
STATUS OF THE FCC-ee OPTICS TUNING∗

J. Bauche, C. Carli, F. Carlier, R. De Maria, M. Hofer, C. J. Eriksson, S. S. Jagabathuni, J. Keintzel,
T. Lefevre, H. Mainaud, T. H. B. Persson, P. Raimondi, G. Roy, D. Shatilov, G. Simon, R. Tomás,

F. Valchkova-Georgieva, F. Zimmermann, Y. Papaphilippou, CERN, Geneva, Switzerland
K. Oide, UNIGE, Geneva, Switzerland

T. Pieloni, C. Garcia, L. van Riesen-Haupt, Y. Wu, EPFL, Lausanne, Switzerland
M. Koratzinos, PSI, Villigen, Switzerland

T. K. Charles, ANSTO, Australia; P. Hunchak, M. Boland, S. Saadat, USASK, Canada
Y. Wang, H. Xu, IHEP, Beijing, China

A. Franchi, S. Liuzzo, S. White, ESRF, Grenoble, France
B. Dalena, Q. Bruant, A. Chance, CEA, Paris, France; A. Faus-Golfe, IJCLab, Paris, France

I. Agapov, L. Malina, E. Musa, DESY, Hamburg, Germany
E. Ahmadi, F. Saeidi, IPM, Tehran, Iran; Y. Onishi, H. Sugimoto, KEK, Tsukuba, Japan

A. Hussain, PAEC, Pakistan; T. Raubenheimer, X. Huang, SLAC, Stanford, USA
Abstract

With a circumference of approximately 91 km, the Fu-
ture Circular electron-positron Collider, FCC-ee, aims for
unprecedented luminosities at beam energies from 45.6 to
182.5 GeV. A major challenge is reaching its design perfor-
mance in the presence of magnet misalignments and field
errors. The FCC-ee optics tuning working group studies all
related aspects, and applies state-of-the-art techniques for
beam-based alignment, commissioning simulations, beam
threading, optics measurements and corrections, which are
probed at numerous world-leading accelerator physics fa-
cilities. Advanced optics correction simulations include
interaction-point tuning, magnetic tolerances are studied,
and a new optics is under scrutiny. The current status of
tuning simulations for different FCC-ee lattices is presented.

INTRODUCTION
The work of the FCC-ee optics tuning group during

2023 [1] was devoted to preparing the input for the midterm
report [2]. The arc quadrupoles and sextupoles are placed
on 6 m long girders with a target 50 µm RMS alignment
tolerance in the horizontal and vertical directions. In the
Z lattice the arc girders are separated by about 50 m with
a target alignment tolerance of about 200 µm RMS on this
length scale. For longer scales, this tolerance increases up
to 5 mm RMS over 10 km.

The midterm report highlighted the importance of demon-
strating the feasibility of reaching the FCC-ee design perfor-
mance in the presence of realistic imperfections. As an illus-
tration of the challenge, applying 1 µm Gaussian misalign-
ments to all elements results in an unstable optics, due to
magnet displacements in the Interaction Region (IR). Since
then, the tuning strategies, including beam-based alignment
(BBA), have been carefully examined in search of the opti-
mal sequence of measurements and corrections.

Initially, field quality tolerances were found to be pro-
hibitively tight, with maximum acceptable relative devia-
∗ Work supported by the European Union’s H2020 Framework Programme
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tions of 10−6 at a reference radius of 10 mm [1]. Updated
tolerances taking into account synchrotron radiation effects,
presented below, are found to be more relaxed.

The FCC-ee baseline [3–5] optics, and an alternative op-
tics [5, 6] are being further developed. Other optics design
options are also being investigated such as the use of com-
bined function magnets in the arc short straight sections [7].

FCC-ee LATTICE OPTIONS
Placement studies have converged on a tunnel with 8 sur-

face sites, a four-fold super-periodicity, with roughly 91 km
circumference in the Geneva basin. In the current baseline
physics schedule, four operation stages are foreseen, corre-
sponding to beam energies from 45.6 to 182.5 GeV, from
the Z-pole to above the top-pair-threshold. Two different
lattice designs are currently being investigated: the so-called
Global Hybrid Correction optics (GHC) [4] and the Local
Chromaticity Correction (LCC) [6] optics. Both designs fea-
ture four Interaction Points (IPs), where beams are brought
into collision from the inside outwards. The other four long
straights, where the beams also change aperture again, host
collimation, RF cavities, injection and extraction.

The arcs for the GHC optics consist of FODO cells with
90◦ phase advance, a cell length of about 100 m till 80 GeV
and half this value above. It includes pairs of sextupoles
separated by a −𝐼-transform. The LCC arcs are based on a
hybrid FODO lattice [8], with a FODO length of about 65 m
at all energies, and a periodic unit-cell length of about 300 m,
comprising 10 quadrupoles. Sextupoles are symmetrically
interleaved. While the LCC experimental IR design features
local horizontal and vertical chromaticity correction using
sextupoles, only the latter is corrected locally in the GHC
optics. In the GHC horizontal chromaticity is corrected glob-
ally using arc sextupoles, while the vertical IR chromaticity
is compensated by a sextupole at a location with nonzero
dispersion, whose geometric aberrations are cancelled by a
second sextupole at zero dispersion. Although both designs
include the crab-waist collision scheme, in the GHC the crab
waist is generated, as the dominantly appearing aberration,
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by reducing the strength of this second sextupole, which is
also known as the virtual crab-waist scheme [4], whereas
the LCC scheme uses a dedicated additional sextupole.

Sensitivities to misalignments of the different components
of the GHC and LCC lattices have been presented in [9]
showing that the LCC optics is less sensitive to misalign-
ments in the arcs while, for both optics, similar sensitivities
are found in the IRs. As an illustration, misalignments on
the order of 0.1 µm in the IRs generate vertical orbit pertur-
bations of about 100 µm, 2% 𝛽-beating and 50 mm of rms
vertical dispersion beating for both optics.

High-order chromaticity and amplitude detuning terms
are computed using MAD-NG [10] for both optics, showing
that the LCC features lower high-order chromatic terms than
GHC at 𝑍 and tt̄. The higher-order detuning with amplitude
is similar for GHC and LCC [11]. Improving these higher-
order aberrations could help increase Dynamic (DA) and
Momentum Aperture (MA), as foreseen in future studies.

BEAM BASED ALIGNMENT
BBA simulations for the arcs of the GHC optics [12]

show that an rms beam alignment as good as 20 µm can be
achieved when simultaneously modulating the strengths of
10 quadrupoles by 2%, and detecting the orbit response. For
the Z lattice, 142 such modulations would be needed to cen-
ter the orbit in all arc quadruples. By contrast, at most 50 µm
RMS alignment is achieved by modulating the strengths of
individual sextupole magnets, which would require a total
of 600 modulations for the ZH and tt̄ optics. These studies
assumed a BPM resolution of 1 µm. The primary limitations
appear to be lattice nonlinearities and quadrupole lengths.

TUNING SIMULATIONS
A previous report on tuning simulations [1] uncovered

some discrepancies between the simulations performed with
MADX and pyAT. To discard discrepancies in the models
used by these two computer codes, dedicated comparisons
were performed using identical errors and exactly the same
simulation steps up to orbit correction, but excluding optics
corrections. This comparison helped in finding better param-
eters for the orbit correction and an optimized sequence of
correction steps [9]. Figure 1 illustrates the good agreement
between the two codes up to orbit correction. Therefore, the
discrepancy from the two studies is likely to arise from the
different optics correction strategies. The pyAT studies im-
plement a LOCO-like optics correction approach, while the
current MAD-X simulations [13] exploit a response matrix
for phase advance, dispersion and coupling Resonance Driv-
ing Terms (RDTs) [14]. This explanation is corroborated
by another, independent study for a simplified lattice, which
also successfully achieved linear optics corrections based
on phase advance and coupling correction [15].

Figure 2 presents the DA obtained in optics tuning sim-
ulations with pyAT for various scenarios. When assigning
errors to the full lattice a maximum RMS misalignment
of about 30 µm can be applied, while still succeeding in

Figure 1: Comparison of 𝛽-beating from PyAT and MAD-X
codes by assigning misalignments errors (horizontal axis)
and performing orbit and tune corrections for the Z GHC
lattice.

Figure 2: DA obtained with pyAT after optics tuning sim-
ulations for difference scenarios and versus the size of the
transverse misalignments.

correcting the linear optics, yet with low DA. However, as-
signing errors only to the arc elements increases the allowed
misalignments to about 70 µm and with significantly better
DA than for the previous case. The last scenario, shown
by the red dots in Fig. 2, implements a slow ramp-up of
the lattice errors during correction iterations to approximate
the effect of commissioning the optics in a 𝛽∗ squeeze se-
quence [16]. This scenario does not strikingly improve the
DA. However, a recent preliminary study with pyAT con-
sidering rms misalignments in the arcs of up to 80 µm and
including phase advance corrections has yielded clear DA
improvements [17].

IP Tuning
Dedicated IP tuning studies aim at recovering nominal

optics parameters around the IPs [18]. Their effect on lu-
minosity in the presence of beam-beam effects is being ex-
amined [19]. Several knobs allow independently tuning
the linear IP optics parameters, including the 𝛽-functions,
the waist (longitudinal offset of the minimum 𝛽-function),
coupling RDTs, and vertical dispersion. The detailed de-
scription of these knobs, including the magnets used, can
be found in [18, 19]. Through these knobs, the optics pa-
rameters at multiple IPs can be accurately controlled, even
when including corrected orbit deviations arising from arc
misalignment. Further studies will combine these IP tuning
knobs with the global tuning efforts and beam-beam studies,
to reveal the complete tuning capabilities.

Tuning Studies for the High Energy Booster Ring
The orbit correction strategy presented in [20] has been

updated to account for the girder misalignment and to quan-
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Table 1: Preliminary bare field quality tolerances, without
correction, in 10−4 units at a reference radius of 10 mm from
6D tracking studies with radiation for the Z GHC lattice.

Error Arc Quadrupoles Arc Dipoles
Random Systematic Random Systematic

𝑎3 1.0 2.0 — —
𝑏3 1.5 1.5 0.25 0.1
𝑏4 — — 0.5 0.25
𝑏5 — — 0.3 0.1
𝑏6 0.1 0.5 — —

IR Quadrupoles IR Dipoles
Random Systematic Random Systematic

𝑏3 — — 1.0 1.0
𝑏4 0.1 0.4 — —
𝑏5 — — 1.5 6.0

tify the effect of the errors on the extraction emittances. The
girder-to-girder misalignment is 200 µm while elements on
top of the girder are misaligned by 50 µm. The matching of
tune and chromaticity after orbit correction do not improve
the residual 𝛽-beating. Moreover, the vertical dispersion and
coupling are at the level of 100%, resulting in a vertical emit-
tance increase orders of magnitude greater than the factor of
5 that is acceptable for injection into the collider. Therefore,
optics corrections are required for the High Energy Booster,
and correction schemes similar to those used in the collider
are under consideration. On average the FODO and Hybrid
FODO lattice perform similarly after two orbit correction
iterations. Nevertheless, the residual orbit and vertical dis-
persion values for the 100 error seeds analyzed show a lower
variance for the Hybrid FODO lattice.

FIELD QUALITY TOLERANCES
New field quality tolerances are evaluated via 6D tracking

with radiation [21] with Xsuite [22]. These studies com-
plement previous studies that were conducted without ra-
diation [23]. The tolerances are established by applying
random and systematic errors to the different magnet types
in the arcs and IRs and determining at what threshold a per-
ceivable change in the DA occurs. The results obtained for
the Z GHC lattice are shown in Table 1. These tolerances
are above or close to current estimates of magnetic field
errors [24]. In the future, mitigation methods, e.g., using the
lattice sextupoles and corrector coils, will be studied, which
are expected to significantly relax these tolerances. Further
studies with 6D DA and radiation for additional error types,
tolerances for the tt̄ lattice and for sextupoles are underway.

ARC CORRECTOR MAGNETS
The arc corrector magnets for the GHC lattice could be

nested with arc dipoles, quadrupoles or sextupoles to avoid
reduction of the arc filling factor. Horizontal orbit correction
can be nested with arc dipoles, either at one end of these

elements or over their full length without any impact on
the field quality, and fortuitously compatible with the re-
quirements of energy tapering. Vertical orbit corrector coils
nested with arc quadrupoles would lead to 30 units of skew
sextupole and, therefore, are not considered. However, com-
bining vertical orbit correctors with arc sextupoles seems
a promising solution, since only roughly 40 units of skew
decapoles would be created. Furthermore, skew quadrupole
coils are envisaged also being combined with arc sextupoles,
which would generate about 70 units of skew octupoles. The
impact on DA and MA remains to be investigated.

POLARIZATION WITH ERRORS
Efforts have been dedicated to polarization studies, aiming

to realise precise energy calibration in FCC-ee [25]. Recent
studies have focused on orbit correction and optics tuning for
spin polarization estimation at Z energy. The refined orbit
correction procedure aims to mitigate the impact of strong
sextupole feed-down by interleaving orbit correction with
gradual sextupole strength recovery and tune matching. Re-
alistic random misalignments (𝜎dx,dy,ds = 30 µm − 100 µm)
were introduced to arc elements, with additional relatively
smaller misalignments (𝜎dx,dy,ds = 10 µm − 20 µm) in IR
elements. The impact of BPM performance, including BPM
scaling error, BPM resolution, BPM misalignment and ran-
domly missing BPMs on orbit correction and polarization
was also thoroughly investigated [26].

In general, polarization remains high when a stable closed
orbit is obtained through the application of a proper orbit
correction procedure. Additional dispersion correction and
chromaticity correction could further improve the polariza-
tion levels, particularly in a few extreme cases where polar-
ization is relatively lower. Future studies aim to determine
the maximum acceptable orbits for achieving a sufficient
level of polarization. More realistic machine error mod-
els, such as long-range alignment error model, will be con-
structed and simulated. Innovative lattice correction strate-
gies will be explored to improve the machine performance.

SUMMARY AND OUTLOOK
Critical points have been identified in the optics tuning of

the FCC-ee collider and booster rings. For the collider, sim-
ulations show that rms arc magnet misalignments of 70 µm
can be tolerated, while maintaining good optics quality, and
with only a moderate reduction of DA. We expect that this
will also remain the case for even larger misalignments. Fur-
ther developments are planned on the correction of the phase
advance and coupling RDTs and the systematic use of IP
tuning knobs. Requirements for magnetic field quality are
being relaxed with respect to previous studies by performing
the DA calculations with synchrotron radiation and, in the
future, by applying correction strategies. The options for the
arc correction circuits are being narrowed down. High po-
larization is demonstrated thanks to refined orbit correction
strategies, allowing for up to 100 µm RMS misalignments
in the arcs and 20 µm in the IRs.



15th International Particle Accelerator Conference,Nashville, TN

JACoW Publishing

ISBN: 978-3-95450-247-9

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2024-WEPR02

MC1.A02 Lepton Circular Colliders

2451

WEPR: Wednesday Poster Session: WEPR

WEPR02

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



REFERENCES
[1] J. Bauche et al., “Progress of the FCC-ee optics tuning

working group”, in Proc. IPAC’23, Venice, Italy, May 2023,
pp. 3158–3161.
doi:10.18429/JACoW-IPAC2023-WEPL023

[2] B. Auchmann et al. (eds.), “Future Circular Collider Midterm
Report”. doi:10.17181/mhas5-1f263.

[3] M. Benedikt, et al. (eds.), “Future Circular Collider study,
Volume 2: The Lepton Collider (FCC-ee) Conceptual Design
Report”, Eur. Phys. J. Spec. Top., vol. 228, pp. 261–623, 2019.
doi:10.1140/epjst/e2019-900045-4

[4] K. Oide et al., “Design of beam optics for the future circular
collider e+e- collider rings”, Phys. Rev. Accel. Beams, vol. 19,
p. 1111005, 2016.

[5] CERN optics repository, https://acc-models.web.
cern.ch/acc-models/fcc/, Accessed 8 May 2024.

[6] P. Raimondi, “Final Focus design with local compensation of
geometric and chromatic aberrations”, presented at the FC-
CIS 2022 Workshop, 5 Dec. 2022, https://indico.cern.
ch/event/1203316/

[7] C. García-Jaimes et al., “Exploring FCC-ee optics design
with combined function magnets, J. Phys.: Conf. Ser.,
vol. 2687, p. 022007, 2024.
doi:10.1088/1742-6596/2687/2/022007

[8] P. Raimondi and S. Liuzzo, “Toward a diffraction limited
light source”, Phys. Rev. Accel. Beams, vol. 26, p. 021601,
2023.

[9] S. Liuzzo et al., “Comparing sensitivities to errors between
FCC and CEPC plus tuning studies”, presented at the FCC-ee
optics tuning working group meeting, 29 Feb. 2024, https:
//indico.cern.ch/event/1384058

[10] MAD-NG,
https://zenodo.org/doi/10.5281/zenodo.7428893

[11] P. Hunchak, “Non-linear optics studies and comparison”,
presented at the FCC-ee tuning working group meeting, 17
Jan. 2024, https://indico.cern.ch/event/1365507/

[12] X. Huang, “FCCee BBA simulations”, presented at the FCC-
ee optics tuning working group meeting, 10 Apr. 2024,
https://indico.cern.ch/event/1403458.

[13] T. K. Charles, B. Holzer, R. Tomas, K. Oide, L. van Riesen-
Haupt, and F. Zimmermann, “Alignment & stability Chal-
lenges for FCC-ee”, EPJ Tech. Instrum., vol. 10, p. 8, 2023.
doi:10.1140/epjti/s40485-023-00096-3

[14] R. Tomás, et al., “Review of linear optics measurement and
correction for charged particle accelerators”, Phys. Rev. Accel.
Beams, vol. 20, p. 054801, 2017.

[15] K. Oide, “IR optics design and challenges”, FCC-ee MDI &
IR mockup Workshop, Frascati, 2023.

[16] L. van Riesen-Haupt et al.,“Relaxed insertion region optics
and linear tuning knobs for the Future Circular Collider”,
presented at IPAC’24, Nashville, TN, USA, May 2024, paper
WEPR04, this conference.

[17] E. Musa, “Tuning studies with pyAT”, FCC-ee optics tun-
ing WG meeting, May 2024. https://indico.cern.ch/
event/1414038/

[18] S. S. Jagabathuni, F. Zimmermann, F. S. Carlier, M. Hofer,
and L. van Riesen-Haupt, ”Simulated performance of FCC-ee
IP tuning knobs”, presented at IPAC’24, Nashville, TN, USA,
May 2024, paper WEPR03, this conference.

[19] L. van Riesen-Haupt, “IP knobs and luminosity”, presented
at the FCC-ee optics tuning working group meeting, 8 May
2024, https://indico.cern.ch/event/1414038/

[20] B. Dalena, T. Da Silva, A. Chancé, and A. Ghribi, “Definition
of tolerances and corrector strengths for the orbit control of
the High-Energy Booster ring of the future electron-positron
collider, Phys.: Conf. Ser., vol. 2687, p. 022004, 2024.
doi:10.1088/1742-6596/2687/2/022004

[21] A. Hussain, “Tolerances of multipole errors in Z Lattice”,
presented at the FCC-ee optics tuning working group meet-
ing, 14 Sep. 2023, https://indico.cern.ch/event/
1325263/

[22] G. Iadarola et al.,“Xsuite: An Integrated Beam Physics Simu-
lation Framework”, HB’23, Geneva, Switzerland, Oct. 2023.
doi:10.18429/JACoW-HB2023-TUA2I1.

[23] E. Ahmadi, “Update on Field quality tolerances”, presented
at the FCC-ee tuning working group meeting, 17 Mar. 2023,
https://indico.cern.ch/event/1265820/

[24] J. Bauche, C. Eriksson, and F. Saeidi, “FCC-ee Collider Mag-
nets”, FCCIS WP2 Workshop, Rome, Italy, 14 Nov. 2023,
https://indico.cern.ch/event/1326738/

[25] E. Gianfelice-Wendt, “Investigation of beam self-polarization
in the future e+ e- circular collider”, Phys. Rev. Accel. Beams,
vol. 19, no. 10, p. 101005, 2016.

[26] Y. Wu et al., “Lattice correction and polarization estimation
for Future Circular Collider e+e-”, presented at IPAC’24,
Nashville, TN, USA, May 2024, paper WEPR06, this confer-
ence.



15th International Particle Accelerator Conference,Nashville, TN

JACoW Publishing

ISBN: 978-3-95450-247-9

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2024-WEPR02

2452

MC1.A02 Lepton Circular Colliders

WEPR02

WEPR: Wednesday Poster Session: WEPR

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


