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Abstract

Within the framework of the Future Circular Collider Fea-
sibility and Design Study, the design of the electron-positron
collider FCC-ee is being optimised, as a possible future dou-
ble collider ring, currently foreseen to start operation during
the 2040s. FCC-ee is designed to operate at four different
energy stages, allowing for precision measurements: from
the Z-pole up to above the tt-threshold. This synchrotron
with almost 100 km circumference is designed including
advanced accelerator concepts, such as the crab-waist colli-
sion scheme or one combined off-momentum and betatron
collimation insertion. Furthermore, numerous optics tuning
and measurement studies are being performed to drive the
collider design at an early stage and guarantee its feasibility
and efficient operation.

INTRODUCTION

The Future Circular electron positron Collider [1], FCC-
ee, is the first part of the so-called integrated FCC pro-
gram [2], which foresees, first, the construction of an al-
most 100 km long tunnel infrastructure and the integration
and commissioning of the FCC-ee. After completion of
its physics program, it is then envisaged to decommission
the FCC-ee, followed by integration of the hadron FCC [3],
FCC-hh, into the same tunnel infrastructure. First collisions
are presently foreseen in the mid-2040s for the FCC-ee and
around 2065 for the FCC-hh [4].

A flexible high energy electron-positron collider such as
the FCC-ee, offers the potential for high precision physics
experiments at various particle physics resonances [5, 6].
In case of the FCC-ee beam energies from 45.6 GeV, cor-
responding to the Z-pole, and up to above the top-pair-
threshold with 182.5 GeV are foreseen. To limit the syn-
chrotron radiation (SR) power to 50 MV per turn the beam
current decreases with increasing energy. Each energy stage
leads, therefore, to unique beam dynamics challenges, and
solutions need to be found in accordance with the general
layout.

Within the framework of the FCC feasibility study,
launched in 2021, it is aimed to provide a self-consistent
design of the required technical infrastructure and the ac-
celerator complex for the FCC-ee by end of 2025 with a
mid-term review in mid-2023 [7, 8].

REVISED PLACEMENT

The tunnel infrastructure required to host the FCC in the
Geneva basin is assumed to be constructed approximately
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100 m below ground, similar to the tunnel which presently
hosts the Large Hadron Collider, LHC [9]. Tunnel construc-
tion is one of the main cost drivers, and depends on the
tunnel dimensions, depth and composition of the ground
material. Additionally, shafts and surface sites around the
circumference are required to host various infrastructures, de-
manding dedicated civil engineering solutions. Geographic
constraints to integrate a circular collider into the Franco-
Swiss-Basin are the various mountain ranges surrounding
it, including the Jura-mountains in the north-west and the
Plateau des Bornes in the south-east in addition to the Geneva
lake in the north-east. Furthermore, a possible circular tun-
nel should surround the Saléve-mountain and, hence, these
constraints already limit the circumference to about 80 km
to 100 km.

Considering all described constraints it has been found
that a 90 km tunnel with a four-fold symmetry together with 8
surface sites and straight sections is the most suitable layout.
Figure 1 shows the FCC and the LHC placement schemati-
cally. The FCC-hh and the FCC-ee lattices have, therefore,
been adapted to follow this new tunnel infrastructure and
the latter is described in the following.

Switzerland

Figure 1: Comparison between the LHC, the FCC and the
Franco-Swiss border.
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Table 1: Latest FCC-ee beam optics parameters for the lattice with four interaction points [12].

| Z ww | ZH | tt

Circumference [km] 91.174
Bending radius [km] 9.937
SR power per beam [MW] 50
Half crossing angle [mrad] 15
Beam Energy [GeV] 45.6 80 120 182.5
Beam Current [mA] 1280 135 26.7 5.0
Bunches/beam [-] 10000 880 248 40
Bunch population [10'] 243 291 2.04 2.37
Horizontal emittance [nm] 0.71 2.16 0.64 1.49
Vertical emittance [pm] 1.42 4.32 1.29 2.98
Arc cell phase advance [°] 90/90
Arc cell length [m] 100 50
Momentum compaction factor [107°] 28.5 7.33
Arc sextupole families [-] 75 146
Betatron tunes [-] 214.260/214.380 402.224 /394.360
Synchrotron tune [-] 0.0370 0.0801 0.0328 0.0826
By !By [mm] 100/0.8 200/1.0 300/ 1.0 1000/ 1.6
Energy spread with SR/BS [%o] 0.038/0.132 0.069 /0.154 0.103/0.185 0.157/0.221
Bunch length with SR/BS [mm)] 438/154 3.55/8.01 3.34/6.00 1.95/72.75
RF-frequency [MHz] 400 400 400 400 + 800
Total RF voltage [GV] 0.120 1.0 2.08 11.25
Long. damping time [turns] 1168 217 64.5 18.5
Energy acceptance [%] +1.3 +1.3 +1.7 -2.8425
Luminostiy / IP [103* em™2s7 182 19.4 7.26 1.25
Polarization time [s] 15000 900 120 4.6
SR losses/turn [GeV] 0.039 0.370 1.869 10.0

GENERAL LAYOUT sion experiments at the Z-pole, the W-pair-threshold, the

Compared to the FCCC-ee CDR version numerous
changes have been made, including a shorter circumference
and the possibility of integrating four instead of two experi-
ments [11]. The FCC-ee lattice follows the new, so-called
lowest risk tunnel scenario with approximately 91.1 km cir-
cumference, eight straight sections, (PA, PB, PD, PF, PG,
PH, PJ and PL) and is schematically shown in Fig. 2. It offers
the possibility of up to four experimental insertion regions
(IRs) in PA, PD, PG and PL, where the beams are brought to
collision from the inside outwards. Thus, beams are required
to change from the inside to the outside aperture in all IRs.
The beam collimation section is placed in PF. RF-cavities
are foreseen to be integrated in one to two IRs, PL and PH.
The electron and the positron beams are presumed to be
injected continuously at nominal beam energy in PB (top-up
injection) from the High Energy Booster (HEB). The HEB
is designed to be installed in the same tunnel infrastructure
and thus its lattice design must also be compatible with the
one for the colliding rings. Thus, the lattice design of the
FCC-ee must comply with all three rings hosted in the same
tunnel, and thus two IRs are dedicated for the RF-cavities of
the three rings.

Designed at four different beam energies of 45.6, 80,
120 and 182.5 GeV, the FCC-ee allows for physics preci-
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ZH-maximum and above the top-pair-threshold [6]. It is
presently presumed to operate the FCC-ee with increasing
beam energy over years, which, among others, requires a
flexible lattice and optics design, allowing for fast transi-
tions including upgrades of the RF-cavities to compensate
increasing SR energy losses. The latest FCC-ee lattice and
optics parameters are summarized in Table 1 [12].

ARCS

The eight arcs are designed using FODO cell struc-
tures, consisting of horizontally focusing and defocusing
quadrupoles (QF and QD in the lattice) with bending dipoles
in-between, with a transverse phase advance of 90° at all
energy stages. Although the transverse phase advance is
constant over all energies, we note that at the Z-pole and the
WW-threshold the cell length is 100 m, while at ZH- and
tt-operation it is reduced to about 50 m by inserting addi-
tional quadrupole magnets [12]. Non-interleaved individu-
ally powered 76 or 146 sextupole pairs, respectively for the
two lower or higher beam energy modes, are installed with
a —[-transformation between them. The periodic structure
within the arc, named super-cell, consists of five FODO cells
and contains one focusing and one defocusing sextupole pair.
Therefore also additional sextupole magnets are required to
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be installed when switching to the shorter FODO cells arc
lattice for the higher beam energies. Due to fewer quadruple
magnets in the arc optics for the lower beam energies at the
Z- and WW-mode, the arc S-functions are roughly a factor 2

> larger and the horizontal dispersion by almost a factor 4. A

PA

PL PB

PJ PD

PH PF

PG

Figure 2: FCC-ee general layout with four-fold periodicity
and super-symmetry with 8 straight sections. The positron
and the electron beam are circulating, respectively, clock and
counter-clock wise. The four experimental straight sections
are marked with a black cross.
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Figure 3: FCC-ee arc lattice and optics for five FODO cells
(equivalent to one super-cell) for the Z- and WW-mode (solid
lines); and ten FODO cells (equivalent to two super-cells) for
ZH- and tt-mode (dashed lines). Horizontal and vertical 3-
functions are shown in, respectively, blue and red. Dipoles,
quadrupoles and sextupoles are shown, respectively, in blue,
red and green. Focusing and defocusing elements, respec-

tively, are shown below and above the horizontal axis.
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schematic plot of one or two super-cells, respectively, for
the lower and higher beam energy arc designs is shown in
Fig. 3.

The sextupole families are optimized to maximize the
momentum aperture up to about 2.8 % at 182.5 GeV, since
beamstrahlung and synchrotron radiation lead to a wide
momentum spread. Additionally, horizontal on-momentum
dynamic aperture of about 15 o is achieved, required for
top-up injection. The possibility of using fewer than 75 and
146 sextupole pairs, respectively, for the lower energy and
higher energy operation modes, while reaching the required
momentum aperture, is envisaged to be explored.

EXPERIMENTAL INSERTIONS

All four experimental IRs feature the same optics design
with horizontal and vertical S-functions at the interaction
point (IP) of as low as ,ch’y = 100, 0.8 mm at the Z-pole,
shown in Fig. 4, and a crossing angle of 30 mrad. Although
By is about 3 times larger than the SuperKEKB design [13],
the generated chromaticity around the IP is in the same order
of magnitude for both colliders. It has to be noted, that the
minimum S achieved so far in SuperKEKB is 0.8 mm and
thus approximately a factor 3 larger than its design.

Bx,y [km]
(o)}

-1200 -900 -600 -300 O
S[m]

300 600 900 1200

Figure 4: Lattice and optics for the experimental interac-
tion region for the Z-pole. S = 0 marks the IP. Horizontal
and vertical S-functions are shown in, respectively, blue
and red. The beam direction is from left to right. Dipoles,
quadrupoles and sextupoles are shown, respectively, in blue,
red and green. Focusing and defocusing elements, respec-
tively, are shown below and above the horizontal axis.

To control the generated chromaticity, a local chromaticity
correction scheme (LCCS) consisting of non-interleaved
sextupole pairs, for the vertical plane is integrated on both
IP sides. The outer sextupoles of the LCCS are also the
ones used for the crab-waist transformation [14—-16]. For
the crab-waist collision scheme vertical beam sizes in the
order of a few nano-meter are brought to collision with a
large Piwinksi-angle aligning the waist of the S-functions on
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the axis of the other beam via adequate sextupole powering.
The crab-waist sextupoles correspond to the outer ones of
each pair and are placed at a horizontal and vertical phase
advance of, respectively, 27 and 2.5 with respect to the IP
on both sides, as schematically shown in Fig. 5, together with
the presently used terminology of the IR quadrupoles. This
scheme has first been tested successfully at DA®NE [14-16]
with dedicated crab-sextupoles and is presently also used
in SuperKEKB [13] using the virtual crab-waist collision
scheme which is also foreseen for the FCC-ee [5].

M, =2, uy=2.5n

QY QA QFG/QDG QG

I 1P|l I
QL QB QY Qoc |

—

M =2, uy:2.5n

Figure 5: Betatron phase advance between the IP and the
LCCS sextupoles and terminology of quadrupoles in the
experimental IRs. Dipoles, quadrupoles and sextupoles are
shown, respectively, in blue, red and green. Focusing and
defocusing elements, respectively, are shown below and
above the horizontal axis.

In each IP beams cross from the inside to the outside
aperture as shown in Fig. 6, to mitigate synchrotron radia-
tion at the detector. This requires weaker dipole magnets
downstream of the IP, and stronger ones upstream of it.
Since the beams are crossing from the inside aperture at
all experimental IRs (PA, PD, PG and PJ), beam crossings
from the outside towards the inside are required at all other
straight sections (PB, PF, PH and PL). In the experimental
IRs no common magnets are foreseen for the electron and the
positron beam [17]. Recent progress on Machine Detector
Interface (MDI) studies is being reported in [18-20].

-1200 -900 -600 -300 O
S [m]

300 600 900 1200

Figure 6: Beam crossing at the IP from the inner towards
the outer aperture. S = 0 marks the IP.

INJECTION

The positron and the electron beams are injected contin-
uously from the HEB in PB at nominal energy, known as
top-up injection. One can distinguish in principle between
on- and off-momentum injection, and using a conventional
orbit bump or a multipole kicker injection (MKI), resulting
in four possible scenarios presently investigated for the FCC-
ee [21]. For multipole-kicker injection a dedicated optics
has been designed and the on-momentum one is shown in
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Figure 7: Optics and lattice for on-momentum injection
using a multipole kicker (MKI) and a correction mag-
net (MKIC) for a 2-1P lattice. Horizontal and vertical §-
functions are shown in, respectively, blue and red. The
beam direction is from left to right. Dipoles, quadrupoles
and collimators are shown, respectively, in blue, red and
black. Focusing and defocusing elements, respectively, are
shown below and above the horizontal axis.

Fig. 7. It features a large horizontal S-function of about
2000 m at the injection point, centered between the MKI
and a corrector magnet, MKIC. Previous tracking studies
have shown that by integrating an additional MKIC beam
size blow-up at the IP is successfully corrected [22]. We
note that this optics is optimized for the 2-IP version and
significant changes for the 4-IP lattice will need to be ap-
plied [23]. Furthermore, if the RF-cavities are not located in
the same IR for the HEB and the main rings, the energy saw
tooth could lead to different local beam energies between
the injector, the electron and the positron ring which must be
considered [24]. Future studies will show the most suitable
injection technique for the 4-IP FCC-ee lattice.

COLLIMATION

The stored beam energy in the FCC-ee reaches up to
20.7MJ [25], and is, therefore, comparable to heavy ion
operation at the Large Hadron Collider, LHC [10]. One
collimation insertion with beam crossing in its center, is
integrated into the FCC-ee lattice in PF [26]. This inser-
tions optics, as shown in Fig. 8 for the tt-mode combines
halo and off-momentum collimation, located, respectively,
upstream and downstream of the beam crossing. In each
plane there is a two-stage collimation system, with 1 primary
and 2 secondary colliamtors. While for the halo-collimation
the horizontal dispersion is kept low, it reaches up to about
+0.6 m for the momentum collimation, which allows inde-
pendent cuts in betatron amplitude and in momentum off-
set [26]. The horizontal and vertical primary collimators are
setat 15 o, and 80 o, respectively, while the off-momentum
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Figure 8: Optics and lattice for the collimation insertion
for tt-mode. Betatron and off-momentum collimation are
located, respectively, upstream and downstream of the beam
crossing in the center, located at § = 0. Horizontal and verti-
cal B-functions are shown in, respectively, blue and red. The
beam direction is from left to right. Dipoles, quadrupoles
and collimators are shown, respectively, in blue, red and
black. Focusing and defocusing elements, respectively, are
shown below and above the horizontal axis.

primary is set at 23.0 o, corresponding to a dp/p cut of
2.9 %, just outside the RF bucket acceptance. The location
of the collimators for tt-operation are also shown in the same
figure.

First loss map studies for the 4-IP lattice are performed
for betatron collimation at 182.5 GeV beam energy using the
newly-developed Xtrack-BDSIM coupling framework [25].
5 x 10° primary positrons are tracked for 700 turns with-
out radiation and optics tapering, and the FCC-ee aperture
model [27] is used. The resulting loss map over the circum-
ference, assuming a molybdenum-graphite primary collima-
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Figure 9: Loss map studies for betatron collimation for the
positron ring at 182.5 GeV beam energy with 5x 10° primary
particles using a molybdenum-graphite primary collimator.
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tor, are shown in Fig. 9. In addition to the collimators in
PF, significant warm and cold losses are also observed in
the four experimental IRs. The results are preliminary and
further studies, including a comparison with beam loss sce-
narios and equipment loss tolerances, are required to assess
the performance of the collimation system.

RF-INSERTIONS

Although beams are injected at the nominal energy into
the main rings, energy is lost due to, for example, syn-
chrotron radiation, beamstrahlung or longitudinal impedance
sources. The present baseline foresees elliptical cavities
with frequencies of 400 MHz and 800 MHz, whereby novel
studies investigate the so-called slotted waveguide elliptical
cavities with 600 MHz. More details can be found in [28].

Two RF-sections are presently foreseen at the highest
beam energy stage and only one for all lower operation ener-
gies. Especially at the Z-pole and the WW-threshold, placing
the collider RF-cavities in only one straight section is crucial
for precision physics requirements [6], since this allows for
keeping the center-of-mass energy, ECM, constant within
a few keV at all IPs when considering losses from SR and
beamstrahlung, as also demonstrated in [29]. At the Z- and
the WW-operation separate RF-cavities are foreseen for the
electron and the positron beam with a beam crossing in the
center of the straight section. Contrarily, at the ZH- and
tt-mode the present design has common RF-cavities and
thus beams must cross before or after being accelerated. To
reduce SR power on the RF-cavities only the outgoing beam
is deflected [5]. The lattices and terminology of quadrupoles
for the IR hosting the RF-system are shown schematically
in Fig. 10 for Z- and tt-mode. Additionally, the optics are
shown in Fig. 11.

QH QU QR Ql
L \ [y
IR HRURR \ 1

QH QU QR Ql

s mmm LT LLLRUTTIL) et

Figure 10: Terminology of quadrupoles in the RF IRs.
Dipoles, quadrupoles and RF-cavities are shown, respec-
tively, in blue, red and black. Focusing and defocusing
elements, respectively, are shown below and above the hori-
zontal axis.

ENERGY LOSSES

Severe synchrotron radiation losses in lepton storage rings
lead naturally to energy losses over each turn. While for the
lowest beam energy only roughly 40 MeV are lost due to SR,
in case of the highest beam energy about 5.5 % (10 GeV) of
the total beam energy is lost per turn. SR power losses de-
pend on the Lorentz-factor by 7;‘61 and thus, also on the local
beam energy throughout the circumference. In addition to
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Figure 11: Optics for the RF insertion for Z- (left) and tt-modes (right). Horizontal and vertical S-functions are shown
in, respectively, blue and red. The beam direction is from left to right. Dipoles, quadrupoles and RF-cavities are shown,
respectively, in blue, red and black. Focusing and defocusing elements, respectively, are shown below and above the

horizontal axis.

SR, energy losses from beamstrahlung for colliding bunches
and longitudinal impedance or energy shifts due to crossing
angles also impact the local beam energy. Furthermore, en-
ergy drifts are also a result of machine circumference change
caused by e.g. Earth tides. All systematic energy losses must
be compensated by the RF-cavities. First studies aiming to
determine the beam energy over the circumference include
SR and beamstrahlung losses for the positron and the elec-
tron beam. Figure 12 shows the beam energy variation for
both beams without and with beamstrahlung losses at each
IP of 14 MeV simulated with MAD-X. In this example two
RF-sections are assumed with 400 MHz 5 GV cavities in
PH and 800 MHz 6.7 GV in PL. The difference between the
lowest and the highest beam energy is 7.56 GeV.

Without adjusting the element’s strengths to the local
beam energy, large orbits and optics beatings would be gen-
erated. To avoid these, the strengths of lattice elements are
scaled according to the local beam energy. This is known as
tapering, and is included in the lattice design [38]. While

A B D F G H J L A

185.0 — e+ > W.0.BS —— e+ - w.BS
= | e- « w.o.BS - e- « w.BS
$182.5 e e -

180.01

0 20 40 60 80
S [km]

Figure 12: Beam energies at the tt-mode with and without
beamstrahlung (BS) at the IPs for RF-sections located in PL
and PH.
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ideal tapering of all elements individually is optimal to mit-
igate optics aberrations, a huge number of power supplies
and, possibly, corrector coils would be required.

ENERGY CALIBRATION, POLARIZATION
AND MONOCHROMATIZATION

Since the discovery potential of the FCC-ee is directly
linked to the achieved precision on the ECM measurement,
huge effort is put into energy calibration, polarization and
monochromatization (EPOL) studies in a dedicated working
group [30] and numerous reports have recently been made,
e.g. in [31] and in a dedicated workshop [32]. Due to the
unprecedented luminosity a statistical precision of 4 keV and
100 keV, respectively, for the Z- and the W-mass measure-
ments is predicted [6]. It is, therefore, envisaged achieving
a systematic precision in the same order of magnitude by
depolarizing transversely polarized low-intensity (10'° parti-
cles per bunch) non-colliding pilot bunches, which requires
dedicated hardware to be integrated in the lattice.

The natural polarization time is 250 h and 15h and the
Z- and WW-mode, respectively. To enhance polarization
it is foreseen to integrate wiggler magnets, following the
three-block design of those installed in the Large Electron
Positron Collider (LEP) [33]. They are presently integrated
in each experimental straight section downstream the IP in
a dispersion free section (see also Fig. 4). In total 24 units
providing 0.7 T magnetic field are foreseen for the FCC-ee,
which reduce the polarization time to 12 h while increas-
ing the energy spread to 64 MeV in case of the Z-pole [34].
Furthermore, the integration of wigglers leads to photon
generation with a critical energy in the order of MeV and,
therefore, possibly imposing radiation protection constraints.
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Wigglers are only used to achieve up to approximately 5 to
10 % polarization on roughly 200 low intensity pilot bunches,
and are switched off once this goal is fulfilled. Subsequently
all nominal intensity bunches are injected and brought to

5 collision. A transverse kicker depolarizes the pilot bunches

and the impact on the polarization is measured using po-
larimeters.

Foreseen polarimeters are based on inverse Compton scat-
tering processes of the beam with laser photons (532 nm
wavelength) travelling in the opposite direction of the beam.
Approximately 2 m are required for the Laser Interaction

5 Region (LIR), followed by an about 2 mrad bending dipole

and a 100 m long drift space. The back-scattered photons
and the scattered leptons with the minimum energy are then
measured with silicon-pixel detectors, allowing to recon-
struct the 3D polarization vector. One suitable location
would be upstream of the straight section hosting the RF-
cavities, where one polarimeter for each beam could be
installed. Another suitable lattice location for integration
of polarimeters could also be upstream of the IP, using the
last arc dipole with 1.6 mrad. However, the subsequent drift
space is only roughly 50 m, which could impose reducing
the laser photon wavelength by a factor 2 or could require
higher resolution silicon-pixel detectors, which remains to
be explored in future studies [35]. While the baseline fore-
sees only one polarimeter per beam, it has recently been
suggested investigating in the feasibility and necessity of
installing one polarimeter per beam and IP [36].

TUNING STUDIES

One of the most crucial challenges of the FCC-ee is
achieving the design performance for a lattice including non-
homogeneous beam energy, misalignments and multipole
field errors together with dedicated correction techniques.
Numerous aspects are addressed in a dedicated working
group, where the most recent meeting can be found in [37].
Furthermore, findings from tuning studies will also feed-
back into the lattice design and a few examples are given in
the following.

The current FCC-ee layout does not explicitly include
Beam Position Monitors (BPMs), orbit correctors or skew
quadrupoles. It is assumed that orbit correctors and skew
quadrupoles coils can be added to every sextupole. However
current emittance tuning studies [39] assume the integration
of orbit corrector magnets next to every quadrupole, which
implies more than a factor 2 larger number of orbit correc-
tors than currently foreseen by placing them at sextupoles.
Preliminary simulations show that the length of the orbit
correctors should be between 10 cm and 25 cm [40].

SuperKEKB has recently observed shifts of the transverse
sextupoles position in the order of 10 um due to temperature
changes between low and high beam current operation [41].
Low beam current is needed for the optics tuning as this
involves orbit changes around the ring. The feed-down from
the sextupole shifts distorts the optics and is potentially
affecting injection efficiency and luminosity. In FCC-ee Z-
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mode a 3 um horizontal shift of one IR sextupole changes
the vertical tune by about 5x1072 units and introduces a
20 % p-beating. For arc sextupoles the required shift to gen-
erate comparable aberrations is 250 um. The FCC-ee will
therefore require accurate beam-based sextupole alignment
techniques to the 1 um level, together with the capability to
measure optics aberrations at high beam currents. Notably,
studies for CEPC are assuming beam-based sextupole align-
ment with an accuracy of 10 um [42]. The technology to
achieve these ambitious challenges should be investigated.
It should include robust sextupole-to-quadrupole alignment
or attaching BPMs to sextupoles should be considered.

Suitable optics measurements techniques for the FCC-ee
are essential for the control of the beam optics. Turn-by-Turn
(TbT) optics measurements have found to be a promising and
fast solution in obtaining the beam optics for the FCC-ee [43],
since they are regularly used in numerous existing circular
storage rings such as the LHC [44,45] or are presently be-
ing explored for SuperKEKB [46]. To apply existing TbT
measurement techniques, the beam needs to be excited to
increase the action, either by single kicks or by a continuous
excitation to force betatronic oscillations. The latter could
be applied during high beam current operation to one or few
bunches to limit risks related to beam losses or synchrotron
radiation and allowing optics tuning in parallel with luminos-
ity production. This requires BPMs with bunch-by-bunch
and TbT capabilities together with high frequency kickers
which need to be allocated in the machine layout.

SUMMARY AND OUTLOOK

An updated FCC-ee lattice and optics have been designed
which follow the novel tunnel layout. Hence, it features
a four-fold symmetry and super-periodicity with eight IRs
and the possibility of hosting up to four experiments in PA,
PD, PG and PJ, where an electron and a positron beam are
brought to collision. To limit the SR power on the detectors,
the beams always cross from the inside towards the outside
in the experimental insertions. Consequently, this demands
beams crossing from the outside inwards in all auxiliary IRs.
Top-up injection at the nominal energy is foreseen for both
beams in PB from the high energy booster, located in the
same tunnel infrastructure. Halo-collimation and betatron
collimation systems are combined in PF. PL and PH are
foreseen to host the RF-cavities for the main rings and the
booster.

The FCC-ee optics features a large dynamic and momen-
tum aperture, while simultaneously achieving beam sizes
in the nano-meter regime at the IP. Generated chromaticity
from the final focus is corrected using a local chromaticity
correction in the vertical plane with sextupoles, which are
also used for the virtual crab-waist collision scheme.

Complementary studies aiming to determine the ECM
as precise as possible have shown the necessity for the inte-
gration of wiggler magnets and polarimeters in each beam,
which have already successfully been integrated into the
lattice. Lastly, tuning studies explore the best location and
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parameters for BPMs and corrector magnets and will influ-
ence the final FCC-ee lattice design.

To conclude, great progress has been made since the CDR
and the latest lattice and optics design have been shown here.
Large combined effort in defining the first FCC-ee baseline
design is presently ongoing, aimed to be delivered in the
framework of the FCC-IS with a mid-term review in 2023
and the final report end of 2025.
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