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Abstract

The High Luminosity LHC (HL-LHC) will require strin-
gent optics correction to operate safely and deliver the design
luminosity to the experiments. In order to achieve this, sev-
eral new methods for optics correction have been developed.
In this article, we outline some of these methods and we de-
scribe the envisioned strategy of how to use them in order to
reach the challenging requirements of the HL-LHC physics
program.

INTRODUCTION

The replacement of the triplet magnets in the ATLAS and
CMS Interaction Regions (IRs) will enable to reach a g* of
15 cm for round optics and 7.5 cm for flat optics [1]. The
machine layout and B-functions around the interaction point
(IP) 1 are shown in Fig. 1. The large B-functions in the triplet
magnets will require that both linear and nonlinear errors are
well corrected, to be able to safely operate the machine and
to deliver the design luminosity to both ATLAS and CMS.
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Figure 1: The layout and the g-functions close to IP1 for
round optics, with a 8* of 15 cm.

In order to understand the background of the development
of the methods described in this article, some of the key
requirements are listed below:

* In order to guarantee safe machine conditions, the peak
B-beating should be below 20% at all locations.

* The B*-beating (the relative deviation of the S-function
at the IP) should be below 2.5% for ATLAS and CMS.

e The AQ,,,;, = |C~|, the closest the transverse tunes can
approach each other, should be kept below 1073 [2].

* The residual local linear coupling at the IP should result
in a luminosity reduction of not more than 1%.
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* The octupolar errors in the triplet should be locally
corrected to keep the generated amplitude detuning
within design tolerances for Landau damping [2].

* The corrections of the nonlinear multipolar components
should be within 30% of the ideal ones in order not to
significantly impact the dynamic aperture [3].

MEASURING AND CORRECTING g*

During the LHC Run 1, the local optics corrections close
to the IRs were only based on the phase advance measure-
ments [4]. In Run 2, the correction method was extended to
include the information from K-modulation of the Q1 mag-
nets left and right of the IPs [5]. This significantly improved
the IR-corrections and resulted in an improved control of
the g*. In the HL-LHC, the K-modulation will remain a key
method to determine the * and to constrain the local optics
corrections [6,7]. However, it is predicted that at f*=15 cm
the uncertainty of the * will be around 4%, which is higher
than the target [8] and is mainly due to the tune jitter. It is
therefore desirable to have alternative methods to measure
the B*. One such method consists in directly obtaining the
B functions at the BPM locations in the IR. The standard
method used in the LHC is to reconstruct the g-functions
from the phase advance, obtained from turn-by-turn data,
but due to the unfavorable phase advance and magnetic er-
rors in the IRs, it is not precise enough. It is also possible to
reconstruct the S-functions directly from the amplitude of
the oscillations. The main uncertainty in this method comes
from the calibration factors of the BPMs. In order to over-
come this, a special calibration optics has been designed,
where the quadrupoles Q1-Q4 are switched off [9], making
the region in between them a plain drift space, thus allowing
a calibration factor to be calculated from the ratio of the
B-function obtained from the amplitude and from the phase
measurements [10]. Assuming less than 1.6% BPM calibra-
tion error, and using the described beam-based calibration
method, the B-function at the waist can be measured to be-
low 2.3% [11]. In order to optimize the location of the waist,
dedicated knobs that move the longitudinal position of the
waist can be applied while optimizing the luminosity [12].

Another possible approach is to find the local errors and
estimate the §* by using supervised machine learning (ML)
techniques [13, 14]. The method is to first simulate with
MAD-X thousands of seeds with different distributions of
gradient errors and to use these simulations for supervised
training. To find the local errors, the ML model is trained
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using phase advance, normalized dispersion, and S-function
at the closest BPMs to the IP as input features and corre-
sponding errors as output. An example of such a simulation
is shown in Fig. 2, where the difference between the pre-
dicted error and the true error is plotted versus the true error
for the Q2 magnets in IRS. The mean absolute value for the
true errors is 7.0 x 10~* and the mean absolute value for the
true minus predicted error is 2.9 x 1074,

The estimation of §* is achieved by training the ML model
using phase advances at every BPM as input data and the
B* at the IPs as output targets.
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Figure 2: Heat map of the true minus predicted errors versus
the true errors for the IR5 Q2 magnets. The prediction is
from the ML model.

GLOBAL S-BEAT CORRECTIONS

The correction of the global B-beating in the LHC has
been based on phase advance measurement between BPMs,
B* from K-modulation, and the normalized dispersion. Us-
ing MAD-X, a response matrix has been created which was
used as the basis for calculating an optics correction. This
method has been demonstrated to work very well, but as the
B-function increases in the arc with the higher telescopic
index, the impact of magnetic errors becomes larger. These
errors are in general not possible to correct locally with
quadrupoles, due to the lack of individually-powered mag-
nets in the arcs. An alternative approach to correct these
effects is to introduce an orbit bump through the main sex-
tupoles [15, 16] to generate quadrupolar feed-down effects.
An example of such an orbit bump through a sextupole is
shown in Fig. 3. A new observable that only depends on
the quadrupolar errors in a given segment might help us to
localize the errors [17].

Traditionally, the beam has been excited using the AC-
dipole in the transverse planes [18]. A newly developed
method allows to excite in the longitudinal plane simulta-
neously with the transverse plane [19,20]. From these 3D
excitations, we can then obtain both the normalized dis-
persion and B-functions without dedicated off-momentum
measurements. This would help reducing the commission-
ing time and, more importantly, it would enable to measure
normalized dispersion during the energy ramp, something
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that previously would have required several dedicated ramps.
A comparison of the normalized dispersion measured with
the traditional method based on dedicated off-momentum
measurements and the new one based on 3D excitations can
be seen in Fig. 4, where a good agreement is clearly visible.
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Figure 3: The layout of a region with a sextupole where the
feed-down can be used to correct the S-beating.
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Figure 4: Comparison of normalized dispersion with 3D
excitation (in blue) to the traditional method (in red) where
the momentum is changed in steps before the excitation [19].

LOCAL COUPLING CORRECTIONS

The linear coupling originating from the IRs has been
seen to deteriorate both the global coupling and the lumi-
nosity if left uncorrected. A fitting method based on the
amplitude and phase of the coupling Resonance Driving
Terms (RDTs) has been developed [15], which allows for a
good correction of the coupling leaking outside of the IRs.
There is, however, a strong degeneracy on how to distribute
the coupling correction between the left and right sides of
the IR. In order to correct this closed-coupling bump, a new
method that introduces an imbalance in the left and right
triplet strengths is being investigated [21]. After introducing
this imbalance, a local coupling bump is no longer closed,
and any local coupling error will leak out of the IR, making
it detectable through the easier measurable global |C~|, as
shown in Fig. 5. A final validation of the correction might be
done by adjusting the strength of the closed-coupling bump
while maximizing the luminosity.

GLOBAL COUPLING CORRECTIONS

The dynamic aperture has been found to be best when the
horizontal and vertical tunes are close to the diagonal [22].
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Figure 5: The impact of the colinearity knob on the global
|C~| with and without applying a rigid waist shift. One unit
in the colinearity knob changes the strengths of the right and
left skew quadrupoles in the IR by +10~#*m~2, respectively.

When the tunes are separated by 5 x 1073 the |C~| needs
be corrected to below 1073 in order not to alter the Landau
damping, which is crucial for preventing beam instabili-
ties [23]. In order to keep the coupling below this target
we will need to apply corrections both during commission-
ing and throughout the normal run, since the coupling has
been observed to vary by 2 — 3 x 10~3 when measured a few
months apart [24].

In Run 2 the transverse damper was modified to be able
to excite the beam in a similar way as the AC-dipole [25,26]
to be able to measure coupling. Using this in operation, it
was observed that bunches with different Beam-Beam Long
Range (BBLR) interactions experienced different transverse
coupling. The observed difference is consistent with a roll
of the crossing angle plane by 5-10 deg [27]. It is currently
proposed to have a fill every 2 weeks where a few bunches
are not experiencing any BBLR interactions [28] and these
bunches can then be used to monitor and, when needed,
correct the transverse coupling.

NONLINEAR CORRECTIONS

In the end of Run 2, multipoles up to normal and skew
octupoles errors were compensated for using beam-based
correction methods [29, 30]. It has been observed that the
feed-down from sextupole errors to quadrupoles has a sig-
nificant impact on the B-beating, and the correction of the
octupolar error significantly improved the quality of the tune
measurement, also improving the quality of other measure-
ments. The most often used method to obtain the beam-
based corrections for the IR-correctors has been to change
the crossing angle and measure the feed-down to tune and
transverse linear coupling. The skew octupolar errors have
also been corrected using driven RDTs. In HL-LHC, the
correction of the decapole and dodecapoles will also be of
significant importance, as, e.g. an uncorrected b (dode-
capole) has been shown to deteriorate the dynamic aperture
by 25%. This would be an unacceptable reduction and it is
therefore essential to have beam-based methods to measure
these nonlinearities. The dodecapoles generate a quadratic
tune variation with action, and through feed-down they gener-
ate an octupole component that is quadratically proportional
to the horizontal or vertical orbit. However, the decapole
component does not, to first order, cause any detuning, but
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normal decapole feed-down linearly to normal octupoles in
case of a horizontal offset and the skew decapole compo-
nent feed-down to normal octupole with a vertical offset.
It was demonstrated during an MD where the dodecapole
correctors were increased in order to replicate the HL-LHC
conditions that the second order tune dependence on the
excitation amplitude was measurable. This is however a
global approach and hence it is not possible to separate the
contributions from the different IRs. In order to do so, an
alternative approach is being developed, based on measuring
the amplitude detuning as a function of the crossing angle
and then fit the first- and second-order detuning. An example
of such a simulated scan is shown in Fig. 6. The simulated
measurement points include uncertainties of the crossing
angle of 0,;,, =10 urad and an uncertainty of the amplitude
detuning measurement based on previous measurements in
the LHC [31]. Additional methods under investigation to
measure the nonlinearites are based on driven RDTs [30],
direct dynamic aperture measurement [32], and short-term
dynamic aperture measurement using the AC-dipole [33].
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Figure 6: An example of a simulated scan compared to the de-
tuning obtained from the model. Each red point corresponds
to a simulated measurement of the amplitude detuning [31].

CONCLUSION

The HL-LHC sets increasingly stringent requirements
on the linear and nonlinear optics corrections. In order to
meet them, a number of new and refined methods have been
developed. They will be tested, to a large extent, in the
LHC during the Run 3, where the experience gained will be
crucial in order to reach the objectives.
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