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Abstract

During CERN's Long Shutdown 2 (LS2), the Proton Synchrotron Booster
(PSB) underwent a major upgrade program as part of the LHC Injectors
Upgrade (LIU) project. Key modi�cations include the integration of Linac4
as the new injector, increased injection and extraction energies, and the in-
stallation of new wideband Finemet-loaded RF cavities. Along with the
new cavities, the digital low-level RF (LLRF) was upgraded with multi-
harmonic control loops aimed at compensating beam loading. While these
upgrades enhanced operational �exibility and strengthened the PSB's po-
tential for high-intensity beam production, they also substantially altered
the machine impedance and, consequently, the longitudinal stability land-
scape. This called for a renewed experimental assessment of the PSB
longitudinal performance limits.

This thesis addresses the need to identify the dominant longitudinal
limitations and their in�uence on the ultimate high-intensity performance
of the upgraded PSB. A systematic investigation of longitudinal instability
thresholds is carried out for di�erent RF con�gurations through dedicated
beam-based measurements. Additionally, the work combines experimen-
tal studies with advanced modelling of the main impedance contributions
and RF feedback systems, with particular emphasis on the role of the
Finemet cavities and beam-loading compensation mechanisms have been
performed. The measured results are used to validate and re�ne the mod-
els and to provide quantitative benchmarks for longitudinal simulations,
ultimately improving the predictive capability of beam dynamics tools and
the understanding of operational stability margins.

Finally, the thesis presents the outcomes of high-intensity Machine De-
velopment (MD) campaigns, performed to demonstrate the machine's po-
tential and to establish a solid experimental basis supporting future PSB
upgrades. Overall, this work provides a consistent and experimentally
anchored description of the post-LS2 longitudinal limitations of the PSB,
contributing to the de�nition of operational strategies and modelling ap-
proaches for high-intensity performance.
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Chapter 1

Introduction

The study of the fundamental constituents of matter is essential to deepen
the human understanding of nature and the laws governing physical phe-
nomena. Today, this framework is formalised in the Standard Model of par-
ticle physics [1], which has delivered precise and experimentally validated
predictions across a wide range of measurements. Over the last seventy
years, a large fraction of the progress in nuclear and particle physics has
been enabled by particle accelerators. The operation and development of
these complex machines has, in turn, been tightly connected with advances
in the understanding and practical exploitation of electricity and electro-
magnetism, from their theoretical foundations to the implementation of
technologies capable of generating and controlling intense electromagnetic
�elds.

Particle accelerators were initially designed to provide well regulated
charged particle beams with de�ned particle type, energy, intensity, and
time structure for nuclear and particle physics experiments [2]. Over time,
accelerator technology has matured into a broader application platform,
supporting uses ranging from industrial processing to medical treatments
and particle therapy.

The diversity of objectives and operating regimes has led to a wide
range of accelerator types [3, 4]:

ˆ Electrostatic accelerators (e.g. Van de Graa�), valued for stable beams
at low-to-medium energies.

ˆ Linacs (linear accelerators), used as standalone machines (e.g. medi-
cal linacs) or as injectors for circular machines.

ˆ Cyclotrons, compact circular accelerators frequently employed for
isotope production and proton therapy.
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ˆ Synchrotrons and storage rings, enabling �exible acceleration and
beam manipulation.

ˆ Colliders and high-power target facilities, optimised respectively for
maximum collision energy or for intensity and reliability to generate
secondary beams.

Across this spectrum, performance is set not only by the maximum
achievable energy, but also by intensity, beam quality, and stability. Reach-
ing demanding operating regimes therefore requires an accurate and sys-
tematic understanding of beam dynamics and of the radio-frequency (RF)
and feedback systems that control and stabilise the beam [3, 4]. Accelera-
tor physics addresses these challenges by studying the production, trans-
port, and manipulation of charged particle beams, and by linking beam
behaviour to electromagnetic design, RF engineering, beam optics, and
control systems. In practice, magnetic �elds guide and focus the beam to
maintain con�nement along a desired trajectory, while energy is provided
by electric �elds, most commonly through RF electromagnetic �elds sus-
tained in resonant structures (RF cavities) [3, 4]. In circular machines, the
reuse of the same RF systems turn after turn allows very high energies
to be reached, while simultaneously increasing the relevance of intensity-
dependent collective e�ects.

As modern facilities push toward higher beam intensities to meet per-
formance goals and physics throughput, accelerators operate close to phys-
ical and technological limits. Among the most critical limitations are col-
lective e�ects arising from beam-induced electromagnetic �elds (wake-
�elds), which can drive coherent instabilities as well as incoherent emit-
tance growth. These e�ects can degrade beam quality through emittance
growth, bunch lengthening, or coherent oscillations and, in severe cases,
lead to partial or total beam loss. Such limitations are particularly critical in
injector chains, where beams must be delivered within tight speci�cations
for downstream acceleration.

1.1 The CERN accelerator complex

CERN, the European Organisation for Nuclear Research, operates a chain of
accelerators that progressively increases the beam energy and distributes
beams to multiple experimental programmes. At the end of the chain,
the Large Hadron Collider (LHC) is a 27 km circular collider where two
counter-rotating beams are brought into collision in four main experiments:
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Figure 1.1: The CERN accelerator complex [5].

ATLAS, CMS, ALICE, and LHCb. Figure 1.1 shows the current CERN
accelerator complex.

For proton operation, the injector chain starts from H � ions produced by
the source and brought to a kinetic energy of 160 MeV in the linear injector
Linac4. The ions are stripped during injection into the Proton Synchrotron
Booster (PSB), which consists of four superimposed synchrotrons, each
with a circumference of about 157 m. The PSB prepares the beam and
raises its energy to 2 GeV before transfer to the Proton Synchrotron (PS),
which brings it to 26 GeV. The Super Proton Synchrotron (SPS) then boosts
the proton beam to 450 GeV and serves both the LHC and several �xed-
target facilities. Finally, the LHC ramps the injected protons to the collision
energy; during Run 3 it operates at 6.8 TeV per beam (13.6 TeV centre-of-
mass energy) [6].

For heavy-ion operation, the �rst stages are di�erent: ions are produced
in a dedicated source and injected into the linear accelerator Linac3, which
provides � 4•2 MeV/u at its output [7]. The beam is then accumulated and
cooled in the Low Energy Ion Ring (LEIR) and extracted at 72 MeV/u [8,


	Introduction
	The CERN accelerator complex
	The upgraded Proton Synchrotron Booster
	Outline of the thesis
	Author's contribution

	Longitudinal beam dynamics in synchrotrons
	Synchronism and longitudinal coordinates
	Reference particle and synchronism
	Longitudinal phase space variables

	Longitudinal equations of motion
	RF energy gain
	Slip factor and phase drift
	Continuous-time form and small-amplitude synchrotron frequency
	Synchrotron oscillations and coherent bunch modes

	Hamiltonian and RF bucket parameters
	Single-particle Hamiltonian
	Bucket height and bucket area
	Longitudinal emittance
	Filling factor

	Intensity effects: wakefields, impedance, beam loading, and space charge
	Wakefields and induced voltage
	Potential-well distortion
	Beam loading in RF cavities
	Longitudinal space charge below transition

	Double-harmonic RF and bunch shaping
	Voltage waveform and relative phase
	Bunch lengthening mode (BLM) and bunch shortening mode (BSM)

	Summary

	PSB RF system
	Wideband Finemet cavities
	Operating principle of wideband magnetic-alloy cavities
	Layout and cellular cavity concept
	Frequency response and voltage availability

	LL RF fundamentals and PSB multi-harmonic digital feedback
	Fundamentals of digital LLRF systems
	PSB multi-harmonic digital feedback implementation

	Characterisation of the PSB multi-harmonic cavity loops
	Measurement setup and procedure
	Measured closed-loop response
	Comparison of the measured transfer functions
	Amplitude characteristics
	Phase and group delay behaviour

	Summary

	Longitudinal Instability Studies
	Stability Predictions Pre-Run 3
	Instability Thresholds in Single-Harmonic Operation
	Constant Voltage Configuration
	Constant Bucket Area Configuration

	Mode Response to LLRF Configuration
	Qualitative dependence on loop configuration
	Time-frequency analysis of induced oscillations

	Characterisation in Double RF Operation
	Summary

	Modelling of the PSB LLRF cavity feedback loops
	Modelling strategy and development
	Model overview and time-base separation
	Input signal construction
	Multi-harmonic local oscillator (MHLO)
	CIC filtering and harmonic-dependent decimation
	I/Q regulation, RF drive reconstruction, and multi-harmonic coupling
	Diagnostics: I/Q constellations and controller-domain observables
	Frequency-domain formulation

	Model validation and benchmarking
	Summary

	Quadrupole synchrotron frequency shifts as a probe of the reactive longitudinal impedance
	Principle of the method
	Quadrupole oscillations and large-amplitude effects
	Synchrotron frequency for particles with large oscillation amplitude
	Incoherent synchrotron frequency shift

	PSB longitudinal reactive impedance
	Quadrupole synchrotron frequency shifts at PSB flat bottom
	Measurement and simulation setup

	Summary

	High-intensity studies in the PSB and possible future applications
	High-intensity operation and strategy to push the intensity
	DC current demand of the RF power supply as an observable
	Engineering interpretation of IDC
	Frequency dependence and multi-harmonic operation
	Sampling at peak acceleration demand

	Impact of the magnetic cycle ramp-rate on the DC current demand
	High-intensity studies at 1.4 GeV: demonstrated single-ring reach
	Summary

	Conclusions and outlook
	Summary of results
	Outlook

	Beam-based RF voltage calibrations during PSB commissioning
	Principle of tomography-based voltage calibration
	Convergence study and acquisition requirements
	PSB Finemet RF voltage calibration
	Summary

	Bibliography

