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Summary

The goal of this PhD is the development of tools and techniques for the measurement and correction
of the linear optics in colliders and other storage rings. The modus operandi used for measuring and
correcting the optics are described in great detail. Turn-by-turn data acquired at the beam position
monitors was used to measure the optics parameters.

A new algorithm, called the Segment-by-Segment technique, was further developed to identify
strong local sources. This technique allowed for the identification of strong local sources for the main
optics parameters. The Segment-by-Segment technique has been proven to be extremely useful during
the commissioning of the LHC. Although it has been an important and effective tool there is still
room for improvements. This technique could be improved by implementing an automated way for
identifying the local sources, by using a matching script or local response matrix.

The CERN SPS was used to test the algorithms before the LHC started. During the first ex-
periment the measurements and corrections for the phase of the betatron oscillations and horizontal
dispersion were tested. The φ-beat (difference between model and measured phase advance) was used
as an observable, as the β-beat (section 1.4.2) could not be used due to the 90◦ phase advance in the
SPS lattice. For the first time horizontal orbit correctors at the sextupoles were used to correct the
φ-beat in the SPS, as only three quadrupole families are available. The φ-beat was reduced by a factor
of two. A second experiment was dedicated to the correction of coupling and vertical dispersion. This
correction scheme uses vertical orbit bumps at the sextupoles, as only one skew quadrupole family is
available in the SPS. The outcome of this study is that it was possible to correct the leading coupling
resonance and the vertical dispersion simultaneously. They were both reduced by a factor of two. The
sum resonance was also corrected even though no weight was put on this resonance. Lastly, studies
were conducted for the low γt optics. For this optics the phase advance is changed from 90◦ in the
nominal optics to 67◦ for the low γt optics and this gave the opportunity to measure the β-function in
the SPS. These experiments at the SPS were important and proved that the algorithms developed for
measuring and globally correcting the optics were performing well.

During the commissioning of the LHC several optics measurements and corrections were conducted.
The experience with the LHC has revealed a number of important lessons concerning optics correction.
First of all it is important to identify and correct the dominant local sources. When the local sources
are corrected to a level where no further corrections are possible anymore, a global correction can be
applied, which tries to make a global fit using all available correctors. An attempt was made to use only
the correctors around IR2 to do a global correction (during the ion commissioning), as it was expected
that the errors would arise only from the squeeze of IP2. This attempt was successful in correcting
the optics globally, but the correction had a negative effect on the optics locally. The correction was
changing the local phase advance significantly. The leading quadrupole and skew-quadrupole error
sources were identified in the inner triplets and the values for the correction used were constant during
the squeeze. The β-beating was successfully corrected at injection (450 GeV) to a 30% level. It was
decided that this level, though above tolerances, was acceptable for the existing aperture margins,
due to lower than expected RMS orbit. For the squeezed optics several measurements and corrections
sessions were conducted at different β∗ (section 1.2.1) values. For a β∗ value of 1.5 m the β∗ error was
corrected from a 60% to about a 15% level. Table C.1 shows a summary of the achieved results during
the course of the commissioning.

A successful collaboration was started with the Relativistic Heavy Ion Collider (RHIC) at BNL,
New York. The goal of this collaboration was to implement the Segment-by-Segment technique (de-
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Run E (GeV) β∗ (IP1, IP2, IP5, IP8 Peak ∆β
β before

[%] Peak ∆β
β after

[%]

2009-2010 450 (11,10,11,10) ∼ 50 ∼ 30
2009-2010 3500 (2,2,2,2) ∼ 60 ∼ 25
2009-2010 3500 (3.5,3.5,3.5,3.5) ∼ 35 ∼ 15

2011 3500 (1.5,10,1.5,10) ∼ 60 ∼ 15
2011 3500 (1,10,1,10) - ∼ 10

Table C.1: Summary of the corrections achieved during the course of the commissioning.

veloped for the LHC) at RHIC. This implementation faced some challenges. The first challenge was
that RHIC only has double plane BPMs around the IRs, and outside of the IR only single plane
BPMs are available. The second challenge was that only a limited number of independent quadrupoles
are available around the IRs, limiting the correction. Despite these limitations, first results from the
segment-by-segment technique are promising. The β−beat around the ring in both planes was reduced
from 30% and 40%, respectively in the horizontal and vertical plane, to a ∼ 20% level. Nevertheless,
some issues will need to be clarified. For instance the effect of the AC-dipole at RHIC has to be
investigated and algorithms need to be implemented to filter the bad BPMs.

The same algorithms that were developed for the global correction of coupling and vertical disper-
sion in the LHC have been applied to the CLIC damping ring in simulations. Errors were randomly
applied. Three different cases were studied. Rotations were applied to the dipoles and quadrupoles,
and misalignments were applied to the quadrupoles. The main contribution to the emittance H-V ratio
comes from the difference coupling resonance (section 2.4.3). The case with the largest emittance H-V
ratio was the skew quadrupole rotation. However, simulations with quadrupole misalignments could
not be carried out for an RMS error higher than 10 µm. The correction algorithm for the coupling and
vertical dispersion shows good results. The emittance H-V ratios are reduced by a factor of 3-5. Better
correction could be achieved by applying an iterative correction process. The first results for the CLIC
damping ring are promising and show that the same algorithms that were developed for the SPS and
LHC could be applied to an electron machine. However, further study will be needed to investigate
the effect of sextupole misalignments. Investigations about the number of skew-quadrupoles and the
number of different families of skew-quadrupoles should also be conducted. These explorations will not
only depend on the results of the beam optics studies but also on the available budget. Measurements
were also conducted at SOLEIL, a lightsource, to test whether the measurement techniques developed
for hadron machines could be experimentally applied to lepton machines. First experiments showed
that the measurement techniques could be applied to measure the linear optics and non-linear terms,
but a more detailed study would be needed to investigate the BPM non-linearities and the discrepancy
between the standard LOCO (section 2.6) analyses and the techniques discussed here.
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