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Abstract
The HL-LHC will operate with very low 𝛽∗ and tight

alignment constraints around the upgraded ATLAS and
CMS experiments. Minimizing the commissioning time
required to reach the nominal will be key to achieving signif-
icant luminosity in the first years of operation. This contri-
bution presents the status and perspectives of the solutions
implemented to prepare machine models that allow us to
predict, with the best possible accuracy, the orbit and op-
tics of the machine at the start of commissioning in Run 4.
In particular, it shows the status of modeling magnetic-axis
deviations, the inclusion of measured magnetic transfer func-
tions and quadrupole fringe fields in optics models, and their
expected impact on residual orbit error and optics-correction
convergence speed during commissioning.

INTRODUCTION
HL-LHC optics around the interaction regions at the end

of luminosity leveling have large 𝛽-functions to produce a
very small beam spot at the interaction point. The nominal
𝛽∗ in the HL-LHC is 15 cm in both planes (achieved in one
plane only in the LHC in 2026 [1]), with options to go down
to 7.5 cm [2–4]. Compared with the LHC, even for the same
𝛽∗, the peak beta in the triplet is 45 % larger [5]. Nominal
HL-LHC 𝛽-functions reach 22 km in the first quadrupoles
close to the interaction point (in the inner triplets, MQXFA,
MQXFB). Large 𝛽-functions increase the sensitivity to im-
perfections and nonlinear fields, making optics corrections
more challenging. This paper describes the process of build-
ing an as-built operational model in Run 4 instead of a nom-
inal one1 and discusses the expected advantages.

MAGNETIC AXIS DEVIATIONS
Deviations of the magnetic axis generate 1) unwanted orbit

errors proportional to the transverse offsets of the magnetic
axis (the position at which the magnetic field is zero) rela-
tive to the ideal machine axis, and 2) coupling between the
horizontal and vertical planes proportional to the roll of the
magnetic field relative to the machine plane. Realignments
(the HL-LHC has full remote alignment capabilities) can
correct both transverse and roll offsets, but the available mo-
tion is limited by acceptable bellows deformation. Bellows
also need to accommodate manufacturing imperfections,
and production is not yet complete [7]. Here, we assume
that transverse offsets can be up to 0.5 mm and roll offsets
below 1 mrad. Orbit correctors can compensate for offset
deviations to the extent that the errors are below 0.5 mm [8].
∗ riccardo.de.maria@cern.ch
1 In the past, magnetic measurements could not be reconciled with optics

measurements [6]

Figure 1: Expected magnetic-axis misalignment in the IT
string before (top) and after correction (bottom). Grey boxes
show the triplet-gradient locations used to identify the error
sources.

Driving orbit correctors to their maximum strengths, how-
ever, is not desirable since their field quality deteriorates
at large currents in both planes (orbit correctors are dual-
plane nested correctors in the common-pipe region [9] and
dual-plane 2-in-1 correctors in the two-pipe regions [10]).
Roll deviations in the triplet can also be corrected with local
and global coupling correctors; however, relying on global
correctors implies either having coupling at the IP, which re-
duces luminosity, or coupling in the triplets, which enhances
nonlinear coupling effects. In addition, starting commission-
ing with strong coupling inevitably increases commissioning
time. Given these premises, the best strategy is to use the
magnetic measurements to install the magnets with the best-
aligned magnetic axes and to preset the orbit and coupling
corrections during the first commissioning using the model.

As proof of principle, Figures 1 and 2 illustrate the strat-
egy adopted to correct imperfections for the IT string in-
stallation [11]. The measured magnetic axis, transferred to
the machine plane, results in a large orbit error and orbit-
corrector usage. A complete correction of the axis, including
the slopes, would result in excessive offsets in the bellows.
A compromise solution [12], compensating only for the aver-
age axis correction, shows almost negligible orbit error and
orbit-corrector usage while preserving the bellows range.

Measured roll deviations reached 2.5 mrad [7]. Uncom-
pensated, they would require about half the available skew-
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TFigure 2: Expected trajectory and orbit-corrector powering

in the IT string before (top) and after correction (bottom).
Orange bars show corrector kicks in percent of available
strength, using the right axis; grey boxes show the triplet-
gradient locations.

Figure 3: Fringe-field approximation used for optics calcu-
lation. The roll-off is obtained from a Roxie model [13].

quadrupole strength; the IT string construction, however,
allowed installation with the magnetic axis corrected [7].

OPTICS DEVIATIONS
The following MQXFA and MQXFB imperfections are

expected to measurably affect the optics and should there-
fore be considered to facilitate commissioning: a) Fringe
fields [14] have a measurable impact on the optics. Figure 3
shows the fringe model, based on magnet simulation, which
is used in the following estimates; b) Magnetic-length devi-
ations can be estimated from the measurements of the first
quadrupoles; see Fig. 4 and Table 1. The values show a
relative spread of about 6 ⋅ 10−4 for both magnet types and
a systematically longer length for the MQXFB. c) Transfer-
function deviations can be estimated from the measurements
of the first quadrupoles; see Fig. 5 and Table 1. The results
show a systematically larger field for the MQXFA, a relative
spread of about 22 ⋅ 10−4 for the gradient, and a slightly

Table 1: Extracted parameters from magnetic-length and
transfer-function measurements. The quoted value is the
measurement average; uncertainties are upper and lower
bounds due to the small sample size.

MQXA Nominal Measurement

Magnetic length [m] 4.213 4.212 +0.001
−0.002

Gradient [T/m] 132.6 133.1 +0.2
−0.3

Gradient slope [mT/(A m)] 8.17 7.59 +0.01
−0.02

Int. gradient [T] 558.6 560.9 +0.8
−1.3

Int. gradient slope [mT/A] 34.4 32.98 +0.06
−0.08

MQXB Nominal Measurement

Magnetic length [m] 7.172 7.179 +0.005
−0.003

Gradient [T/m] 132.6 132.5 +0.2
−0.2

Gradient slope [mT/(A m)] 8.17 7.55 +0.03
−0.02

Int. gradient [T] 951 951.1 +1.7
−1.3

Int. gradient slope [mT/A] 58.6 54.2 +0.2
−0.1

Table 2: Impact of imperfections on beta-beating: a) max-
imum beta-beating for uncorrected optics; b) maximum
beta-beating in the interaction region for a measured model
matched at the IP; c) beta-beating at the IP for a measured
model matched at the BPMs with nominal optics as refer-
ence. Values are for Beam 1, end-of-leveling optics with
𝛽∗ = 15 cm. The last three cases use the maximum beta-
beating from a small Monte Carlo sample; “unst.” denotes
unstable optics.

Imperfection a [%] b [%] c [%]

Fringe fields 17 0.01 0.005
Magnetic length systematic 28 0.04 0.017
Magnetic length spread 2 0.01 0.007
Transfer-function spread unst. 0.12 0.12
Longitudinal misalignment 8 0.004 0.005

smaller relative deviation of 17 ⋅ 10−4 when considering
the integrated field. d) Longitudinal misalignments of the
quadrupoles have been estimated to be up to 5 mm [15], of
the same order of magnitude as the magnetic-length uncer-
tainty. Note that some error sources are neglected here as
e.g. magnetic uncertainties, errors in the IR dipoles and
orbit correctors, non-linear fields, orbit offsets, and energy
errors.

The end-of-leveling optics is so sensitive to optics im-
perfections, due to the large 𝛽-functions, that any minimal
uncorrected imperfection translates into large beta-beating.
At the same time, the triplet magnets and Q4 have enough
degrees of freedom to restore the nominal optics trans-
port between the IP and Q4. If we include the Q1A trim,
which today is limited to performing k-modulation mea-
surements [16], the triplet system has enough degrees of
freedom to restore the optics transport within the triplet
region. Clearly, having the possibility to fully correct the
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Figure 4: Magnetic-length measurements for the MQXFA and MQXFB magnets as a function of current. Nominal values
are used in nominal optics models.

Figure 5: Transfer-function measurements of the MQXFA
and MQXFB magnets: deviation between the integrated 𝐵2
component measured at the reference radius of 50 mm and
the nominal linear function 𝐵2,nom𝐿nom

𝐼
𝐼nom

.

optics does not mean that the correction is feasible, given
the accuracy of the BPMs, their positions, and the accu-
racy of the k-modulation measurements. In particular, 𝛽∗

is not an easily measurable quantity, and the accuracy of its
determination depends on the uncertainty of the machine
model [17], which is not addressed here. Finally, the correc-
tion process takes time, on the order of days, and is therefore
very expensive. The closer the model is to the real machine,
the shorter the time it will take to converge to the nominal
optics [18].

It is interesting to compare the uncorrected and fully cor-
rected optics errors for the different imperfections men-
tioned above to understand their relative importance, as
summarised in Table 2. The transfer-function spread is the
dominant imperfection, followed by the systematic magnetic-
length deviation and fringe fields. The other imperfections
have a smaller impact on the optics. The transfer-function
spread is large enough to require correction before reach-
ing the low-𝛽∗ optics (10−4 deviations already give 20 %
beta-beating), and including it from the beginning should,
therefore, reduce the commissioning time. The beta-beating
for optics matched at the IP (second column) shows how
close the nominal model is to a realistic model after an ideal
correction. The values are very small and well within the
expected measurement errors. The third column shows the

error at the IP if the nominal model is taken as a reference
for correction. These errors are also very small and accept-
able for any correction strategy. The implication is that a
well-corrected machine will have no significant beta-beating
residuals either at the IP or in the triplet region, even if the
nominal model is used as a reference for the correction. The
advantage of using a realistic model is, therefore, to reduce
the initial optics errors and the number of iterations needed
during commissioning.

CONCLUSION
We collected the available measurements of the magnetic

axis deviations, magnetic lengths, and transfer functions
of the first quadrupoles produced for the inner triplets and
used them to build a more accurate commissioning model
of the machine. The knowledge of magnetic axis devia-
tions is essential to pre-align the magnetic axis and enable
commissioning with a well-corrected orbit and coupling.
The uncertainty on the magnetic-axis deviations should be
well below the deviations observed in the initial production.
An uncompensated installation would likely require correc-
tor strengths beyond the acceptable limits. Knowledge of
the magnetic lengths, transfer functions, and longitudinal
positions also helps build models that more closely reflect
reality. We show that the optics errors are dominated, in or-
der, by transfer-function spread, systematic magnetic-length
deviation, fringe fields, magnetic-length spread, and finally
longitudinal misalignment. A model including alignment
and magnetic measurements allows starting the beam com-
missioning with optics in the triplet region that already in-
cludes the imperfections that would otherwise need to be
corrected; however, this is not sufficient to eliminate the
need for corrections given the observed sensitivity to devia-
tions and the uncertainties in the magnetic measurements (in
particular, on the transfer function). Once the ideal correc-
tion is performed, the realistic models studied here remain
within 1 % beta-beating relative to the nominal model (note
that magnetic uncertainties and several error sources are
neglected). We therefore plan to provide optics models that
incorporate the measured imperfections to reduce the beam
commissioning time.
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