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1. Introduction and motivation

The Large Hadron Collider (LHC) at CERN is
the world’s largest and most powerful particle
accelerator ever built. During Run 3, in 2025,
the stored beam energy reached a new milestone
of 434 MJ at a beam energy of 6.8 TeV. While
this remarkable achievement highlights the ma-
chine’s potential, it also makes the beam highly
destructive. Indeed, if protons deviate from
their trajectory and hit the vacuum chamber,
the induced heating can cause quenches of the
superconducting magnets, driving them from
the superconducting to the resistive state. Even
a small amount of energy (of the order of a
few m.J/cm?) deposited in the superconducting
coils is sufficient to cause a quench. Therefore,
an efficient collimation system is crucial to
safely dispose of the beam losses and to ensure
the safe and stable operation of the LHC.

The Hight Luminosity LHC (HL-LHC) project
aims at further pushing the accelerator perfor-
mance, with the goal of reaching an integrated
luminosity of about ten times the predicted
luminosity reach of the LHC in its initial
configuration [2]. A key factor in achieving
this target, is an increase of the bunch intensity
from 1.15x to 2.2 x 10!, raising the stored

beam energy to about 700 MJ. This poses two
major challenges for collimation. First, im-
proved control of loss leakage from the betatron
collimation insertion into the dispersion sup-
pressor is required to prevent magnet quenches.
Second, the increased intensity exacerbates the
machine impedance, to which collimators are a
dominant contributor.

A new optics for proton beams in the betatron
collimation insertion has been developed to
improve the performance of the collimation
cleaning and reduce its effective impedance.
The most critical part of the LHC cycle occurs
at top energy but before the beams are brought
into collision: the stored energy is maximal,
and the beams do not yet benefit from the
stabilizing beam-beam interaction. Because
of aperture limitations, the new optics cannot
be used at injection energy and must instead
be phased in during the energy ramp, so
that it is in place for this critical part of the
cycle. Modifying the optics in the collimation
insertion, which defines the global aperture
bottleneck of the machine, during the energy
ramp is a complex and delicate procedure, and
it has never previously been done operationally
at CERN.



This thesis work presents the first-ever im-
plementation of the new IR7 optics within
the LHC operational cycle, specifically the
deployment of the optics transition during the
energy ramp. The transition from the nominal
injection optics to the new optics at top energy
was developed through a combined ramp and
desqueeze procedure. This work includes the
design of the optics transition, the develop-
ment of the matching strategy and associated
tools, and the validation of the optics change
through both simulation and beam experiments.

1.1. Objective of this thesis

The aim of this thesis is to develop, commission,
and validate the first operational implementa-
tion of the new IR7 optics, un upgrade that is
indispensable for HL-LHC performance. This
involves designing the optics transition during
the LHC energy ramp, defining and implement-
ing a robust matching procedure and the tools
used to perform it, while satisfying the tight op-
erational constraints of the machine. The per-
formance of the new optics transition was then
assessed through comprehensive simulations and
dedicated beam experiments in the LHC with
high intensity beams.

The overall scope of the thesis is to demonstrate
that the new IR7 optics can be safely and re-
liably integrated into an LHC operational cycle
and to establish its readiness for HL-LHC oper-
ation. As the collimation insertion defines the
global aperture bottleneck and plays a central
role in machine protection, the successful vali-
dation of this optics upgrade is a critical step
toward enabling the high-intensity regime of the
HL-LHC.

2. New IR7 optics at top energy

The main goals of the new IR7 optics are:

e Increase of the beta function at the pri-
mary collimators (TCP) [3]: particles scat-
tered by the TCP receive a larger normal-
ized kick and are more likely intercepted
by the downstream secondary collimators,
resulting in an improved collimation per-
formance. Moreover, an increase of the [
function leads to larger physical collimator
gaps, thus reducing the effective collimator
impedance.

e When particles are scattered by the TCP,
they lose a fraction of their momentum.
This momentum loss causes them to fol-
low a dispersive trajectory as they travel
downstream, determined by the single pass
dispersion from the TCP and onwards. By
increasing the single-pass dispersion, off-
momentum particles move further away
from their nominal orbit, making them
more likely to be intercepted by the down-
stream collimators instead of leaking into
the arc [3]. The comparison between the
new IR7 optics and the reference optics for
Beam 1 is shown in Fig. 1, where the be-
tatron and dispersion functions are shown
as function of the longitudinal coordinate s
around IR7.
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Figure 1: Betatron and dispersion functions
around IR7 for both the new optics and the ref-
erence optics.

2.1. Design of the optics transition
during the energy ramp as part
of the present work

As outlined in the Introduction, the new IR7
optics must be fully established by the time the
beams reach flat-top energy, where the stored
energy is maximal and the beneficial effects of
the optics on both cleaning performance and
impedance become essential. Because the aper-
ture at injection is insufficient (see Fig. 2), the
new optics cannot be applied from the start of
the cycle. This necessitates a continuous evo-



lution of the optics during the acceleration pro-
cess, such that the full optics configuration is
reached before flat-top.

Achieving this requires a combined ramp and
desqueeze, in which the collimation-insertion op-
tics is progressively transformed as the beam en-
ergy increases. Implementing an optics change
during the energy ramp introduces significant
challenges: the machine parameters, the avail-
able aperture, and the optics around the ring all
evolve continuously. Since the collimation inser-
tion defines the global aperture bottleneck, any
imperfections during the combined ramp and
desqueeze are likely to cause loss spikes or a
degradation of the cleaning performance. Per-
forming optics manipulations under these con-
ditions is therefore a complex and delicate pro-
cedure that has never previously been imple-
mented operationally at CERN.

The design of the transition has to satisfy sev-
eral constraints. The optics downstream of IR7
needs to remain matched to the arc to not per-
turb the global optics of the machine, while the
increase of the 8 functions has to remain within
aperture limitations during all the transition. In
addition, the evolution of magnet strengths has
to be smooth and compatible with operational
limits, and the movement of collimators during
the ramp has to be monotonic to avoid mechan-
ical backlash issues. Finally, it is important that
the cleaning performance does not temporarily
degrade during the transition.

In developing the optics transition, the match
method implemented in Xtrack was used. The
transition was performed by defining a set of
nine intermediate optics configurations based on
a linear interpolation between the reference op-
tics and the new IR7 optics. A linear interpo-
lation is however only approximately matched,
and each intermediate optics configuration was
re-matched to satisfy the IR7 boundary condi-
tions. Following this, a polynomial interpola-
tion was done on the magnet strengths found
in the previous step. The interpolated values
were again re-matched to the boundary condi-
tions, after which a final polynomial interpola-
tion was done to define the final functions gov-
erning the evolution of the magnet strengths. In
order to receive a monotonous change of the op-
tics functions, it was necessary to force the com-
mon quadrupoles to follow the linear interpo-

lation, while also restricting the other magnets
from not deviating too much from their inter-
polated values. In principle, an ideal transition
would require an infinite number of such configu-
rations, each one individually matched, which is
clearly impractical. Conversely, defining too few
intermediate configurations for the optics tran-
sition would lead to large optics errors between
two consecutive points. The choice of nine inter-
mediate optics configuration represents a practi-
cal compromise between achieving a sufficiently
smooth and accurate optics evolution and main-
taining operational feasibility.

The matched optics configurations were then im-
plemented at specific times along the 1275 s en-
ergy ramp. These times were defined according
to several requirements. First, for each interme-
diate optics configuration, the available aperture
must be above the defined threshold at the corre-
sponding energy. Second, the collimator move-
ments had to evolve monotonically throughout
the ramp, to avoid mechanical backlash issues.
Finally, the transition needs to be spread out
over the ramp, since there is a limit to how
quickly the current of the magnets can change.
This strategy results in a ramp and de-squeeze
sequence that was successfully deployed in the
LHC during a series of dedicated beam tests in
2025, marking the first implementation of such
a transition for the betatron cleaning insertion
with high intensity beams in the LHC.
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Figure 2: Aperture at injection energy for Beam
2 for reference and new optics.

3. Simulated performance

The performance of the new IR7 optics was as-
sessed through dedicated simulations both at



top energy and during the energy ramp. The
results show a clear improvement in the clean-
ing performance compared to the reference op-
tics. At 6.8 TeV, the losses leaking from the be-
tatron collimation insertion to the downstream
dispersion suppressor show a reduction of 33%
for B1H, 34% for B1V, 24% for B2H and 62%
for B2V.

As the new optics is progressively introduced in
the ramp, the cleaning performance improves.
The average losses in each cluster of the disper-
sion suppressor were computed as:

Ziecluster NlOStvi (1)
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where Njggi is the number of particles lost at
position ¢ in the cluster, N is the number of
particles absorbed by the collimation system and
AScluster 1s the longitudinal length of the clus-
ter. This quantity represents the average losses
per unit length in a given cluster, normalized
to the total number of particles lost at collima-
tors, providing the local losses relative to the
total collimator losses. The first cluster of the
dispersion suppressor typically shows the high-
est beam losses and represents the first location
where particles leaking out the collimation sys-
tem are lost, therefore the analysis focuses on
this region.

From 400 s, all beams and all planes, except for
Beam 2 in the horizontal plane, show a similar
behaviour: the average losses in the first clus-
ter increase at the beginning of the ramp and
then, from around 700 s, start decreasing and
remain consistently lower than those of the ref-
erence optics throughout the energy ramp, as
shown in Fig 3.

The initial increase is explained by the increase
in the beam energy during the ramp, leading
to higher leakage of beam losses from the colli-
mators to the DS. The subsequent reduction is
due to the progressive deployment of the new
optics, which improves the collimator efficiency
and therefore reduces the leakage in the cold re-
gion. This behaviour results from a combined
effect of the increasing beam energy and gradual
improvement of the collimation performance. In
Fig 3, the solid lines correspond to the new op-
tics case, while the dashed lines represent the
reference optics. Except for the beginning of
the ramp, where Beam 1 horizontal and verti-

cal show slightly higher values with respect to
the reference, the solid lines remains below the
dashed ones for the rest of the ramp. This indi-
cates that, throughout the ramp, the new optics
is equivalent to or better than the reference one,
which is an excellent result.

The simulations also show the increase in ter-
tiary collimator losses at top energy, with the
largest increase, of about two order of magni-
tude, for Beam 2 in the vertical plane in IP1
and IP5. Beam losses on the tertiary collimators
produce particle showers that propagate into the
experiment detectors, leading to a background
noise. The experiments can tolerate some in-
crease of background, but excessive increase of
background should ideally be avoided. This ef-
fect can be mitigated by optimizing the phase
advance from primary collimators to the tertiary
collimators. This mitigation strategy is already
foreseen for the final HL-LHC optics, but was
not considered for this work, since it would re-
quire changing the optics outside of IR7 as well.
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Figure 3: Cleaning inefficiency at the first IR7
DS cluster as a function of time in the energy
ramp for both beams and planes. Old (dashed
lines) and new (solid lines) optics were simulated
for comparison.

4. Measured Performance

4.1. Cleaning performance

The combined ramp and "de-squeeze" developed
in this work was successfully deployed during the
dedicated beam tests, including tests with high-
intensity beams in 2025. Testing the optics with
high-intensity is a crucial step for validating the
operational feasibility, since the loss behavior is
different, and this better represents the actual
operational scenarios. Due to the destructive
potential of high-intensity beams, a ramp up
of the intensity over several fills was necessary,
while checking that the optics are safe and reli-



able from a machine protection point of view.
Measured loss maps at top energy and during
the energy ramp confirmed the improved clean-
ing performance predicted by simulations. At
top energy, the improvement in the cleaning in-
efficiency is approximately 46%, 55% and 52%
for B1H, B1V and B2V, in good agreement with
the simulated results, while B2H shows a com-
parable performance to the reference optics.
The evolution of the DS losses, computed with
Eq. 1, during the ramp is shown in Fig 4, where
the solid lines represent the new optics case and
the dashed lines indicate the reference scenario.
Starting from around 400 s, when the first in-
termediate optics configuration is inserted and
the optics in IR7 start to change, Beam 1 in
both planes and Beam 2 vertical show an im-
provement of the cleaning inefficiency compared
to the reference optics throughout the energy
ramp, up to top-energy.

At the beginning, Beam 2 horizontal improves as
well, but worsens towards the top energy. A fur-
ther analysis is required to understand this be-
haviour, since it is not observed in simulations.
Overall, the good agreement between simulated
and measured results confirms that the cleaning
performance of the new optics is reliably repro-
duced by the simulations.
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Figure 4: Measured cleaning inefficiency at the
first IR7 DS cluster as function of time in the
energy ramp for both beams and planes.

4.2. Impedance

The impedance measurements were performed
by the Accelerator and Beam Physics colleagues.
The new IR7 optics at top energy reduces the
impedance-induced tune shift by 25% in the hor-
izontal plane and 20% in the vertical plane for
Beam 1, and 30% in the horizontal plane and
35% in the vertical plane for Beam 2 [1], show-
ing that the new IR7 optics is effective in miti-
gating the contribution of collimator impedance

at flat-top.

4.3. Optics validation during the en-
ergy ramp

During the MD, the relative S-beating was mea-
sured to quantify optics errors and evaluate how
the machine reproduces the design optics. After
applying the global correction for Beam 1, (-
beating remained within the nominal LHC tol-
erance of 20% along the energy ramp, and below
6% inside IR7 at top energy. These results indi-
cate that the combined ramp and desqueeze was
correctly reproduced in the machine. Further-
more, these errors are in line with errors mea-
sured in normal cycles, showing that there are
no intrinsic challenges from an optics point of
view with this new approach.

4.4. High intensity beam loss perfor-
mance

The beam losses were analysed during the com-
bined ramp and desqueeze with high intensity
beams. The beam lifetime measured with the
BLM system remain consistent with reference
scenario throughout the ramp, showing that the
gradual deployment of the new optics does not
lead to increased global losses in the machine.
For Beam 1, a small drop is observed around
mid-ramp, however it remains within safe lim-
its. Moreover, no significant loss spikes were ob-
served.

The analysis of individual BLM signals shows
that the losses at the IR7 collimators remain
stable and under control. Some loss patterns
between the two beams are observed, indicat-
ing a cross-talk between BLMs attributed to
Beam 1 and vice versa due to shower prop-
agation. A detailed investigation of the pri-
mary collimator TCP.D6R7.B2 demonstrates a
correlation between small orbit drops and loss
spikes. These were attributed to non-monotonic
jaw movement during the ramp, where a motor
reversal lead to mechanical backlash. However,
the associated losses were small enough to not
be of operational concern.

Overall, these high intensity tests demonstrated
that the combined ramp and desqueeze is safely
deployed in the machine.



5. Conclusions

The high intensity beam tests performed in
2025 represent a crucial milestone, demonstrat-
ing for the first time that the combined ramp
and desqueeze of the new IR7 optics can be
safely deployed in the LHC. Both simulations
and measurements show a clear improvement
in the cleaning performance with respect to the
reference optics, together with a significant re-
duction of the impedance at top-energy. The
agreement between simulations and measure-
ments confirms the reliability of the modelling
tools and support their use for future HL-LHC
studies.

Beyond the physics results, the matching
methodology and toolchain developed in this
work have proven remarkably robust, enabling
the continuous transformation of the optics in
IR7 during the energy ramp under evolving ma-
chine conditions. Their successful application
during machine tests demonstrates that the ap-
proach is technically sound and operationally vi-
able, and establishes a concrete framework for
implementing similar optics transitions in future
HL-LHC scenarios.

The results presented in this thesis therefore pro-
vide a solid basis for considering the operational
deployment of the new optics in future LHC cy-
cles. At the time of writing, its implementation
is under evaluation for the 2026 run.
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