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Abstract

Previous studies for the electron-positron version of the
Future Circular Collider (FCC-ee) have highlighted the need
to define tolerances on magnet imperfections and develop
correction strategies. This is crucial for ensuring the per-
formance of one of the main elements in the acceleration
chain: the High Energy Booster (HEB) ring. The efficiency
and overall performance of these correction strategies, as
well as the magnet field quality and misalignment tolerances,
directly influence the specifications of correction magnets.
This, in turn, affects key parameters such as beta functions,
dispersion, transverse coupling, and emittance. Horizontal
and vertical orbit corrections utilize horizontal and vertical
kickers, respectively. Skew quadrupoles address vertical
dispersion, introduced by normal dipole roll, and transverse
coupling. Normal quadrupoles corrects the horizontal and
vertical phase advances. This study simulates the distri-
bution of these four corrector types to minimize equilib-
rium emittance at the extraction energy of 45.6 GeV. The
computed strengths of these correctors and the associated
misalignments are presented.

INTRODUCTION

The electron-positron version of the Future Circular Col-

lider (FCC-ee) is one of the main proposals in development
as CERN’s next high-energy accelerator. The project en-
visions a 91-kilometer-long collider ring, accompanied by
a second ring—the High Energy Booster (HEB)—housed
within the same tunnel [1]. To enable the practical manufac-
turing of all necessary components, it is essential to analyze
imperfections in the magnetic lattice. This study focuses on
defining tolerance levels and correction strategies in order
to guarantee the target performances of the HEB ring. The
procedure used is based on well known techniques and algo-
rithms [2—4], but tailor-made for the distinctive features of
the HEB.
In the following sections, the errors considered for this study
are briefly discussed. Then, the choices made to implement
the corrections necessary to limit the impact of these errors
are presented. Finally, the results obtained following these
choices are displayed.
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ERRORS

Imperfections must be accounted for to ensure that the
machine performs as expected and reaches its design per-
formance. The field error and the positioning error were
accounted for the HEB magnetic system including dipoles,
quadrupoles, and sextupoles. The misalignment for the
Beam Position Monitors (BPMs) is also accounted. These
errors takes into account the misalignement of girders sup-
porting these elements. Additionally, the relative field errors
of the arcs dipoles, the arcs quadrupoles and the arcs sex-
tupoles are considered. These errors are randomly assigned
to the components using a Gaussian probability density func-
tion, truncated at three standard deviations (RMS). The RMS
values for each type of error are provided in Table 1. These

Table 1: RMS value of the error distribution.

Error Type Unit o
Relative dipole field error [1] 1073
Relative quadrupole field error  [1] 2 x 107*
Relative sextupole field error [1] 2x 107
Main dipoles’ roll error [urad] 300
Main quadrupoles’ roll error  [urad] 300
Main girders’ offset (0girdger) [um] 200
Main quadrupoles’ offset [um]  Ogirger +50
Main sextupoles’ offset [um]  Ogirder + 50
BPMs’ offset [um]  Ogirger + 50

RMS values are determined based on the ones published in
[5] where the tolerances on girder-to-girder misalignment
are a little bit relaxed in addition to the relative dipolar field
error.

CORRECTION STRATEGY

The first step in the correction strategy is to establish
a closed orbit in the simulated ring while accounting for
previously defined errors. This approach is inspired by tech-
niques used in existing accelerators. The orbit correctors
are assigned as follows: when a quadrupole focuses in the
horizontal (or vertical) plane, the adjacent BPM measures in
the same plane, and the next corrector, placed after the BPM,
applies the correction in that same plane. The orbit correc-
tion process follows a method similar to that used during
the LHC commissioning [6], beginning with a segment-by-
segment (SbS) correction—arc-by-arc in this case. After
completing the correction on the first segment, each of the
following segments is then added one by one to finally obtain
the full lattice correction. This step enhances the stability



of the correction process by effectively addressing a wider
range of error configurations. At this stage, an initial cor-
rection round is performed with the sextupoles turned off.
The orbit obtained after SbS optimization undergoes two
singular value decomposition (SVD) optimizations over the
full lattice using the MAD-X CORRECT command [7] to
minimize residual excursions. Typically, two SVD iterations
are sufficient to determine the closed orbit. Further SVD
optimizations are then applied to refine the orbit, with the
number of iterations depending on the specific error con-
figuration. The process is designed to ensure that the RMS
orbit deviation at the BPM locations in both planes remains
below the analytically computed RMS values [8] for the
given configuration, with a maximum limit of 15 iterations.
After this initial optimization, a more precise tuning process
is implemented using the response matrix from the HEB
model design. This step focuses on correcting key beam
parameters, including phase advance, dispersion, coupling,
and tunes. These quantities are computed at the BPMs using
the transfer matrix formalism, assuming no errors in their es-
timations so far. To allow corrections based on the response
matrix, 560 quadrupole correctors are installed near two (out
of six) quadrupole families (the same where the sextupoles
are installed), while 568 skew quadrupole correctors are in-
stalled close to the sextupoles location. All these correctors
operate independently and are not misaligned.

The correction process follows a linear relation:

0” = A°K (1)

where O? represents the difference vector of the observable
a (such as phase advance, dispersion, ... ) along all BPMs
of the ring, comparing the error-affected simulation with
the ideal model. A“ denotes the response matrix associated
with the observable @, computed across all BPMs and cor-
rectors of the lattice under consideration. K represents the
vector of corrector strengths.

For computational efficiency, the corrections are divided into
two groups: parameters adjusted via the normal quadrupole
correctors (such as phase advance in both planes, horizontal-
plane dispersion, and both tunes) and parameters primar-
ily corrected by the skew quadrupole correctors (including
vertical-plane dispersion and the real and imaginary compo-
nents of the resonance driving terms fjgo1 and fio10) [2, 9].
To determine the correctors’ strengths needed to reduce the
discrepancy between the model and the error-affected simu-
lation, Eq. (1) must be inverted. Since the response matrix A
is generally not square, the inversion is performed using the
Penrose-Moore pseudo-inverse. Once this is completed, the
sextupoles are gradually ramped up, and at each step, four
iterations of a loop consisting of one orbit optimization fol-
lowed by one response matrix optimization are performed.
The momentum aperture of the baseline lattice, without er-
rors, reduces to 0.3 % when sextupoles are switched off (as
shown in Fig. 1 for the horizontal plane). At this stage, this
value is considered acceptable, since the high energy LINAC
can provide dedicated single bunches with an energy spread
of 0.05 %, during commissioning. Further studies will be

done to evaluate the dynamic and momentum aperture with
errors.
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Figure 1: Momentum aperture as a function of energy spread
for different sextupole strengths.

RESULTS

The correction process described above allows for an RMS
residual orbit excursion below the analytical computation,
with a distribution quasi-centered around = 58 ym. The ex-
act distribution across 100 configurations is displayed in
Fig. 2. The corresponding strengths of the orbit correctors
remain within the allowed range, with an RMS value below
I mT m at injection and below 10 mT m during tt operation,
as shown in Table 2. For the different parameters optimized
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Figure 2: RMS of residual orbit on 100 errors configurations.

by the process described previously, the S-beating is reduced
to below 20 % in both planes (Fig. 3). The normalized dis-
persion in both planes is also kept under the 2 x 107> m'/?
for the x plane, and under 5 x 1073 m!? for the y plane as
displayed in Fig. 4. Residual vertical dispersion is more
important than residual horizontal dispersion, particularly
in the straight sections where no errors are considered. This
may indicate the need to add skew quadrupole correctors
in the insertions. In addition to these parameters, the cou-
pling is reduced to levels where the resonance driving terms
| fioo1] and | fio10| are kept well below 10 % for both planes
as seen in Fig. 5. All these optimizations focus on several
important parameters, as described in the strategy part of this
article, to limit emittance growth in the booster and achieve
the target equilibrium emittance in both planes. The target
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Figure 3: B-beating quantiles in both planes after the full
optimization process.
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Figure 4: Normalized dispersion quantiles in both planes

after the full optimization process.
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Figure 5: Resonance Driving Terms (RDTs) norms quantiles
after the full optimization process.

equilibrium emittances are available in [1]. For Z operation
(45.6 GeV), the targets are 88 pm for the x plane and 1.76 pm
for the y plane. It can be observed that the emittances are
well-centered around the design values in both planes, with
little spread, as displayed in Fig. 6. The normal and skew
quadrupole correctors used in this process have an RMS
integrated value below 1 T m~! m, as seen in Table 2.
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Figure 6: Distribution of the equilibrium emittances in both
planes, in orange before the optimization and in blue after.

Table 2: Correctors specifications.

Corrector E [GeV] 3 x RMS
Orbit 20 (inj.) 2.5mTm
X 182.5(tr) 23mTm
Orbit 20 (inj.) 2.6 mTm
Y 1825 () 24mTm
Normal Quad 20 (inj.) 0.11Tm™'m
182.5(tH) 0.96Tm ' m
Skew Quad 20 (inj.) 0.05Tm™'m
182.5(tH) 0.39Tm™'m
CONCLUSION

The optimization proposed in this article maintains the
equilibrium emittance close to the target values even in the
presence of imperfections. This is achieved using approxi-
mately 4000 correctors, of which about 1100 are quadrupole
correctors, the rest being orbit correctors. Performances can
be slightly improved by increasing the number of iterations
in the response matrix. Simulations will be conducted at
tt energy (182.5 GeV), incorporating tapering to maintain a
stable orbit. A continuation of this study is undergoing to
add other errors contributions such as longitudinal misalign-
ment.

Longer-term improvements can be achieved in order to
reduce the number of corrector magnets. In particular, a
study of the correlations between different correctors may
help limit their number, as there is room available in terms
of their strength. Additionally, optimizing the placement of
these correctors to enhance their efficiency could also reduce
their overall number. A non-linear approach to optimize this
process can also be explored, for example as done in [10].
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