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Abstract

Precise optics control around the main interaction regions
of the HL-LHC is essential to reach the target values of
B* and the collider’s nominal performance, while maintain-
ing sufficient beam aperture and satisfying machine protec-
tion constraints. The field quality of the high-luminosity
insertion-region magnets is particularly critical for the accel-
erator performance, possibly impacting the achievable inte-
grated luminosity. In this context, magnet sorting strategies,
i.e. the allocation of a compatible slot in the tunnel based on
the actual magnet properties, such as the transfer function
and magnet field quality, can provide an effective handle to
improve both linear and non-linear optics performance of
the upgraded insertion regions. This work focuses on the
Q2 magnets of the HL-LHC inner triplets, which are built
at CERN and for which sorting remains a feasible option,
as it is compatible with production and installation sched-
ules. The effectiveness and trade-offs of these approaches
are studied using a combination of analytical calculations
and full HL-LHC lattice simulations. The studies resulted
in an effective sorting recommendation, which is adopted
for the installation of the Q2 magnets.

INTRODUCTION

When building accelerator magnets, deviations of the field
quality (FQ) compared to the ideal magnet design are un-
avoidable due to manufacturing tolerances. The detrimental
effects of these magnetic field imperfections can be alle-
viated by appropriately choosing the positions of the mag-
nets in the accelerator lattice, since different optical condi-
tions can reduce the sensitivity to such errors. This strategy,
known as sorting, has been investigated during the design
phase of several modern accelerators (see e.g. Refs. [1-11])
and successfully applied in the CERN LHC [12-14]. Ideally,
a sorting scheme relies on a large pool of magnets, from
which subsets are selected and optimally assigned to the most
suitable positions in the ring. In this context, the LHC main
dipoles, consisting of 1232 magnets, provided an excellent
test case for sorting methods. From a theoretical perspective,
an effective sorting procedure requires a robust figure of
merit to assess any given magnet distribution, together with
an efficient algorithm to scan the large space of possible
magnet permutations. From a hardware perspective, sorting
is demanding in terms of magnet storage capacity (to allow
large samples of magnets to be available simultaneously)
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and in terms of early magnetic measurements, which must
be carried out while the magnets are still compatible with
many potential locations in the ring. In general [15], these
requirements impose stringent constraints on construction,
testing, and installation schedules, which may not always be
feasible, and in such circumstances the benefits of sorting
are significantly reduced.

Similarly to LHC, sorting is foreseen for the new insertion
magnets of the LHC luminosity upgrade (HL-LHC) [16]. In
this case, however, the magnet families (triplet quadrupoles
and separation/recombination dipoles) to be installed during
the upcoming Long Shutdown 3 (planned roughly from mid-
2026 to mid-2030) consist of only a limited number of units
(16 quadrupole cryostats). Nevertheless, it is expected that
sorting can still provide a beneficial performance margin for
the accelerator by mitigating natural beta-beating, arising
from variations in the triplet quadrupole transfer functions,
and by improving beam lifetime through better minimisation
of integrated non-linear aberrations. Any sorting strategy
for HL-LHC magnets must also take into account the tight
scheduling constraints. In this paper, we present and discuss
the status of the sorting studies for the Q2 triplet quadrupoles
manufactured at CERN, extending previous analyses pre-
sented in Ref. [17]. We note that other sorting activities for
HL-LHC magnets are reported in Ref. [18].

Q2 MAGNET SPECIFICATIONS

The inner triplets of the HL-LHC comprise eight MQXFB
magnets (Q2 type), arranged in Q2A/Q2B pairs across the
four sides of the two high-luminosity insertion regions,
namely IR1 and IRS (see [19, Fig. 2]). In each pair, Q2A
denotes the unit closer to the interaction point (IP), and the
two magnets are powered in series.

At the time of this study, four magnets had already
been paired and assigned to fixed installation slots, based
on the analysis of the measured transfer function (TF):
MQXFBO03 (Q2A) with MQXFBO06 (Q2B) on the right side
of IR1 (R1) and MQXFBOS5 (Q2A) with MQXFB04 (Q2B)
on the left side of IR5 (L5). The remaining four units,
MQXFBO07, MQXFBO0S, MQXFB10, and MQXFB11, re-
quired the sorting into the two available slots, RS and L1.
The magnetic properties relevant to sorting are listed in Ta-
ble 1. At the time of writing, the FQ of MQXFB11 was
not measured at cold yet. Therefore, for this magnet, the b4
value is extrapolated from warm measurements.

The four magnets to be sorted were already configured
as two Q2A units (MQXFB07, MQXFB11) and two Q2B
units (MQXFBO08, MQXFB10). Four options are therefore



Table 1: MQXFB magnet properties relevant for sorting. All
values are from cold measurements (apart from MQXFBI11,
for which b4 was extrapolated from warm). The reference
radius for the b4 measurements is Ref = 50 mm.

Magnet Type Slot TF[T/kA] b4 [u]
MQXFB03 Q2A Rl 58.571 +0.92
MQXFBO6 Q2B Rl 58.523 +0.22
MQXFB05 Q2A L5 58.700 +0.79
MQXFB04 Q2B L5 58.655 -0.25
MQXFB0O7 Q2A TBD 58.563 +0.81
MQXFB08 Q2B TBD 58.594 -0.09
MQXFB10 Q2B TBD 58.643 -0.38
MQXFB11 Q2A TBD 58.502 -0.21

possible, taking into account IR-side assignements and pair-
ings between magnets. Option 1 (MQXFB11-MQXFB10
in L1 and MQXFB07-MQXFBO0S8 in R5) and Option 4
(MQXFB07-MQXFBO08 in L1 and MQXFB11-MQXFB10
in RS) pair magnets whose TF values are close to each other.
Option 2 (MQXFB11-MQXFBO08 in L1 and MQXFBO07-
MQXFB10 in R5) and Option 3 (MQXFB07-MQXFB10 in
L1 and MQXFB11-MQXFBOS in R5), conversely, result in
larger TF imbalances within each pair.

SIMULATION SETUP

All simulations are performed on the HL-LHC lattice [20]
using the Xsuite tracking framework [21]. The lattice is
configured at the top energy with round optics (8* = 0.15 m),
fractional tunes Q, = 0.31, O, = 0.32, and a half crossing
angle 6./2 = O urad. This configuration is representative of
the early commissioning stage of the collision optics.

TF-based sorting proceeds as follows: A reference ﬂgvy is
computed from the ideal lattice. The measured TF errors are
then applied to the Q2 magnets for a given sorting option.
Tunes and chromaticities are rematched to their nominal
values. Finally, the perturbed S  is evaluated to obtain the
B-beating associated with the given option: ABx y/Bx.y =
(Br.y = BY))/BR-

For the analysis based on b4, the procedure is extended by
installing the measured octupolar field errors as thin multi-
poles in the lattice and by calculating the amplitude detuning
generated by these errors.

TRANSFER FUNCTIONS SORTING

The B-beating induced by the TF errors for all four options
are shown in Fig. 1 for Beam 1. The results for Beam 2 (not
shown) yields nearly identical conclusions due to the left—
right symmetry of the insertion optics.

A clear separation between the two categories is observed.
Options 2 and 3, which pair magnets with large TF dif-
ferences, produce (ABx,,/Bx,y) € [3.5%,4.5%] and peak
values reaching 8—9%. Options 1 and 4, by contrast, fea-
ture uniform (ABx y/Bx,y) € [1%,2%], with maximum ex-
cursions remaining below ~ 4%. Based on this analysis,
Options 2 and 3 are discarded.
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Figure 1: B-beating for Beam 1 for the four sorting options.
Options 1 and 4 yield uniformly low S-beating (< 4% peak),
whereas Options 2 and 3 exhibit significantly larger values,
with peaks of ~ 8-9%.

AMPLITUDE DETUNING SORTING

To choose among the two remaining candidates, Options 1
and 4, the impact of b4 can be adopted as a secondary sorting
criterion. This strategy is motivated by the consideration
that during the initial stage of the beam commissioning [22],
when the non-linear corrector magnets will not be used, the
quality of optics measurements and corrections, are based on
AC dipole excitations that could be limited by the available
forced Dynamic Aperture with large amplitude detuning
[23].

The standard multipole expansion for the vertical field
component (normal terms only) reads [24]:

by
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where b, are the multipole coefficients normalised to the
main field at the reference radius Ryer) and Bypain is the com-
ponent of the main field.

The integrated octupolar strength associated with a
quadrupolar integrated strength K| L = Bin b2 L/ Ryt is:

KL= =212 2)

Equation (2) is used to convert the measured values b4 from
Table 1 into equivalent octupolar kicks in the simulation,
placed at the location of the corresponding Q2 magnet. The
b4 values are expressed in units (1 unit = 107%).

These kicks produce an amplitude detuning defined as:

AQy = axy Jx+ayy Jy. (3)

The detuning coefficients are evaluated both analytically and
via 4D tracking simulations, exhibiting agreement at the
sub-percent level.

To condense the comparison into a single scalar observ-
able, we define the norm of the detuning matrix D,

D= (axx
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AQx = axx Jx+axy Jy,
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as the value for ranking the remaining options. In particular,
having to optimise the lattice for both beams simultaneously,

we minimise ||[Dg; g2l = vI[Dg1l|? + [|Dg2 ||

To place Options 1 and 4 in a broader context, it is instruc-
tive to relax all pairing and position constraints and consider
the full space of possible Q2 assignments. Lifting the re-
striction that the Q2A and Q2B types must be preserved, all
8! = 40320 permutations of the eight MQXFB magnets are
evaluated in the eight available slots.

The result is shown in Fig. 2, where ||Dg;|| is plotted
against ||Dp;|| for all permutations. A striking feature of the
distribution is that all points collapse onto a 1D line instead
of filling a 2D region. This behaviour is a direct consequence
of the left-right symmetry of the HL-LHC insertion regions
optics, i.e. Bx of Beam 1 is identical to §, of Beam 2 on
each side of the IP.

The global minimum for the detuning effects lies at
D1 B2ll = 1.1 x 103 m~!. Option 4 is found to be close
to this global optimum, with ||Dg; 2| = 1.23 x 10°m~".
Option 1, instead, yields ||Dg1 2|l = 2.47 X 10° m™1, plac-
ing it roughly in the middle of the full distribution. From
an amplitude-detuning standpoint alone, Option 4 would
therefore be preferable by a factor of ~ 2. However, when
the study was completed, the Q2Bs magnets already had
fixed slots, so the only feasible option was Option 1.
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Figure 2: Norm of the amplitude detuning ||Dg;|| vs. ||Dg;]]
for all unconstrained permutations of the eight MQXFB mag-
nets into the eight Q2 slots. Iso-norm contours of ||Dg; g2|
are shown as dashed circles. The installed assignment (Op-
tion 1) and the b4-optimal constrained option (Option 4) are
highlighted, together with the global minimum.

SCHEDULING CONSTRAINTS

The studies presented above are based on the final Q2 mag-
net inventory. The limited sample size, only eight MQXFB
units in total, makes any sorting algorithm inherently sensi-
tive to changes in that inventory.

An instructive example of this sensitivity emerged when
the discovery of a nonconformity led to the withdrawal
of MQXFBO09 and its replacement by the spare unit, i.e.
MQXFB11. The studies originally presented at the 15th
HL-LHC Collaboration Meeting [25] and in a subsequent
follow-up [26], which were carried out with the original
inventory, including MQXFBO09, identified a different pair
of optimal options (namely Options 2 and 3). This discrep-
ancy with the present findings is entirely attributable to the
low statistics: with only four magnets to sort, even a single
substitution reshuffles the relative TF and b4 deviations suffi-
ciently to alter the final ranking of the available options. This
underlines the fragility of sorting algorithms applied to very
small samples of magnets and the necessity of re-evaluating
the sorting whenever the magnet inventory evolves.

On the other hand, the methodology itself is robust: the
two-stage approach, first discarding options with large TF
imbalances to limit S-beating, then using FQ-driven am-
plitude detuning to choose among the remaining options,
remains applicable irrespective of the specific magnet set.

Hence, as aresult of our studies, the sorting for the last four
HL-LHC Q2 magnets is the following: MQXFBO07 (Q2A)
and MQXFBO08 (Q2B) at R5, MQXFBI11 (Q2A) and
MQXFB10 (Q2B) at L1.

CONCLUSIONS

A systematic sorting strategy for the HL-LHC Q2 magnets
(MQXFB) has been presented, combining TF and FQ criteria
in a two-stage approach.

Full lattice simulations performed with Xsuite demon-
strate that the four candidate sorting configurations separate
into two well-defined classes on the basis of TF-induced
B-beating. Configurations pairing magnets with similar TF
values (Options 1 and 4) produce uniform S-beating of ~
1-2%, while those pairing magnets with disparate TF values
(Options 2 and 3) reach average values of up to ~ 4.6%. A
secondary discrimination between the two remaining options
is provided by the amplitude detuning generated by the mea-
sured b4 octupolar errors, evaluated both analytically and by
4D tracking. An exhaustive scan over all unconstrained per-
mutations of the eight magnets revealed that the left-right
symmetry of the HL-LHC insertion optics constrains the
full distribution to a 1-D locus in the (||Dg1]|, ||Dg2||) plane.

A central observation of this work is the pronounced sen-
sitivity of the sorting outcome to the magnet inventory when
the sample size is small. Indeed, replacing a single unit,
MQXFBO09, with a spare, MQXFB11, was sufficient to re-
verse the original option ranking. However, the methodology
developed here is currently being extended to the Q1 and
Q3 magnets, with the ultimate objective of achieving an
optimised sorting of the full HL-LHC inner triplet.
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