.

For TbT measurements the beam first needs to be excited, where two different techniques
are used in SuperKEKB. An IK performs a single kick to excite the beam. Due to synchrotron
radiation the particle motion is damped. The transverse damping times are 46 ms and 53 ms,
respectively for the positron and the electron ring. With a revolution time of about 10 ps this
corresponds to 4600 and 5300 turns. Although several IK are installed for each ring in Fuji
straight section, they are only capable of performing horizontal kicks. As a result the vertical
optics cannot be measured precisely. After applying a single kick an automatic trigger system
starts data acquisition, after a kick is applied.
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Contrarily to single kicks, a PLL, where the kicker is also installed in Fuji straight section, al-
lows for a constant beam excitation. With a fixed phase the PLL follows the natural tune,
obtained by Fourier transform, and drives the beam at that frequency, where the excitation
amplitude is set manually. The great advantage of PLL excitation compared to IK is that
this system can drive the beam horizontally and vertically, in the PLL-H and PLL-V modes,
respectively. Moreover, simultaneous double-plane excitation, PLL-HV mode, is studied in
detail and presented here for the first time. Simultaneous measurement of both transverse
planes enables to measure transverse coupling and other Resonance Driving Terms (RDTs)
and hence establishing good PLL measurement settings are inevitable for the future steps
in SuperKEKB commissioning. Moreover, until now the PLL is the only way to perform TbT
measurements of the vertical plane, showing again the necessity of presented studies. As no
automatic trigger system is installed for PLL, the data acquisition needs to be started man-
ually, where up to 50000 turns are recorded. The PLL system demands a minimum bunch
current of 0.5 mA to drive the beam.

The recorded TbT orbit data is first translated into the ASCII SDDS format [113]. A Fourier
transformation is then performed on this data using HARPY, including cleaning algorithms
based on Singular Value Decomposition (SVD), to retrieve the harmonics spectrum, the trans-
verse tunes and the phase advances between BPMs. The output of the harmonics analysis is
used together with the SAD model for optics calculation, using codes [250, 251] developed by
the Optics Measurements and Corrections (OMC) team at CERN and also used for the LHC.

As part of the pre-processing possible BPM synchronization errors are identified and cor-
rected. If a BPM reports with a time delay of n turns with respect to the other BPMs this leads

to a phase advance error with respect to the model, Ay, = p2°* — ™4, of n times the natural
tune, i.e.
Apy =n x Q,, where n e Z\ {0}. (7.2)

To correct these synchronization errors the TbT orbit data needs to be shifted by n turns,
demanding therefore to repeat the harmonics and the optics analysis. For HER a maximum
of n = 41 is found, whereas for LER also an offset of n = 42 is observed.

7.3.2 Analysis of Turn-by-Turn data

Before analyzing in detail different excitation techniques for TbT measurements and compar-
ing them with results from COD, the first goal is to identify suitable methods and parameters
for harmonics and optics analysis.

As already mentioned before the data is cleaned using algorithms based on SVD [114, 252,
253]. The recorded data is stored in a M x N matrix A, with M turns recorded at N BPMs,

which is then decomposed as
A =USVT, (7.3)

The columns of U and V are left-singular and right-singular eigen-vectors of, respectively,
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Fig. 7.6. Singular values after SVD. The first 20 modes are used for further analysis.

ATA and AAT. S is a positive definite diagonal matrix. For SVD-cleaning only the largest
eigen-values are kept to recompose the orbit matrix. The choice of kept singular values in-
fluences the final result. While keeping fewer dominant modes removes more noise from the
data, one risks to also remove valuable information. As one goal of the performed measure-
ments is to possibly identify unexpected errors, for these studies the threshold is set rather
high and therefore the largest 20 singular values are kept for further analysis, as illustrated in
Fig. 7.6 for HER measurements.

After cleaning harmonics analysis is performed to retrieve the frequency spectrum in both
transverse planes. An example of an obtained spectrum is shown in Fig. 7.7 for HER optics
measurements with IK excitation for an optics with 3; , = 80,2 mm. As only horizontal single
kicks are performed the signal-to-noise ratio is worse for the vertical plane. The vertical and
the horizontal tunes, i.e. lines (0,1) and (1,0) are visible in the vertical plane, indicating the
presence of transverse coupling. Spectral lines from higher order Resonance Driving Terms
(RDTs) are not found in this example.

One of the most important optics parameters is the g-function. As already described in
Chapter 3 there are two measurement principles, namely § from amplitude, 5P, using the
recorded amplitude of the betatron oscillations, or # from phase advance, 5P", where the
measured phase advance between BPMs is used. The latter method is considered applicable
as the phase advance between two BPMs is not close to 90°. To investigate if also the ampli-
tude method is suitable for SuperKEKB the horizontal g-functions are measured for LER and
HER, after applying a single kick for an optics with 3} , = 80,2 mm and comparing obtained
results. Calculating the relative error, i.e. (82™ — 8E")/82" as shown in Fig. 7.8, where val-
ues greater than +100 % are omitted, reveals possible BPM calibration errors above 10% for
both rings. The largest observed beating is found in BPMs in the straight sections, especially
close to the Belle II experiment. Hence, the following studies use the calibration indepen-
dent optics measurements from phase advances. In future studies a similar approach to the
one implemented in the LHC [123, 141] can be envisaged to address the differences in those
analysis methods.

Although BPMs in TBT mode might suffer from a non-optimized calibration, one cannot con-
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Fig. 7.7. Horizontal (top) and vertical (bottom) frequency spectrum at one BPM for HER TbT-
IK measurements with a B:.y = 80,2 mm optics.

clude on the BPM calibration in COD measurements, as data acquisition is different for the
two measurement modes.
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Fig. 7.8. Relative deviation between (3, from amplitude and phase advance for LER and HER
witha 3; , = 80,2 mm optics.

7.4 Optics observations during commissioning

In the context of this thesis TbT orbit data recorded for four and three different optics for
HER and LER during SuperKEKB commissioning in 2019 and 2021 is analyzed. For the TbT
optics measurements different beam excitation is performed, where an overview of the used
excitation techniques for the respective optics are shown in Fig. 7.9. Acquired measurements
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are taken with optics settings featuring the same 3; , values in both rings. An exception,
however, is the measurement of the HER optics with 3; , = 60,1 mm, where the LER optics
is 83, = 80,1 mm. All analyzed and presented results are performed on optics without crab-
waist transformation.

Chromatic parameters demand the measurements of on- and off-momentum optics. To
compute the relative momentum offset ¢, the RF-frequency is shifted, the closed orbit, CO,,
is recorded and ¢, is calculated using the model horizontal dispersion, ngldl, by (see also
Eq. (4.1))

mdl

((prah)?)
where the brackets denote the average over all BPMs.

Presented TbT measurements in SuperKEKB are typically performed using a single bunch,
with a bunch current of up to 1.5 mA, which is hence equal to the beam current. However, the
HER optics with 3; , = 80, 1.2 mm is measured with multiple bunches in the ring, resulting
in a total beam current of up to about 9mA. It has to be noted that the exact number of
bunches during the time of the measurements could not be reconstructed. Performed TbT
measurements at this rather high beam current thus allow for interesting first insights on
optics measurements with multiple bunches.

Measurements for LER optics with 37, = 80,2mm are performed at two different working
points in 2019 and 2021. The measured working points are (0.560, 0.621) and (0.525, 0.585)
for the data obtained in 2019 and in 2021, respectively. Analyzing TbT measurements of an
optics with the same f; |, with, however, different transverse tunes helps understanding the
machine and to identify possible Resonance Driving Terms (RDTs).

For the obtained TbT results, presented in this section, the g-function is obtained from phase
advances, as motivated above. Promising results and interesting findings obtained during
commissioning of 2019 and 2021 are highlighted for each excitation method. Lastly, the key
differences in obtained results with TbT-IK, TbT-PLL and COD measurements are shown.

80{ e e HER: IK, PLL-H HER: IK e
LER: IK, PLL-H, PLL-V LER: IK
— 75
IS
E70 HER: PLL-HV, PLL-V
e LER: IK, PLL-H, PLL-HV, PLL-V
Q65
601 ®HER: K
1.0 1.2 1.4 1.6 1.8 2.0
B, [mm]

Fig. 7.9. Overview of performed TbT optics measurements, using horizontal single kicks from
an Injection Kicker (IK) or a Phase Lock Loop (PLL) for driven motion horizontally (H), verti-
cally (V) or in both planes simultaneously (HV).
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7.4.1 Recorded orbit data and measurement quality

Before measuring various optics parameters using TbT data, the recorded orbit is analyzed
for IK and PLL excitations.

Injection kicker

After applying a single kick, in this case with a horizontal IK, the excitation amplitude of a
lepton beam is damped due to synchrotron radiation. In SuperKEKB with damping times of
46 ms and 53 ms for LER and HER, this related to about 4600 or 5300 turns, as the revolution
time is approximately 10 ps. Hence, the maximum recorded turn number is set to 5000. A
faster than expected damping is observed for all single bunch measurements, except for the
HER optics with ;| = 80,2mm. This additional damping is assumed to arise from decoher-
ence or other effects such as head-tail damping and limits the number of available turns for
optics measurements further. An example of the recorded horizontal and vertical orbit data
for LER measurements with 37 = 80,2 mm is shown in Fig. 7.10, together with the expected
damping from synchrotron radiation. The latter is reproduced in single-particle tracking sim-
ulations. In this example the damping time is measured at about 30 ms. It can be seen that
the vertical orbit is not excited, as only horizontal kicks are applied. From this one can also
conclude that the betatron coupling, which would lead also to an vertical excitation, at this
BPM is fairly low. The BPM resolution is estimated by subtracting the raw orbit data from
the cleaned one and computing the rms of this value. For LER and HER it is estimated to be

Hor. Orbit [mm]

Ver. Orbit [mm]

0 1000 2000 3000 4000
Turn at BPM MQC2LP[-]

Fig. 7.10. Recorded TbT horizontal (top) and vertical (bottom) orbit for LER optics with 3; |, =
80,2 mm from 2019. The gray line shows the envelope of the recorded measurement, while
the red one displays the expectation from synchrotron radiation.
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Fig. 7.11. Recorded TbT horizontal orbit for HER optics with g; , = 80,1.2mm. The gray line
shows the envelope of the recorded measurement, while the red one displays the expectation
from synchrotron radiation.

250 pm and 120 nm, respectively, for 1 mA beam current.

From the BPM TbT orbit data for HER optics with 3; , = 80,1.2mm, an exceptionally fast
damping within about 500 turns after applying the horizontal single kick is recorded, result-
ing in a damping time of about 5 ms. It has to be noted that for the acquired measurements
the BPM setting is set to a single bunch [254], although multiple bunches are circulating in
the machine with a total beam current of approximately 9mA. The recorded horizontal or-
bit is shown in Fig. 7.11, together with the expected damping from synchrotron radiation.
Although the available turn number for optics measurements is limited to about 500 after ap-
plying the kick, the BPM resolution is estimated to be approximately 30 pm, and is hence a
factor 4 lower compared to HER single bunch measurements. Thus, performing optics mea-
surements with an IK in SuperKEKB with multiple bunches in the ring could be a promising
solution to reduce the noise and improve the measurement quality. However, understanding
fully the observed damping within about 500 turns demands more investigation and dedi-
cated studies by performing optics measurements with a different number of bunches, ide-
ally in both rings. Possible reasons for this observation could be a strong head-tail damping
in combination with a used BPM setting not optimized for multiple bunch operation.

8.5
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Fig. 7.12. Horizontal rms phase advance error with respect to the model, o(,) = p2®s — 24l

for LER optics in 2019 with 7 , = 80, 2mm.
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Fig. 7.13. Horizontal rms phase advance error with respect to the model, o (1), for all BMPs
using 2000 turns and an optics with 3; , = 80,2 mm in 2019.

In SuperKEKB using more turns for optics measurements decreases the rms horizontal phase
advance difference to the model, o(y,) = rms(p®® — =) as shown in Fig. 7.12 for LER
optics with 33, = 80,2 mm from 2019. The rms horizontal phase advance error with respect
to the model improves with increasing turn number, suggesting that noise is spoiling the
measurements. Using the first 2000 turns results in the lowest o(u,) of approximately 7 x
1073(27) and 8 x 1073(27), respectively, for LER and HER measurements. The distribution
for these measurements using 2000 turns is shown in Fig. 7.13, where values greater than
25 x 1073(2n) are omitted.

Phase lock loop

As already mentioned above no automatic trigger system for acquiring TbT measurements
with a PLL is installed and thus data recorded demands to be started and stopped manually.
By exciting the beam with a PLL the amplitude of the individual particles is increased while
acquiring TbT data. This adds another challenge to TbT measurements using a PLL, as it
demands a sufficiently large dynamic aperture over several seconds, to avoid rapid beam loss.
The possibility of acquiring TbT data and measuring the optics while exciting the beam with
a PLL is currently being explored and presented here. Contrarily, TbT measurements after
applying a single kick with an IK, is already used for various optics measurements, such as
K-modulation [110] or chromatic coupling [255].

The great opportunity by measuring the optics with a PLL is measuring the optics of both
transverse planes, also simultaneously. The amplitude of the driven motion is approximately
5 to 10 times lower compared to IK excitation for the horizontal plane and about 12 times
lower for the vertical one. In most PLL-HV measurements the vertical rms excitation ampli-
tude over all BPMs is lower than the horizontal one.

Analyzing the frequency spectrum, with a resolution of 10~°, only the main tune lines and
no additional line for the PLL frequency are found for all PLL measurements. Hence, it is
assumed that the PLL is capable of driving the beam at the natural tune. Compensation tech-
niques are therefore not applied to the measurements. Moreover, fixing the PLL frequency
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Fig. 7.14. RMS phase advance error over turn number for LER optics with ;| = 80, 1 mm for
PLL-HV mode.

to a constant value during the whole measurement is also tested, which does not improve
the measurement quality and is found challenging to operate. Driving the beam with a fixed
frequency in time is therefore considered as not suitable to excite the beams for optics mea-
surements.

Performing optics measurements using varying turn numbers, the rms phase advance uncer-
tainty with respect to the model decreases with increasing turn number, suggesting that noise
spoils the measurement quality. The rms phase advance uncertainty is shown in Fig. 7.14 for
LER optics with 3; , = 80,1 mm in PLL-HV mode, where the rms phase advance over three
consecutive measurements is taken. The excitation amplitude is sufficiently stable for 50000
turns for all three measurements, as shown in Fig. 7.15. In general, stabilizing the excita-
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Fig.7.15. Recorded TbT horizontal (top) and vertical (bottom) orbit for LER optics with 3; | =
80, 1 mm using a PLL, where the excitation is stable in both transverse planes for 50000 turns.
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Fig. 7.16. Recorded TbT vertical orbit for LER optics with 3; | = 80, 1 mm using a PLL, showing
an unstable amplitude with a periodicity of about 50 Hz.

tion amplitude over several thousand turns with a PLL is found challenging, especially in the
vertical plane. In PLL-HV mode it is aimed driving the beam with the same strength of the
excitation in both planes, which is fulfilled for measurements used to produce Fig. 7.14. In
various PLL-HV and PLL-V measurements a periodic pattern with a frequency of 50 Hz, cor-
responding to 20 ms is observed for the recorded vertical orbit in BPMs, where 3, is greater
than 250 m, as shown in Fig. 7.16 for LER optics with 8 , = 80, 1 mm in PLL-HV mode. Since
the excitation amplitude is not stable, such recorded TbT orbit measurements are not suit-
able for optics measurements. A 50 Hz periodicity could arise from power converters. The
orbit dithering system or ground motion as possible source are excluded, as they feature a
frequency of 77 Hz [256, 257] or about 1 Hz [258], respectively.

The minimum phase advance errors using 50000 turns are 6.5 x 10~3(27) and 15 x 1073(27),
respectively, for o (1, ) and o (1, ). Thus, the horizontal error is comparable to the one obtained
from IK data, while vertically no comparison can be made as excitation with IK allows only
to measure the horizontal plane. While 2000 turns are used for IK measurements, PLL-HV
measurements achieve the same resolution using at least 12000 turns. For HER the smallest
measured phase advance error using 50000 turns is 3.7 x 1073(27) and 7.5 x 10~3(27), respec-
tively for the horizontal and the vertical plane. The lowest horizontal error is therefore about
a factor 2 smaller in HER for PLL-HV measurements compared to IK ones.

7.4.2 Chromaticity measurements

As beam excitation with an IK features an automatic trigger system it allows to record off-
momentum TbT data fast and hence limits possible beam losses in case of unstable chro-
matic optics. TbT measurements from single kicks are hence used to measure chromatic
parameters such as the chromaticity.

For example, in all LER optics measurements a purely linear chromaticity of about 1.7 & 0.04
is found, with a maximum §, of approximately +15 x 10~%. In measurements for HER optics
with 87 = 60,1mm, also a linear dependence of the tune over the momentum offset of
0.72 4 0.03 is measured, where the studied range is §, = +6 x 10~*. Due to observed low
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beam life time and tune drifts measuring optics at a wider momentum range has not been
possible, as already shown in Fig. 7.2. However, for HER optics with g7 , = 80,2mm a linear
chromaticity of )/, = 0.54 + 0.04, a second-order chromaticity of Q” = 680 + 35 and a third-
order chromaticity of Q" = (—1.11 4 0.16) x 10° are measured, whereas the respective model
values are Q'™ = 2.14, Q™ = 470 and Q"™ = —0.35 x 105, which is shown in Fig. 7.17.
One reason for this discrepancy can be that the model includes only the non-linear magnetic
field from the final focus. For example, the difference in @ could arise from octupoles or
second-order contributions from sextupoles and @/ could arise from decapoles.

1.0 Fit
—_ —— Model
y 05 — Mod. Model
=
9: AN
0.0

-10 -5 0 5 10
6, [1074]

Fig. 7.17. Chromaticity for HER optics with 3; , = 80,2 mm. Measurements are taken after a
single kick with an IK. The modified model shows the measured @, and the model Q.

7.4.3 Amplitude detuning

Synchrotron radiation leads to a damping of the excitation amplitude after applying a single
transverse kick, in this case performed with a horizontal IK. In addition to synchrotron radia-
tion, decoherence contributes to the total damping time. By analyzing TbT data with various
starting turns after applying a horizontal single kick, it is possible to obtain different actions
and the respective tunes from the same measurement, allowing to evaluate the transverse
tune on the action, d@,, /d2.J,, also known as amplitude detuning. As a horizontal kick is
applied the following studies only show horizontal amplitude detuning, dQ, / d2.J,.

The actions are typically calculated using Eq. (3.9), while the tunes are calculated by Fourier-
analysis over the used turns. These choices are perfectly valid for hadrons, as particles such
as protons remain at their tune after applying a kick and hence the peak — to — peak value cor-
responds to the correct tune. In the case of leptons, however, strong synchrotron radiation
naturally damps the oscillation amplitude and therefore using N turns for the tune measure-
ment, yields the tune at about turn N/2. Hence, Eq. (3.9) needs to be adjusted by including
an exponential damping with the synchrotron damping time s by

((peakftofpeak/Z)e*N/(QTSR) )2

Zn 5mdl
2J, = “ , (7.5)

n

when using N turns for the tune measurement, and n denotes all BPMs.
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Fig. 7.18. Horizontal amplitude detuning for LER with 3; /= 80, 1 mm after applying a single
kick with an IK.

For analyzed LER optics with Bry = 80,2mm in 2021, 37 , = 80,1.2mm and B, = 80,1mm
an amplitude detuning of about (2.5) x 10> m~! is obtained, which is larger than the model.
Figure 7.18 shows the measured amplitude detuning for a LER optics with g; , = 80,1 mm.
Interestingly, for LER optics in 2019 with 37, = 80,2mm an amplitude detuning of (1.29 +
0.10) x 103 m~! is measured. For HER measurements an amplitude detuning of (7.624-0.23) x
103 m~! is measured for the lowest 3* optics of B;, = 60,1mm and is approximately 2 times
larger than the model expectation, while for the optics with 8; , = 80,2mm an amplitude
detuning of (0.0 4+ 0.6) x 103 m™~! is observed, whereas the model predicts 1.04 x 103m~!. The
larger than expected amplitude detunings could hint to unexpected sextupolar and octupolar
sources in the lattice, as in the present model only known multipole components of the final
focus quadrupoles are included. A summary of measured and expected amplitude detuning
is given in Table 7.2.

Table 7.2. Amplitude detuning for various LER and HER optics.

Amplitude detuning [103m~!]
By LER HER

Measurement Model Measurement Model

1.29+£0.10 (2019)

80, 2.0 mm 9,52+ 0.09 (2021) 0.49 0.0£0.6 1.04
80,1.2mm 2.48 £0.06 1.83 - 1.94
80, 1.0 mm 2.39 £ 0.05 1.81 - -

60, 1.0 mm - - 7.62£0.23 4.09

This method, however, only yields the correct results if the contribution of decoherence on
the total damping is small which is evaluated in the following. One strong source of decoher-
ence is linear chromaticity, where its decoherence factor at a turn number N, Acyrom(N), is

evaluated using [81]
Achrom(N) = 6_azhr°m/2 5 (7.6)

where
Qchrom = 2UpQ;;Qs Sin(ﬂQsN) s (7.7)
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with the relative energy spread o, and the synchrotron tune @,. The impact of second-order
chromaticity [259] and 2D transverse distributions [260] are neglected. For example, in LER
with a measured horizontal chromaticity of 1.5, a synchrotron tune of 0.0245 and an energy
spread of 8 x 10~* the decoherence factor from chromaticity has an oscillation period of about
40 turns, where the maximum reduction is 0.5 % and occurs every 20 turns. For HER the max-
imum reduction is also well below 1 %, for a measured horizontal chromaticity of about 0.54,
a synchrotron tune of 0.0280 and a relative energy spread of approximately 7 x 10~*. Deco-
herence from chromaticity would result in a decoherence and recoherence of the observed
TbT data, which is, however, not observed for performed measurements, as the chromaticity
and the relative energy spread are small.

Another important decoherence arises from non-linearities such as octupoles or second-
order contributions from sextupoles. Applying a horizontal kick with an angle of Az’ to a
particle bunch with a beam size of o, places it at an initial amplitude of [81]
A /
z, = P8 (7.8)

Ox

With an amplitude dependent tune this leads to a phase shift A¢, depending on the particle’s
amplitude, a, and turn number N. For hadron machines, as derived in [81], this yields

Apy = —2mpa’N (7.9)

with p the amplitude detuning normalized by the transverse emittance ¢,

_dQ,
H= 27, %

(7.10)

While a kicked hadron stays at the excited amplitude, in the case of leptons, strong syn-
chrotron radiation leads to a damping. The phase shift reads therefore

N
Apy = =21 / (ae V™RV At = —rgpmpa® (1 — e 2N/Tsw) (7.11)

0
with the synchrotron radiation damping time in turns 7sg. As the decoherence factor in [81]
is calculated by integrating over all amplitudes a and phases ¢, the integration performed
in [81] is not affected by the change of A¢,. It reads [81]

1 _z2 o2

Apee =152 7

T (7.12)

where the information about the particle type and the time dependence is preserved in 6. For
hadrons and leptons it reads

Ohadrons = 47 N and eleptons = TSR 2T | (1 - e_gN/TSR> . (7.13)

Contrarily to decoherence from chromaticity, decoherence from non-linearities, linked to
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Fig. 7.19. Damping factor from decoherence caused by non-linear elements for hadron ma-
chines (Dec. hadrons) and lepton machines with strong synchrotron radiation (Dec. leptons),
assuming the same initial kick amplitude and amplitude detuning.

amplitude detuning, results only in a decoherence and no recoherence.

The necessity of including synchrotron radiation damping, as done in Eq. (7.11) becomes ap-
parent when comparing it to the original formula in [81], applicable for hadron storage rings.
In the presented example for LER measurements in Fig. 7.18 with 3} , = 80,1 mm an am-
plitude detuning of (2.39 + 0.05) x 10>m~! is measured, with an initial rms kick amplitude
of Z, = 18.05. The estimated horizontal emittance during measurements, ¢,, is about 2 nm.
The synchrotron radiation damping time of 46 ms corresponds to 4600 turns. Without includ-
ing synchrotron radiation damping, the effect of decoherence is drastically overestimated, as
seen in Fig. 7.19, assuming the same initial kick strength, emittance, beam size and amplitude
detuning. It can also be seen in the same figure that the maximum reduction of amplitude
due to decoherence does not necessarily approach zero, but towards a limit defined by

1 _z2 _@rrgpu)?

ADec,min. = ]\}im Apec = e 2 1+Crrsri? (7.14)

oo 1+ (277sprp)?

Using above described parameters Apec min. is approximately 7.9 %.

In first approximation the observed orbit is damped by synchrotron radiation and decoher-
ence, which can be treated independently. The horizontal orbit is then given by

(N) = \/Pr€r Apec(N) Asr(N) cos(¢paN + ¢z0) - (7.15)

Synchrotron radiation damping and decoherence from non-linearities, explains, with a small
over estimation starting from turn 1500, fully the observed damping of the TbT orbit data,
as seen in Fig. 7.20. This could result from a lower emittance than 2 nm. For example with a
measured emittance of 1.5 nm, the effects from decoherence and synchrotron radiation the
orbit could be perfectly reproduced.

It has to be noted, however, that the exact emittance during data acquisition remains un-
known. Moreover, the rms kick amplitude is estimated using the measured amplitude and
B-functions at the BPMs, which could be spoiled by calibration errors. In addition to these
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possible optics errors, the tune is measured using 1000 turns. Due to synchrotron radiation
the tune changes within this turn number window, which adds another uncertainty on the
here used tunes, which is, however, expected to be small. Presented measurements of ampli-
tude detuning and decoherence from non-linear sources are obtained at low bunch currents
of about 0.3 mA. Higher bunch currents could lead to an emittance growth and hence to a
larger decoherence and therefore a faster damping of the recorded orbit. In addition to a pos-
sible emittance growth, effects such as head-tail damping from wake-field sources increase
with bunch intensity and could also lead to an additional damping effect.

As the effect of decoherence from non-linear elements are strong, the orbit data is scaled
to match the damping from synchrotron radiation by applying a turn number dependent
scaling factor to the orbit, resulting in

mscaled<N) - .%'(N) e_N/TSR/e_N/T y (716)

with the measured damping time 7, obtained by a fit of the envelope amplitude over turns
A(N)
A(N) = Aitiare” 7, (7.17)

where Ajp;tia is the initial amplitude. With a revolution time of 10 ps, 7 is about 22 ms for the
shown example in Fig. 7.20. To explain the faster damping fully by decoherence the corre-
sponding damping time, 7p.., is 42 ms, calculated by [72]

1 1 1

T TSR TDec

~ ) (7.18)
and is hence comparable to the effect of synchrotron radiation. Computing amplitude de-
tuning using the scaled orbit yields an about 25 % larger value than given in Table 7.2.

As decoherence depends strongly on octupole fields, it could be envisaged to study the effect
of adjusting the octupole coils integrated in the final focus, which are not powered during
data acquisition for results presented here. It could also be aimed to reproduce lepton de-

[
o

Hor. Orbit [mm]

0 500 1000 1500 2000 2500 3000 3500 4000
Turn at BPM MQC2LP[-]

Fig. 7.20. Recorded TbT orbit data at one BPM for LER optics with ;= 80,1 mm, to-
gether with the expected damping from synchrotron radiation (SR), decoherence from non-
linearities (Dec.) and both contributions (Dec.+SR).
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coherence in dedicated simulations and to find octupole settings, correcting for observed
decoherence.

7.4.4 Linear coupling and higher order RDTs

Linear coupling

Driving the beam in PLL-HV mode enables to measure double plane RDTs and is hence an-
other motivation to establish good TbT measurements with this device. Linear coupling RDTs
drive f1p01 and fi1010 and are measured for the first time using PLL-HV mode for SuperKEKB
LER, for an optics with 3} , = 80, 1 mm using 40000 turns. The horizontal and vertical tunes
are, respectively, 0.529 and 0.590, measured at a bunch current of 1.3 mA. On the day of the
measurement the chromaticity is not measured using TbT data.

As in the tune spectrum only the main tune lines are above the noise level the coupling RDTs
are the only ones analyzed and are shown in Fig. 7.21. A large linear coupling peak occurs
at the same BPM for both RDTs, close to the Belle II experiment, which are not present in
the model. Further analysis is needed to conclude whether the large measured coupling val-
ues arise solely from a possible bad measurement or if these results suggest strong coupling
sources. Shown measurements of the sum and the difference coupling resonance suggests
strong coupling sources, such as skew quadrupoles not included in the model, mainly in the
Tsukuba-Nikko arc, around Fuji straight section and in the Oho-Tsukuba arc. The measured
|C_|is (130 £2) x 107>,
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Fig. 7.21. Amplitude of the coupling RDTs fi001 and fip19 for LER optics with Bry = 80,1 mm
in PLL-HV mode.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

124

Skew octupoles

TbT data is recorded for a LER optics with 87 , = 80,2mm in 2019 and 2021. For both cases
the measurements are taken with an IK. For example, the measured horizontal and vertical
chromaticities are both in the order of 1.5, and are hence comparable for both optics mea-
surements, where a detailed comparison of optics parameters is given in Table 7.3.

Table 7.3. Optics parameters for LER optics with 3 , = 80,2 mm in 2019 and 2021.

Parameter 2019 2021

B [mm] 80 80

B, [mm]

Number of bunches [-] 1 1

Bunch current [mA] 0.5 0.5

Fract. hor. tune Q,, [-] 0.560+2 x 1076 0.5274+6 x 1076
Fract. ver. tune Q) (-] 0.621 £ 0.002 0.586 £ 0.001
Hor. chromaticity [-] 1.7£0.01 1.53 £0.01
Ver. chromaticity [-] 4+1 —-24+1.6
Meas. hor. amp. detuning [103 m™'] 1.29 +0.10 2.52+0.09

The probably most fundamental difference between the 2019 and the 2021 measurements
are the working points of, respectively, (0.560, 0.621) and (0.527, 0.586). Thus, the machine
is operated in different regions of the tune diagram, as illustrated in Fig. 7.22. In the 2021
measurements the working point is chosen close to the octupolar resonance line, i.e. 3Q, —
@, = p, where p € Z. In comparison the 2019 working point is rather far away from the line
and also from the quadrupolar line, i.e. Q, — Q, = p. This could also be one explanation
for the larger measured amplitude detuning for the TbT data obtained in 2021, as already
described above and recalled in Table 7.3.

Although TbT measurements using single kicks from a horizontal IK are not suitable for a pre-
cise measurement of vertical or double plane RDTs, analyzing the frequency spectrum gives
first promising indications of higher-order multipoles in SuperKEKB, which could diminish
the collider performance. In the frequency spectrum for the 2021 measurements a strong
V(3,0) line is found, shown in Fig. 7.23. This is not observed in the 2019 data, displayed in
Fig. 7.24. This line suggests the presence of strong skew octupoles in the LER. In the 2019
measurements no other lines expect the ones corresponding to the main tunes are found. As
the V'(3,0) line is only observed for 2021 TbT measurements, where the working point is close
to the octupolar line, it could indicate skew octupolar multipole errors, as there are no dedi-
cated skew octupoles in the lattice. Skew octupoles could also results from a combination of
octupoles and linear coupling.

It has to be noted that observed lines in the frequency spectrum could also arise from BPM
non-linearities, which would then demand dedicated correction of the recorded orbit data.
For example in LHC a polynomial correction is applied to the raw orbit data to correct BPM
non-linearities [261]. In simulations for SuperKEKB LER lattice, so far, no such polynomial is
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Fig. 7.22. Illustration of 2019 (green) and 2021 (red) working points in the tune diagram for
LER optics with 37 , = 80,2 mm .

found to reproduce the V'(3,0) line, without increasing other lines simultaneously.

The V' (3,0) line could be a result from skew octupolar RDTs f3001, f3010, foso1 and fo310. As
measurements are performed with horizontal single kicks using an IK, RDTs are not mea-
sured. Nevertheless, future studies measuring a LER optics with a working point close to the
octupolar line in PLL-HV mode would help measuring skew octupole RDTs.

7.4.5 Comparison between optics from COD and TbT

As measurements using COD are used for optics corrections in SuperKEKB and performed
regularly, they are used to benchmark optics obtained from TbT data. In addition optics mea-
sured with both methods are compared to the model.

Comparing measured S-functions from COD and TbT for IK excitation shows an optics beat-
ing, i.e. (BE" — peod)/Bpeed, of rms 6% for both rings and all optics. It is shown in Fig. 7.25,
where values greater than +£45 % are truncated. With PLL excitations larger /5 functions devi-
ations with respect to COD measurements of 14 % and 20 % are observed, respectively for the
horizontal and the vertical S-functions. Measurements with PLL excitation show therefore a
larger optics beating with respect to COD results compared to IK single kicks. However, only
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Fig. 7.23. Horizontal and vertical frequency spectrum at one BPM for LER TbT-IK measure-
ments with a 87 , = 80, 2 mm optics obtained in 2021.
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Fig. 7.24. Horizontal and vertical frequency spectrum at one BPM for LER TbT-IK measure-
ments with a 87, = 80, 2 mm optics obtained in 2019.
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Fig. 7.25. Horizontal 5-beating between COD and TbT-IK results.

measurements with PLL allow to compare the vertical optics.

The largest differences between COD and TbT measurements arise mainly close to the inter-
action point, located in Tsukuba straight section, whereas smaller discrepancies are found in
the other straight sections. Both methods, COD and TbT with IK excitation measure a compa-
rable $-beating with respect to the model. For example the measured §-beating with respect
to the model for HER measurements with B;y = 80,2 mm, as shown in Fig. 7.26, results in
a rms of 5.0 % and 4.8 %, respectively for TbT-IK and COD. The measured working point is
(0.560, 0.621). It has to be noted that only BPMs also capable of recording TbT data are kept
for COD. However, the rms error for TbT measurements is about 5.5 % and hence comparable
with the obtained rms -beating. A maximum /-beating of up to almost 20 % is measured in
the BPMs the closest to the interaction point.

The -beating with respect to the model is larger in PLL. mode compared to IK mode. An ex-
ample is shown in Fig. 7.27 for LER optics with 8; , = 80,1 mm and PLL-HV excitation and
40000 turns for analysis. In this example the measured working point is (0.526, 0.590). While
the horizontal rms -beating with respect to the model is 6.4 %, the vertical one is 14.6 %. The
respective error bars are 4 % and 9 %. The horizontal optics beating from TbT measurements
is therefore about twice as large as the result obtained from COD with arms of 2.8 %. Vertically
COD measurements find a rms value of 4.1 %, 3.5 times smaller compared to TbT mode. One

Kty

29kuba Nikko Fuji Oho

Fig. 7.26. Horizontal g-beating with respect to the model for COD and TbT-IK measurements
for HER with an optics of 8; , = 80, 2mm.
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Fig. 7.27. Horizontal and vertical g-beating with respect to the model for COD and TbT-PLL
measurements for LER with an optics of 4; , = 80, 1 mm.

explanation for the larger vertical error could be that the vertical measured action is smaller
than the horizontal one, hence, reducing the measurement quality of the vertical plane. Sim-
ilar to IK data the largest discrepancies between TbT and COD arise in the straight sections.
Vertically, however, the best agreement is found in Tsukuba straight section and hence close
to the interaction point. A coupling from the horizontal plane in the vertical one as a reason
for a larger vertical 3-beating is excluded, as the measured C_ of (3.08 + 0.02) x 1073 is low.
Moreover, driving only the vertical plane for TbT measurements is not found to improve sig-
nificantly the error with respect to COD measurements. A smaller measured vertical action
could also result from an optics, better suited for horizontal PLL measurements. For exam-
ple, the j, at the PLL is roughly 3 times lower than 3,. In addition to a different g-function
at the PLL, the average /5-function at the TbT BPMs in the arcs is also larger horizontally than
vertically and about 20 m and 15m, respectively. The phase advances between the PLL and
the BPMs are different for the two transverse planes. For example between the PLL and the
first following BPM ., and p,, are about 0.3 (27) and 0.2 (27).

In order to compare the off-momentum optics the absolute difference between the measured
and the model normalized dispersion, An, , = n,'5* — nﬁjgl, is used. Figure 7.28 shows An,, ,
for HER optics with 3; , = 80,2 mm, where only BPMs suitable for TbT measurements are
kept for the COD result. Obtained results from both measurement techniques agree fairly
well, where the measured rms of A, . is 0.026 m'/? and 0.017 m'/?, respectively. As for ana-
lyzed data an automatic trigger system is not installed when driving the beam with the PLL,
recording off-momentum measurements is more challenging compared to single kicks and
has since not yet been successfully measured.
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Fig. 7.28. Horizontal normalized dispersion error with respect to the model for COD and TbT
for HER optics with 3; , = 80,2 mm.

The precision of optics measurements depends also on the resolution of recorded orbit data.
In TbT mode the BPM resolution is estimated to be in the order of 120 pm and 250 pm for
HER and LER at 1 mA bunch current, and is hence significantly poorer compared to COD
measurements with a resolution of 5 ym and 3 um [262]. In the latter case the average orbit
data over several turns is taken, leading to a better resolution. Moreover, about 450 BPMS
are installed and used for COD measurements, whereas only about 70 provide the necessary
hardware to record TbT data. Although TbT results are measured with a poorer resolution and
lower number of BPMs, a great advantage of TbT measurements is that the optics is obtained
without being affected by BPM calibration errors using the phase advance.

Another great advantage of TbT optics measurements, compared to COD ones, is that it al-
lows to find possible RDTs by analyzing the frequency spectrum. Especially using PLL-HV
mode allows to measure RDTs in both transverse planes, contrarily to IK excitation, where
only horizontal ones are measured precisely. Therefore, exploring PLL-HV mode further is
essential for improved understanding of observed dynamics. Moreover, TbT results are ob-
tained significantly faster than COD measurements, once stable measurement conditions are
established. A detailed comparison of optics measurements using COD and TbT method is
given in Table 7.4.

Table 7.4. Comparison of optics measurements performed with COD and TbT measurements.

Turn-by-Turn

Parameter Closed Orbit Distortion

Injection Kicker Phase Lock Loop
BPMs in HER 466 68 68
BPMs in LER 444 70 70
Hor. optics measurement yes yes yes
Ver. optics measurement yes no yes
RDTs measurement no some yes
Calibration independent no yes yes
Status for measurements stable stable being explored
Trigger to record data yes yes no
Time for measurement ~20 mins /22 mins /22 mins
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7.5 Intensity dependent effects

Preceding results do not consider possible effects of bunch currents on the optics. However,
reaching the present target luminosity of 6 x 10%® cm~2s~! [30] is aimed to be achieved with
beam currents of 2.8 A and 2.0 A, respectively, for the positron and the electron beam and
hence intensity dependent effects need to be analyzed carefully. Both beams are presently
foreseen to store and collide up to 1761 bunches with a nominal bunch current of 1.59 mA and
1.14 mA, respectively for LER and HER. The current luminosity record of 3.1 x 103 cm 25! is
achieved with approximately 0.9 mA [236, 237] and hence the design goal is not yet achieved.
To study the effect of increasing bunch currents on optics parameters, dedicated single bunch
measurements are performed for LER in 2021 which are presented here. Possible effects from
multiple bunch operation or the interplay of both beams are not studied, but could show
interesting complementary results.

7.5.1 Measurement settings and optics

The used optics has IP beta functions of 3; , = 80,2 mm and a working point of (0.527, 0.586).
Optics measurements using TbT-IK are taken at bunch currents ranging from about 0.2 mA
to 1.25 mA. Although below 0.2 mA bunch current the IK is still capable of kicking the beam,
the recorded TbT orbit data is no longer usable for optics measurements. With a revolution
time of about 10 s, 1 mA bunch current corresponds to 6.27 x 10'° leptons. As the vertical
optics cannot be measured precisely with an IK, here presented results focus on the effect of
bunch currents on the horizontal optics. The optics model predicts a rms relative momentum
spread of 6.37 x 1074,

5.0 i L e
2.5

) 8 a° o4l & &
o.oz aeseeee%%s; s@gae@ o’ P @@ oq ° eqPs’ o
e ; e

-2.5 | E &

Ay, [1072 (2m)]

-5.0 :
Tsukuba Nikko Fuji Oho

Fig. 7.29. Horizontal phase advance error with respect to the model.

The horizontal rms phase advance difference with respect to the SAD model, (Ap,)(27) =
(pmeas _ ymdly (97) i 1.1 x 102, based on TbT orbit data of the first 2000 turns after the exci-
tation and shown in Fig. 7.29. Removing BPMs where Ay (27) > 4 x 1072, reduces (Apu)(27)
to about 0.59 x 10~2. Comparable Ay, values, including localized large Ay, outliers, are
found for all measurements at all beam currents for obtained measurements. A rms horizon-
tal 5—beating with respect to the model of approximately 8.86 % is obtained from the mea-
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sured phase errors using the N-BPM method. The strength of the difference resonance, |C_|,
is estimated to be (3.3 = 0.2) x 1073. A linear horizontal detuning with amplitude is observed
to be approximately (2.52 4 0.09) x 103 m~!. Measured horizontal and vertical chromaticity,
Q). and @, are approximately 1.54 + 0.01 and —2.4 £+ 1.6. No higher-order chromaticity is
found for these measurements. For the measurements of the chromaticity the bunch current
is approximately constant at 0.25 mA and hence intensity dependent effects are neglected.

An intensity dependent optics can be the result of machine impedance. In SuperKEKB in-
stalled collimators are an important impedance source. To quantify the impact of a certain
collimator, the product & 3, , is used as a figure-of-merit. The term &, denotes the kick fac-
tor, which contains dipolar and quadrupolar components [263, 264, 265]. It describes the
magnitude of the intensity-dependent centroid transverse bunch deflection Av/, for a trans-
verse offset ug at the collimator,

Au' =k Quo/E, (7.19)

with the bunch charge @ and the beam energy E. The kick factors are obtained from trans-
verse wake-fields computed with GdfidL [266] for a test bunch length of 0.5 mm. The greater
k| Bz, the larger is the generated impedance contribution from a specific collimator and too
large impedance could induce the TMCI [267]. Assuming that the bunch length, ¢, is short,
the threshold bunch current Iy, is given by [56, 268]

Ithr — leSE/q (7.20)

dip °
with C; ~ 8§, the synchrotron frequency fs, the beam energy E, the electron charge ¢ and
a summation over all dipolar, dip, wake-field sources n. For LER the sum of Bnkilﬂ’l over all
possible impedance sources such as collimators must, therefore not exceed a value of about
47x10% V/C [269]. A more detailed description of the SuperKEKB collimation system is given

in [242]. Used collimator settings during data acquisition are summarized in Table 7.5.

7.5.2 Impact of bunch intensity on observed TbT data

The recorded TbT orbit data changes for different bunch currents. In lepton storage rings, the
excitation amplitude decays after applying a single kick due to synchrotron radiation until the
equilibrium emittance is reached.

Damping time

For LER the synchrotron radiation damping time is 46 ms, corresponding to roughly 4600
turns. Effects such as decoherence, resulting from a tune spread within the bunch, or head-
tail damping contribute to the measured total damping time, 7, leading to a faster damping
and hence limit the number of turns available for TbT measurements. For example, with
7 = 22ms only the first 2200 turns provide a sufficiently large excitation. 7 is retrieved from
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Table 7.5. Collimator settings during measurements. H or V in the collimator name refers
to a horizontal or a vertical collimator. The §-function is given in the respective plane. &k
contains dipolar and quadrupolar terms.

Name Collimator gap [mm] S, [m] kB, [101°V/C]

DO6V1 2.74 61.4 15.2
DO6V2 3.01 19.2 4.4
D03V1 8.02 17.0 0.9
D02V1 2.36 17.0 5.7
SV - - 26.2
DO6H1 10.20 24.2 0.7
DO6H3 12.05 24.2 0.5
DO3H1 14.51 29.0 0.4
D02H1 8.99 17.7 0.7
D02H2 11.50 27.1 0.6
D02H3 18.00 51.5 0.4
D02H4 10.51 20.1 0.5
S"H - - 3.9

TbT measurements by fitting an exponential decay of the measured amplitude A over time
by A(t) = AeY/ at each BPM. In performed measurements 7 decreases for increasing bunch
currents, namely from about 30 ms for 0.3 mA to 14 ms for 1.25 mA.

To first approximation, the total damping time 7 is obtained as the inverse of the sum of
the inverse damping times 7,, of all possible contributions n. Assuming a damping arising
from synchrotron radiation 7gr, known decoherence as estimated with equations provided
in Section 7.4.3, T, and one other remaining damping contribution, Tgen, , it reads [72]

1 1 1

+—+

. (7.21)
TSR TDec TRem.

~
~

S =

Compared to Eq. (7.18) a third damping component is included, required to reproduce the
observation. Using Eq. (7.21) and assuming a constant contribution from decoherence, equiv-
alent to the additional damping component at the lowest bunch current, it follows that mgem
decreases from about 300 ms to 30 ms for increasing bunch current. Considering only damp-
ing from synchrotron radiation, estimated low intensity decoherence, and one remaining
contribution, it is found that the total damping time is dominated by the first two effects
in the analysed range up to 1.2 mA. Assuming a constant contribution from decoherence, the
impact of R, is greater than the one of synchrotron radiation for bunch currents exceed-
ing 0.9mA. The inverse contributions of various damping sources to the total damping as a
function of bunch current are shown in Fig. 7.30.

As shown in Section 7.4.3 decoherence from non-linearities could explain a large fraction of
the faster damping than predicted by synchrotron radiation. It has to be noted, however, that
increasing intensity could lead to a larger emittance and therefore also increase the contribu-
tion of decoherence from non-linearity. Aiming to measure the transverse emittance for var-
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Fig. 7.30. Measured inverse of damping time 7, synchrotron radiation damping time 7gg, de-
coherence damping time .. and an additional damping time 7ger, over bunch current. Error
bars represent the statistical error over averaging over all BPMs.

ious bunch currents could be envisaged in future measurements and their impact on the de-
coherence evaluated. Another possibility for the different damping time over bunch current
could be from the head-tail effect, which would lead to an intensity dependent exponential
damping. Previous studies [270] show that the head-tail damping decreases with lower chro-
maticity. Performing dedicated studies with varying bunch currents and chromaticities could
help quantifying the effect of head-tail damping. As present investigations aim at improving
the SuperKEKB impedance model [271], here presented methods will help identifying inten-
sity dependent effects and therefore contribute to this campaign.

BPM resolution

The BPM resolution at each BPM is estimated by subtracting the SVD-cleaned orbit data from
the measured one and then computing its rms. All TbT BPMs in SuperKEKB are button BPMs
and a comparable resolution is observed. It is found that the estimated resolution improves
with increasing bunch current. The best resolution is therefore found at the highest bunch
current of 1.25 mA and estimated at 200 pm, using the first 1000 turns. The estimated BPM res-
olution over bunch current is shown in Fig. 7.31. From the HER measurement with multiple
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Fig. 7.31. LER rms BPM resolution (o) over bunch current, using the first 1000 turns for analy-
sis. The gray line is a fit of a function AI~'/2 + B.
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bunches in the ring as described before, it is assumed that the BPM resolution also improves
for optics measurements with multiple bunches in LER, where a dedicated study would allow
to conclude on the BPM resolution in multi-bunch operation.

7.5.3 Tune shift and effective impedance

Due to machine impedance the bunch experiences a tune shift with bunch current 7, as [272]

I
AQ = m ; Brkin, (7.22)

with the sum over all impedance sources n. In SuperKEKB the revolution frequency, fj is
100 kHz. For constant kick-factors, assuming a constant bunch length over all intensities, the
contribution from the collimators given in Table 7.5 would lead to a horizontal and verti-
cal tune shift of —0.78 x 107> mA~! and —5.21 x 10~3mA~!, respectively. Recent investiga-
tions suggest a contribution from other lattice elements, such as RF-cavities, injection and
extraction kickers, feedback elements or wigglers, to lead to a k, 3, of 3.19 x 10’ V/C and
4.91 x 102 V/C [271]. Hence, the expected tune shift increases to —1.41 x 107*mA~! and
—6.19 x 103 mA~!. It has to be noted that recent studies [273] show that the bunch length
increases by about 2.5 mm per 1 mA for LER, which could be considered in future analysis.

Fitting measured tunes from TbT orbit data over the respective bunch currents, as shown in
Fig. 7.32, gives a tune shift of (—2.08 + 0.04) x 1073mA~! and (—5.44 + 0.59) x 103 mA L.
The larger error bars vertically arise from the fact that the IK kicks the beam only horizontally

—— Col+Lat
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~0.590
>

0.585

0.0

Fig. 7.32. Horizontal (top) and vertical (bottom) tune over bunch current, for the fit, the ex-
pected collimator contribution (Col) and additional lattice contributions (Col+Lat).
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and hence the vertical plane cannot be measured precisely. The extrapolated tunes and 0 mA
bunch currents are 0.5282 and 0.5928, respectively for @), and @,. Within the error bar the
measured vertical tune shift is explained fully by known sources. The measured horizontal
tune shift, however, is greater than the model expectation, where known impedance sources
explain about 68 %. Collimators with used settings from Table 7.5 alone contribute to 40 %.
These studies hence suggest horizontal impedance sources not considered in the used model.
Future analysis can be performed aiming to use a refined impedance model. For example, in
the used model the estimated kick-factor from BPMs uses the average 5-function over these
elements, where defining the impact of each BPM individually could help reproducing the
observations.

Using the slope of the intensity dependent tune shift the imaginary part of the effective trans-

verse impedance can be estimated using

87%/%0,F/qdQ,
Im (Zegt) = GaC dr

(7.23)

with the machine circumference C' and the average S-function over the ring, (3,), of about
19m and 24 m, respectively, for the horizontal and the vertical plane. Neglecting intensity
induced bunch lengthening Im(Zg,,) results in about 32.7 + 1.3 k{2/m and 67 4 20 kQ2/m.

7.5.4 Phase advance and impedance localization

Measuring the intensity dependent tune shift suggests unexpected impedance sources for
LER in the horizontal plane. To localize the most dominant impedance sources the intensity
dependent phase advance is used. Similar to [56, 274, 275, 276, 277] the phase advances at
each BPM are fitted over the measured bunch currents for horizontal TbT measurements. It
is aimed to localize strong wake-field sources using a response matrix approach [278],

RAK, = Ay . (7.24)

ZI_(Z are the resulting quadrupolar strengths, at possible impedance sources to correct for a
measured phase advance shift over the bunch current A—u; Risa M x N matrix, with M BPMs
and N quadrupolar sources. To build the response matrix, quadrupoles are added in the
model exactly at expected localized impedance sources: BPMs, RF-cavities, injection kickers,
extraction kickers, feedback kickers, clearing electrodes close to the wigglers and collimators.
The present impedance model [271, 279], also used in Fig. 7.32, contains also impedance
sources, present throughout the ring, namely bellow, flanges, pumping ports, synchrotron ra-
diation masks and resistive wall impedance. As the contribution to the total ring impedance
is predicted to be small [271] from impedance sources distributed over the ring, possible con-
tributions are not considered. Wake-potentials lead to a negative quadrupolar kick [278] and
hence the solution is constraint to allow only non-positive values for A—K; The resulting
quadrupolar strengths to best reproduce the measured intensity dependent phase advance
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Fig. 7.33. Quadrupole strengths at possible wake-field sources required to best reconstruct
measured intensity dependent phase advance.

are shown in Fig. 7.33. This analysis suggests four dominant locations of impedance sources.
The two most dominant contributions are located on both sides of the interaction point in
Tsukuba straight section. In Oho straight section the third largest contribution to the total in-
tensity related tune shift is found. The fourth and last dominant impedance source is found
in the arc between Tsukuba and Nikko straight sections. While this study does not allow con-
cluding on exact elements responsible for the measured intensity dependent phase advance,
it can be clearly seen that strong impedance sources are likely to be located close to the Belle II
experiment. Future analysis can be performed aiming to constrain wake-field sources more
precisely.

The reconstructed intensity dependent phase advance shift using only found four negative
quadrupole gradients as illustrated in Fig. 7.33 is shown in Fig. 7.34. By applying observed
quadrupolar kicks a rms intensity dependent phase beating of 1.7 x 1073 (27)/ mA is recon-
structed, whereas the measured one is 2.0 x 1072 (27)/ mA and is shown in the same figure,
where BPMs with error bars exceeding +1 x 1072 (27)/mA are omitted. The reconstruction
therefore explains about 86 % of the measured rms intensity dependent phase advance shift.
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Fig. 7.34. Measured and reconstructed horizontal phase advance over bunch current. BPMs
with errors bars greater than +1 x 1072 (27)/mA are not shown.
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7.6 SuperKEKB and FCC-ee

The present designs of FCC-ee and SuperKEKB feature numerous similarities and hence ex-
perience from SuperKEKB commissioning will also influence the further FCC-ee design. More

over, presented studies show first possible arising challenges during the commissioning of a
new high luminosity lepton circular collider.

Both colliders feature a non-interleaved sextupole arc scheme for chromaticity correction
with a pseudo —/-transformation in the periodic arc cells. Understanding the tuning proce-
dures during SuperKEKB operation allows therefore to understand implemented concepts,
and their application for FCC-ee. In addition to a similar arc optics, the interaction region
in both machines are designed with a crab-waist optics, allowing to improve the luminosity
while suppressing beam-beam resonances. Moreover, the final focus quadrupoles are inter-
leaved with the detector solenoid, where recent investigations aim at improving the imple-
mentation in the MAD-X and the Geant4 [280] models [246], using results from SuperKEKB
and the SAD model. Understanding the complex interplay at the interaction region of Su-
perKEKB will therefore also help for FCC-ee and to possibly identify error sources in such a
configuration before building a novel circular collider.

One essential requirement in understanding the beam optics are performing measurements,
where here presented results will be taken into account for FCC-ee. For example a TbT mea-
surement system allows for fast measurements of the transverse beam optics, compared to
a COD approach, and would therefore be highly advantageous for FCC-ee, with a circumfer-
ence of about 100 km. To evaluate precisely both transverse planes using a kicker magnet in
only one transverse plane is not sufficient. Therefore, either a diagonal kicker or a system
driving the beam constantly would be inevitable to ensure sufficiently good measurement
quality in both planes. Experience from SuperKEKB will also help identifying a good location
for a possible excitation system in terms of beam optics. In order to also measuring optics
with a rather low dynamic and momentum aperture without loosing the beam, an automatic
trigger system, like it is fulfilled for TbT measurements using an IK in SuperKEKB IK-TbT is
beneficial.

Presented methods to measure amplitude detuning in SuperKEKB and including the impact
of decoherence from non-linear sources will also be applicable for the FCC-ee.

Lastly, the choice of optics parameters for operation needs careful evaluation. For example, it
is shown that for a LER optics with a working point close to the octupolar resonance, effects
such as amplitude detuning are larger, compared to a working point further away from this
line. Moreover, a different working point could also help improving the TMCI threshold. It
has to be noted that presented considerations on the working point neglect numerous other
aspects of a circular collider which are inevitable to be considered for the improvement of
SuperKEKB and FCC-ee.
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7.7 Conclusions

Optics measurements at SuperKEKB are performed at various optics and bunch currents for
both rings using TbT measurements and comparing obtained parameters to COD results.
Since comparing S-functions obtained from amplitude and phase advance suggest present
BPM calibration errors, only g-functions retrieved from phase advances are used for TbT op-
tics measurements in SuperKEKB.

Exciting the beam by a single kick with an IK allows measuring the optics by TbT data at var-
ious actions as the amplitude is damped mainly by synchrotron radiation and decoherence.
The measured amplitude detuning is typically about a 30 % larger than the model. However,
in HER optics with the lowest 5* an about 2 times larger value is measured, suggesting strong
contributions from octupoles or sextupoles. The formalism for decoherence is extended for
lepton storage rings, which is found to explain the additional damping at low bunch cur-
rents. As an automatic trigger system records automatically TbT data after applying a single
kick, off-momentum measurements are taken faster, allowing to measure chromatic prop-
erties such as the dispersion or the chromaticity. HER measurements with an optics where

>y = 80,2mm show a larger second-order and third-order chromaticity as expected from
the model which could hint to, for example, octupoles or decapoles in the lattice. As the IK
performs only a horizontal kick the vertical optics cannot be measured precisely.

Contrarily to an IK driving the beam vertically and in both transverse planes simultaneously is
possible with a PLL. However, obtaining a sufficiently stable excitation amplitude over several
thousand turns is found challenging to achieve, limiting hence the number of turns available
for optics measurements. It is found that at least approximately 15000 turns are required to
achieve a phase advance errors with respect to the model comparable to measurements using
an IK. In addition to measuring the optics of both transverse planes in PLL-HV mode, this
device allows to evaluate vertical and double plane RDTs, such as fi991 and fi010 for linear
coupling. Presented studies suggests unexpected coupling sources close to the interaction
point and in the other straight sections.

In addition to TbT measurements, measuring the optics in SuperKEKB is also measured rou-
tinely with a COD approach is. In general, this method is more time consuming, however,
well established in SuperKEKB and also used for optics corrections. Results from COD also
depend on the BPM calibration. The horizontal rms g-beating between TbT-IK and COD
measurements is about 6 % for both rings, where outliers occur mainly in the interaction
region. It has to be noted that the error bars are in the order of 6 %, suggesting that large
uncertainties increase the error with respect to COD, and showing the necessity for improv-
ing the measurement quality. Performing TbT measurements with multiple bunches in the
machine could be performed, aiming to improve TbT-IK measurements. For PLL mode the
B-beating with respect to COD measurements results in 14 % and 20 %, respectively for the
horizontal and the vertical 5-function. The larger error with respect to COD for PLL measure-
ments could arise from an about 5 or 10 times lower excitation amplitude for PLL compared
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to IK, respectively, for PLL-H and PLL-V mode. The difference between the amplitude in both
PLL modes could arise from the different optics in the transverse planes. For example, the
p-function is a factor 3 lower for the vertical plane than for the horizontal one at the PLL. In
addition to a larger PLL driving amplitude, a dedicated optics configuration with comparable
horizontal and vertical optics functions could be explored to quantify its effect on the PLL
performance.

Performing optics measurements for LER optics at various bunch currents show indications
of intensity dependent effects. While the BPM resolution improves, the transverse damping
time after applying a single kick leads to a faster transverse damping, limiting hence the num-
ber of available turns for optics measurements and suggesting a strong intensity dependent
damping. For example, at the highest bunch current of 1.35 mA the BPM resolution is esti-
mated at 200 pm, while the transverse damping time of 14 ms limits the used turns to approxi-
mately 1500. The faster than expected damping is attributed mainly to decoherence, whereas
the impact of intensity dependent emittance growth is not evaluated. Another contribution
could arise from head-tail damping, where its impact remains to be quantified. Future mea-
surements are envisaged, analyzing the intensity dependent emittance growth and measure
the impact on amplitude detuning at various bunch currents. Moreover, the interplay of mul-
tiple bunches and between the two beams could be evaluated. Acquiring measurements with
different chromaticities and using the octupole coils in the final focus could help distinguish-
ing between these two possible damping mechanisms.

With increasing bunch current the transverse tunes decrease. The vertical tune shift is ex-
plained completely by known sources, whereas horizontally almost 70 % can be explained
with the impedance model. Using the intensity dependent phase advance shift suggests the
two most dominant sources close to the interaction point. Other strong wake-field sources
are found in Oho straight section and in the Tsukuba-Nikko arc. Using the five found quadrupo-
lar kicks to reproduce the phase advance shift with bunch current explains about 86 % of the
measurement.
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The underlying research question of improving the understanding and design of beam op-
tics for existing and future circular colliders at the energy and luminosity frontier has been
addressed by measurements and simulations. Optics measurements using turn-by-turn data
at the Large Hadron Collider (LHC) at CERN and SuperKEKB at KEK have been performed,
where the latter also allow for predictions for the lepton Future Circular Collider (FCC-ee).
Additionally, novel lattice and optics options have been designed for the LHC and possible
higher energy successors, such as the High Energy LHC (HE-LHC), together with simulations
on physics fills including the effect of burn-off for future hadron colliders High Luminosity
LHC (HL-LHC), HE-LHC and the hadron Future Circular Collider (FCC-hh).

Presented work in this thesis covers various novel optics measurements performed at the
presently highest energy and highest luminosity colliders, LHC and SuperKEKB. Although the
LHC has already achieved a performance surpassing its design goals, presented optics mea-
surements of the second-order dispersion and the momentum compaction factor have been
performed for the first time. While the first agree well with the expectation, the latter have
suggested a yet unknown possible average arc BPM calibration error of -3 %. A major optics
measurement campaign during commissioning of SuperKEKB has identified requirements
essential for fast and precise optics measurements in the electron and the positron ring. Ana-
lyzing in total more than 500 on- and off-momentum measurements for four different optics
for the electron and the positron ring has allowed concluding on several required prerequisite
to measure various properties, such as the g-function, the chromaticity, amplitude detuning
or resonant driving terms. Here presented measurements have also shown larger than ex-
pected first, second and third-order chromaticity and linear amplitude detuning, which hints
to unexpected sextupoles, octupoles and decapole fields. Existing equations describing the
effect of decoherence have been extended for lepton machines by including synchrotron ra-
diation, which have allowed reproducing the observed damping time at low bunch currents.
Another highlight has been the simultaneous measurements of both transverse optics using
turn-by-turn data with a constant excitation, which has been presented here for the first time.
Measurements for the positron ring at various bunch intensities have shown intensity depen-
dent effects, which have also allowed an estimation of an additional damping time required
to reproduce the measurements and is tentatively attributed to decoherence in combination
with an intensity dependent emittance growth and head-tail damping.

In addition to novel optics measurements, design concepts for possible higher energy LHC
options have been developed, respecting given lattice and optics constraints, while replac-
ing 1/3, 2/3 or all arc main dipoles, where the latter is known as the HE-LHC. These studies

141
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have demonstrated the lattice and linear optics feasibility of building a new collider in an ex-
isting tunnel infrastructure while reaching up to twice the HL-LHC beam energy, in case of
the HE-LHC. Presented methods for lattice and beam stay clear optimisation are also appli-
cable for other possible future projects, such as the integrated FCC project. Complementary
simulations have concluded on the performance reduction caused by increased luminosity
production, which leads to an unequal particle burn-off. The reduction of integrated lumi-
nosity is 1.2 % for the HL-LHC and about 6 % for the HE-LHC and the FCC-hh.

To validate novel findings from LHC optics measurements and to demonstrate the feasibility
of a different optics configuration for possible LHC energy upgrades, an optics with a reduced
transverse phase advance of 60° has been designed for the LHC, including modified optics in
all insertion regions, envisaged to be tested with a low intensity pilot bunch in run 3.

To conclude, here presented results have improved the understanding of the LHC and the Su-
perKEKB optics and have shown novel optics concepts applicable for possible future circular
colliders. A more detailed summary of the achievements within the framework of the thesis
and an outlook for possible future work is given in the following.

Novel findings from LHC optics measurements

Novel LHC optics measurements have been performed by re-analyzing turn-by-turn data of
run 2 for seven different optics configurations acquired at collision energy of 6.5 TeV. For
the first time in the LHC second-order dispersion has been measured, showing in general a
good agreement with the model and a negligible contribution to the transverse beam size.
A second-order dispersion of about 5m has been measured at the interaction point with an
achromatic telescopic squeeze optics, leading to a small orbit offset of 4 ym with at relative
momentum spread of 1.13 x 10~%. As all analyzed measurements have been performed at
top energy, future measurements of the second-order dispersion at injection energy could be
performed, as the beam size and the relative momentum offset are larger compared to top
energy. Measuring the vertical normalized dispersion could be envisaged by designing an
optics with a non-zero average vertical dispersion.

Furthermore, the same seven measurements have been used to measure the momentum
compaction factor by fitting the measured relative momentum change over the change of the
RF-frequency. As expected, only a linear dependence of the relative momentum offset on the
RF-frequency shift has been found. However, the measured momentum compaction factors
are systematically 3 % lower than the expectation, which could not have been reproduced by
introducing large quadrupole errors. The observed discrepancy has hence been attributed
to an average arc BPM calibration error. It has to be noted that an orbit offset in the BPMs
would also impact the measured momentum compaction factor. Although it is assumed that
this contribution is small, the impact of these errors could be evaluated in future studies.

To strengthen the understanding of second-order dispersion and the momentum compaction
factor an optics featuring a fundamental different design of a 60° phase advance in the arc
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FODO cells, compared to nominal 90°, has been designed. Such an optics features, among
others, an about factor 2 larger momentum compaction factor and arc peak dispersion. It is
envisaged to perform a beam test for a LHC pilot bunch with about 10'° protons in run 3. In
addition to an advanced understanding on the arc BPM calibration, testing such an optics
would also probe the magnetic errors in the LHC differently, which motivates a beam test
for the 60° optics further. In a pessimistic scenario with a 5-beating of 44 % and a fractional
parasitic dispersion of 28 % the beam stay clear results in about 6.7 ¢, which is assumed suf-
ficiently large for a low intensity pilot bunch. However, the effect of various multipole and
misalignment errors on the beam optics and the dynamic aperture would need to be evalu-
ated.

Lattice and optics options for LHC energy upgrades

Various possible lattice and optics options for partial or full energy upgrades of the LHC have
been studied, where the latter is also known as the HE-LHC. The main goal has been to in-
crease the HL-LHC beam energy above 7 TeV. Since all possible upgrades are envisaged to be
installed in the LHC tunnel infrastructure, strong geometry constraints have been imposed
onto the layout.

With partial energy upgrades, where 1/3 or 2/3 of installed arc main dipoles are replaced by
stronger ones providing up to 16 T, beam energies of up to 9.53 TeV and 11.5 TeV could be
achieved, respectively. To fulfill the tight geometry constraints it has been shown that also at
least half of the main dipoles in the dispersion suppressors would need to be exchanged by
stronger ones. It has been shown that 10 0 beam stay clear at 450 GeV injection energy are
achievable by assuming that the new dipoles follow the beam path. As the main quadrupoles
are limited to 8.6 TeV with a 90° phase advance optics, an optics with 60° would allow to
focus beams up to 12.3 TeV. Although here presented studies have shown the lattice and
linear beam optics feasibility of partial energy upgrades, other limitations such as connecting
two different main dipoles types or strength limitations of separation dipoles have not been
considered and would need to be addressed in dedicated studies.

Compared to previous HE-LHC designs here presented layouts have been significantly im-
proved and optimized to have a similar footprint in the tunnel than the LHC. The two possi-
ble designs with 23 or 18 FODO cells per arc achieve a beam energy of 13 TeV and 13.6 TeV,
respectively. It has been shown that a minimum beam stay clear of 10 ¢ in the arcs is achieved
by either choosing a higher injection energy of 600 GeV or 830 GeV, respectively, demanding
modifications on the Super Proton Synchrotron (SPS), scaling the existing beam screen layout
by about a factor 1.1 or 1.2, or by the use of combined function dipoles. For the latter option
it has been shown that 10 o beam stay clear are reached by using main dipoles, providing also
a quadrupole component of about 500 x 10~* at a reference radius of 16.7 mm. Achieving suf-
ficient beam stay clear has also been found to be achieved by improving the optics control,
i.e. by reducing the residual closed orbit to 1 mm or by an ambitious rms [-beating of 2 %.
Here presented HE-LHC optics have been designed with exactly 90° phase advance in the
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arcs adjacent to the main experiments, allowing for spurious dispersion correction similar to
LHC and HL-LHC. However, alternative FODO cells with 60° are reconsidered, which require
lower gradients, could increase the dipole filling factor and hence the resulting beam energy
by 2 % with respect to 90° ones, assuming the same cell length and number.

As here presented results showed the feasibility of optimizing a layout, the reachable energy
and the linear optics, complementary studies are inevitable before concluding on a possi-
ble higher energy LHC option. Such studies include, among others, the non-linear optics,
dynamic aperture, flux jumps in the Nb3Sn conductor, collective effects or finalizing a 16 T
dipole design.

Performance impact from burn-off induced emittance growth

Future hadron colliders aim at increasing the luminosity production by burning-off a large
fraction of the initial bunch population. As particles will not be removed evenly from the
bunch, the transverse emittance grows over the fill. Analytical equations [5] predict an emit-
tance growth from particle burn-off of 20 %, 30 % and 40 %, respectively, for the HL-LHC, the
HE-LHC and the FCC-hh.

These predicted emittance growths have been used for here presented simulations on the
collider performance, where also emittance growth from intra-beam scattering is considered
as an additional perturbation. In a pessimistic scenario, where it has been assumed that the
burn-offlosses result from the total cross-section, a loss of integrated luminosity of about 6 %
has been found for the HE-LHC and the FCC-hh. In case of the HL-LHC the loss is about 1.2 %
compared to physics fills neglecting this effect. Assuming burn-off only from inelastic cross-
section the loss of integrated luminosity is about 4 % and 5 %, respectively, for the FCC-hh
and the HE-LHC and about 0.8 % for the HL-LHC.

Performed simulations have only included the emittance growth from particle burn-off and
intra-beam scattering, whereas in a more realistic scenario effects from crab-cavity noise,
power converters, flux jumps, beam scraping or dynamic aperture would need to be consid-
ered. Moreover these simulations have only been performed for nominal proton physics fills,
where in future studies also ion-ion or ion-proton collisions could be analysed in detail.

Optics measurements for high luminosity lepton colliders

During the commissioning of the presently highest luminosity collider, SuperKEKB at KEK,
numerous on-and off-momentum turn-by-turn measurements at four and three different
optics have been analyzed, respectively, for the 7GeV electron ring (HER) and the 4 GeV
positronring (LER), where the main differences between the various optics are the -functions
at the interaction point. In SuperKEKB turn-by-turn measurements have been acquired using
two different excitation techniques, namely by single kicks from an injection kicker (IK) and
by a driven motion provided by a phase lock loop (PLL). The merits and limitations of both
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excitation techniques have been explored and compared to results obtained from closed orbit
distortion.

As an automatic trigger system is installed using the IK, off-momentum optics parameters
have been successfully measured using this excitation. A larger than predicted from the
model first, second and third order chromaticity has been found for HER optics, suggesting
larger than expected sextupole, octupole and decapole fields. Using the IK on-momentum
amplitude detuning has been measured, where for the HER optics with the lowest 3; , an
about 2 times larger amplitude detuning is measured. For LER an about 30 % larger value is
found, than predicted from the model. By including synchrotron radiation in the description
of decoherence, the observed damping has been reproduced at low bunch currents. How-
ever, the used emittance has not been measured at exactly the time of the measurement and
the calculated kick amplitude could be spoiled by calibration errors. The octupole coils in-
tegrated in the final focus system could be used in future studies to evaluate their impact on
the amplitude detuning and decoherence, non-linear chromaticity, and could also be envis-
aged to correct these observations. Moreover, intensity dependent emittance growth and the
resulting decoherence could be explored.

As the IK applies only horizontal kicks, PLL excitations have been found inevitable for mea-
suring the vertical optics, where at least 15000 turns are required to achieve a similar phase
advance error with respect to the model than with an IK. Another great advantage of double
plane excitation with a PLL is that it allows to measure resonant driving terms, such as linear
betatron coupling, which has been explored here. As the excitation amplitude with a PLL is
about a factor 10 smaller than for the IK, it could be aimed increasing the driving amplitude
further, which is assumed to help improving the PLL measurement quality. However, this re-
quires an optics with sufficiently large dynamic aperture to avoid rapid beam losses, as PLL
measurements currently demand manual starting and stopping data acquisition.

Comparing g-functions obtained from closed orbit distortion and turn-by-turn measure-
ments have revealed a horizontal rms error of 6 % for IK excitation. For PLL the horizontal
and the vertical §-beating with respect to closed orbit distortion results have been measured
to 14 % and 20 %, respectively. Although approximately 450 beam position monitors (BPMs)
record closed orbit data, only about 70 are capable to be operated in turn-by-turn mode for
each ring. Hence, only BPMs recording both modes have been kept for these comparisons.
Horizontally the largest outliers have been found close to the Belle Il interaction region, while
vertically the error is larger in the rest of the rings. Reasons for larger vertical errors for the PLL
could be that the used vertical optics is not as compatible for this excitation and a smaller ver-
tical excitation amplitude. In future studies a dedicated optics with similar 5-functions and
phase advances in both planes could be designed, allowing to understand the difference of
horizontal and vertical PLL modes.

Dedicated measurements for LER at various bunch currents have shown an intensity depen-
dent tune shift, where vertically observations have been reproduced with the used impedance
model. Horizontally, however, only about 70 % have been explained, suggesting unexpected
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impedance sources. The contribution of collimators has been found to be 40%. Higher
bunch currents have shown a better BPM resolution, which could also lead to smaller un-
certainties on the optics measurements. Interestingly, HER measurements with multiple
bunches have shown an about 8 times better estimated resolution. In the future dedicated
measurements at both rings could be performed with varying bunch current, number and
filling scheme. These studies could help improving the impedance model and the quality
of turn-by-turn measurements. The same measurements have also revealed a faster damp-
ing for increasing bunch currents, which could result from decoherence in combination with
an intensity dependent emittance growth or a head-tail damping. Future measurements at
different chromaticities could be performed to help distinguishing between the contribution
from head-tail damping and decoherence and to possible mitigate the observed fast damping
at high bunch currents.
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