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Abstract

The High-Luminosity Large Hadron Collider (HL-LHC) project aims to significantly in-
crease the luminosity of the LHC. One of the key factors in achieving this goal is the
increase in beam intensity by a factor of 2 compared to the LHC design. This poses two
major challenges related to beam collimation: the collimation cleaning performance, and
the collimation-induced machine impedance. To address these challenges, a new optics
configuration for the betatron cleaning insertion has been developed, which improves both
aspects.

This thesis work produced the first implementation of the new optics in the LHC oper-
ational cycle, and in particular the deployment of the optics change during the energy
ramp. This is achieved through a delicate “optics de-squeeze” transition from the nominal
optics at injection energy to the new configuration at top energy. This work included the
design of the optics transitions, the development of the matching procedure and tools,
and the preparation for the LHC beam tests. Beam tests were also carried out at the
LHC in dedicated machine development sessions: this work also addressed their analysis.
Given the excellent results with low-intensity beams, the optics was considered adequate
for high-intensity beam tests at the LHC, which were prepared and followed up. The
successful completion of high-intensity tests is a crucial milestone in assessing the opera-
tional feasibility of this new configuration at the HL-LHC.

The expected cleaning performance was evaluated through simulations both at top energy
and during the energy ramp, and compared to the performance by the reference optics.
The measured cleaning shows an improvement and a good agreement with simulations.
Dedicated impedance measurements, carried out by colleagues in the Accelerator and
Beam Physics group using the optics developed within this thesis, showed an improve-
ment close to predictions.

These results demonstrate that the new betatron collimation optics can be safely deployed
during the LHC energy ramp and is effective in mitigating beam losses and impedance
with high beam intensities, also confirming the reliability of the modelling tools for future
HL-LHC operation. At the time of writing, these changes are considered for deployment
at the LHC during the 2026 run.
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Abstract i1talian

Il progetto High-Luminosity Large Hadron Collider (HL-LHC) mira ad aumentare signi-
cativamente la luminosita dellLHC e uno dei fattori chiave per raggiungere questo obi-
ettivo € il raddoppio dell'intensita del fascio rispetto al valore di design dell'acceleratore.
Questo pone due s de principali relative alla collimazione del fascio: le prestazioni di
cleaning della collimazione e l'impedenza della macchina indotta dal sistema di colli-
mazione. Per arontare queste s de, é stata sviluppata una nuova con gurazione ottica
per l'inserzione di collimazione betatronica che migliora entrambi questi due aspetti.
Questo lavoro di tesi ha prodotto la prima implementazione della nuova ottica nel ciclo op-
erativo dell'LHC, e in particolare I'implementazione del cambiamento dell'ottica durante
la rampa di energia. Cio e stato realizzato con una delicata de-squeeze dell'ottica per
passare dall'ottica nominale all’energia di iniezione alla nuova con gurazione all'energia
massima. Questo lavoro ha incluso la progettazione di una transizione ottica, lo sviluppo
della procedura e degli strumenti del matching e la preparazione per i test del fascio
dell'LHC. | test del fascio sono stati e ettuati sull'LHC in sessioni dedicate allo sviluppo
della macchina: questo lavoro ha a rontato anche la loro analisi.

Dati gli eccellenti risultati ottenuti con fasci a bassa intensita, l'ottica & stata ritenuta
adeguata per i test con fasci ad alta intensita sull'LHC, anch'essi preparati e monitorati
nell'ambito di questo lavoro di tesi. Il completamento con successo dei test ad alta inten-
sita rappresenta una tappa fondamentale nella valutazione della fattibilita operativa di
questa nuova con gurazione per HL-LHC. Le prestazioni di cleaning previste sono state
valutate attraverso simulazioni sia all'energia massima sia durante la rampa di energia, e
confrontate con le prestazioni dell'ottica di riferimento. Le prestazioni di cleaning misurate
mostrano un miglioramento e una buona corrispondenza con le simulazioni. Misurazioni
di impedenza dedicate, e ettuate dai colleghi del gruppo Accelerator and Beam Physics
utilizzando I'ottica sviluppata nell'ambito di questo progetto, hanno mostrato un miglio-
ramento in linea con le previsioni.

Questi risultati dimostrano che la nuova ottica di collimazione betatronica puo essere im-
plementata in sicurezza durante la rampa di energia dellLHC ed e e cace nel ridurre le
perdite di fascio e I'impedenza con alte intensita di fascio, confermando anche I'a dabilita
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degli strumenti di modellizzazione per il futuro funzionamento dellHL-LHC. Al mo-
mento della stesura di questa tesi, si sta valutando I'implementazione di queste modi che
nelllLHC a partire dal run del 2026.
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1 ‘ Introduction

Particle colliders for physics research are machines used for studying high energy physics
by accelerating beams of particles and making them collide, in order to produce new and
rare particles and investigate the fundamental interactions of nature. To push their per-
formances to the limit, key goals are reaching the highest possible energy of the particles
and maximizing the collision rate.

The Large Hadron Collider (LHC) is the largest and most powerful accelerator ever built.
With a circumference of almost 27 km, it is located at CERN, on the Franco-Swiss border
close to Geneva, in Switzerland. It is designed to accelerate proton and ion beams to
an energy of 7 TeV and 574 TeV respectively. Two high-energy particle beams travel in
opposite directions and they collide in four points, where experiment detectors are located.
As designed, the two counter-rotating beams have intensities 822 10 protons and
4:1 10 lead ions and the stored energy per proton beam amounts to 362 MJ.

To bend and focus the beams, dipole and quadrupole magnets are installed along the
accelerator. Most of them operate in a superconducting state at a temperature of 1.9 K.
In these conditions, even minimal energy losses can lead to a loss of the superconductivity
condition: less than one billionth of the total energy stored by the circulating beams is
su cient to quench the magnets. Therefore, an e cient collimation system is essential.
Its main goal is the controlled disposal of unavoidable beam losses that could otherwise
occur at sensitive areas or on accelerator components that are not designed to withstand
them.

The LHC is equipped with a multi-stage collimation system that provides an e cient
beam cleaning performance. LHC collimators consist of two parallel, movable blocks of
material called jaws. Their position de ne the gap through which the beam particles can
pass unperturbed, particles with large orbit errors are intercepted by the jaws in order to
prevent uncontrollable beam losses. In the LHC the collimation system is located in two
dedicated insertion regions (IRs): the momentum cleaning insertion, IR3, which provides
the cleaning of o -momentum particles, and the betatron cleaning insertion, IR7, where
particles with too large transverse oscillation amplitudes are intercepted. In addition to
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these dedicated insertions, other collimators are installed around the ring, such as near
the collision points and at the injection and extraction regions.

At present (2025), the LHC is in its third operational Run, known as Run 3, delivering
proton-proton collisions at 13.6 TeV

The next major upgrade is the High-Luminosity LHC (HL-LHC) project. The HL-LHC
project aims to boost the performance of LHC machine to extend its discovery potential,
by increasing the instantaneous luminosity from 1 t& 10** cm ?s ! and reaching an
integrated luminosity of 250fb ! per year, with the goal of 300Gb ! in about 12 years
after the upgrade [9]. One of the major factors in achieving these luminosity targets is
an increase of the bunch intensity froni:15 10 ppb (protons per bunch) to2:2 104
ppb. This poses signi cant challenges for the collimation system. First of all, the leakage
of losses from the collimation insertion to the downstream superconducting magnets, that
can potentially lead to quenches. In addition, the impedance (see Section 2.1.4), for which
the collimation system is the main contributor, can trigger beam instabilities.

A new optics for proton beams in the betatron cleaning insertion has been developed
to face these two challenges, improving the performance of the collimation cleaning and
reducing its e ective impedance. Due to aperture constraints, the new optics is inserted
during the energy ramp of the LHC: a complex and delicate challenge which has never
been done operationally before. The present work focuses on the design and validation of
the optics transition during the energy ramp through both simulations and experiments.

In Chapter 2 the fundamental concepts of accelerator physics are provided, together with
the notation used throughout this document. In particular, the basic principles of linear
beam dynamics and collimation theory concepts are introduced. Still in chapter 2, the
HL-LHC project is presented together with its challenges for the collimation system.

In Chapter 3, the development of the new optics for the betatron collimation insertion
(IR7) is presented. The main goals of the new optics are introduced, together with its
challenges. The chapter provides the procedure to obtain the new optics con guration in
the energy ramp of the LHC and the tools used to perform it.

Chapter 4 describes the simulation results for the new optics. After a description of the
tools used to perform the simulations, the expected cleaning performance of the collima-
tion system is evaluated both at top energy and during the energy ramp. The chapter
provides an evaluation of the expected cleaning improvements compared to the reference
optics. The impact of di erent collimator settings scenarios on the cleaning performance
Is also analyzed.

Chapter 5 presents the experimental validation of the new optics. First, it summarizes
the Machine Development sessions performed in 2025. The results demonstrate a suc-
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cessful deployment of the optics in the LHC. The chapter analyzes the measured cleaning
performance both at top energy and during the ramp of the LHC. The impedance results
are also discussed. Moreover, it analyzes the comparison between the simulations and
measurements. Finally, conclusions are drawn.






2 ‘ Beam collimation in the LHC
and the future High
Luminosity LHC

The beam circulating in a circular accelerator consists of bunches of particles and the
particle distribution in each bunch can be represented by a Gaussian distribution. In
ideal conditions, particles travel along the reference orbit, which is the ideal trajectory
de ned by the accelerator design. The center of the Gaussian corresponds to the core of
the bunch, where particles perform quasi-stable oscillations around the reference orbit.
Particles that populate the tails of the distribution, the so-called halo, can eventually
hit the aperture of the machine. If they hit the superconducting magnets, the resulting
energy deposition can lead to magnet quenches. Therefore, an e cient collimation system
is needed. Collimators intercept halo particles, providing halo cleaning and protection of
the machine.

2.1. Accelerator fundamentals

The beam in an accelerator is subject to a combination of forces from electric and magnetic
elds. The motion of a charged particle subjected to these elds is described by the
Lorentz force:

dp_

it qE +~ B); (2.2)

where pis the relativistic momentum of the particle,q is the charge,v is the velocity and

E and B are the electric and magnetic elds, respectively. The magnetic eld generates
a change of momentum perpendicular to the particle velocity, bending its trajectory and
keeping it con ned along the designed orbit. The electric eld generates a change of mo-
mentum in the direction of the eld, accelerating or decelerating the particle.

In circular accelerators, these functions are ful lled, respectively, by dipole magnets, which
bend the beam, and by the Radio-frequency (RF) system, which accelerates the particles
and compensates for the energy lost by synchrotron radiation. The accelerating electric
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eld is produced by RF cavities, metallic resonators that con ne electromagnetic waves at
speci c frequencies. When an alternating voltage is applied to the cavities, standing waves
are formed at a resonant frequency that is synchronized with the revolution frequency of
the particles. Therefore, each time the particles pass through the cavity, they receive an
energy kick that accelerates them. The frequency of the applied voltage typically lies in
the radio frequency range, hence the nanfRF cavity. These cavities not only accelerate
the particles, but also de ne a region in the longitudinal phase space, call&F bucket
that contains the particles that are synchronized with the RF eld and are longitudinally
stable. Therefore, the RF cavities produce longitudinally separated groups of particles,
known asbuncheseach contained in an RF bucket.

Particles outside the bucket are not synchronized with the RF eld: they can gain or lose
energy turn by turn, depending on their phase, and are ideally lost at collimators.
Magnetic elds are used to bend and focus the patrticles travelling around the machine, see
Fig 2.1. Dipole magnets generate a uniform dipolar eld that bends the particles along
the accelerator, de ning a closed orbit on which, ideally, a particle with nominal energy
can move inde nitely. In practice, particles diverge from the closed orbit, therefore they
need to be focused. This e ect is provided by quadrupolar magnets, which generate a
guadrupolar magnetic eld that focuses the particles in one plane and defocuse them in
the other plane. By alternating focusing and defocusing quadupoles, a con guration of
magnets can be found that provides an overall focusing of the beam. Higher-order mag-
nets, such as sextupoles, octupoles and so on, provide corrections for non-linear e ects
and chromatic aberrations.
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Figure 2.1: Magnetic elds for a dipole (left) and a quadrupole (right) magnet. Dipole
magnet generates a uniform magnetic eld between the two poles that bends the charged
particles on their orbit. Quadrupole magnet produces a eld that increases linearly with
the distance from the center, focusing in one transverse plane and defocusing in the other
[22]. These schematics are shown to illustrate the conceptual eld distributions and do
not represent the physical layout of the LHC superconducting magnets, where the elds
are generated by coil geometry.

2.1.1. Basic principles of linear beam dynamics

In this section, the transverse motion of a charged particle in a circular accelerator is
described in the steady state regime, at constant beam energy.

A right-handed orthogonal and moving reference systenx,{,z) is considered, as illus-
trated in Fig.2.2 (2.2)

The circular black line represents the reference closed orbit along which the charged par-
ticle travels, with ry the orbital radius. The 2z vector is tangent to the closed orbit and
represents the longitudinal direction of motion, they and % vectors represent the vertical
and horizontal position of the particle with respect to the closed orbit.

Equating the Lorentz and centrifugal forces for a constant magnetic el& perpendicular

to the particle velocity gives:

F=qvB= (2.2)

wherev is the speed of the particle with charge, is the Lorentz factor,m is the mass of
the particle and the radius of curvature. Rewriting this equation, themagnetic rigidity
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Figure 2.2: Right-handed moving reference system.

can be de ned:

vy}
1
O

(2.3)

This represents the resistance of the beam when subject to a magnetic eld. It highlights
the direct relation between the magnetic eld and the radius of curvature: to keep a par-
ticle on a circular trajectory with a given radius , a stronger magnetic eldB is required
for particles with higher momentum.

In the following, the derivation of the general equation of particle motion in the transverse
plane with respect to the design orbit is presented using a moving coordinate system.
In transverse beam dynamics, the longitudinal motion and the energy variation are ne-
glected. Therefore the electric eldE is not considered and only the magnetic eld is
taken into account.

In a circular accelerator, usually only the transverse components of the magnetic eld are
non-zero, i.e.B = (By;By;0), whereBy and B, are the horizontal and vertical compo-
nents of the eld.

For small variations around the design orbitBx and B, can be expanded in a rst-order
Taylor series:

Byx(X;y;S) = Byo + @E;( ))/ (2.4)
By(X;y;S) = Byo+ @—?(x + yy (2.5)

where:

" Bxo and By, represent the dipole elds, which bend the particles in vertical and
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horizontal plane.

" @@B‘y and @3‘ * represent the quadrupole eld, focusing in one plane and defocusing in

the other.

~ @B @B
o and Gy

vertical motion of the particles.

represent skew quadrupole elds, which couple the horizontal and

From Maxwell's equations, assuming a magnetic eld with only transverse components
(B,=0), an electric eld equal to zero E =0) and no currents in the region of interest {
=0) , the following relations are obtained:

@ _ @5
‘@x @y (2.6)
@5 _ @8

@x @y @7

In a circular accelerator, usually the vertical dipole eld is used to bend the particles in
the horizontal plane and the quadrupole eld provide focusing. Therefore the horizontal
dipole eld (Byo) and the skew quadrupoles component@cﬁ and ) can be neglected.
Eq. 2.4 and Eqg. 2.5 can be rewritten as:

Bx = @y = Bly (28)
By = Bg+ %X = Bg+ Bix (29)

where By represents the dipole eld andB; represents the quadrupole gradient.
Considering only particles with design momentum and keeping only the linear terms, the
transverse motion can be described by the following equations:

1 B1(s)
00, -0n- — 1
X7+ Ky(s)x =0; Ky(s) 92 B (9 (2.10)
Bi(s)
004 K =0; Ky(s)= == 2.11
where x%= ?,sﬁ, yoo‘ <& with s the longitudinal coordinate along the reference orbit.

The functions K, (s) and K(s) represent the focusing strengths in the horizontal and
vertical planes and (s) is the bending radius of the reference orbit. For constant(s)
and K., (s) within each magnetic element, these equations describe a harmonic oscillator
or an exponential function, depending on the sign &€ ., ().
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When the focusing functionK ., (s) are periodic along the accelerator lattice, as in most
circular accelerators, the equations 2.10 and 2.11 are known as Hill's equations.
The solution of the Hill's equation in the horizontal plane is [30]:

X(9)= Aot X( SN ' x(8)+ "o (2.12)

where (s) is the betatron function a periodic function that modulates the amplitude
Ao of the transverse oscillations, and g is an initial phase constant.
The phase advance (s) is given by:
z
S ds?

"x(8) = . (2.13)

Other parameters related to the function can be de ned:

_1d (s).

(8= 5o (2.14)
_ 1+ (9

9=~ (2.15)

The functions (s), (s) and (s), known asTwiss parameters describe the transverse
beam dynamics and are de ned by the machine optics.

In the transverse phase space '), the motion of a single particle can be represented by
an ellipse, shown in Fig. 2.10 (2.2)

The phase space ellipse is described by the following equation:

"x = x(8)X}(8)+2 x(5)x(s)xAs)+ x(5) x%(s) (2.16)

The shape of the ellipse depends on the positiaalong the accelerator, while its area

remains constant.

All the particles of the beam can be statistically represented by a Gaussian distribution

in the transverse phase space. The correspondibgtatronic beam size , and divergence
9(s) at a certain positions are expressed as:

q__
x(s) = . "xrms  x(S) (2.17)
%)= "xrms x(9) (2.18)
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Figure 2.3: Elliptical trajectory in the transverse phase space.

where".ms IS the root mean square emittancevhich is de ned as:

p
wrms = X2ihx® h xx4? (2.19)

The termshx?i, x®i and hxx492 correspond, respectively, to the variance of the transverse
position, the variance of the divergence and the covariance between the position and angle.
The beam core is de ned as the region containing the particles withi ,(s) from the
beam centre, while the particles outside this region form the beam halo.

A normalised emittance invariant with respect to energy, is de ned as:

IIx;norm = rel reI"x;rms (220)

where ¢ = v=G V is the speed of the particlec is the speed of light in vacuum and
B 11 rzel .
The betatron tune is de ned as the number of betatron oscillations that a particle performs

throughout the length L of the full machine:

1
== (2.21)
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Chromaticity describes how the betatron tune varies with the particle momentum. It is
de ned as:

(2.22)

where is the relative momentum deviation. Since quadrupoles focus particles di erently
depending on their momentum, even small variation in lead to corresponding tune shifts.
In the LHC, the rst-order chromaticity is controlled by dedicated sextupole magnets.

2.1.2. Dispersion and o -momentum transverse dynamics

The beam particles do not have the same momentum, but are characterised by a small
spread around the design valugy:

p=po(l+ ) (2.23)

where is the momentum variation and is de ned as:

=2 (2.24)

Recalling Eg. 2.3, a small variation in momentum causes a proportional change in the
angular kick of a dipole magnet:

= —— ol ) (2.25)

9B _ 9B
P po(l+ )

Particles with >0 (momentum larger than the nominal one) are bent less than the ideal
particle, while those with < 0 (momentum lower than the nominal one) are bent more.
This e ect is known asdispersion it is produced by dipole magnets and causes particles
with di erent momentum to have di erent closed orbits along the accelerator.

In the transverse plane, a momentum o set leads to a distortion of the closed orbit around
which the particles perform betatron oscillations.

For small deviations in momentum, the horizontal Hill's equations becomes inhomoge-
neous:

x%% K (s)x = o (2.26)
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The solution of this equation is:

X(s) = x (s)+ x (s) (2.27)

wherex is the betatron oscillation around the on-momentum orbit anc is the particular
solution of the inhomogeneous equation associated to the momentum variation. It can be
written as:

x = D(s) (2.28)

where D(s) is thedispersion functionthat satis es the equation:

D%+ K (s)D = (2.29)

1

(s)
The dispersion is usually negligible in the vertical plane, since it is produced by dipole
magnets, which mainly act in the horizontal plane.

As a consequence, the horizontal beam size depends on both the betatron motion and the

dispersion, as follows: s

= Py 2.30
x x x(8) +(Dx(s) po) (2.30)

2.1.3. Collimation theory

2.1.3.1. Geometrical and dynamic aperture

In an accelerator ring, the particle beam is con ned inside a physical space de ned by the
vacuum chamber and by other elements installed along the machine. This region is called
geometrical apertureAge,. The aperture is typically expressed in units of the beam size.
For a generic transverse plane = ( x;y), the beam size , is expressed by 2.30.

In order to ensure that the particle beam remains within the vacuum chamber, at any
position of the machine the maximum transverse oscillation amplitude must be lower than
the geometrical aperture.

A particle is lost when its oscillation amplitude is larger than the available aperture, so
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when the condition below is ful lled:

Az(S)  Ageds) z(s) (2.31)

The concept above refers to the physical limits of the machine. In addition to this physical
aperture constraint, thedynamic aperturede nes the region in phase-space where particle
motion is stable. It de nes the maximum oscillation amplitude up to which particles
remain con ned inde nitely. However, in a real accelerator, non-linear magnetic elds
(such as sextupoles, octupoles and alignment errors) can cause the particle amplitudes to
exceed this stability limit.

2.1.3.2. Beam halo population

In an ideal accelerator, beam core particles perform stable motion with oscillation ampli-
tude A << A 4¢. However, there are several processes that can cause particles to move
away from the core, leading to the formation of the beam halo.

The population of the beam halo is dangerous for accelerator operation. Far from the
beam core, magnet non-linearities become more relevant and can cause patrticles to have
an unstable motion, increasing the risk of beam halo losses in the machine.

Figure 2.4: Geometric and dynamic aperture.

The main processes that cause the beam halo population and the emittance growth of
the circulating beam are:
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" Intrabeam scattering: the beam patrticles are de ected by small angles due to Mul-
tiple Coulomb sattering between particles in the same bunch.

" Beam-gas interaction: elastic and inelastic scattering between beam particles and
gas molecules inside the vacuum chamber can lead to the population of beam halo.

" Beam-beam e ects: after the bunches collide, elastically particles can populate the
beam halo, leading to a decrease of luminosity.

If halo particles hit the machine components, they can deposit large amounts of energy,
causing radiation damage and reducing the lifetime of impacted components.

Energy deposition in superconducting magnets can lead to quenches, leading to a transi-
tion from superconducting to resistive state. Moreover, halo particles can contribute to
background in high-energy physics experiments, which can interfere with detector mea-
surement.

Therefore, an e cient collimation system is required, with the main objective of ensuring
that particles are lost in robust locations.

2.1.3.3. Collimation cleaning performance

Collimators are blocks of material, callegaws, placed between the circulating beam and
the mechanical aperture of the accelerator. The distance between the beam center and
the surface of each jaw is théalf gap which is usually expressed in units of beam size
and de nes the collimator setting.

The choice of the collimator setting is essential: the outer limit of the settings is deter-
mined by the machine aperture that must be protected and by the cleaning performance
that needs to be reached. In accelerators with high brightness beams, the inner limit is
instead constrained by the contribution of collimators to machine impedance, that can
lead to beam instabilities, and, when operating at very small gaps, by the increased loss
rates in the collimators themselves.

Therefore, the choice of collimators settings normally results from a trade-o between
reaching a su cient cleaning performance and minimizing the contribution to machine
impedance.

To achieve the required cleaning performance, the LHC collimation system is designed
as a multistage system, where halo particles are intercepted in successive stages. This
con guration relies on a well-de ned hierarchy among collimators, which ensures that
particles are e ciently absorbed at the intended stage and do not reach sensitive machine
components. A detailed description of the LHC multistage collimation system is provided
in Section 2.2.2.
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Di erent parameters are de ned to quantify the collimation cleaning performance.
The rst parameter to be mentioned is theGlobal cleaning Ine ciency, which is de ned

as:
Np(A>A 1)

2.32
Nabs ( )

o(Ai) =

whereN, is the number of particles escaping the cleaning insertion with a betatron oscil-
lation amplitude A larger than an amplitudeA;, and Ny is the total number of particles
absorbed in the collimation system.

The smaller the Global cleaning ine ciency 4(A;), the more e cient the cleaning system
is.

Another important parameter is the Local Cleaning Ine ciency, which provides the dis-
tribution of the losses around the ring and is de ned as:

N loss
SNabs

(2.33)

c—

whereN,ss are the number of particles that are lost over a length of s.

In addition to providing a general protection of the machine, the goal of the collimation
system of the LHC is to keep losses in the superconducting magnets below the quench
limit. To avoid magnet quenches, the value of. must ful Il the following condition:

<Rq

2.34
< N (2.34)

whereRg is the quench limit in units of particle lost per metre, is the beam lifetime and
Nt is the total beam intensity. Consideringl (t) the beam intensity, the beam lifetime

can be expressed as:
1 1dl

Therefore, is the characteristic time at which the beam intensity reduces td=e of its
initial value.

2.1.4. Impedance

When a high-intensity beam travels through the accelerator, it induces electromagnetic
elds in the surrounding vacuum chamber. These elds act back on the beam, and
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can in uence its longitudinal and transverse motion. This interaction is known as beam
impedance. Two main mechanisms contribute to impedance: the geometric contribution,
generated by discontinuities or variations in the aperture of the vacuum chamber, and
the resistive wall-impedance, which arises from the nite conductivity of the materials.
The impedance can drive collective e ects that can lead to emittance growth and beam
instabilities.

In the LHC, collimators are the main contributors to impedance because of their small
gaps around the circulating beam. Higher electrical conductivity jaw materials help reduce
the impedance, but the tight apertures required for the e cient halo cleaning still make
the collimation system the main machine impedance contributor.

2.2. The LHC and its collimation system

The primary goal of the LHC was to discover the last missing piece of the Standard
Model, the Higgs boson, whose existence was con rmed in 2012, after only a few years of
operation.

Today, the LHC aims to explore new physics beyond the Standard Model, trying to
explain several phenomena observed in nature that remain unsolved, such as the matter-
antimatter asymmetry.

Two counter-rotating beams circulate along two parallel vacuum pipes, bent and focused
by superconducting magnets cooled to 1.9 K in a bath of super uid helium. The beams
collide at four interaction points (IPs), where the main experiments are located: ATLAS,
ALICE, CMS and LHCb.

2.2.1. The LHC accelerator complex

The LHC is the last of a complex accelerator chain. Protons are initially taken from
a hydrogen source, where they are extracted at an energy of about 50 keV. They are
then accelerated in the 35 metre long Linear Accelerator (LINAC), reaching an energy of
160 MeV. After that, the beam is injected into the Proton Synchrotron Booster (PSB),
which increases the energy to 2 GeV. From there, the particles are transferred to the
Proton Synchrotron (PS), where they are grouped into trains of bunches with 25 or 50 ns
spacing and accelerated to 26 GeV. Finally, the protons are sent to the Super Proton
Synchrotron (SPS), where they reach 450 GeV before being injected into the LHC [12].
The LHC is composed of eight sections, called Interaction Regions (IRs), and eight arcs.
The particle beams collide at four Interaction Points (IPs), where the detectors are placed.
The two general purpose experiments are ATLAS (A Toroidal LHC ApparatuSP1) and
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Table 2.1: Main LHC design parameters (at injection and collision) and main LHC pa-
rameters during 2025 operation [10] [14].

Parameter \ Injection | Design Collision \ Collision (2025)
Beam data

Energy [GeV] 450 7000 6800
Relativistic gamma 479.6 7461 7250
Number of particles per bunch 10 1.15 1.62
Number of bunches 2808 2460
Transverse normalized emittance [m rad] 3.5 3.75 2.50
Circulating beam current [A] 0.582 0.72
Stored energy per beam [MJ] 23.3 362 434
Peak Luminosity Related Data

Peak luminosity [L0** cm 2 s 1] 1.0 2.25
Geometry

Ring circumference [m] 26658.883

Magnets

Number of main dipoles 1232

Field of main dipoles [T] 0.535 8.33 8.09
Bending radius [m] 2803.95
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Figure 2.5: The Large Hadron Collider on the Swiss-French border.

Figure 2.6: Accelerator complex at CERN [12].

CMS (Compact Muon Solenoid,IP5). LHCb (Large Hadron Collider beauty, IP8) is

dedicated to the study of B-meson decays and ALICE (A Large lon Collider Experiment,
IP2) is optimized for heavy ion collisions. The two counter-rotating beams are injected
to the machine in IR2 Beam 1) and IR8 (Beam 2), and are consequently accelerated
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by RF cavities installed in IR4. The beam dumping system is located in IR6, where the
beams are safely extracted from the accelerator. IR3 and IR7 insertions are dedicated to
momentum and betatron cleaning, respectively.

When the two counter-rotating beams collide at the interaction points, a large number of
collisions occur per unit time. This rate of interaction is quanti ed by theReaction Rate

R and depends on both the cross-sectionand the luminosity L:

R= L (2.36)

The cross-section represents the probability that a speci ¢ reaction occurs and depends
only on the physics process and on the beam energy. Luminosityis, instead, a beam-
speci ¢ parameter and is de ned as:

frevnbNgF_

L =

(2.37)

where Ny, is the number of particles per bunchny is the number of bunches per beam,
f is the revolution frequency, x and  are the rms transverse beam sizes at interaction
points and F is the geometric reduction factor accounting for the crossing angle that is
imposed to the colliding bunches to avoid parasitic collisions around the IP.

As shown in Eq. 2.37, luminosity depends on the beam parameters of the collider. In
general, the goal is to maximize it to increase the collision rate. This improves the prob-
ability of observing rare events and provides a higher statistical signi cance.

In 2011, with a beam energy of 3.5 TeV, the LHC reached a peak luminosity &f
10®%3cm 2s 1. In 2012, operating at 4 TeV, the peak luminosity increased td:7
10%3cm 2s 1, still below the design value oflC®**cm 2s 1, but su cient to produce enough
events for the discovery of the Higgs Boson.

In Run 2 (2015-2018), the LHC exceeded its designed luminosity. After reaching the
nominal value of1 1C**cm 2s ! in 2016, the machine achieved a peak luminosity of
2:07 10*cm 2s 'in 2018, more than twice the design target [25]. Run 3 (2022-present)
reached a peak luminosity of approximately2:1  10**cm 2s ! in 2024, con rming the
excellent performance achieved during Run 2 [17].

2.2.2. Collimation system of the LHC

The collimation system has multiple roles, such as cleaning of the betatron and o -
momentum beam halos, providing passive machine protection and intercepting the col-
lision products. The rst step in designing an e ective collimation system is to identify
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the main objective it has to fulll. For the LHC, the main design requirement is the
cleaning of halo particles, in order to keep the particle losses below the quench limit of
the superconducting magnets.

Indeed, the LHC operates with high stored beam energy (450 MJ at 6.8 TeV) which, on
the one hand, represents the extraordinary potential of the accelerator, but, on the other
hand, makes the beam highly destructive.

The superconducting magnets would quench even if a small amount of energy (about
30mJ=cm?) is deposited in the superconducting coils. Therefore an e cient collimation
system is required to intercept and absorb the beam losses in a safe and controlled way.

2.2.2.1. The LHC collimator design

The LHC collimators consist of two blocks of materials, calledollimator jaws, which are
independently movable. Their relative position de nes the gap through which the beam
passes. The surface of each jaw consists of a at part, which de nes the active length,
and a tapering part at both ends to minimize its contribution to the machine impedance.
The collimator jaws must be precisely centered and aligned with respect to the beam
envelope and the actual beam orbit. The jaw aperture and the tilt angle are adjusted by
four stepper motors installed on each collimator.

The two collimator jaws are put in a vacuum tank. The cooling of the jaws is provided
by a heat exchanger with metallic pipes. The mechanical stress caused by the contact
between materials with di erent thermal expansion coe cients (the jaws and the heat ex-
changer) is mitigated by means of a GlidCop support bar, a copper alloy containing nely
dispersed alumina particles. This bar presses the cooling pipes against the jaw material
through clamping elements. This design also improves the thermal contact between the
two components.

Fig 2.8 shows the original LHC collimator design, where the GlidCop support bar is
pressed against the cooling pipes by springs. The same mechanical principle is still em-
ployed today, but the clamping system uses screws instead of springs [11].

Depending on their orientation with respect to the beam axis, collimators can be hori-
zontal, vertical or skew.

One important aspect in the design of collimators is the choice of the jaw material. The
jaw material depends on the role of the collimator in the system hierarchy, as will be
discussed in the next section. In general, high-Z and high-density materials, such as
tungsten, are preferred if the main purpose of the collimator is absorption of particles,
since they provide a high interaction probability. Low Z materials, such as graphite, are
preferred instead to reduce energy deposition in the jaw and to ensure higher robustness
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Figure 2.7: LHC Collimator scheme [5].

in case of beam impacts.

For the LHC, most primary and secondary collimators are made of ber-reinforced graphite
(CFC). However, in IR7 some primary collimators have been upgraded to Molybdenum
Graphite (MoGr) to reduce impedance. Some secondary collimators have also been re-
placed with MoGr jaws [1].

Absorbers are made of high Z materials to maximize particle absorption.

The choice of the jaw material also a ects the beam impedance. Materials with high elec-
trical conductivity, such as copper or tungsten, help reduce the impedance, but are less
robust against beam impacts. Materials with low electrical conductivity, such as CFC, are
more robust against mechanical damage but contribute more to the machine impedance.

2.2.2.2. The multi-stage collimator system of LHC

The LHC collimation system is a multi-stage system whose main goal is to intercept and
absorb beam losses.

One of the key aspects of a multi-stage collimation system is a well-de ned collimator
hierarchy, which ensures that each collimator performs its speci ¢ function in the overall
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Figure 2.8: Top collimator view [13].

cleaning process.
The aperture of the collimator is expressed in units of the standard deviation of the beam
in the collimator plane, which for a planei is de ned as:

q
i = X;i CO§ i+ yii Sinz i (238)

where ,; and ; are the betatron functions, ; is the tilt angle of the i-th collimator,
and " the geometrical emittance, resulting from' = ",= ¢, with ", = 3:5 mrad the
normalized emittance at 6.8 TeV. It is important to note that, in this context, the beam
size is de ned only by the betatron contribution. The dispersive term is not included,
therefore this expression 2.38 does not represent the RMS beam size.

Fig 2.9 shows three di erent orientations of collimator jaws in the transverse plane.
The angle de nes the rotation of the collimator jaws with respect to the horizontal axis
X.

For an horizontal collimator, the jaws are parallel to thex axis ( = 0 ), for a vertical
collimator the jaws are parallel to they axis ( =90 ) and for a skew one, the jaws are
tilted by an angle with respect to the x axis.

Therefore, in Eq 2.38, is the transverse beam size along the collimator orientation.
The setting of the collimator jaw is usually expressed in unit of and the jaws of a colli-
mator are setat n from the beam center.
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Figure 2.9: Schematic representation of three collimator orientations in the transverse
plane.
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Di erent n values are assigned to di erent collimators to ensure the cleaning hierarchy.
The LHC houses two dedicated insertions for beam cleaning: the betatron cleaning and
the momentum cleaning insertions. The rst captures particles with high betatron am-
plitudes, while in the second particles with large momentum deviations are cleaned. The
two insertions are located in two di erent regions of the LHC ring and are designed to
independently perform their tasks.

" Betatron cleaning insertion (IR7): region with small dispersion, meaning that the
transverse displacement due to momentum o set is negligible. Particles located far
from the beam center are characterized by large betatronic amplitudes.

" Momentum cleaning insertion(IR3): region with large dispersion, so the halo par-
ticles are characterized by a high momentum o set. Due to optical constraints, the
beta function is not negligible in this region.

Figure 2.10: Collimation layout of the LHC [4].
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A multi-stage collimation system is implemented in both the betatron cleaning and mo-
mentum cleaning insertions.
The primary collimators (TCP, 'target collimator,primary’) are the rst collimators

Figure 2.11: LHC multistage collimation system [24].

placed along the beam path, designed to intercept the primary beam halo particles.
Downstream, secondary collimators (TCS, 'target collimators, secondary') are placed,
with the speci c role of intercepting the particles that are out-scattered at TCPs, called
secondary halo. TCSs are longer than TCPs to maximize the interception of secondary
beam halo. Their aperture is larger than the one of TCPs, in order to ensure the colli-
mator hierarchy.

These two types of collimators are made of Molibdenum-Graphite (MoGr), Mo-coated
Molibdenum-Graphite or Carbon Fibre Composite (CFC), materials that provide high ro-
bustness and increase thermal conductivity, reducing the contribution to machine impedance.
The primary collimators have an active length of 60 cm, the secondary collimators of 1 m.
Further downstream, absorbers called TCLA are installed to absorb the tertiary beam
halo and the particle showers produced by inelastic interactions of the protons in up-
stream collimators. These collimators have a larger aperture than secondaries and are
made of Inermetl180, a high-density tungsten alloy, to maximize the particle absorption
rate.

While the collimators described above perform the cleaning function of the LHC, addi-
tional collimators are installed in particularly sensitive areas of the ring. Their role is
to protect the machine from beam losses that could result from equipment failures or
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operational errors.

The Target Dump Injection Segments (TDIS) are vertical collimators equipped with 4.2 m
long Cu-coated graphite jaws. They are installed to prevent the failure of one or more
injector kickers. In these cases, the upper jaw intercepts bunches that are not su ciently
de ected by the kickers, while the lower jaw intercepts a miskicked circulating beam. In
addition, two-sided vertical collimators (TCLIs) are placed downstream of the LHC in-
jection points, in IR2 for Beam 1 and IR8 for Beam 2 These collimators are moved in
during the beam injection and are retracted before the acceleration phase starts.

In IR6, a dump protection system is installed and is composed of three collimators, called
TCDQ, followed by a secondary collimator (TCSPM). Each TCDQ is a one-sided hori-
zontal collimator 3 m long, resulting in a total active length of 9 m. This system protects
the machine in case of malfunction of the beam extraction system.

In addition, two tertiary collimators (target collimators, tertiary, pick-up, TCTPs) are
installed upstream of the collision points for all the experiments, one TCTP in the hori-
zontal plane (TCTPH) and one in the vertical plane (TCTPV). Their primary function

Is to protect the quadrupole triplets that squeeze the beams before they go into collision
[23]. In addition, TCTPs also contribute to background mitigation: by intercepting halo
particles, they can reduce the background in the experimental detectors. However, when
protons interact with the jaw material, the particle showers that are generated may still
reach the experiments. They are two-sided collimators with 1 m Inermet180 jaws.
Downstream of the two high luminosity experiments, in IR1 and IR5, physics debris ab-
sorbers (target collimator, long TCL) are installed to protect the machine from particle
showers coming from the collisions.

The collimators described above are placed inside the beam vacuum, which intercept
beam particles. In addition to them, masks, absorbers and other shielding elements are
installed outside the beam vacuum to further protect the magnets and the experimental
areas.
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Position (IR) Name Collimator type Material Half-gap [ ] (collision) Half-gap [ ] (at top)
TCP Primary Mo-Gr/CFC 5.0 5.0
TCSG Secondary CFC 6.5 6.5
IR7 TCSPM | Secondary Mo-Gr 6.5 6.5
TCLA Absorber IT-180 10.0 10.0
TCP Primary Mo-Gr/CFC 15.0 15.0
IR3 TCSG Secondary CFC 18.0 18.0
TCLA Absorber IT-180 20.0 20.0
IR6 TCDQ Dump protection graphite 7.3 7.3
IR1 TCTH Tertiary (H) IT-180 8.5 18.0
TCTV Tertiary (V) IT-180 8.5 18.0
IR2 TCTH Tertiary (H) IT-180 37.0 37.0
TCTV Tertiary (V) IT-180 37.0 37.0
IR5 TCTH Tertiary (H) IT-180 8.5 18.0
TCTV Tertiary (V) IT-180 8.5 18.0
IRS TCTH Tertiary (H) IT-180 11.5 18.0
TCTV Tertiary (V) IT-180 11.5 18.0

Table 2.2: Collimator settings expressed in units of beam sizeat 6.8 TeV for collision
and at-top con gurations (2025).

2.3. The HL-LHC upgrade challenges

To extend its discovery potential, the LHC will undergo an upgrade to achieve unprece-
dented luminosity levels with the High-Luminosity LHC (HL-LHC) project.

Run 1 and Run 2 have been completed by the LHC and its experiments since it came into
operation in 2011, Run 3 is still ongoing at the time of this thesis.

Each Run is separated by a Long Shutdown (LS) period, during which the accelerator
complex and the experiments are maintained and upgraded. The nal steps of the HL-
LHC upgrade will take place during LS3 from 2026 to 2030, in parallel with the ATLAS
and CMS upgrades.

Over the years, the LHC has increased both its collision energy and luminosity.

In Run 2 the instantaneous luminosity increased to abou® 10**cm 2s ! and an inte-
grated luminosity of 190fb 1 was reached [9]. The present Run 3, currently operated at
a beam energy of 6800 TeV, is expected to deliver approximately 350 - 4601 [9].

The HL-LHC aims to reach the following luminosity targets:

"~ A peak luminosity of 5 10**cm ?s 1 with levelling [9].

"~ An integrated luminosity of 250fb ! per year, with the goal of 300Gb ! in about
12 years after the upgrade. This value is about ten times the luminosity reach of
the LHC in its rst twelve years [9].
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Figure 2.12: LHC and HL-LHC plan including Runs and Long Shutdowns (LS).
The general expression of the instantaneous luminosity was introduced in Eq. 2.37. As-
suming round beams, it can be re-written as:

nbN zf rev
4

L = F (2.39)
A key factor to increase the luminosity is the bunch intensityN, which in the HL-LHC
project will be increased froml:15 10 to 2.2 10 for proton beams. Another strategy
to maximize the luminosity is reducing the , which is the function at the collision
points (IPs).

In principle, also the number of bunchesy, could be consider a parameter to be increased.
In practice, there are several aspects that limit its signi cant increase. For example, there
Is @ minimum bunch spacing (25 ns) at the interaction point that the detectors can handle
and there is also a maximum number of bunches that can be safely transferred from SPS
to LHC.

The geometric reduction factor F can also be optimized to increase the luminosity.

In the following Tab the main parameters for the High Luminosity LHC for proton beams
Is shown:
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Parameter Nominal LHC | Nominal HL-LHC
Beam energy in collision [TeV] 7 7
Stored beam energy [MJ] 362 700
Particles per bunch 1,15E+11 2,2E+11
Number of bunches per beam 2808 2760
Total beam population [L0*] 3.2 6.1
Beam current [A] 0.58 1.1
Instantaneous luminosity L0** cm 2s 1] 1 5.0
Minimum  [m] 0.55 0.15
n[m] 3.75 2.50
Half-crossing angle in IP1 and IP5 fad ] 142.5 250
Peak dipole eld of magnets [T] 8.33 11to 12

Table 2.3: Comparison of the design parameters for the LHC and the High-Luminosity

LHC

The main hardware upgrades for the HL-LHC project involve:

" Detector upgrades

Superconducting Magnets: replacement of the inner triplets (IT) quadrupoles with
NbsSn superconductors in IP1 and IP5. They will provide a peak eld of about
11.5 T and an aperture of 150 mm [9]. The larger aperture is the key upgrade: it
allows to increase the crossing angle required to mitigate beam-beam e ects from
the higher bunch intensity. Furthermore, the larger aperture allows also the acco-
modation of a larger beam size resulting from the reduced at collision. The use
of NbsSn is required in order to keep a su cient focusing gradient with the larger
aperture.

Crab cavities: RF cavities that tilt the bunches with respect to their direction of
motion, maximizing the bunch overlap at the interaction point (IRs), and compen-
sating for the geometric reduction factor F [9]. They will be installed in IP1 and
IP5.

~ Collimators:

Secondary collimators: most of secondary collimators have already been up-
dated with Molybdenum-graphite (MoGr) jaws to reduce their contribution to
machine impedance, reducing the risk of beam instabilities. Additional Cu-
coated MoGr secondary collimators will be installed to achieve an even lower
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machine impedance.

Tertiary collimators: to cope with the new triplet con guration, an additional
set of TCTs will be installed in IP1 and IP5, providing e ective protection to
the inner triplet magnets.

Crystal collimators: Crystal primary collimators, aimed at improving the clean-
ing performance during heavy-ion operation, have already been installed.

Figure 2.13: Comparison between bunch collision geometries: without crab cavities (left)
and with crab cavities (right). [9].

2.3.1. Scope of this thesis work within the HL-LHC Project

The HL-LHC will operate with increased beam intensity, raising concerns about leakage of
beam losses out of the IR7 collimator insertion to the dispersion suppressor (DS) regions,
potentially leading to quenches in the superconducting magnets.

To mitigate this, the installation of collimators in the DS (TCLDs) was originally pro-
posed.

This entailed replacing one main dipole with two shorter 11 T dipoles, in order to create
su cient space to insert the collimator. This plan was however descoped from the baseline
due to issues associated with the construction of the new 11 T dipoles [9].

In addition to beam losses, impedance represents another concern for the machine oper-
ation with HL-LHC beam intensity, for which collimator jaws account for about half of
the total machine impedance. [9].

Some mitigation strategies have already been identi ed, such as those mentioned above,
and are foreseen for the HL-LHC upgrade to reduce the overall impedance contribution
of the collimation system.

In order to further mitigate both these two challenges, beam losses and impedance, a new
optics con guration for IR7 has been developed. Its design principles, implementation
and performance will be discussed in the following chapters.
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3 ‘ Design of new collimation
optics for the energy ramp

3.1. Improved optics at top energy

3.1.1. Design and constraints of the new IR7 optics

A new optics in the betatron collimation insertion (IR7) for proton beams has been de-
veloped to mitigate two already mentioned challenges of the HL-LHC: reduce loss leakage
from the collimation system to the downstream superconducting magnets and mitigate
the collimator contribution to the machine impedance. An optics is a speci ¢ magnet
con guration designed to control the beam parameters, such as the function or the
dispersion. The main goals of the new IR7 optics are:

" Increase of the beta function at the primary collimators [20]: particles scattered by
TCP will receive a larger normalized kick, which scales asx ]/ =, and are
therefore more likely intercepted by secondary collimators, resulting in an improved
collimation performance. The resistive-wall impedance depends on the physical gap
a of the collimators, which is given bya= n . Since the beam size scalesag =~
the impedance followsZz / 1=a®/  °%2. Increasing the beta function therefore
increases the physical gap for the same collimator setting in units of beam size,
which reduces the e ective impedance.

" As particles are scattered by the TCP, they generally lose a fraction of their momen-
tum. Downstream of the TCP they will then start to follow a dispersive trajectory,
which is determined by thesingle pass dispersiorirom the TCP and onwards. By
increasing the single pass dispersion, o -momentum particles deviate further from
the nominal trajectory, which can enhance their likelihood of being intercepted by
the downstream collimators, rather than leaking into the arc [20].

The improvements in cleaning and impedance are primarily required at top energy, where
the stored beam energy is maximum and the collimator gaps are smallest, leading to a
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larger contribution to machine impedance. For this reason, the new IR7 optics is rst
optimized at top energy.

Two versions of the new IR7 optics considered for operation have been developed for the
HL-LHC project. In the rst one, only the optics in the IR7 insertion is modi ed, making

its integration relatively transparent. The second version removed the phase advance
constraint over the insertion, allowing more exibility in the optics design and a further
improved optics. Removing the phase advance constraint, however, means that the phase
change must be compensated for elsewhere in the machine, such as the arcs surrounding
the IR7 insertion. As shown in 3.1, the simulated cleaning ine ciency for the two new IR7
optics versions, together with the reference optics con guration with the TCLD collimator
installed, is improved compared to the reference optics. In addition, version 2 provides a
further reduction of the cleaning ine ciency for Beam 2 in the horizontal plane compared

to version 1.

In this thesis, the two circulating beams are denoted as Beam 1 and Beam 2. The notation
B1H, B1V, B2H and B2V is used to refer to their horizontal (H) and vertical (V) planes.

Figure 3.1: Cleaning ine ciency for the reference optics, the two versions of the new IR7
optics and the reference optics with TCLD con guration.

In the present thesis, the rst version of the new IR7 optics is analyzed, since it is the
one integrated into the LHC operational cycle for 2025.

In order to achieve the new optics con guration, the optics must be rematched, meaning
that the currents of the quadrupoles must be varied to obtain the desired optical func-
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tions in IR7 insertion. The rematching is performed using quadrupoles located in the
IR7 insertion, up to cell 13, including both individually powered magnets , which can be
tuned separately for Beam 1 and Beam 2, and quadrupoles on a common power supply,
which a ect both beams simultaneously.
This procedure has some constraints related to the optics design. First, the optics down-
stream of IR7 must remain matched to the arc in order to ensure that the optical functions
return to the periodic conditions of the arc, keeping continuity with nominal optics. This
ensures that the optics change only has a local e ect in IR7, without perturbing the global
optical con guration of the machine.
Second, the peak of the beta functions must remain reasonably small to avoid aperture
limitations and to mitigate the e ects of magnetic eld errors. In addition to these con-
straints, the new optics must also respect a limitation on the maximum value of the
function at top energy. Although a larger function improves cleaning and reduces
impedance, the increase of is ultimately limited by the available aperture.

3.1.2. The new work of this thesis on the IR7 Optics Implemen-
tation

The new optics de nes the target IR7 con guration required at top energy and is provided
as the starting point to this work. The task of this part of the thesis is to develop a smooth
transition from the reference optics to the new optics.

To determine how this transition can be performed, it is rst necessary to assess whether
the new optics is compatible with the aperture at injection energy, where the beam size
is largest. The aperture in unit of beam sizé\;[ ] wherei = x;y for Beam 1 and Beam 2

is shown in Fig. 3.4 and 3.5. It is calculated as:

Ax[ ] — X [ra] orbit mech; (3.1)

Mp
X N'E (450 GeV)

wherex [m] is the mechanical half-gap in the horizontal plane. gpit and nech represent

the allowed orbit error and the mechanical tolerance that need to be taken into account and
therefore are subtracted from the available aperture. Typical values for these quantities
are of the order of 2 mm for the orbit allowance and 1 mm for the mechanical tolerances,
although the latter varies from element to element. As shown in Figs. 3.4 and Figs. 3.5,
the aperture goes below the threshold (xed atl26 [6]), meaning that the beam does

not have su cient aperture at injection energy. As a consequence, the new optics can

not be inserted at injection energy. Since / p% as the beam energy increases, the
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beam size decreases, resulting in a larger available aperture in units @it higher energy.
This means that the new optics need to be inserted during the energy ramp, requiring
a combined ramp and "de-squeeze" of the collimation insertion: a delicate and complex
procedure which has never been done before at CERN.

There is also an operational motivation for introducing the optics transition during the
energy ramp: performing the "de-squeeze" at top energy would require a dedicated IR7
"de-squeeze" phase, which takes time, while carrying it out during the ramp helps to
optimize the operational cycle duration.

Figure 3.2: Betatron and dispersion functions as function of the longitudinal coordinate
s around IR7 for the reference optics (Beam 1 on the left and Beam 2 on the right).
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