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Abstract In response to the 2020 Update of the European Strategy for Particle Physics, the Future Circular
Collider (FCC) Feasibility Study was launched as an international collaboration hosted by CERN. This
report describes the FCC integrated programme, which consists of two stages: an electron-positron collider
(FCC-ee) in the first phase, serving as a high-luminosity Higgs, top, and electroweak factory; followed by
a proton-proton collider (FCC-hh) at the energy frontier in the second phase. The FCC-ee is designed to
operate at four key centre-of-mass energies: the Z pole, the WW pair production threshold, the ZH pro-
duction peak, and the top/anti-top production threshold—each delivering the highest possible luminosities
to four experiments. Over 15 years of operation, FCC-ee will produce more than 6 trillion Z bosons, 200
million WW pairs, nearly 3 million Higgs bosons, and 2 million top anti-top pairs. Precise energy calibra-
tion at the Z pole and WW threshold will be achieved through frequent resonant depolarisation of pilot
bunches. The sequence of operation modes between the Z, WW, and ZH substages remains flexible. The
FCC-hh will operate at a centre-of-mass energy of approximately 85 TeV—mnearly an order of magnitude
higher than the LHC—and is designed to deliver 5 to 10 times the integrated luminosity of the upcoming
High-Luminosity LHC. Its mass reach for direct discovery extends to several tens of TeV. In addition
to proton-proton collisions, the FCC-hh is capable of supporting ion-ion, ion-proton, and lepton-hadron
collision modes. This second volume of the Feasibility Study Report presents the complete design of the
FCC-ee collider, its operation and staging strategy, the full-energy booster and injector complex, required
accelerator technologies, safety concepts, and technical infrastructure. It also includes the design of the
FCC-hh hadron collider, development of high-field magnets, hadron injector options, and key technical
systems for FCC-hh.

Note from the editors One of the recommendations of the 2020 update of the European Strategy for Particle
Physics was that “Europe, together with its international partners, should investigate the technical and financial
feasibility of a future hadron collider at CERN with a centre-of-mass energy of at least 100 TeV and with an
electron-positron Higgs and electroweak factory as a possible first stage.

In June 2021, the CERN Council launched the FCC Feasibility Study to be completed by 2025, in time for the
next update of the European Strategy for Particle Physics. The study results are made publicly available through
this FCC Feasibility Study Report, as input to the European Particle Physics Strategy update process, initiated
by the CERN Council in March 2024. The studies presented in this FCC Feasibility Study Report do not imply
any commitment by the CERN Member or Associate Member States to build the Future Circular Collider.

This report and the assumptions contained in it do not prejudge further territorial feasibility analysis by the
Host States, France and Switzerland, as well as the outcome of their respective public debate and concertation
processes, and future decisions of their relevant authorities.
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Preface from CERN'’s director-general

In 2021, in response to the 2020 update of the European Strategy for Particle Physics, the CERN Council initiated
the Future Circular Collider (FCC) Feasibility Study.

This report summarises an immense amount of work carried out by the international FCC collaboration over sev-
eral years. It covers, inter alia, physics objectives and potential, geology, civil engineering, technical infrastructure,
territorial implementation, environmental aspects, R&D needs for the accelerators and detectors, socio-economic
benefits and cost. It constitutes important input for the ongoing update of the European Strategy for Particle
Physics.

The Feasibility Study required engagement with a broad range of stakeholders. In particular, throughout the
Study, CERN has been accompanied by its two Host States, France and Switzerland, and has been working with
entities at local, regional and national level. I am very grateful to the Host State authorities and teams for their
invaluable help. Furthermore, significant sections of the Study were supported by the European Union under the
Horizon 2020 and Horizon Europe framework programmes. The Study also greatly benefited from contributions
from accelerator laboratories and universities from across Europe, such as the Swiss Accelerator Research and
Technology (CHART) initiative, and from the Americas, Asia, Africa and Australia.

The proposed FCC integrated programme consists of two possible stages: an electron—positron collider serving
as a Higgs-boson, electroweak and top-quark factory running at different centre-of-mass energies, followed at a
later stage by a proton—proton collider operating at an unprecedented collision energy of around 100 TeV. The
complementary physics programmes of each stage match the physics priorities expressed in the 2020 update of the
European Strategy for Particle Physics.

A major achievement of the Feasibility Study is the choice of placement of the collider ring and the entire
infrastructure, including the surface sites and the access shafts, which was developed and optimised over several
years following the principle ‘avoid, reduce, compensate’. Sustainability studies have assessed energy efficiency, land
use, water and resource management, and socio-economic impact, ensuring that the FCC is designed in accordance
with the latest environmental and societal standards.

I would like to thank all contributors to this report for their hard work and commitment, which allowed the
outstanding results presented here to be achieved.

Fabiola Gianotti
CERN, Director-General

Preface from the FCC collaboration board chair

Building on the earlier Future Circular Collider (FCC) Conceptual Design Study conducted between 2014 and
2018, the FCC Feasibility Study (2021-2025) has been undertaken by a robust international collaboration, now
comprising over 160 institutes worldwide. The FCC ‘integrated programme’, developed in the framework of the
Feasibility Study, consists of an initial electron-positron collider, the FCC-ee, which could be followed by a proton-
proton collider, the FCC-hh. This staging takes into account the physics priorities as formulated in the updates
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of the European Strategy for Particle Physics of 2012 and 2020, as well as the relative technology readiness and
costs of the FCC-ee and FCC-hh.

Over the years, I have closely followed the steady progress of the study, representing the FCC collaboration
at the international steering committee and participating in annual FCC Week meetings, which include sessions
of the International Collaboration Board. The commitment and enthusiasm of the members of the collaboration
has always been impressive. The collective effort is clearly visible. Participation by students and early-career
researchers is increasing. There is a shared determination and momentum to move forward.

The strong international collaboration around the FCC and its global network provides a solid foundation for
the future of this project. The FCC community continues to grow, with increasing engagement from new institutes
and partners worldwide. This broad support will be essential as the project enters its next phase.

The FCC Feasibility Study demonstrates not only the technical viability of the project, but also the strength of
the international community that supports it. As we move towards the next step in the decision-making phase, this
collective effort is key to showing a possible path forward. The FCC promises far-reaching scientific opportunities
and long-term benefits for innovation, training, and global collaboration in science and technology.

Philippe Chomaz
CEA, Chair of the FCC International Collaboration Board
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Introduction to the FCC integrated project

FCC design and layout considerations The Future Circular Collider (FCC) ‘integrated programme’ consists of
an initial electron-positron collider FCC-ee, which is later followed by a proton-proton collider, FCC-hh. This
comprehensive programme is well matched to the current scientific landscape after 15 years of LHC operation.
The proposed staging takes into account: (1) the physics priorities as developed and stated by the Updates of the
European Strategy for Particle Physics in 2013 and 2020; and (2) the relative technology readiness and costs of
FCC-ee and FCC-hh.

Both FCC-ee and FCC-hh are installed in the same 91 km circumference tunnel close to CERN, which allows
reusing all the FCC-ee civil engineering and much of the technical infrastructure for the subsequent FCC-hh,
thereby maximising the return on investment and ensuring guaranteed physics deliverables along with the broadest
and most versatile exploration potential of the intensity and energy frontiers. Taking advantage of a perfect four-fold
superperiodicity, FCC-ee and FCC-hh each accommodate four detectors. The two FCC stages, FCC-ee and FCC-
hh, are optimised to enable the widest possible physics programme, with ample complementarity and synergies
between stage 1 and stage 2.

The FCC-ee serves as an excellent Higgs and top factory. It also enables a rich programme of electroweak
precision physics, flavour physics, QCD physics, and searches for feebly interacting particles, making FCC-ee a
powerful exploration machine, as is illustrated in Volume 1. The production of several 10'? Z bosons opens an
intriguing path to discovering new physics. The hadron collider, FCC-hh, operates at a centre-of-mass energy
of about 85 TeV, extending the energy frontier by almost an order of magnitude compared with the LHC, and
providing a 5-10 times higher integrated luminosity than the upcoming High-Luminosity LHC. The mass reach for
direct discovery at FCC-hh amounts to several tens of TeV, and it allows, for example, the direct production of new
particles, whose existence could already be indirectly exposed by precision measurements at FCC-ee. The FCC-hh
hadron collider can also accommodate ion and lepton-hadron collision options, allowing for complementary physics
explorations.

The layouts of the FCC-ee electron-positron collider and its injector design are fully compatible with the
demands of, and do not compromise the performance of, the future hadron collider FCC-hh. The main ring optics
and RF configurations for both colliders were refined both to simplify operation across the energy range of FCC-ee
and to enable a smooth transition to FCC-hh after the completion of the FCC-ee research programme.

The FCC-hh baseline assumes 14 Tesla Nb3Sn magnets which provide for a collision centre-of-mass energy of
85 TeV, with an R&D path towards HTS magnets, that would enable higher collision energies and/or reduced
energy consumption. Designing a detector for a ~100 TeV hadron collider is a challenging enterprise. Recent
detailed studies prove that it should be possible to build a detector that can fully exploit the physics potential
of such a machine, provided there is investment in the necessary detector R&D. The experience gained from the
Phase-II upgrades of the LHC detectors for the HL-LHC, developments for further exploitation of the LHC, and
ongoing detector R&D for future Higgs factories will be important stepping stones in this endeavour.

As noted, the FCC layout is designed to accommodate, first, an e* /e~ and, then, a hadron-hadron collider
in the same tunnel. The arc tunnel diameter of 5.5 metres is larger than the LEP/LHC tunnel and satisfies the
integration requirements of both colliders while also being fully compatible with the safety concept. Tunnel length
and location are chosen to be consistent with the placement constraints described in Volume 3 and to allow hadron
injection from either the SPS tunnel or the LHC tunnel at CERN, and lepton injection from an injector situated
on the CERN Prévessin site. The FCC tunnel has also been developed so that the lepton and hadron colliders can
house four experiments each.

A four-fold super-periodicity, with a particle physics experiment located at each quarter of the circumference,
makes the ring appear like a four times smaller machine with a single interaction point. The super-periodicity,
therefore, reduces the density of strong resonances in the betatron tune diagram, allowing a maximum beam-beam
tune shift and optimum performance, for both lepton and hadron machines. Technical straight sections are located
halfway between experiment insertion, and these are used to accommodate important accelerator equipment and
systems. The FCC layout accommodates 8 arcs of equal length, 4 technical straights (around the points PB, PF,
PH and PL) and 4 experimental straights (around points PA, PD, PG and PJ), with lengths listed in Table 1. The
final layout is illustrated in Figs. 1 and 2 for FCC-ee and FCC-hh, respectively. The collision points of FCC-hh
lie on top of the FCC-ee interaction points, facilitating the sharing of some experimental infrastructure between
FCC-ee and FCC-hh.

Table 1 Parameters of the

tunnel layout for the two Circumference arc (x8) Technical straight (x4) Experimental straight (x4)
FCC colliders [m] [m] [m] [m]
90,657.400 9616.175 2032.000 1400.000
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Fig. 1 The layout of the
FCC-ee illustrating the four
collision points and the four
technical insertions

Fig. 2 The layout of the
FCC-hh illustrating the four
collision points and the four
technical insertions
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The FCC-ee is conceived as a double-ring collider with separate beam pipes for electrons and positrons. Its
luminosity is maximised by regular top-up injection from a full-energy booster synchrotron, which must also be
located in the collider tunnel (sketched schematically by the green circle in Fig. 1). Transfer lines connecting from
the FCC-ee injector on the CERN Prévessin site to the booster are indicated schematically around PA. For the
FCC-ee, the straight around PL houses the booster radiofrequency (RF) system, and the one at PH accommodates
the main-ring RF systems, as indicated in Fig. 1. Injection into the collider and extraction are integrated in a
single technical straight section at PB. Both betatron cleaning and momentum collimation systems are located in
the remaining straight section around PF, as shown in Fig. 1.

For the FCC-hh, two high-luminosity experiments can be installed in the diametrically opposed locations PA
and PG, and two special-purpose experiments in PD and PJ. The betatron collimation is accommodated in the
technical straight at PH, while the momentum collimation is housed in the technical straight around PB. In the
event of an abort, the beam is extracted in the straight sector around the PF. The FCC-hh RF system is installed
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at PL, which for FCC-ee houses the booster RF. Note that the FCC-hh injection systems are installed in PB and
PL, which are, therefore, shared between two accelerator systems. The hadron transfer line tunnels also connect
to the main tunnel in the vicinity of PA. The transfer lines themselves continue inside the ring tunnel, on top of
the arcs connecting PA with PL and PB where the counter-clockwise and clockwise beams are injected into the
collider rings, respectively.

FCC-ee goals and parameters The FCC-ee achieves maximum peak and integrated luminosities at four main
working points, corresponding to the Z pole, the WW threshold, the (Z)H production peak and the tt threshold.
Integrated luminosity targets amount to the production of 6 x 102 Z bosons (as required by the search for sterile
right-handed neutrinos), more than 2 x 1025 WW pairs, in excess of 2 x 10° Higgs bosons, and 2 x 10° tt pairs.
All these objectives can be achieved during a 15-year period, which includes a one-year shutdown necessary to
reconfigure the machine and install additional RF systems for the highest-energy tt running. With these integrated
luminosities, the FCC-ee physics programme improves the precision of all electro-weak observables by two orders of
magnitude, allowing measurements of Higgs couplings (in a model-independent way) by up to an order of magnitude
more precisely than the HL-LHC, provides ten times the Belle-2 design statistics for bottom quarks, charm quarks
and tau leptons, boosts the indirect discovery potential up to approximately 100 TeV, and unlocks direct discovery
potential for feebly-interacting particles (e.g., heavy sterile right-handed neutrinos) over the 5-100 GeV mass range.

The lepton-collider beam parameters are limited by various constraints and effects [1], such as beamstrahlung [2],
a coherent beam-beam instability in collision with a large crossing angle [3], synchro-betatron resonances, polari-
sation requirements, and finally impedance effects, as discussed in Sect. 1.1. The parameters were optimised under
these constraints [1]. Further refined simulations combining the effect of the full nonlinear lattice and either weak-
strong or quasi-strong-strong beam-beam simulations, and the reverse-phase operation scheme for the RF cavities
(with the implied transient beam loading effects) have led to parameter adjustments. The latest set of parameters
is presented in Table 2. The parameters have been largely stable since 2021.

The bunch population is held approximately constant for all modes of operation, while the number of bunches is
varied to adjust the beam current. The beam current is limited by the synchrotron radiation power and decreases
strongly at higher beam energies. For the Z operating point, a large number of 11,200 bunches are stored in each
of the two collider rings. In this case, the bunches can be separated into 40 bunch trains of 280 bunches, with
a bunch-to-bunch separation of 25 ns and a train-to-train separation of roughly 0.6 ps. Similarly, at the WW
threshold with 1780 bunches, bunches might be separated into 20 trains of 89 bunches having a bunch-to-bunch
separation of roughly 150 ns and a train-to-train separation of roughly 2 ps. At the ZH and tt it is likely that the
bunches are uniformly distributed around the ring. Two contributions to the beam lifetime are indicated separately:
(1) the effect of lattice dynamic aperture and beamstrahlung plus quantum fluctuation, and (2) the unavoidable
luminosity-related radiative Bhabha scattering. The total beam lifetime is the inverse of the sum of the individual
inverse lifetimes. Finally, the luminosity and integrated luminosity at each operating point are discussed further
in Sect. 1.1.

FCC-hh goals and parameters The hadron collider FCC-hh should provide proton—proton collisions with a
centre-of-mass energy of the order of 85 TeV and an integrated proton-proton luminosity of about 20 ab~! in
each of the two multi-purpose experiments during 25 years of operation. Two specialised detectors are located
in the remaining two experiment straights. In addition to colliding protons with protons, also proton-ion and
ion-ion collisions, as with the LHC [5-7] but at much higher energy, are envisaged. Furthermore, an interaction
point could be upgraded to electron—proton and electron—ion collisions, in which case an additional recirculating
energy-recovery linac would provide the electron beam. The FCC-hh would use (modified) parts of the existing
CERN accelerator complex for its injector chain.

The design of the FCC-hh hadron collider is based on LHC experience. The key challenges are the magnet
technology and power consumption in the presence of strong synchrotron radiation. To limit the latter and also
because the radiation damping during storage is significant, the beam current and the bunch population are relaxed
compared to those of the HL-LHC [8, 9.

The key parameters for FCC-hh are compiled in Table 3. The bunch population (close to 1 x 10! protons per
bunch) and the beam current (0.5 A) are kept the same as in the 2018 CDR [10]. Table 3 presents a baseline design
with 14 T dipole magnets, which could be based on NbsSn technology. The table illustrates how the synchrotron
radiation strongly increases with higher magnetic field.

The synchrotron-radiation heat, which must be extracted from inside the cold magnets, is a major contribution
to cryogenic power. For the CDR, with 16 T Nb3Sn magnets, the FCC-hh cryogenics required around 250 MW
of electrical power. With the lower field of 14 T, this power can be significantly reduced. However, the cryogenic
power might also be lowered for the higher-field magnets based on HTS technology, as these could conceivably
be operated at a higher temperature, together with an elevated temperature of the beamscreen intercepting the
synchrotron radiation.

Sustainability goals The general FCC implementation is driven by the principles of cost optimisation and
sustainability, as described in Volume 3 of this Feasibility Study Report. Examples include the minimisation of
the number of surface sites and the length of access roads by the placement optimisation, the planned processing
of the excavated spoil for multiple purposes of reuse, and the local use of waste heat and cooling water.
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Table 2 Parameters of FCC-ee. Peak luminosity values are given per interaction point (IP), for a total of 4 IPs, integrated
luminosities refer to the sum over four IPs. Both natural bunch lengths are due to the synchrotron radiation (SR) and collision
values including beamstrahlung (BS) are shown. The FCC-ee collider rings feature a combination of 400 MHz RF systems
(at the first three energies) and 800 MHz (additional cavities for tt operation), with voltage strengths respectively indicated.
For the integrated luminosity, 185 days of operation per year, and luminosity production at 75% efficiency with respect to the
ideal top-up running is assumed, as in the report [4]

Running mode Z Ww ZH tt
Number of IPs 4 4 4 4
Beam energy (GeV) 45.6 80 120 182.5
Bunches/beam 11,200 1856 300 60
Beam current [mA] 1292 135 26.8 5.1
Luminosity/IP [10** cm™2 s7] 144 20 7.5 1.45
Energy loss / turn [GeV] 0.039 0.369 1.86 9.94
Synchrotron Radiation Power [MW] 100 100 100 100
RF Voltage 400/800 MHz [GV] 0.09/0 1.0/0 2.1/0 2.1/9.2
RMS bunch length (SR) [mm)] 5.15 3.46 3.26 1.91
RMS bunch length (+BS) [mm] 15.2 5.28 5.59 2.33
RMS relative momentum spread (SR) [%] 0.039 0.069 0.102 0.152
RMS relative momentum spread (+BS) [%)] 0.115 0.105 0.176 0.186
RMS horizontal emittance e, [nm] 0.71 2.16 0.66 1.65
RMS vertical emittance €, [pm] 2.1 2.0 1.0 1.32
Longitudinal damping time [turns] 1171 218 65.4 19.6
Horizontal IP beta 3; [mm)] 110 220 240 900
Vertical IP beta 3, [mm] 0.7 1.0 1.0 1.4
Hor. IP beam size o} [pm)] 9 22 13 37
Vert. IP beam size o, [nm] 40 45 32 44
Beam lifetime (q + BS + lattice) [min.] 87 75 100 105
Beam lifetime (lum.) [min.] 22 16 10 11
Total beam lifetime [min.] 18 13 9 10
Total int. annual luminosity [ab™"/yr] 68T 9.6 3.6 0.67*F

' The integrated luminosity in the first two years of Z running is assumed to be half this value to account for the machine
commissioning and beam tuning; for WW and ZH running no additional commissioning time is allocated since the machine
configuration and hardware are unchanged from the Z operation.

! The integrated luminosity in the first year of tt running, at the slightly lower beam energy of 170-175 GeV, is assumed to
be about 65% of this value to account for the machine commissioning and beam tuning. The shorter time for commissioning
compared with the lower energy running reflects the LEP /LEP-2 experience.

The existence of a single such tunnel serving the global particle physics community until the end of the century
exemplifies the discipline’s commitment to sustainability. Moreover, the choice to propose the project in France and
Switzerland — where electricity is already largely decarbonised — demonstrates a serious and proactive approach to
environmental considerations. Finally, the fact that the FCC-ee is about a hundred thousand times more efficient
than its predecessor LEP, in terms of luminosity per unit electrical power, underscores the significant efforts of
the community to advance responsibly.

As for the accelerators, storage rings are intrinsically sustainable machines, as they collide the same beams
again and again, at multiple interaction points and over millions of turns. Their efficiency is limited only by the
energy loss from synchrotron radiation, which, in the case of the FCC, is minimised by its large circumference.

Concerning the technical systems of the FCC-ee accelerators, their energy consumption is restricted by a variety
of measures and design choices, such as novel ultra-high efficient continuous-wave (cw) RF power sources like
tristrons, with a projected efficiency exceeding 90%, or twin dipole and quadrupole magnets for the FCC-ee arcs,
and an increased @)y value of the superconducting RF cavities, by deploying exactly the same RF system for the
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Table 3 Parameters of FCC-hh compared with the HL-LHC and LHC. For the integrated luminosity, 160 days of operation
per year, and luminosity production at 70% efficiency with respect to the ideal running is assumed, as in the report [4]. The
regular bunch spacing is 25 ns for all three colliders

FCC-hh HL-LHC LHC
Centre-of-mass energy [TeV] 85 14
Circumference [km] 90.7 26.7
Dipole field [T] 14 8.33
Beam current [A] 0.5 1.1 0.58
Bunch Intensity [10"!] 1.0 2.2 1.15
Number of bunches per beam 9500 2760 2808
Total synchrotron radiation power kW] 2400 15 7
Synchrotron radiation power per unit length [W/m/aperture] 15.6 0.33 0.17
Longitudinal emittance damping time [h] 0.75 12.9
Interaction Point (IP) beta function /5 , [m] 0.3 0.15 (min.) 0.55
Normalised rms emittance [pm] 2.2 2.5 3.75
Peak luminosity [10°* cm™2 s71] 30 5 (lev.) 1
Peak number of events per bunch crossing 1000 132 27
Stored energy per beam [GJ] 6.5 0.7 0.36
Integrated annual luminosity per IP [ab™" /yr] 0.9 0.25 0.05

first three modes of operation, and choosing a moderate accelerating gradient around 20-22 MV /m for the injector
linacs. With regard to materials, by fabricating the main 400 MHz RF cavities using thin-film (niobium on copper)
coating technology, the total amount of niobium is greatly reduced and the cavities also become more robust.

For the FCC-hh, the R&D aims to develop magnets with a cold-bore temperature higher than 1.9 K, along
with an elevated beamscreen temperature, which will relax the cryogenic power required, while the optimisation
of the FCC-hh injector will further reduce the overall energy consumption.

Chapter 1

FCC-ee collider design and performance

1.1 Beam-beam effects, parameter choices, and luminosity

The FCC-ee will run at different beam energies, spanning the range from 45.6 to 182.5 GeV, so as to cover the Z
pole, the WW threshold, the ZH production peak, and the tt threshold. The latest parameter sets for the various
operating energies are listed in Table 1.2. The parameter optimisation process for the FCC-ee was discussed in
Ref. [1].

The FCC-ee design for all energies is based on the ‘crab-waist’ collision scheme, following its successful imple-
mentation at both DA®NE and SuperKEKB [11, 12]. This scheme features flat beams (0 > o), a large crossing
angle between the two colliding beams, and (either ‘virtual’ or real) crab sextupoles at suitable betatron phase
advance on either side of each of the interaction points (IPs). The crab waist scheme not only allows a small vertical
beta function, but it also avoids coupling the vertical and horizontal betatron motion through the crossing-angle
collision. It, thereby, ensures good stability of particle trajectories even when the beam-beam interaction is strong,
thus enabling a high luminosity.

The luminosity at one IP may be expressed as

o Y Tt p (1.1)

T 2er, B

with the relativistic factor ~, the elementary charge e, the classical electron radius r, the total beam current
Iiot, the vertical beam-beam parameter per IP &, the vertical optical 8 function at the IP 5] and the geometric
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Fig. 1.1 Luminosity at the Z Q@1 — i s g R
energy as a function of 1.0
betatron tunes for the CDR
configuration [13],
represented by a single arc
and a single IP. The colour
scale extends from zero
(blue) to 2.3 -10% em™2s™!
(red) [14]. The white narrow
rectangle above (0.57, 0.61) o
indicates the footprint due to

the beam-beam interaction
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reduction factor Rg, which represents both the ‘hourglass’ effect and the reduced overlap due to the crossing
angle. The total current is constrained by the design limit for the synchrotron radiation power of 50 MW per
beam. Therefore, the highest vertical beam-beam parameter is desired for maximum luminosity. However, in order
to keep the tune footprint away from low-order resonances, all FCC-ee configurations feature &, ~0.1 (Fig. 1.1).

The smallest 3} is also desired, yet it is limited by the reduction of the luminosity due to the hourglass effect.
The hourglass reduction factor is historically determined by the bunch length. However, in the crab waist collision
scheme, the length of the overlap of the colliding beams is minimised through the crossing angle, leading to the
condition 3} ~ L; with the interaction length defined by

z z 96
Li=—2— with ¢=2%tan (—) (1.2)
1+ ¢2 o 2

the so-called Piwinski angle, related to the rms bunch length o, the horizontal rms beam size at the collision point
o, and the full crossing angle between the beams at the IP 6.. In the small angle approximation (6. < 1) for
the large Piwinski angle regime (¢ > 1), the interaction length reduces to L; = 207 /60.. The crossing angle 6, is
imposed by the choice of the layout, in particular, due to the short common chamber around the IP, specifically
designed to avoid parasitic beam-beam encounters, and to allow a small 37 with the lowest vertical chromaticity
possible. Maximum luminosity, therefore, is achieved by minimising the horizontal beam size at the collision point,
to allow for a reduction of g;.
The beam-beam tune shif%s are given by

~ Nbre ﬁ; NbTe ﬂ;

€ ~ &y 1.3
21y 032 (1+6°)" ™7 21y or0\/1+ 62 (13)
with N, the number of electrons or positrons per bunch, given by
Itot
Ny = ¢ 1.4
’ e frevTp ( )

with the revolution frequency fre, and the maximum number of bunches n,. The number of bunches cannot be
arbitrarily large due to the need for a minimal spacing between bunches (about 25 ns) in order to avoid adverse
effects such as electron clouds (Sect. 1.4) as well as the need for gaps for injection and extraction (Sect. 1.8). This
constraint is mostly relevant for the Z, yielding a minimum bunch charge of about 2- 10! e*.

In the small crossing angle (tanf. = 6.) and large Piwinski angle (¢ > 1) approximation, the beam-beam

parameters reduce to
Nbre Qﬂ; NbTe 1 5*
§o ™ 5, Gy~ ———— L. (1.5)
™ (0.6.) Ty 0.0:\ €

The bunch length, therefore, is another key parameter. It is determined by the effect of beamstrahlung, the
synchrotron radiation in the arcs, the RF voltage and RF frequency, and by the choice of lattice, mainly through

@ Springer



Eur. Phys. J. Spec. Top. (2025) 234:5713-6197 5727

the momentum compaction factor a. It can be expressed as:

1/2 Us
s d sin ¢ = 1.6
Qo cosd > and sin ¢ Vor (1.6)

acC | 1 (eVrrwrrCo
0,=05——, with Qs=— | —————

21Q 2 poc
where Vi and wrp designate the RF voltage and frequency, C the ring circumference, py the reference momentum,
and Uy the total energy loss per turn. The synchrotron tune and synchronous phase are Q)5 and ¢, respectively.
The momentum spread is obtained from

5 (1.7)

2.5

2 o 2 . 2 nip Tg,sr ¢ 95 TgY 1

o5 =0 +o , with o ~

5 §,SR §,BS §,BS 400 24\/5 Qe s

where o5 sr denotes the rms relative momentum spread caused by synchrotron radiation in the arcs and 7 sr
the corresponding longitudinal radiation damping time, nyp the number of IPs, a, the fine structure constant
and p the local bending radius of the particles’ trajectories caused by the beam-beam interaction. Under certain
assumptions, the integral over the bending radius can be approximated as follows [2]

3
1 0.77562 [ 2Nyr. [2
/ds<—3>z . o \/j . (1.8)
p V2 o2 \ Y0z VT

Using the equations above, and introducing the parameter agg > 0 to represent the effect of beamstrahlung!,

U?—U§7SRU:§—QBS=0, with apg (1.10)

3
nIPTE,SR'Y%NbS (VRFWRF > 2

0;296 ao '
The corresponding bunch length follows from Eq. (1.6). Due to its approximate nature, the equation is hardly
used in the design process, and the impact of beamstrahlung is often obtained via tracking simulations. Yet this
equation reveals that, in the regime of strong beamstrahlung (os > 05 gr), the sensitivity to RF parameters and
momentum compaction factor is reduced from the usual square root dependence due to fact that the beam-beam
force, and consequently the strength of the beamstrahlung, depends on the bunch length. In the regime of strong
beamstrahlung, the main drivers for the bunch length and momentum spread are the bunch intensity and the
horizontal beam size (o5 le / 50;_2/ ®). These quantities must be adjusted to minimise the magnitude of the
beamstrahlung.

As discussed above, the bunch intensity is constrained on the low-energy side, namely at the Z, by the electron-
cloud instability. At higher energies, it needs to be kept large enough to maintain the beam-beam parameter (and
consequently the luminosity) at the specified level. Also, a low horizontal emittance is required to achieve a low
vertical emittance. Indeed, the two quantities are bound by the quality of the optics correction: currently, it is
assumed that €, ~ €, /10 can be achieved (Sect. 1.4). The low vertical emittance directly impacts the luminosity,
but it is also crucial for maintaining a good beam lifetime in the presence of a limited vertical dynamic aperture
associated with the low 37. Thus, maintaining a high 3 is key to reducing beamstrahlung. Nevertheless, the
horizontal 8* is limited on the high side by the corresponding increase of the horizontal beam-beam parameter
as well as of the strength of horizontal synchrobetatron resonances. These aspects are critical as the transverse
tunes are set just above the half-integer in the horizontal plane and above the coupling resonance but below the
third-order resonance in the vertical plane (Fig. 1.1), thus minimising the impact of low-order resonances on the
beam quality. In this area, synchro betatron sidebands of the half-integer resonance in the horizontal plane are
strongly excited due to the beam-beam interaction with a large Piwinski angle, leading to coherent instabilities,
so-called -z instabilities [3], as well as by incoherent blow up [15]. Consequently, the horizontal 5* must be chosen
to maintain the strength of synchrobetatron resonances and the horizontal beam-beam parameter (£, < Q) at an
acceptable level. This optimisation, coupled to the relevant longitudinal aspects treated in the next paragraph, is
done based on tracking simulation (Sect. 1.4). Thanks to the increase in radiation damping and the shorter bunch
length at higher energies, these effects become less severe, and higher 37 are allowed.

1

aps =2 0.77562 - 220 ey’ nipTe SR ( Qs )3 Ny
! OéCCO O—;QHC

373 o T with Qs from Eq. (1.6) (1.9)

@ Springer



5728 Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

The tune space depicted in Fig. 1.1 corresponds to the CDR configuration, yet the main features have not
fundamentally changed. The main difference is the lowering of the tune per quarter of the machine towards the
half-integer (layout with 4 IPs), with respect to the half of the machine in the CDR (layout with 2 IPS) in order
to maintain the total tune in the same area, thereby avoiding important resonances when considering the impact
of the real lattice (Fig. 1.3). The total tune spread is large and a tight control of the resonances driven by the
lattice including imperfections is important.

The longitudinal parameters are set to ensure a sufficiently large RF bucket height. At the same time, the
spin tune spread needs to remain smaller than the synchrotron tune to allow for energy calibration via resonant
depolarisation (Sect. 1.7). These two conditions are

Ap eVrrwrrCo : Yz
> = m@ cos(¢) + (2¢s — ) sin(¢s)) >0.01, and Qs > avyossr (1.11)

with a the anomalous magnetic moment of the electron. Aiming at a high voltage and a low momentum compaction
factor, a high synchrotron tune is favoured. The RF voltage available is an important cost driver, it is kept at a
level required to compensate for the energy lost by synchrotron radiation, and to maintain a sufficiently large RF
momentum acceptance.

At the Z, an additional constraint on the RF voltage arises from the choice of operating 2-cell cavities in reverse
polarity mode in order to keep the same RF system for the Z, WW and ZH energies (Sect. 3.4). The voltage may
need to be kept higher than otherwise necessary to minimise the impact of transient beam loading.

Two different lattices are considered, with the one for the two highest energies (ZH and tt) featuring a lower
momentum compaction factor than the optics for the two lower energies (Z and WW). The optics change is required
to maintain a low transverse emittance at the higher energies.

While at the Z energy the maximum number of bunches is constrained by the electron cloud instability, at other
energies it can be fully optimised to obtain the highest luminosity. This is achieved by choosing the highest bunch
charge that does not lead to a significant lifetime degradation or emittance growth (corresponding to a vertical
beam-beam tune shift of about &, ~0.1) [16].

A key difference from existing colliders is the fact that beam parameters are defined by an equilibrium condition
that is mostly driven by the beam-beam interaction itself, and in particular by the beamstrahlung. Transverse and
longitudinal beam sizes are, thus, strongly coupled, introducing additional constraints on the design and operation
of the collider.

An important aspect is the need for a reasonably adiabatic ramp up of the beam-beam force such that the energy
spread and the bunch length may increase from the lattice equilibrium to the new equilibrium with beamstrahlung
avoiding uncontrolled losses in the process. Indeed, considering, for example, the situation where one nominal beam
would be circulating, with the lattice equilibrium emittances, and a second, lower intensity beam would be injected
from the booster, a 3D flip-flop mechanism could occur where the injected beam blows up significantly, while the
other one remains smaller than nominal. As a mitigation measure, the so-called bootstrap injection scheme was
devised, where the intensity difference between colliding bunches does not exceed a few percent [16] (Sect. 1.8).

The 3D flip-flop mechanism is a direct consequence of the strong coupling between the equilibria in the different
planes. In the case of an asymmetry in the strength of beamstrahlung between the two colliding bunches, the
bunch experiencing lesser beamstrahlung sees its length decrease, thus increasing the strength of beamstrahlung
for the other beam. As a result, beamstrahlung decreases further on the shorter bunch, thus again enhancing
the effect. These dynamics may reach a stable equilibrium where one beam is large and the other small in the
longitudinal direction, a so-called ‘flip-flop’ effect. Similar ‘flip-flop’ phenomena, albeit without beamstrahlung
and in the transverse direction, have been seen in eTe™ colliders for the past half a century, e.g., Ref. [17]. At
FCC-ee, due to the finite momentum acceptance, as well as the strong beam-beam force generated by the short
bunch, the long, ‘weak’ bunch may also experience transverse blow-up and possibly significant beam losses, making
the mechanism three dimensional. The ‘3D flip-flop’ situation is considered irreversible so the affected bunches
would need to be dumped. Avoiding this mechanism imposes tight tolerances on the symmetry of the two beams,
regarding bunch intensity and optics control [16, 18].

1.2 Optics design

This section describes the main electron and positron collider rings. Subsections describe the arc optics, the
experimental insertions, and the design of the various technical straight sections. The baseline optics is called the
Global Hybrid Correction (GHC) scheme, since the vertical chromaticity for the low-beta insertion is corrected
locally, with two sextupole magnets in the final focus, while the horizontal chromaticity is globally corrected using
the arc sextupoles.

The baseline collider optics corresponds to a layout that can accommodate four interaction points (IPs), with
a super-periodicity of four and fourfold symmetry, comprising eight arcs, and eight long straight sections (LSS),
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Table 1.1 Parameters of the

layout in metres Circumference arc Technical LSS (LLSS) Experiment LSS (SLSS)
90,657.400 9616.175 2032.000 1400.000
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which are further divided into four technical “long long straight sections” (LLSS, at points PB, PF, PH, and
PL), and four experiment “short long straight sections” (SLSS, at points PA, PD, PG, and PJ), as are defined in
Table 1.1 and illustrated in Fig. 1.2.

The experiment long straight sections accommodate the optics leading to the interaction points (IPs) and the
detectors. The beam crossing angle and the distance between the IP and the face of the first quadrupole (£*)
are maintained at 30 mrad and 2.2 m, respectively. Each beam must arrive towards the IP from the inside to
minimise the synchrotron radiation going into the detector; therefore the beams must cross in each technical long
straight section. The technical LSSs are used for RF, injection, extraction, and collimation as illustrated in Fig. 1.2.
The technical LSS at PH is used for the RF for the collider at all energies, while the LSS at PL is used for the
booster RF. The beam optics of the collider RF section will change at the transition from WW to ZH, so as to
accommodate RF cryomodules common to both et and e~ for ZH, and separate for WW.

The PL long straight section is used for the booster RF. The RF section for the collider is concentrated in
the PH long straight section for all energies. This seems to induce an additional non-structural synchro-betatron
resonance, limiting the choice of the transverse tune space at some energies.

The design goal of the LLSS is to use identical optics for the RF, injection/extraction, and collimation at Z and
WW, in order to maintain the superperiodicity of the ring in terms of path length, phase advance and chromaticity.
Thus, no special tuning of the optics and sextupoles is required. At higher energies, for the ZH and tt modes of
operation, the optics in the RF section changes, so as to accommodate the RF cavities common to both e and
e~ beams.

The optics in the other technical LSSs remain the same for all energies. At the experiment LSSs, the IP
localisation and beamline layouts deviate from the reference layout line defined by Table 1.1 to generate the
crossing angle for the collision with reduced synchrotron radiation (SR) toward the IP.

The ring vertical chromaticities are set to +5 and +2 at Z and WW, respectively, and to 0 at other energies.
This is necessary to suppress the transverse mode coupling beam instability. The dynamic aperture (DA) and
beam lifetime are optimised under these chromaticities.

The choice of the betatron tunes and parameters related to beam-beam, such as bunch intensity, 5*, bunch
length, chromaticities, etc., assumes the reverse-phase operation of the RF cavities. There are limitations on the
combination of parameters, as discussed in Sect. 1.1.

Table 1.2 lists machine parameters associated with the baseline design for four beam energies. The effects of
the full non-linear lattice and the beam-beam collisions with beamstrahlung are now modelled simultaneously.
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Table 1.2 FCC-ee collider parameters for the GHC lattice. SR: synchrotron radiation, BS: +beamstrahlung

Beam energy [GeV] 45.6 80 120 182.5
Layout PA31-3.0

# of IPs 4

Circumference [km] 90.658509

Bend. radius of arc dipole [km] 10.021

Energy loss / turn [GeV] 0.0387 0.369 1.86 9.93

SR power / beam MW] 50

Beam current [mA] 1292 135 26.8 5.0
Colliding bunches / beam 11,200 1856 300 60
Colliding bunch population  [10'!] 2.18 1.38 1.69 1.58

Hor. emittance at collision €, [nm] 0.71 2.16 0.66 1.65

Ver. emittance at collision e, [pm] 2.1 2.0 1.0 1.32
Lattice v. emittance £y jattice [P 0.87 1.20 0.57 0.82

Arc cell Long 90/90 90/90

Momentum compaction ac  [107°] 28.52 28.67 7.52 7.57

Arc sext families 73 144

By [mm] 110 / 0.7 220/ 1 240/ 1 900 / 1.4
Transverse tunes @/, 218.168 / 222.200 218.185 / 222.220 398.150 / 398.220 394.148 / 390.218
Chromaticities Q, +5 /45 0/+5 0/0 0/0
Energy spread (SR/BS) o5 (%] 0.039 / 0.115 0.069 / 0.105 0.102 / 0.176 0.152 / 0.186
Bunch length (SR/BS) 0. [mm] 5.15/15.2 3.46 / 5.28 3.26 / 5.59 1.91 / 2.34
RF voltage 400/800 MHz ~ [GV] 0.0885 /0 1.00 / 0 2.09/0 2.10 / 9.20
Harm. number for 400 MHz 121,200

RF frequency (400 MHz) MHz 400.788026

Synchrotron tune Q, 0.0310 0.0809 0.0334 0.0892
Long. damping time [turns] 1179 218 65.4 19.4

RF acceptance [%] 1.21 3.32 2.06 3.07
Energy acceptance (DA) (%] +1.0 +1.0 +1.9 —2.8/+2.5
Beam crossing angle at IP 0. [mrad| +15

Crab waist ratio (%] 60 55 50 40
Beam-beam &, /¢, | 0.0023 /0.098  0.013 /0.129 0.0108 /0.130  0.066 / 0.144
Piwinski ang. (0.0.,Bs)/05 25.8 3.6 6.6 0.91
Lifetime (q + BS + lattice)  [sec] 5200 4500 6000 6300
Lifetime (lum)* [sec] 1330 960 600 640
Luminosity / IP [10%* cm™2s7!] 144 20 7.5 1.45

t including hourglass

1 only the energy acceptance is taken into account for the cross section, no beam size effect.

Such simulations, using the codes SAD and BBWS,? include the complete lattice, synchrotron radiation from
all components with realistic photon spectra, tapering, beam-beam collisions, and beamstrahlung. As a result,
the beam lifetime is considered realistic, and the blow-up of the vertical emittance due to beam-beam effects and
beamstrahlung is quantitatively estimated, as reported in the table.

It is important to distinguish two vertical emittances, namely the emittance including collision and the emittance
from the lattice alone, as are shown in Table 1.2. Roughly a factor of 2 blowup in the vertical emittance due the
collision is expected at each energy, according to the simulations reported above. The required lattice emittance

2Benchmarking simulations were also be carried out with the new code XSUITE.
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Fig. 1.3 The tune scan of the beam-beam effect with the full lattice, upper-left: Z, upper-right: WW, lower-left: ZH, lower-
right: tt. At each energy, the left/right plots show the beam loss/vertical emittance blowup, respectively. The whiter areas
correspond to longer lifetimes and higher luminosity. At the Z and WW, a strong resonance line @ + 2Q, — Qs = int. is seen.
Also, at WW, strong vertical lines appear at Q. + nQs = int., (n = 1,2). The red circles show the design tunes. Each orange
arrow on the colour scale of the blowup indicates the level at the design working point

will be the smallest at Z, namely 0.75 pm, including the vertical emittance generated by the interaction point
(IP) solenoid, ~ 0.43 pm. If such a small lattice vertical emittance must be achieved at the Z pole, the lattice
emittance at higher energies should be reduced to a comparable level. The contribution to the vertical emittance
from the detector solenoid of field B, scales as B2/E3, while the emittance from synchrotron radiation in the arcs
increases as E2 so that it will be easier to achieve the same level of vertical lattice emittance at higher energies.
We note that the vertical emittances from the lattice, € 1attice, in Table 1.2 are smaller than those in the CDR,
where they had been chosen as 2% of the horizontal emittance in collision at each energy, and no distinction
had been made between lattice and collision emittances. At ZH, the lattice vertical emittance is required to be
smaller than 0.65 pm, which is even smaller than at the Z. However, at the Z there is the large, inevitable vertical
emittance contribution from the detector solenoid and its compensation by anti-solenoids, of ~ 0.43 pm, whose
relative importance decreases with energy as ~ 1/E®, so that the emittance from the rest of the ring can still be
larger at ZH than at Z.

Tune scans for the lattices at the different working points are plotted in Fig. 1.3. It is interesting to note that the
resonance @, +20Q, — @, = int. disappears at ZH and tt. One may speculate that it is due to the faster damping
rate at higher energies, but it is not. It has been found that even if the energy of the ZH lattice is reduced to the
WW energy, this resonance does not appear at all. So, this resonance seems to be related to the lattice itself.

Figure 1.4 shows the vertical emittance in the collision and the beam lifetime as functions of the lattice emittance
at each energy. The parameters in Table 1.2 are optimised within the range over which the lifetime due to nonlinear
lattice and beamstrahlung is much longer than the luminosity lifetime. However, it is important to note that
neither machine errors nor corrections are included in this calculation. The resulting lifetime for the lattice and
beamstrahlung may seem long at some energies, such as Z. More luminosity may be obtained by increasing the
bunch current, but it was decided not to push the parameters and leave some room for future improvements.
Considering that the luminosity simulations do not yet include machine errors and corrections, leaving some
margin appears reasonable for this design study phase.
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Fig. 1.4 Results of beam-beam tracking with lattice and beamstrahlung for each energy of FCC-ee. Each plot shows the
vertical emittance after collision (red) and the lifetime (green) against the lattice vertical emittance at each collision energy.
The purple horizontal dashed line shows the target vertical emittance at collision, where the vertical emittance of the strong
beam is set at. These results with SAD as well as the DA have been reproduced by independent simulations with XSUITE

1.2.1 Arc optics

The arc FODO cell phase advance at lower energies (Z, WW) is 90°/90° with twice the cell length (long 90/90)
of the ZH and tt machine, as shown in Fig. 1.5. Twin aperture dipoles and quadrupoles are used in the arcs. The
separation between the two beams is 35 cm. Multi-family —I-paired sextupoles are deployed in the arc for global
chromatic correction, respecting the fourfold superperiodicity. This multifamily scheme provides great flexibility
for controlling additional parameters such as the chromatic behaviour at the IP or RF, and the dynamic aperture.

1.2.2 Experiment insertion optics

The critical photon energy of incoming synchrotron radiation from the dipoles in the interaction region is kept
below 100 keV at tt up to ~ 450 m upstream of the IP, as in Ref. [19]. There are 32 sextupoles in the interaction
regions: 2 per side and per IP x 2 sides x 4 IPs x 2 beams. The optics uses the ‘virtual’ crab sextupoles scheme,
using the vertical local chromaticity correction sextupoles as described in [20].

The lattice assumes a perfect solenoid compensation with counter-solenoids between the face of the last
quadrupole (QC1L1/R1) and the IP (‘local scheme’). This scheme guarantees a perfect achromatic coupling cor-
rection with no leak of vertical orbit and dispersion to the outside. It is known that this scheme also guarantees the
perfect removal of harmful beam-beam effects coupled to the chromatic coupling, from which SuperKEKB has been
suffering so far. The detector solenoid together with the described compensation scheme, due to dispersion and
synchrotron radiation generated in the different solenoid fields with crossing angle, results in a vertical emittance
of 0.43 pm at the Z. This contribution is included in the lattice emittance numbers presented in Table 1.2.
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Fig. 1.5 Optics for the arc cell: Z/W operation modes (left) and Zh/tt operation modes (right). Labels show the —I paired
sextupoles

FiCen z 624 nosol 9. 5ad FCCee t 423 nosal . sad

T T T T T T T e T T T T T T
4 | Wi | ok : o, |

|E_1$_ L . | | i ¥ = Ii :‘- : : ) =2 L
5 TR 5 1 Bul -.-t!' _
T II [ ] i ll i L 1 . I 1= 35 II 1—4 — - | 1 . ,:I -
) :I:vl:-- i '__ 1 | .I. ! .: __-rE:h- k Tr <]
= -300 |- ; ! x L | ! i 3
4ol -_. = 4R 1 =
Rl B, R T I T30 m
“H*H“MH HH' mmwmwww R, HJAJJ =: IHILHHHHHWW

Lridarimidar |:-=I|i |.:u| o1 WP g

Fig. 1.6 Layout and optics for the experiment straight section: Z/W operation modes (left) and ZH/tt operation modes
(right). This section includes sections for an inverse-Compton polarimeter and polarisation wigglers. The vertical lines show
the location of the sextupoles for vertical local chromaticity correction and crab waist

The optics of the experiment LSS incorporates the polarisation wigglers and a space for a Compton polarimeter.
The latter is essential to detect the spin precession angle at each IP to provide additional constraints for the beam
energy calibration.

The optics for the experimental straight sections (short long straight section — SLSS) is shown in Fig. 1.6.

1.2.3 Technical insertion optics

A universal optics for all technical insertions (LLSS) is illustrated in Fig. 1.7 (left picture). This optics ensures a
perfect 4-fold superperiodicity. The injection and extraction section at Point B is discussed in Sect. 1.8. In this
subsection, the collimation and RF insertions are described.

Collimation insertion optics A global beam halo collimation system will be required in the FCC-ee to protect
the machine hardware from unavoidable beam losses and for detector background control. Two global collimation
systems are foreseen: one betatron collimation system to remove large amplitude particles and one momentum
cleaning section to intercept particles with a significant momentum deviation. Both systems are foreseen to be
located in the LSS at PF, as shown in Fig. 1.2. Additional collimation will be located in each interaction region
(IR) and is described in Sect. 1.6.4.
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Fig. 1.7 Layout and optics for LLSS: Z/W operation modes for RF, injection/extraction, collimation (left) and ZH/tt operation
modes for RF (right). The left optics is identical for all four LLSSs at Z/W. Red arrows indicate possible locations of collimators
for the case where this optics is implemented in the collimation straight. Betatron collimators are located in the first half of
the insertion, with zero dispersion, and the momentum collimators in the second half. The left optics, also used for the RF
section at Z and WWW energies, is replaced by the right optics at ZH/tt for the common-RF scheme with an electromagnetic
separator. The space available for the RF components is 1890 m, except for the intermediate quadrupoles

The layout and optics for the betatron and momentum collimation section is based on the universal optics of
Fig. 1.7. Betatron collimation is performed in the first half of the insertion, where the dispersion is null, while
momentum collimation is carried out in the second half, where the dispersion is nonzero.

A beam crossing section with a length of 200 m is located at the centre of the insertion, where the incoming
beam will cross from the outside to the inside of the ring. The betatron collimation is installed upstream of the
crossing, whereas the momentum collimation is located downstream. The optics is matched to obtain collimator
half-gaps of more than 2 mm for the required betatron cuts in units of beam sigma. Moreover, the horizontal
dispersion is kept low in the betatron collimation section to avoid the collimators there becoming the momentum
bottleneck. In the momentum collimation section, the ratio of the horizontal dispersion and S-function is matched
such that the collimators there can provide a sufficiently small momentum cut without becoming the aperture
bottleneck.

The collimation settings and performance of the collimation system is presented in Sect. 1.5 and R&D challenges
for the collimators are described in Sect. 3.6.3.

RF insertion optics Two long-long straight sections (LLSS) of roughly 2000 metres in length will be used for SRF
systems. In particular, the LLSS at PL will house the booster RF systems and LLSS PH will house the main ring
SRF systems as indicated in Fig. 1.2. The layouts of these insertions are based on initial models for the 400 and
800 MHz cryomodules, which are based on existing cryomodules at CERN. These cryomodule models have not
yet been optimised for the FCC-ee.

The requirements on the SRF insertions include:

o accommodate the required number of SRF cavities into the 2032 metre long straight section; the details of the
SRF systems can be found in Sect. 3.4.

e provide a beam crossing, e.g., the beam entering on the outside of the tunnel leaves the LLSS on the inside of
the tunnel.

o minimise synchrotron radiation reaching the SRF cavities.

e provide the appropriate focusing and diagnostics to control the beam through the SRF cavities.

The layout and optics of the RF section for Z/W and ZH/tt operation are shown in the two pictures of Fig. 1.7,
respectively. As evidenced by the right picture, for ZH and tt running, the universal technical insertion optics
cannot be maintained in the collider RF straight.

An effort was made to ensure that the SRF systems, along with the accelerators, the booster and eTe™ main
rings, and the technical infrastructure required, could be accommodated in the 5.5 metre diameter tunnel that is
used elsewhere in the collider arcs and other LLSS.

Example 400 MHz and 800 MHz cryomodule designs are shown in Sect. 3.4.11. Figures 1.8 and 1.9 present
tunnel cross sections including SRF cryomodules at PH and PL, respectively.
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Fig. 1.8 Tunnel cross sections with 400 MHz (left) and 800 MHz SRF cryomodules (right) for the collider rings at point PH.
The cryomodule on the right side of the tunnel indicates the transport path

Fig. 1.9 Tunnel cross section
with 800 MHz SRF
cryomodule for the booster
ring at PL. The cryomodule
on the right side of the
tunnel indicates the
transport path
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1.3 Impact of misalignments and field errors

Lattice imperfections may restrict the performance of the FCC-ee collider by affecting momentum acceptance
(MA), dynamic aperture (DA), beam lifetime, luminosity at the interaction points (IPs), emittance blow-up, in-
jection efficiency, polarisation, energy calibration, and machine protection. The feasibility of the FCC-ee operation
in the presence of realistic imperfections is studied via computer simulations.

@ Springer



5736 Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

Table 1.3 Arc alignment and strength tolerances. These values correspond to the 1o standard deviation for a Gaussian
distribution truncated at 2.50. Quadrupoles and sextupoles are placed on top of common girders

Element O /y [Mm] 0o y/e Arad] Ak/k [1074)
Arc quads & sext. 50 50

Dipoles 1000 1000

Girders 150 150 -
BPMs-to-quad 100 - -

Table 1.4 Preliminary IR

alignment tolerances, Element Ty [nmn)] o [urad]
determined with reduced arc

misalignments of 100 ym and ~ Final Doublet (FD) quads 10 10
neglecting BPM IR quads (excluding FD) 100 100
misalignments Sextupoles 30 30

Early studies [21, 22] already indicated that linear optics corrections alone, as are applied, e.g., in the LHC [23],
do not ensure a good DA. The tuning simulations need to be extended by beam-based alignment (BBA) techniques
and dispersion-free steering (DFS), as was the case for LEP [24, 25] and at the SLC [26, 27]. In addition, starting
with relaxed, or even ballistic, optics in the interaction regions (IRs), allows establishing a circulating beam in the
uncorrected machine, as an intermediate step towards the collision optics [28]. Ballistic optics was also used for
the triplet alignment at the SLC [29, 30].

The currently considered alignment and magnetic tolerances for the FCC-ee magnets and relevant beam instru-
mentation are discussed in Sect. 1.3.1. The preliminary tolerances on the magnetic field quality are described in
Sect. 1.3.4. The field quality tolerances likely require dedicated correction circuits, and further studies are needed
to finalise these. A first look at alignment tolerances for the Interaction Regions (IRs) is reported below and in
Sect. 2.3.4.

Simulations should, as much as possible, replicate the actual steps to be followed during FCC-ee commissioning,
as described in Sect. 2.3.4. Detailed descriptions of the different commissioning steps are presented in Sects. 2.3.4
and 1.3.3. The simulations are mostly carried out for the baseline Global Hybrid Correction (GHC) lattice [31] of
Sect. 1.2. In general, the alternative Local Chromatic Correction (LCC) lattice [32], described in Sect. 1.10.1, is
less sensitive to lattice imperfections in the arcs.

Only the optics for Z operation has been studied in depth so far. This optics, with smallest 37, is considered

the most difficult case. Indeed, earlier simulations with the code MADX indicated that the tt optics was easier to
tune. The impact of errors on the optics for H, WW and tt will be thoroughly studied in the future.

1.3.1 Main tolerances for magnets and beam instrumentation

The target alignment and magnetic strength tolerances for the arc elements are compiled in Table 1.3.

It is assumed that the group of quadrupole and sextupole magnets located between the main arc dipoles are
supported by a common girder. Therefore, the total misalignment of these elements needs to take into account the
independent alignment errors of the girder and of the elements on the girder.

The tolerance quoted for the BPM-to-quadrupole alignment refers to the offset between the electric and magnetic
centres of the BPM and the quadrupole, respectively. Simulations have shown that by applying Beam Based
Alignment (BBA), the initial BPM-to-quadrupole alignment tolerance could be relaxed to 150 pm, if required.

The final-doublet quadrupoles, most of the other IR quadrupoles and the IR sextupoles will require tighter
alignment tolerances than the arc components. Table 1.4 presents a preliminary set of tolerances for the IR
magnets. Details are discussed in Sect. 2.3.4.

Spin dynamics studies demonstrate that, for most error seeds and after orbit correction only, with rms alignment
errors of 100 pm in the arcs and 25 pm in the IR, the stringent energy calibration demands can be met. Section 1.7.1
provides further information.

Table 1.5 summarises the arc BPM performance requirements. DA studies using the Xsuite code indicate that
the phase advance should be measured with a resolution better than 1073 27 [33]. Simulated optics measurements
based on a turn-by-turn technique demonstrate that this goal is achieved in the arcs using 50,000 turns and a
BPM resolution of 1 pm [34]. To sustain betatron oscillations for 50,000 turns it is mandatory to use an AC dipole
as in RHIC and at the LHC [35-41]. Location and design specifications of the AC dipoles still need to be defined.
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Table 1.5 Arc BPM

performance specifications Closed orbit resolution 0.1 pm
Turn-by-turn (TbT) position resolution 1 pm
Number of turns in TbT mode 50,000
Table 1.6 Location of arc - -
magnet correctors and BPMs Device Location
Horizontal orbit corrector Embedded at the edge of the main dipole
next to main quadrupole
Vertical orbit corrector Embedded at the sextupole or stand-alone
Quadrupolar corrector Trim coil in all main quadrupoles
Skew quadrupole Embedded at the sextupole
BPM (H& V) Attached to the main quadrupole
Table 1.7 Median rms values
of several optics parameters Parameter Before correction (rms) After correction (rms)
before (after sextupole
ramping) and after linear horizontal orbit (pm) 120.2 120.5
optics correction (nominal vertical orbit (jm) 217.5 217.6
lattice). Ay .stalbnds for phase ABo /B (%) 741 0.29
advance deviations between
nearby BPMs ABy/By (%) 15.79 2.81
AD, (mm) 57.79 0.28
ADy (mm) 62.24 2.80
ep, (nm) 0.72 0.71
€y (pm) 26.01 0.57
horiz. A [27] 1.1x 1072 2.9x107*
vert. A [27] 1.9x 1072 2.3x 1072
Re fio001 4.9 %1072 1.7x 107
Im fi001 4.4 %1072 5.2 %1075
Re fiowo 3.7x 1072 1.3x107*
Im fio10 3.7x1072 1.3x 1074

In the IR, the sextupoles used for the local chromatic correction represent one of the most critical places where
the phase advance must be determined to within 10~* 27. By using only BPMs next to the defocusing quadrupoles
in the region of interest and under the same measurement assumptions, this target is achieved, too. The BPM
performance requirements so far still need to be validated given transverse coupling and non-linear measurements.

The need for orbit stability determines the closed orbit measurement resolution. For BBA performance, a
closed-orbit BPM resolution of 1 nm suffices for optimal results as is described in Sect. 2.3.4.

1.3.2 Location of arc corrector magnets and BPMs

Table 1.6 reports the baseline locations of arc magnets and BPMs. The skew quadrupole embedded in the sextupole
magnet generates 65x 10~ units of skew octupole at 10 mm when powered at its maximum strength. This presents
a concern for the DA and requires further studies with realistic distributions of the skew quadrupole strengths.

Tuning studies performed using the GHC lattice have demonstrated that placing the BPMs attached to
quadrupoles yields better results than when attached to sextupoles.

Table 1.7 summarises the closed-orbit deviations, beta beating, and spurious dispersion errors before and af-
ter the linear optics correction. The simulated dynamic aperture and momentum acceptance are presented in
Sect. 1.3.3.
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Fig. 1.10 DA (left) and MA (right) after linear optics corrections having used the errors described in Table 1.3, which neglect
IR errors and magnetic multipolar errors, for betatron tunes of 217.77 and 220.369

Table 1.8 Values of IP optics

parameters after a global Parameter at the IP After correction (rms)
correction for the nominal
lattice from simulations that ~ ABz/Bz (%) 0.34
did not include any IR errors, AB, /B, (%) 3.08
nor dedicated IP corrections AD, (mm) 0.003
ADy (mm) 0.001
Re f1001 6.5 X 10_6
Im f1001 1.7 x 1075
Re f1010 1.6 x 107°
Im fio010 2.2x107°

1.3.3 Performance after global optics tuning

Figure 2.5 shows the general sequence of the commissioning steps to be followed in FCC-ee. First orbit threading
steps require the sextupole magnets to be switched off. However, a reduced dynamic aperture for this configu-
ration [42, 43] renders this approach impractical for the baseline optics. A new optics has been designed with
both quadrupoles and sextupoles switched off near the IP [44]. This optics features a lower natural chromaticity,
lower beta functions in the IR, no synchrotron radiation in the final doublet (FD), and it allows establishing a
straight reference trajectory across the IP in the absence of focusing elements. This is why this optics is named
ballistic. Refined optics measurements are not possible immediately after threading, but dispersion-free steering
(DFS) is effective at allowing the commissioning to then proceed with beam-based alignment (BBA). Global optics
corrections are applied iteratively as the optics transitions to the collision optics, following a 5* squeeze. Various
relaxed optics have been developed, e.g., Ref. [45]. The optics commissioning is further detailed in Sect. 2.3.4 and
in Ref. [28].

For the optics at Z energy (GHC v22), the dynamic aperture and momentum acceptance simulated by PyAT
after global corrections, including only arc errors, are presented in Fig. 1.10. Synchrotron radiation and tapering
are included in these simulations, which were so far carried out only for the Z mode optics. While alignment errors
do not significantly affect the vertical DA, some seeds experience a clear degradation in the horizontal DA, and all
seeds suffer from a reduced momentum acceptance (MA). These degradations could significantly affect lifetime and
injection efficiency. Dedicated nonlinear corrections will be required at this stage, despite the fact that non-linear
aberrations have not yet been introduced in the simulations. Tables 1.7 and 1.8 summarise the residual orbit and
optics errors after global corrections.

In the absence of IR errors, the IP optics parameters are under control thanks to the global corrections, yet they
are at the edge of the imposed tolerances. For example, a vertical IP dispersion D of 1 pm was determined as the
tolerance for a 5% increase of the vertical beam size [46], and a 3% [-beating causes a measurable luminosity loss.

Transverse coupling is characterised via the sum and difference resonance driving terms, f1919 and figo1, see e.g.,
Ref. [47]. Early tolerance estimates on the average values of fig10 and figo1 pointed at a few 1073 [48]. However,
a specific tolerance for errors in the IP itself is still to be quantified.
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Table 1.9 Preliminary bare

field quality tolerances, Error Arc dipoles Arc quadrupoles Arc sextupoles
without correction, in units Random Systematic Random Systematic Random Systematic
of 107* at a reference radius
of 1 cm, inferred from 6D bs 0.25 0.1 1.5 1.5 — —
tracking studies for the GHC as o o 1 9 o o
7Z lattice
by 0.5 0.25 — — — —
a4 — — — — 30 25
bs 0.3 0.1 — — 36 25
as — — — — 30 25
be — — 1 0.5 — —
IR Dipoles IR quadrupoles
Random Systematic Random Systematic
b3 1 1 _ _
ba — — 0.1 0.4
a4 — — — —
bs 1.5 0.6 — —
as — — — —

Table 1.10 Preliminary bare field quality tolerances for arc dipoles, considering top-up injection without correction, in 1074
units at a reference radius of 1 cm, deduced from 6D tracking studies, for the GHC Z lattice

E On-axis injection arc dipoles Hybrid injection arc dipoles
rTor
Random Systematic Random Systematic
b3 — 0.12 — 0.14
ba — 0.07 — 0.15
bs — 0.07 — 0.1

These observations point to the need for robust IP tuning and luminosity optimisation techniques. Pertinent
studies are described in Sect. 2.3.4.

1.3.4 Tolerances on magnet field quality

The field quality tolerances for the collision optics and also during top-up injection are studied using 6D tracking
simulations with XSUITE, by exploring] limits of non-linear field quality imperfections added to the ideal machine.
These studies incorporate various random and systematic relative field errors in dipole, quadrupole, and sex-
tupole magnets within the arcs and in the interaction regions (IRs), along with beam-beam kicks and synchrotron
radiation. This ongoing work complements previous studies [43, 49, 50].

Field error tolerances are defined as the value at which a noticeable change is observed in dynamic aperture
(DA) or momentum acceptance (MA). Results for ‘nominal’ colliding beams with the GHC lattice are summarised
in Table 1.9. The deterioration of the simulated injection efficiency by 10% or more is used as an additional
criterion to define field quality tolerances. Findings for top-up injected beams are presented in Table 1.10. The
top-up injection studies consider both the baseline on-axis injection (dp/p offset: 0.95%) and also a hybrid injection
mode (dp/p offset: 0.85%, x offset: 1.5 mm). The injection efficiency and DA/MA criteria yield similar tolerances
for the systematic dipolar multipoles (b3, by and bs) on the order of 107°, without any specific corrections.

These tolerances concerning magnetic design and manufacturing [51, 52| are considered challenging. Future work
will explore mitigation strategies, such as utilising dedicated corrector coils in the arcs and the IRs as implemented
for the LHC [53, 54]. The additional nonlinear correctors, which might require dedicated space in the lattice, would
significantly relax the field quality tolerances.

@ Springer



5740 Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

1.3.5 Impact of errors on spin dynamics and polarisation

The precise beam energy measurement in FCC-ee relies on depolarising previously polarised low-intensity pilot
bunches using resonant depolarisation (RDP). This method is suitable for beam energies up to about 80 GeV beam
energy, above which the beam energy spread becomes too large and polarisation is expected to be lost. Section 1.7
presents more information related to the energy-calibration studies. Resonant depolarisation (RDP) requires a
minimum polarisation level of approximately 10%. While the theoretical equilibrium polarisation exceeds 90%,
machine errors significantly reduce the achievable polarisation. Additionally, these errors can induce a spin-tune
shift that does not correspond to a genuine beam energy shift, but instead leads to an error in the beam energy
inferred from the spin-tune measurement.

On the Z pole, the expected uncertainty in the measured collision energy is 100 keV. To assess the impact of
misalignments on the spin dynamics, simulation studies [55] are performed using the code BMAD for an IR optics
with a local solenoid compensation scheme at the Z pole energy. Arc and IR misalignments are included with
varying magnitudes of misalignment errors. Sextupole strengths are ramped up in a step-wise manner, with orbit
and tune corrections applied on each step. In simulation studies, up to 100 pm and 25 pm rms misalignments are
applied to arc and IR magnets, respectively, along with various BPM errors detailed in Sect. 1.7.1. For the vast
majority of seeds at various beam energies around the Z-pole, the resulting bias in the beam energy extracted from
the spin tune stays well below 100 keV, and an equilibrium polarisation above 10% is reached. Further details are
reported in Sect. 1.7.1.

Future spin dynamics studies should include even larger misalignment errors along with magnetic field imper-
fections, as in Table 1.3. The polarisation simulations do not yet include specific correction techniques, which
could reduce the spurious spin tune shifts or increase equilibrium polarisation, such as harmonic spin matching.
Furthermore, alternative optics featuring a non-local solenoid compensation scheme and the latter’s impact on
polarisation remain to be investigated in greater detail.

1.4 Collective effects

This section describes the impact of collective effects on the main electron and positron rings. The first subsection
describes the impedance, while the second and third subsections show its impact on the beam dynamics for both
non-colliding and colliding beams, respectively.

The fourth subsection discusses electron-cloud effects, which limit the bunch spacing in the collider. The last
two subsections review the minor impact of intra-beam scattering and the increase in emittance due to interaction
with residual gas.

1.4.1 Impedance and wakefield model

The low-energy machine, operating at 45.6 GeV, is the most affected by collective effects because of the lowest
beam energy combined with the highest beam current, the lowest emittances and the longest damping times.
The design of this machine is still in progress and also the coupling impedance budget is continuously evolving in
parallel with the updates of the vacuum chamber components. Correspondingly, the collective effects and instability
thresholds need constant revision. The latest impedance model includes vacuum chambers, collimators, bellows,
taper transitions and initial models of BPMs and RF cavities.

The resistive wall (RW) beam coupling impedance of the arc vacuum chamber is one of the key contributions to
be assessed. The beam pipe, shown in Fig. 1.11, with a radius b of 30 mm, is made of copper coated with a 150 nm
thin layer of NEG (recently, it has been proposed to increase the thickness to 200 nm) used for pumping purposes
and electron cloud suppression. There are two lateral winglets for placing synchrotron radiation absorbers. The
impedance model was initially obtained with the electromagnetic code TW2D [56] in the circular vacuum chamber
approximation. As a following step, the calculation has been extended to include the effect of the winglets by using
appropriate form factors, which have been numerically estimated with CST PARTICLE STUDIO. The results were
also compared with those of the 2D electromagnetic solver VACI [57] that can simulate the geometry, including
the winglets.

The collimation system is another important impedance source. The impedance model that is being evaluated
accounts for the geometric dimensions, materials, and beta functions at collimator locations. Since a mechanical
design of a collimator still does not exist at the moment, the geometric impedance has been evaluated assuming
a linear taper with an angle of 15° to go from the collimator aperture to the chamber aperture of 30 mm.

The overall impedance of collimators, including material losses and tapers, has been obtained using CST
simulations. Additionally, the resistive part of the collimators’ impedance has been evaluated with IW2D using a
flat chamber model. Therefore, by combining CST and ITW2D results, resistive and geometric contributions can
be disentangled. The resistive wall impedance of the collimators is between 5% and 10% of the vacuum chamber
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Fig. 1.11 Beam pipe shape

Fig. 1.12 Simulated models
of FCC-ee beam vacuum
chamber including bellows

contribution, depending on the material choice. The primary vertical collimator (tcp.v.bl) makes the highest
contribution to this impedance source due to the very small gap.

The preliminary collimator model with linear tapers gives the largest impedance contribution in the transverse
plane. An optimised design of the collimator tapers, for example, by minimising the taper angle (increasing the
taper length) and considering optimised nonlinear taper modelling, is crucial.

Bellows are another important source of impedance. A crucial component of the device is the RF shielding
with comb-type fingers and small electric fingers to ensure electric contact between the two sides of the shielding.
These fingers are shown on the left-hand side of Fig. 1.12 for a model similar to that of SuperKEKB, designed
by the vacuum group and shown on the right-hand side of the same figure. The contribution of the shielding is
fundamental to suppress the low-frequency resonances due to the bellows, which would otherwise lead to a high
impedance contribution.

An important aspect of the bellows’ contribution to the impedance model is related to their number. For
dipole arcs, quadrupoles/sextupoles sections, and including additional bellows for the RF system, injection system,
collimation, etc., a total number of 10,000 devices is assumed. Other geometries are under study by the vacuum
group.

Additionally, the impedance contribution due to the 400 MHz RF system has been evaluated. This comprises
132 two-cell cavities per beam, arranged in groups of 4 for each cryomodule, with 50 cm long tapers on both ends,
guaranteeing a transition from 50 mm to 150 mm circular pipe inside the cryomodule. Finally, 4000 BPMs have
also been taken into account.

The total impedance is shown in Fig. 1.13 for the longitudinal and transverse cases. The contribution of each
device to the longitudinal and vertical dipolar impedance is displayed in Fig. 1.14.

1.4.2 Impedance induced collective effects

Longitudinal effect Below the microwave instability threshold, longitudinal wakefields result in bunch lengthening
and bunch shape distortion. Above the instability threshold, the energy spread also starts growing, and the internal
bunch motion becomes more turbulent. The internal bunch oscillations can be harmful to the process of reaching
the nominal luminosity. However, in the FCC-ee the longitudinal dynamics is strongly affected by the beam-beam
interaction with a large Piwinski angle and beamstrahlung. Both the bunch length and the energy spread increase
in collision due to beamstrahlung helps mitigate the longitudinal collective effects.
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Longitudinal beam dynamics simulations have been performed with the PYHEADTAIL code [58] which was
compared with other tracking codes [59, 60], for the FCC-ee case, giving excellent agreement.

Two regimes are being considered for beam dynamics studies: the single-beam mode and the colliding beams
mode. Both regimes are important for collider operations. While the single-beam mode is important for the machine
commissioning and tuning, the collision mode must be considered for the luminosity production runs. In the first
case, the bunch length at the nominal intensity is strongly affected by the potential well distortion, but the energy
spread is essentially constant. In the second case, thanks to the beamstrahlung, the potential well distortion due
to the wakefield is small and the collision predominantly defines the bunch lengthening and the energy spread
growth. In this condition, however, a self-consistent study considering the beam-beam effects is necessary. This
aspect is discussed in Sect. 1.4.3.

Transverse effects The main effect of the short-range transverse wakefield on the single bunch dynamics is the
excitation of the so-called transverse mode coupling instability (TMCI). Under certain conditions, the frequencies
of some coherent transverse oscillation modes of a bunch can shift and couple together. In particular, for FCC-ee,
the ‘0’ mode shifts towards the ‘—1" mode. When they couple together, the instability occurs with a consequent
loss of the beam (or a part thereof).

The coherent frequencies of the lowest order coherent oscillation modes can be obtained from the results of
XsuiTE/PYHEADTAIL with a proper Fourier analysis [61]. Additionally, it has been found that for FCC-ee the
TMCI threshold depends on the longitudinal wakefield. In Fig. 1.15, left-hand side, the real part of the tune shift
of the first azimuthal transverse oscillation modes normalised by the synchrotron tune Q4 is shown as a function
of bunch population. As can be seen, the instability threshold is about 3 x 10'!, which is well above the nominal
bunch intensity. This instability is not of the ‘mode coupling’ type, but it is due to the single ‘-1’ oscillation mode.
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Fig. 1.15 Real part of the tune shift of the first azimuthal transverse coherent oscillation modes normalised by the synchrotron
tune @Qso as a function of bunch population with a bunch-by-bunch feedback system and chromaticity = 5. On the right-hand
side, the impedance is multiplied by a factor of 2 to explore the margins with the current impedance model

These results were obtained without accounting for the beamstrahlung due to collisions, but a transverse damper
for stabilising the coupled bunch instabilities and a value of the chromaticity equal to 5 were introduced.

The geometrical impedance of the collimators is not included, since their design is still in progress. However, to
account for all devices not evaluated so far and to check for a possible upper limit on machine stability, simulations
were performed under the same conditions as for the left-hand side of Fig. 1.15, but assuming an overall two times
larger impedance. The results are shown in the picture on the right.

In addition to the single bunch dynamics studies, a coupled bunch instability can be excited, driven essentially
by the real part of the resistive wall impedance at low frequency. Its study can be performed by considering the
motion of the entire beam (not of the single bunch) as a sum of coherently coupled bunch oscillation modes. Under
some conditions, the growth rate of the u** mode (x=0,1,...,N, — 1) is

cl

B0, > Re[Zy (w,)] (1.12)

g=—o0

Q1 =

where I is the total beam current, Qg the betatron tune, o, the rms bunch length in time, and w, are frequencies
spaced by the revolution period and depending on the coupled bunch mode excited and on chromaticity. When
oy, is positive, the corresponding mode is unstable. This occurs when the transverse impedance is evaluated at
negative frequencies. The most unstable mode has a rise time of about 1.3 ms, corresponding to a few turns.
This instability depends on the fractional part of the betatron tune and on chromaticity, and it can be mitigated
by a bunch-by-bunch feedback system, like that used in other circular accelerators (DA®NE, SuperKEKB, ... ).
Such feedback, in combination with the longitudinal wakefield, also has a mitigating effect on the TMCI. Without
feedback, the TMCI threshold is expected to be below a bunch population of 1.0 x 10'*.

Finally, it must be noted that the results related to the transverse wakefield are valid in the single-beam regime,
without the beamstrahlung effect. For self-consistent results in a collision, the beam-beam effects must also be
included.

1.4.3 Interplay between beam-beam and beam coupling impedance effects

The x-z instability Among the new effects caused by beam-beam collisions, the large Piwinski angle causes the
coherent horizontal-longitudinal (z-z) beam-beam instability to become a critical limiting phenomenon for the
collider design performance [3]. Unlike impedance-induced collective instabilities, the z-z instability is driven by
the beam—beam force itself. This new coherent instability also differs from the classic incoherent synchro-betatron
resonances excited by the beam—beam interaction. The instability manifests itself as a horizontal beam position
variation along the bunch length, similar to a head-tail instability. It limits the range of horizontal tunes where
the design luminosity can be achieved.

The interplay between the beam—beam interaction, beamstrahlung and the longitudinal and transverse beam
coupling impedance may affect both the z-z instability and the beam parameters in the stable betatron tune
areas. It has been observed in numerical simulations that the stable areas get narrower and the stable regions on
the betatron tune diagram are shifted because of the impedance-related synchrotron tune reduction. On the other
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Fig. 1.16 Luminosity dependence on the horizontal tune due to the z-z instability. The left plot corresponds to the nominal
configuration at the Z energy without active damper simulated by IBB [63] taking into account the effect of the strong-
strong beam-beam interaction as well as transverse and longitudinal wakefields [64]. The right plot corresponds to the same
configuration but with a chromaticity of 6 units, including a transverse damper featuring a damping time of 10 turns, and is
obtained with XSUITE [65]. The results are shown for different RF voltages. Blue curves, marked (2x) feature an impedance
twice as strong as the existing impedance model
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Fig. 1.17 Tune (left) and growth rate (right) for all coherent modes obtained with the circulant matrix model for the nominal
configuration with varying bunch intensity without active damper or chromaticity. The impact of the longitudinal impedance
is also neglected. The most unstable low-order mode of oscillation resulting from the interplay of the head-tail mode —1 with
the beam-beam m-mode is highlighted in light blue

hand, the horizontal beam blow-up becomes somewhat weaker due to the synchrotron frequency spread and bunch
lengthening induced by the longitudinal impedance [62].

Figure 1.16 shows the results of strong-strong beam-beam simulations, featuring the effect of both the longitu-
dinal and transverse impedance for different horizontal tunes. The luminosity loss at each synchrotron sidebands
of the horizontal half integer is clearly visible in the configuration without chromaticity. A chromaticity of 5 units
is sufficient to stabilise the instability over a wide range of horizontal tune. Here, it is important to consider
the impact of transient beam loading, which is stronger with the new reversed polarity operation of the double
cell RF cavities at the Z energy. Different bunches will experience difference RF voltages ranging from 79 to
93 MV (Chap. 3.4). The stability has to be ensured for all bunches with a given horizontal tune. A slightly higher
chromaticity (6 units) is required to stabilise the z-z instability with higher voltages (Fig. 1.16, right). When
considering the existing impedance model, the horizontal tune range is constrained above ~0.55 by bunches fea-
turing high RF voltage. However, when considering a stronger impedance, the constraint on the horizontal tune is
relaxed, thanks to the bunch lengthening by the impedance. This indicates that bunch lengthening is an effective
method for mitigating this instability. An alternative mitigation consists in reducing the horizontal 5*.

The mode coupling instability of colliding beams With a vertical beam-beam tune shift larger than the synchrotron
tune, it is expected that the mode coupling instability of colliding beams [66] may occur at the FCC-ee. This
was confirmed with two semi-analytical models as well as with tracking simulations [67, 68]. The mechanism is
illustrated in Fig. 1.17. The lower synchrotron sideband (head-tail mode —1) couples with the beam-beam m-mode
leading to a strong instability. This instability can be partially mitigated by active feedback, yet a sizeable vertical
chromaticity is required, as shown in Fig. 1.18. Based on these tracking simulations, it appears that a rather
low vertical chromaticity (2 units) is sufficient to maintain the beam stability considering the present impedance
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Fig. 1.19 Average electron density in the vacuum chamber versus SEY for different bunch intensities (the nominal value is
shown as a solid line) in dipole (left) and quadrupole (right) magnets. The SEY multipacting threshold, considering all bunch
intensities during the charge accumulation phase, is shown by the vertical dashed grey line

model. Higher chromaticities are required if an impedance larger by a factor of two is considered. It is clear that
this instability constrains the vertical impedance budget.

1.4.4 Electron cloud

As observed in several accelerators [69-72], electron clouds may cause several unwanted effects, in particular beam
instabilities, emittance growth, tune shifts, additional heat load on the vacuum chambers and vacuum degradation.
Since electron cloud formation depends strongly on the bunch spacing, it is a concern primarily at the Z operating
point, where the high beam current requires a large number of closely spaced bunches.

Electron clouds can be created by secondary electron emission through a beam-induced multipacting process,
through an accumulation of photoelectrons, or a combination thereof. For their mitigation, it is important to
identify the required constraints on the corresponding material properties to avoid electron cloud formation.

This has been achieved by simulating the process of electron cloud formation in the beam chamber, using the
PYECLOUD code [73].

Secondary electron emission Electron cloud formation strongly depends on the secondary electron yield (SEY)
of the beam chamber surface, defined as the ratio between the emitted and the impinging electron currents. The
tendency for electron cloud build-up for different values of the SEY has been determined in drift spaces, as well
as in the presence of the main arc dipolar, quadrupolar and sextupolar fields [74].

The build-up is found to depend strongly on the bunch intensity in addition to the SEY and the bunch spacing.
The bunch intensity dependence is non-monotonic, so that electron cloud formation occurs more easily with bunch
intensities that are lower than the nominal intensity. In particular, the most critical intensities fall within the
range of 1.0 to 1.5 x 10'! et per bunch, as shown in Fig. 1.19. Since the machine relies on a top-up injection
scheme, with individual injections of one-tenth of the nominal bunch population, the most critical intensities will
be encountered when filling the machine. The multipacting thresholds, i.e., the highest maximum SEY guaranteed
to suppress build-up, with nominal intensity as well as any intensity between 0.2 x 10'! et per bunch and the
nominal value of 2.14 x 10! e per bunch are summarised in Table 1.11. These results are obtained using the
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Table 1.11 SEY

multipacting thresholds for Element Field Bunch population Thresholds
the main arc elements
Drift - nominal 1.4
below nominal 1.2
Dipole 152 mT nominal 1.4
below nominal 1.0
Quadrupole 1.45 T/m nominal 1.1
below nominal 1.0
Sextupole 72.5 T/m? nominal 1.1
below nominal 1.0
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Fig. 1.20 Central electron density versus SEY in the arc dipoles for different bunch intensities (left) and for different pho-
toelectron numbers npe (right), with the most critical bunch intensity of 1 x 10*! e*. The theoretical stability threshold
(Eq. (1.15)) is indicated by the horizontal dashed black line

so-called ECLOUD secondary emission model [75], parametrising measurements of LHC Cu co-laminated beam
screen samples [76-78]. Simulations using the alternative Furman-Pivi model [79] reveal even tighter material
constraints [80]. The SEY requirements, especially for intensities below the nominal value, are not guaranteed to
be achieved with the planned copper surface with a thin NEG coating [81, 82]. Several mitigation measures have
been considered to alleviate these constraints, as discussed below.

Photoelectron emission The previous results do not take into account the photoelectrons. These are primary
electrons produced through the photoemission from the chamber walls due to the synchrotron radiation emitted
by the circulating beam. Photoelectrons enhance the electron cloud build-up process and, in large quantities, can
induce electron cloud effects even in the absence of beam-induced multipacting. The quantity of photoelectrons
emitted is determined by the photoelectron yield (PY) of the beam chamber, defined as the ratio between the
emitted photoelectrons and the number of impinging photons, along with the quantity of photons scattered into
the main beam chamber.

Results from electron cloud build-up simulations (see Fig. 1.20) indicate that an acceptable number of photo-
electrons is around npe = 1.0 x 107* (e*m)~!. The PY and the number of photoelectrons generated inside the
central chamber are related through the following equation:

Inge

PY=——,
(pripee

(1.13)

where I is the beam current, ¢ is the photon flux and Lp;pe is the perimeter of the vacuum chamber. Alternatively,

__ bray RPY

Npe = ————— ~0.08 RPY [etm] ! 1.14
b= A (" m] (1.14)
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with ae the fine-structure constant, L, ~ 77 km the total length of the FCC-ee arcs, 7 the Lorentz factor
(72 90,000 for Z running) and R the fraction of primary photons absorbed (possibly after multiple reflections)
on the main circular part of the vacuum chamber. Preliminary ray-tracing simulations indicate that the photon
flux on the central part of the chamber is in the order of ¢ =103 - 10'* photons/(cm?-s), except immediately
around the photon absorbers where an even higher flux is expected [83]. Combining this information with the
results from electron cloud build-up simulations using Eq. (1.13), a limit on PY in the range 3% - 3%o is obtained.
Photoelectron yields of order 2% have been measured for NEG coated chambers [84]. For FCC-ee, many primary
and reflected photons are absorbed at the photon stops or inside the winglets of the vacuum chamber, where they
do not contribute to electron-cloud buildup. A new design of the photon absorbers is predicted to reduce further
the photon flux inside the main circular part of the vacuum chamber [85]; see Sect. 3.2.7.

Electron cloud effects Electron cloud effects can be fully avoided only by ensuring the suppression of primary and
secondary electron emission according to the constraints above. In case the properties of the vacuum chamber
cannot meet these constraints, the effects of the electron cloud on the beam and the machine environment must
be assessed.

The electron cloud can trigger beam instabilities as the beams pass through the dense cloud [86]. The electron
cloud density corresponding to the single-bunch instability threshold can be estimated as [87-89]

2’}/@5(4)60'3/0

VBKQr.p,L (15

Pthr =

where

N, 2 1/2
we = ( breC ) (1.16)
V2ro,0y(0s +0y)

is the electron angular oscillation frequency, K = w.o,/c characterises how many electrons contribute to the
instability, @ = min(K,7) is the quality factor of the effective wake field and L is the length of the particle
accelerator, or the considered element. The stability threshold has also been evaluated through simulations, using
the PYECLOUD-PYHEADTAIL suite [90], for drift spaces and dipole fields. The results between the theoretical
estimate and the simulation studies are consistent to the level of the order of magnitude. This stability threshold
must be compared with the electron cloud density close to the vacuum chamber centre before a bunch passage,
as shown for the dipole magnets in Fig. 1.20. The build-up studies show that the electron density exceeds the
stability threshold whenever the SEY is above the multipacting threshold in all the elements considered, except
the sextupole magnets. In other words, if the material constraints are not met, beam instabilities are expected
to occur. In addition, other effects caused by the interaction of the beam with a dense electron cloud, such as
emittance growth, tune shift and tune spread, can also be expected.

The electron cloud impinging on the chamber surface can also cause environmental effects, such as outgassing
and heat load. Build-up simulations estimate the total additional heat load in the arcs due to electron cloud to be
in the order of a percentage of the synchrotron radiation power (50 MW per beam) when multipacting occurs.

Further mitigation measures If the beam chamber material cannot be made to satisfy the multipacting thresholds,
further mitigation measures are needed. Since the electron cloud build-up depends strongly on the bunch spacing,
various modifications to the beam train pattern can raise the multipacting thresholds and ease the material
constraints.

One approach to obtain larger SEY multipacting thresholds is choosing filling schemes with larger bunch
spacing. A bunch spacing of 50 ns results in SEY multipacting thresholds that are larger than or equal to 1.3 for
all the arc elements considered, see Fig. 1.21. However, increasing the bunch spacing would require increasing the
bunch intensity to maintain a constant beam current. Larger bunch intensities, in turn, could lead to problems
due to other collective effects, such as exceeding the beam-beam tune shift limit and instabilities driven by the
beam-coupling impedance [91].

Because the strictest constraints on the SEY arise during the charge accumulation phase, a filling scheme with
non-uniform bunch intensities during this stage only, as discussed in Chap. 2, is sufficient to significantly relax the
constraints. This approach leads to SEY multipacting thresholds over the full charge accumulation phase that are
equal or close to those for the nominal bunch intensity, as seen in Fig. 1.21, since the effective spacing between
bunches of intermediate intensity is significantly increased. As with the nominal bunch intensity, the lowest SEY
multipacting threshold is found in the quadrupoles at 1.1. A potential concern with this approach is having bunches
of significantly different intensities in the collider at the same time, which may make it difficult to find a working
point that ensures stability for all bunches due to the x-z instability discussed in Sect. 1.4.3.
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Fig. 1.21 Average electron density versus SEY in the arc dipole magnets at different stages of the charge accumulation phase
with 50 ns uniform bunch spacing (left) and a filling scheme with non-uniform bunch intensity during charge accumulation
(right). The SEY multipacting threshold, considering all the bunch intensities during the charge accumulation phase, is shown
by the vertical dashed grey line
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Fig. 1.22 Schematics of a non-uniform filling pattern (4e+16e) with a 5 ns bunch spacing and an internal structure consisting
of 4 consecutive bunches followed by 16 empty bunch slots (top) and the nominal filling scheme with 25 ns uniform bunch

spacing (bottom)

Another possibility is to use filling schemes with permanently non-uniform bunch spacing, as already successfully
used for electron cloud mitigation in the LHC [92] and at the former PEP-II B factory [93]. Such filling schemes
have an internal structure, with a few closely spaced bunches followed by a larger gap, which repeats itself over
the duration of the train. A simulation study has been done to identify effective structures, keeping the duration
and total number of bunches in the train equal to the filling pattern with uniform bunch spacing. The study
shows that the largest electron cloud suppression can be achieved by reducing the bunch spacing of the closely
spaced bunches as much as possible in order to maximise the length of the following gap. For example, the filling
pattern shown in Fig. 1.22, using an internal structure with 5 ns bunch spacing, consisting of 4 consecutive bunches
followed by 16 empty 5 ns bunch slots repeated over the full bunch train, gives good electron cloud suppression
with SEY multipacting thresholds that are larger than or equal to 1.2, see Fig. 1.23. Such bunch train patterns
could even allow decreasing the nominal bunch population, with a corresponding increase in the total number of
bunches, while keeping the surface requirements achievable. This approach could also have the benefit of reducing
the severity of other collective effects, such as beam-coupling impedance and beam-beam effects.

1.4.5 Space charge

Given the large size of the FCC-ee ring and the small emittance, the space-charge tune shift is noticeable for the
Z running. The vertical space-charge tune shift is [94]

T (o) * e (1.17)
(27)3/2430, \ 0,0, - (27)3/2730 e, K1 /2 (14_%1/2) ) )

AQsc,y ~

where k =¢,/e,. Table 1.12 shows that the space charge tune shift approaches 0.01.
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Fig. 1.23 Average electron density versus SEY at different stages of the charge accumulation phase, with a non-uniform filling
pattern (4b+416e) in the arc dipoles (left) and quadrupoles (right). The SEY multipacting threshold, considering all the bunch
intensities during the charge accumulation phase, is shown by the vertical dashed grey line

Table 1.12 Estimated SC

tune shifts in PETRA TV, PETRA IV SOLEIL IT FCC-ee collider
SOLEIL II, and the FCC-ee
collider rings on the Z pole Beam energy [GeV] 6.0 2.75 45.6
Circumference [km] 2.305 0.354 90.7
Max. bunch charge [nC] 8 7.4 35
RMS bunch length rms [mm] 20 15 15.2
RMS vert. emittance e, [pm] 20 83 710
RMS vert. emittance &, [pm] 2 8 2.1
Emittance ratio 0.1 0.1 0.1003
AQsc,y 0.057 0.036 0.008

1.4.6 Intrabeam scattering

Intrabeam scattering (IBS) is a possible issue for the Z running, since, here, the beam energy is the lowest and
the radiation damping the weakest. The largest effect is in the horizontal plane. For the nominal beam parameters
the horizontal amplitude growth time due to IBS, 7igs , amounts to 142,000 turns, compared with a horizontal
radiation damping time, 7sgr , of about 2400 turns. Consequently, at the Z, IBS increases the rms horizontal
equilibrium emittance by 7sr »/7iBs,» ~ 1.5%. IBS will also generate a horizontal non-Gaussian beam halo. The
IBS effect is negligible in the other two planes or at other beam energies.

1.4.7 Vacuum and ion effects

The vacuum chambers of the two collider rings feature winglets with regular photon stops to intercept and efficiently
absorb synchrotron radiation. The chamber itself has a continuous coating of ultra-thin NEG material in order to
ensure an adequate vacuum pressure without long conditioning.

Baseline parameters for the collider rings relevant for vacuum and ion effects in the arcs are compiled in
Table 1.13. As discussed in Sect. 2.3.7, at the FCC-ee in Z running mode, the beam consists of 40 trains, each
containing 280 bunches spaced by ts., = 25 ns. After 1 hour of operation at nominal beam current, the average
vacuum pressure in the collider arcs is expected to be below 10~7 mbar (see Fig. 3.8).

A representative residual gas component for the NEG-coated vacuum system of the FCC-ee is Hy. However,
here we pessimistically consider CO, which has a shorter radiation length than Hs. In a Gaussian approximation
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Table 1.13 Collider ring

parameters for Z running Parameter Symbol Value Unit

(45.6 GeV)
Bunch population Ny 2.18 10t
Bunch spacing tsep 25 ns
No. bunches/train np 280 —
Beam energy Ey 45.6 GeV
Hor. emittance €z 0.70 nm
Vert. emittance gy 1.05 pm
RMS rel. momentum spread with BS 0.121 %
Av. hor. g function (Bz) ~100 m
Av. hor. dispersion function (Daz) ~0.45 m
Av. vert. 8 function (By) ~100 m
Av. hor. beam size (o) ~600 nm
Av. vert. beam size (oy) ~10 pm
Transv. ampl. damping time Tay 0.7 S
Average vacuum pressure < P> <107° mbar
Emittance damping rate —deg /dt 2.5 nm/s
IBS emittance growth rate deg /dt 0.1 nm/s

[95], the emittance growth due to multiple gas scattering is

2
() (20

Assuming mco = 14 g/mol, T =300 K, X, co ~40 g cm~? (similar for Ny and COs) gives
(desy/dt) =2 x107° (m/s) pco [Pa] . (1.19)

At a pressure of 10~7 mbar, or 107° Pa, as reached after 1 hour of nominal operation, this emittance growth
of ~ 2 nm/s, due to multiple gas scattering, is a few percent of the horizontal emittance damping or quantum
excitation. However, in the vertical plane the growth is significant, and leads to a new rms equilibrium emittance

of

de T,
€y.0q X < dfﬁy> 5‘” . (1.20)

Consequently, to achieve the target equilibrium emittance of 1 pm, the average vacuum pressure must not exceed
10=7 Pa or 10~? mbar.
Another limit on the vacuum pressure is set by the beam lifetime due to bremsstrahlung [96]:

1

= Obrems CT , (121)
Tbrems

where the integrated Bethe-Heitler cross section for particle loss is [97]

4 p 1 5
rems ~ 5 In — — - ) 1.22
b 3nX, <nem 8) (122)

with n =p/(kyT) the molecular density, p the mass density, so that p/n =28 g/N4 for CO (with N4 Avogadro’s
constant), and €, the fractional momentum acceptance, e.g. about 1% at the Z. For CO we obtain oprems &~ 6 barn;
for Hy the cross section is oprems = 0.3 barn. At a residual gas pressure of 102 mbar (10~7 Pa), the beam lifetime
would be 60 hours in case of CO and 1300 hours for Hs.

The ionisation cross section of carbon monoxide (CO) molecules impacted by high-energy charged particles is
Tiion &~ 2 Mbarn [98], which translates to an ion generation rate of A/, ~6 m~! per electron at 1 Torr and 300 K.

mon
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For hydrogen molecules (Hz) the ionisation cross section is about 0.4 Mbarn [98], so that in this case \],, ~1 m™*

per electron at 1 Torr and 300 K.
Ions are trapped between bunches if their atomic (or molecular) mass A (in units of proton mass) exceeds a
critical mass A, defined as [99]

Nyrpe Atgep

A.= .
© 20y(0, +oy)

(1.23)

For the FCC-ee parameters of Table 1.13, A, ~ 200, which is significantly larger than the mass of any typical
molecule of the residual gas. The Carli-Bartosik filling scheme described in Sect. 2.3.7 will also help prevent the
trapping of ions between bunches when filling from zero after a beam abort.

1.5 Collimation

The FCC-ee has a target highest stored beam energy of 17.5 MJ for the most critical Z mode, and 0.3 MJ for
the tt mode, leading to a risk of experiment backgrounds, superconducting magnet quenches, equipment damage,
radiation damage, and material activation, as a result of unavoidable beam losses. A robust collimation system
is therefore needed in FCC-ee, not only for controlling the backgrounds of the physics experiments as in previous
ete™ colliders, but also to protect the machine. As a comparison, in SuperKEKB [100, 101], with a design stored
beam energy of only 0.18 MJ, collimator damage and quenching of superconducting magnets have occurred as a
result of sudden, unexpected beam losses, as well as high backgrounds during injections [102, 103].

Both beam losses and synchrotron radiation (SR) can cause detector backgrounds, with the latter expected to
be the dominating source of machine-induced background. A distinction is hence made between the beam halo
collimation system, designed to protect the machine against beam losses, and the SR collimation system, designed
to protect the detectors against SR photons. The SR system consists of dedicated collimators and masks upstream
of the interaction points (IPs), studied for the CDR [13] and further optimised for the present collider layout, as
discussed in Sect. 1.6.

The halo collimation must be designed to protect the aperture bottlenecks from regular and anomalous beam
losses and safely dissipate the loss power away from the superconducting final focus quadrupoles and other sensitive
equipment. The beam halo collimation system must also protect the SR collimators. Excessive beam losses on
these SR collimators might induce detector backgrounds or even damage them, as they are made of Inermet180
(a tungsten heavy alloy with high-Z chosen to optimise absorption) and hence less robust to beam losses than the
beam-halo collimators (see below).

The beam halo collimation system was not studied for the CDR, and the following describes the first baseline
design. It includes two-stage betatron and off-momentum collimation systems with specialised optics in PF [104,
105]. The betatron collimation system is located upstream of the auxiliary (non-collision) beam crossing in the
middle of PF and consists of 1 primary collimator (TCP) to intercept the primary beam halo and 2 secondary
collimators (TCS) to intercept particles out-scattered by the TCP, in each of the transverse planes, while the
off-momentum collimation system is located downstream of the crossing and consists of 1 TCP and 2 TCSs in
the horizontal plane. Secondary particle shower absorbers are placed in between the TCP and the TCS, as will
be described more in detail in Sect. 1.5.3. The studies shown in the following are carried out for the Z mode, as
this is the most critical for collimation. It should be noted that in this optics version, a vertical emittance blow-
up resulting from the combination of the beam-beam interactions and the super-periodicity breaking due to the
specialised collimation optics in PF has been discovered [106], as well as a reduction of the momentum acceptance.
Work is ongoing to update the optics and hence also the layout, using a common LSS optics as discussed in
Sect. 1.2. It is expected that a solution can be found, but it will imply some modifications to the presented layout.

The settings for the betatron TCPs, shown in Table 1.14, are selected to protect the aperture bottlenecks
in the final focus doublets. Including alignment and beam tolerances [107] they are estimated to be 14.6 o in
the horizontal plane (o is the rms betatron beam size) and 84.2 ¢ in the vertical plane due to the asymmetric
emittances (e; =0.71 nm, €, = 1.9 pm). The minimum gap of the TCP is also constrained by requirements of
the top-up injection scheme [108], as well as by impedance and beam lifetime considerations. Therefore, the
betatron TCP cuts were chosen as 11 ¢ in the horizontal plane and 65 o in the vertical plane, protecting the
aperture bottleneck while ensuring a half-gap of at least 2 mm for impedance reasons. The physical opening is
most challenging for the vertical TCP due to the optics and the flat beams. The horizontal TCP has an opening
of 6.7 mm. The off-momentum TCP is set to a momentum cut d. = 1.3%, slightly outside of the RF bucket and
momentum acceptance of about 1% (target value obtained without collimation optics). The betatron secondary
collimators are set to provide a minimum retraction of 1o or 0.6 mm in the horizontal and of 100 or 0.3 mm in
the vertical plane from the corresponding TCP setting as preliminary values to ensure the collimation hierarchy is
maintained even in the case of orbit drifts, 5-beating or other dynamic effects [109, 110]. The hierarchy margins are
tight with the presently assumed settings, especially in the vertical plane. However, the vertical TCP is currently
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Table 1.14 Summary table of collimator parameters and settings for the FCC-ee Z operation mode. The momentum cut §cut
is not reported for collimators in nearly dispersion-free regions. All collimators are assumed to have two movable jaws and
built-in BPMs

Type Count Plane Material Length [m] Gap |o] Gap [mm] Ocut (0] Angular adjustment
B8 TCP 1 H C-based 0.25 11.0 6.7 8.9 yes
B TCS 2 H Mo-based 0.3 12.0 5.0, 7.0 6.0, 22.8 yes
B TCP 1 \Y C-based 0.25 65.0 2.4 - yes
B8 TCS 2 \% Mo-based 0.3 75.0 2.5,2.9 — yes
§ TCP 1 H C-based 0.25 18.5 4.2 1.3 yes
6 TCS 2 H Mo-based 0.3 21.5 4.6, 16.7 21,16 yes
TCSA 1 H Mo-based 0.3 15 8.2 - yes
TCSA 1 \% Mo-based 0.3 91 3.2 - yes
TCT 4 \Y C-based 0.25 80.0 3.4 - yes
TCT 4 H C-based 0.25 13.0 6.1 — yes
SR BWL 4 H W-based 0.1 14.0 16.9 - no
SR QC3 4 H W-based 0.1 14.0 17.1 - no
SR QCO0 4 \% W-based 0.1 84.2 8.2 — no
SR QCO 4 H W-based 0.1 14.0 17.4 - no
SR QC2 4 A% W-based 0.1 84.2 8.0 - no
SR QC2 4 H W-based 0.1 14.0 17.0 - no

placed relatively far from the vertical DA of about 30 o. Tightening their gaps is an option that is being considered,
and that will relax the hierarchy margin constraints, although it is not certain that this still gives an acceptable
impedance. The phase advance p between the TCP and TCS is set by the optimal phase advance condition [111],

V n2TCS — n%‘cP) , (124)

p = arctan (
nTcp

where nrcp and nrcg are the gaps in units of o for the TCP and TCS. Two tertiary collimators (TCT), one for

each transverse plane, are placed upstream of each IP to provide local protection of the SR collimators and the

aperture bottlenecks. The settings of the TCTs have been selected to be 130 in the horizontal plane and 80 ¢ in

the vertical plane. The SR collimators have mechanical gaps in the range of 8-17 mm, corresponding to a minimum

aperture of 14 o in the horizontal and 84.2¢ in the vertical plane, above the TCT apertures.

1.5.1 Collimator design parameters

The beam halo collimators must be robust enough to handle the loss of a significant fraction of the beam energy.
Carbon-based materials like CFC, graphite, or molybdenum carbide-graphite (MoGr) [112] are hence considered
for the TCPs and TCTs due to their potential exposure to direct large beam impacts. MoGr has about a factor 10
times better conductivity than graphite, while graphite is more robust to beam impacts. Higher-density, higher-Z
materials, such as Mo or TZM (Ti-Mo-Zr), are considered for the TCSs, which intercept out-scattered particles
from the TCPs. The design hence consists of 25 cm long carbon-based TCPs and 30 cm long Mo TCS. The lengths
were selected based on the first studies, aiming to achieve a good balance between impedance and collimation
efficiency [113-115] (impedance calculations are discussed in Sect. 1.4.1). In the tracking studies presented below,
MoGr is assumed as TCP and TCT material, Mo as TCS material and Inermet180 as SR collimator material.

As for the mechanical design, described in detail in Sect. 3.6, it is assumed that the collimators have two movable
jaws as in the LHC [116], with built-in BPMs and separate motors for the upstream and downstream edges to
allow control of the jaw tilt angle. An LHC-like minimum step of 5 pm at each motor is tentatively assumed,
although it will be refined in future studies. SR collimators are also movable but currently have no requirement
for tilt angle adjustment, while the SR masks are fixed. The design of these devices is part of the MDI studies
discussed in Sect. 1.6.

The collimator parameters and settings for all collimators, also including the SR collimators, are shown in
Table 1.14. These parameters should be considered preliminary and might evolve in the future when detailed
constraints from robustness and impedance are quantified.
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Fig. 1.24 Power load distribution loss map for generic beam halo losses of the FCC-ee positron beam, shown for horizontal
betatron losses. The power loads are evaluated assuming a lifetime drop to 5 min. The beam circulates from left to right. On
the right, a magnification of the collimation insertion PF is presented

1.5.2 Collimation performance studies

To assess the cleaning performance of the collimation system, several beam loss scenarios have been simulated,
and further studies will be conducted in the future to ensure the machine is never at risk. For a comprehensive
quantitative assessment of the collimation performance, tolerances to beam losses for different impacted elements
are also required, which are currently under study.

The collimation performance is evaluated using the XsurTE-BDSIM coupling simulation framework [117-122],
integrating particle tracking in the magnetic lattice with particle-matter interactions in the collimators. The
scenarios studied so far include betatron and off-momentum generic beam halo losses, losses from beam-residual-
gas interactions, spent beam losses, and losses caused by fast instabilities for the most critical Z operation mode.
The simulation outputs for these scenarios, presented below, provide the loss distribution along the longitudinal
coordinate s. Given the current state of knowledge, the performance is fully adequate in all scenarios studied,
with the possible exception of the fast instability. In this case, interlocks or redundant damper design should be
considered, as explained below. Further details on the machine-protection aspects are found in Sect. 2.6. A first
iteration of studies has been done on the spent beam losses. However, further iterations need to be coupled to the
collimation optics due to the issues discovered with vertical emittance blow-up and reduced MA.

Generic beam halo losses The scenario considered is that of a generic loss, impacting on the collimation system.
The initial mechanism causing the loss is not simulated—as in LHC studies [123], instead, the beam distribution is
sampled directly at the impacted TCP. The maximum impact parameter assumed is 1 pm, which may be further
refined in the future. This allows to model the effect of collimator edge scattering and provides a sufficiently
pessimistic estimate of the collimation performance [105]. 5 x 10° primary particles are tracked for 500 turns with
SR, RF cavities and tapering of the magnets included. The loss maps in Fig. 1.24 show the power load distribution
from generic horizontal betatron losses around the collider ring, normalised to a beam lifetime drop to 5 min,
corresponding to 58.3 kW of loss power. This is assumed as a design specification that the system should be able
to handle.

Figure 1.24 demonstrates an excellent cleaning performance, with the vast majority of losses (>99.5%) confined
within the collimation insertion PF. The losses leaking out are safely intercepted by the TCTs upstream of the
IPs. The collimation performance can be further enhanced by angularly aligning the collimator jaws to the beam
divergence at the collimator locations [114, 115]. The more significant the beam divergence, the higher is the
performance gain obtained.

Beam-gas losses The scenario considered is that of beam losses caused by bremsstrahlung interactions with the
residual gas in the vacuum chamber. The assumed gas composition (85% Hs, 10% CO and 5% COs) and pressure
distribution along the ring come from dedicated vacuum studies, see Sect. 3.2. To simulate the interaction with the
residual gas, 10,000 beam-gas scattering centres are included in the tracking [124] and 10 x 10° primary particles
are tracked for 17 x 10° equivalent turns with SR, RF cavities and magnet tapering enabled.

The loss map in Fig. 1.25 shows the power load distribution from beam-gas losses, normalised to a beam-gas
lifetime of 5 h that results from the expected pressure after 1 h of beam conditioning at full nominal current
of 1.27 A. This pessimistic scenario represents the start of FCC-ee operation, and the pressure is expected to
condition down by a factor of up to 100 over time (Sect. 3.2). Consequently, beam-gas interactions are unlikely
to significantly affect the lifetime of the FCC-ee, which is primarily determined by Bhabha scattering at the IPs.
Even in this pessimistic scenario, low power loads (<0.1 W) are expected on most components, with the highest
loads recorded on the halo collimators (10-100 W) and SR collimators (1 W). Such power load levels are not a
concern.

@ Springer



5754 Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

A P IFD PF PG FH IP§ PL A,

b
— pd
-_— N

P W]

0 L0B00 e ] 0000 A0 SOOH) B} TOO00 £000H) BaCaCE)
& [m)

Fig. 1.25 Power load distribution loss map for beam-gas beam losses of the FCC-ee positron beam. The beam circulates from

left to right. The power loads are evaluated considering a 5 h lifetime resulting from the expected pressure after 1 h of beam
conditioning at full nominal current of 1.27 A
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Fig. 1.26 Integrated loss map over all turns for a fast instability in the horizontal plane with a rise time of 3 turns

Fust instability The fast instability scenario assumes the failure of the feedback system designed to mitigate the
coupled bunch instability described in Sect. 1.4.2. This instability is not modelled using the beam interactions
with the impedance but through eight synchronised dipole kickers instead, one per arc, to reproduce a smooth
exponential growth of the betatron oscillation amplitude, either in the vertical or horizontal plane. The kicker
strengths are defined as k = (Ao/04,y) cos(2mQ 4 yt) exp(t/7), where Ay denotes an arbitrary amplitude, oy, the
local beam size, ()., the betatron tunes, and 7 the instability rise time. Two scenarios are studied: a rise time
of either three turns (representing the worst case) or six turns. The dependence on the phase advance is also
analysed. In each case, 5 x 10°, 45.6 GeV primary electrons are simulated with SR and magnet tapering enabled.
Several phase advances between the initial kick and the TCP have also been studied (0°, 30°, 60°, 90°).

The simulated beam oscillates coherently until the collimator apertures are reached, after which it is entirely
lost within a few turns. At the Z mode, this results in the release of 17.5 MJ on collimators over a few turns. Due
to the short rise time, losses of the order of MJ can be expected in the collimators as shown in Fig. 1.26. It is
under study whether the collimators can sustain this impact, but the FCC-ee should be designed in such a way
that the instability does not occur in this way, for example by interlocking the damper or the orbit, or through a
redundant damper system that would increase the time constants in case of failure.

1.5.3 Studies of energy deposition and shower absorbers

In addition to the studies of the global cleaning performance, FLUKA [125-127] radiation transport simulations
for the PF insertion were carried out in order to quantify the beam-induced power deposition in the machine
and the environment. A specific geometry model of the betatron collimation system, including collimators, beam
pipes, magnets and the machine tunnel, was implemented. The collimator jaws and tanks were represented by
simplified models, since no technical design existed at this early stage. The absorber blocks of the primary and
secondary collimators were assumed to be made of graphite and TZM, respectively, with a similar cross section to
the LHC collimators. The blocks were embedded in a metallic frame made of TZM. A generic beam loss scenario
was simulated assuming that beam particles impact on the front face of the primary collimators (vertical and
horizontal), at a distance of 1 pm from the collimator edge. The simulations were carried out for operation at
the Z pole, since the stored beam energy and hence the expected power loss in the betatron collimation system
is much higher than for the other beam modes. The interaction of the 45.6 GeV electrons and positrons in the
blocks results in the production of electromagnetic showers, which are not contained in the primary collimator
jaws because of the significant shower length and the small impact parameter; the simulations show that primary
collimators absorb less than 0.5% of the impacting energy, while most of the energy is carried away by secondary
photons, electrons and positrons. Most of these shower particles are lost on the downstream vacuum chambers in
PF, or they are intercepted by the secondary collimators. The simulations show that the first secondary collimator
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Fig. 1.27 Section view of the accelerator components from the IP to the end of the first final focus quadrupole (QC1), at about
5.6 m

absorbs about 40% of the power, while almost half of the power is deposited in the chamber walls or leaks into
the tunnel environment.

Considering the significant particle leakage from the collimators, it is necessary to install additional shower ab-
sorbers in PF, which reduce the distributed production of radionuclides in the surroundings and mitigate radiation
effects in other equipment. In addition, the shower absorbers dissipate the heat created in a more controlled way.
The effects of placing two shower absorbers (one vertical and one horizontal) between the primary and secondary
collimators have been investigated. Their position was optimised in such a way as to minimise the energy escaping
to the vacuum chambers and the environment. Using the same design as the TCS but with a wider gap (150 and
910 in the x- and y-plane, respectively), the shower absorbers proved to be an effective strategy for mitigating the
energy leakage; just two shower absorbers can reduce the power deposition in the vacuum chambers and tunnel to
15%. The optimal position and number of shower absorbers in PF are expected to evolve in the future, depending
on the final collimation layout and distances between the collimators. In addition, shower absorbers or masks may
also be needed for the momentum collimation system and possibly near the tertiary collimators in the experiment
insertions.

1.6 Machine-detector interface (MDI)

The MDI of the FCC-ee has a compact and complex design [128-131] that fulfils constraints given both by the
machine and the detector requirements.

A common IR layout is requested for all FCC-ee energies and is shown in Fig. 1.27. The flexibility of the IR
optics is obtained by splitting the final focus quadrupoles (FFQs) QC1 and QC2 into three and two segments,
respectively, and by modulating their sign and strength according to the beam energy.

Tens of nanometres in the vertical beam size and a few micrometres horizontally require small S-functions at
the IP, as reported in Table 1.2. The distance of the face of QC1 from the IP (£*) is 2.2 m, well inside the detector
volume. The crab-waist collision scheme requires a small horizontal beam size and a relatively large crossing angle
at the IP, set to 30 mrad, which results in the beams entering/exiting with separate beam pipes at about 1.32 m
from the IP. In addition to the optical constraints on the interaction region (IR) layout, physics reconstruction
benefits from a stay-clear cone of 100 mrad from the interaction point (IP) along the z-axis.

Two schemes are considered to compensate for the coupling induced by the detector solenoidal magnetic field
and the crossing angle. The baseline one, called local scheme, uses a couple of strong compensating solenoids
with opposite sign with respect to the one of the detector and placed either side of the IP, within +¢* (shown
in Fig. 1.27); this scheme requires a maximum detector field of 2 T, and 5 T for the compensating one, in order
to limit the vertical emittance growth to about 30%. An alternative scheme, named non-local, envisages an equal
and opposite strength magnetic field to that of the detector, positioned at either side of the IP several metres
outside the detector, possibly tolerating higher detector magnetic fields to about 2.5 T, inducing, however, a
high spin-depolarisation effect whose mitigation is currently under study. In the local scheme the field integral

3The detector’s coordinate system is defined with its origin at the nominal collision point. The z-axis is aligned along the
bisector of the incoming and outgoing beam directions, with its positive direction corresponding to that of the outgoing
positrons. The y-axis points vertically upward, while the z-axis extends radially outward from the centre of the FCC. The
azimuthal angle ¢ is measured from the z-axis in the z-y plane, with the radial coordinate in this plane denoted as r. The
polar angle 9 is measured from the z-axis.
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I Bds is cancelled before the FFQs, while in the non-local one the compensating solenoids need additional very
weak local dipole correctors and skew quadrupoles around the FFQs, to correct orbit and dispersion. In both
schemes, a screening solenoid is requested, around the QC1 portion inside the detector, to cancel the effects of the
detector magnetic field on both beams. In the non-local scheme, the emission of synchrotron radiation due to the
compensating solenoid is much reduced with respect to the local scheme. These studies will be completed in the
next design phase.

Two calorimeters, known as LumiCal, are positioned in front of the compensating solenoids, as illustrated in
Fig. 1.28. They are designed to measure the integrated luminosity with an accuracy of 1074,

Achieving this level of precision requires the relative positioning of the two calorimeters to be known within
4110 pum, necessitating long-term mechanical stability. Additionally, to avoid compromising the luminosity mea-
surement, the material budget within their angular acceptance range (50 to 110 mrad) must be minimised. To
further reduce uncertainties in energy reconstruction, the LumiCal must be assembled and installed as a single,
mechanically rigid unit.

The vertex detector, also shown in Fig. 1.28, is placed as close as possible to the interaction region (IR)
beampipe, which has an internal radius of 1 cm. It covers an angular range of approximately |cosf| < 0.99. The
above topics are discussed in more detail in Volume 1 of this report.

The sections below describe the main features of the MDI. A more detailed discussion can be found in Ref. [132].

1.6.1 Interaction region layout

The central beam pipe is 18 c¢cm long with 10 mm inner radius, followed by a pair of ellipto-conical beam pipes
1064 mm long on either side, as shown in Fig. 1.29. All of these are made in AlBeMet162, an alloy of 62% of
beryllium and 38% aluminium, chosen for its high modulus and low-density characteristics. The mechanical model
of the IR vacuum chamber is designed to provide low impedance, low material budget, and mechanical resistance
while guaranteeing thermal stability by removing heat load with a suitable cooling system. The impedance was
minimised by carefully designing the transverse section of the beam pipe, with a smooth transition from a circular
to an elliptical transverse shape, as discussed in Ref. [133]. An internal coating layer of 5 nm gold, inside the
central beam pipe, ensures a good thermal and electrical conductivity to minimise the beam heat load, with a
maximum value of nearly 60 W expected at the Z pole [133], and shields the vertex detector from residual high-
energy synchrotron radiation photons. The central vacuum chamber envisages a double-layer structure made of
two concentric cylinders, each with a thickness of 0.35 mm and assembled with a 1 mm gap for the liquid paraffin
cooling system, thus bringing its effective diameter to 23.4 mm.

The ellipto-conical vacuum chamber extends between 90 mm and 1154.5 mm from the IP, and its thickness is
tapered from the central value until it reaches 2 mm. Water flowing into the AlbeMet cooling channels on top
of the ellipto-conical beam pipe refrigerates it, extracting an expected heat load of about 130 W at the Z pole;
an asymmetric design is needed to comply with the angular acceptance of the luminosity calorimeter, which is
centred around the outgoing beam pipe axis.

The beam pipes will be supported by an external lightweight carbon-fibre structure (support tube) by means
of two bellows [129], inspired by the DA®NE and ESRF designs [134]. The support tube consists of an empty
cylindrical multilayered wall rigid structure, that eases the integration of the MDI components, including the vertex
and the LumiCal detector, providing a cantilevered support for the central beam pipe, as shown in Fig. 1.28.

A thermo-structural analysis has been performed to calculate the temperature distribution, stress, strain and
displacement of the beam pipes. The temperature distribution for the two chambers is shown in Fig. 1.30 for
operation at the Z pole which has the highest thermal load. The maximum temperature of the central chamber
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Fig. 1.29 Top Left: Central chamber including cooling inlets and outlets for the paraffin cooling circuit housed in a double layer
and its internal gold coating layer; Top Right: ellipto-conical vacuum chamber with asymmetric cooling channels; Bottom:
assembly of the IR chambers
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reaches 29 °C, cooled with paraffin entering at 18 °C, and reaches 50 °C in the conical chamber, which is cooled
with water entering at 16 °C. The maximum stress has been calculated considering the constraint from the
configuration of a cantilevered support, which results in a maximum displacement of 0.5 mm, and a maximum
stress ten times lower than the AlBeMet162 yield strength (193 MPa).

The integration of the vertex detector has been studied for the IDEA detector concept. The detector is placed
on top of the vacuum chamber: two thin peek-based rings, anchored on either side at about 170 mm from the IP
on the ellipto-conical chamber, hold a carbon fibre structure supporting three layers of silicon vertex detectors
located at about 13.7, 23.7, and 35 mm radii, as shown in Fig. 1.31. Additional cylindrical layers and disks of silicon
detectors complement the vertex detector in the reconstruction of charged particles. For a more comprehensive
description, see Ref. [131].

A comprehensive calculation of beam induced HOM power deposition on the IR chambers including the effects
on the bellows, and BPMs has to be finalised.
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A remote vacuum connection device, located inside the niche of the front side of the QC1 cryostat (see
Sect. 1.6.2), needs to be studied to provide a vacuum to the IR chambers once assembled inside the detector.
The tight space and accessibility in that area pose considerable challenges, and a solution is being studied.

1.6.2 IR magnet system

The IR magnet system consists of the superconducting (SC) FFQs, the solenoids, and the correctors, all housed in
a cryostat. The optimal solution is to house QC1 and QC2 in separate cryostats, since the QC1 is entirely inside
the detector, thus allowing it to be accessed separately from QC2, which is outside. A critical issue concerns the
limited space available inside the QC1 cryostat, in which the two beam pipes come very close to each other due
to the crossing angle. At one end, the challenge is to allow sufficient thermal shield between the warm beam pipes
and the cold quadrupole coils. At the other end, the challenge is to allow sufficient space for the winding of the
corrector coils, especially around the QC1 segment closest to the IP. As shown in Fig. 1.27, the shape of the QC1
cryostat closest to the IP features a niche to house warm elements, such as bellows, a remote vacuum connection,
and a beam position monitor (BPM). Other BPMs should be placed at the entrances of QC1 and QC2 for each
beam. Widening the angular size of the cryostat, as seen from the IP, currently set to 100 mrad, could alleviate
the problems mentioned above, but the impact on the detector calorimeter acceptance placed behind it needs to
be evaluated.

The FFQs are based on the canted cosine theta design (CCT), with Nb-Ti conductors. Three different options
to operate the FFQ cryostat at different temperatures are envisaged: pressurised He IT at 1.9-2.1 K, supercritical
He at 4.5 K, or He gas forced flow at 10-20 K. The first option allows a superfluid regime, minimising any possible
induced vibrations. The third one minimises the power budget, while the second is intermediate. Yet another
solution under study considers using high-temperature superconducting (HTS) magnets, which would allow even
further power reduction.

The anti-solenoid and screening solenoid needed to compensate for the coupling induced by the detector field
and the crossing angle, bring additional constraints to the IR magnet system. As said at the beginning of this
chapter, two coupling compensation schemes are under study.

1.6.3 Alignment, detector integration and maintenance

An alignment strategy and monitoring system is under study, and envisages three main components [135]. The
first one monitors the shape deformation of the screening solenoid’s support [136], and uses in-line multiplexed
and distributed frequency scanning interferometry (IMD-FSI) [137] to monitor sections of optical fibres firmly
installed on the inner surface of the screening solenoid support. The second system utilises a mirror, installed
at the end of each fibre, to redirect the laser beam towards the centre of the assembly, targeting the FFQs, the
BPMs, LumiCal. This is very similar to the FSI heads installed on the low-5 quadrupoles in the HL-LHC MDI,
as described in [138]. These distance measurements will monitor the position of the inner components relative to
the cryostat. Finally, to ensure the alignment of both sides of the MDI, a long-range alignment system will be
installed, also based on FSI but using a different optical setup to enable longer-distance measurements. A set-up
at CERN is currently studying the experimental validation of the alignment system of the FFQs with the FSI
system, using a 1:2 mock-up of the beam pipes and cryostat.

The accessibility in the FCC-ee MDI region may be limited by accelerator components, such as the FFQ
cryostats and the booster ring (Sect. 4.1). Three opening scenarios for the detectors installed in either the large
or small experiment caverns are described in Sect. 5.3 of Volume 1.
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Fig. 1.32 SR collimators and masks upstream the IR (left); SR masks shapes and locations at the FFQs (right)
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1.6.4 Beam induced backgrounds

Backgrounds in the IR arise either from processes where particles from one beam lose energy or deviate from
their trajectory, or interact with those of the opposite beam at the IP. Collimators and absorbers, as described
in Sect. 1.5, remove the bulk of the particles (electrons/positrons and photons) which eventually would hit the
detectors, but some effects may remain due to the scattering of the particles of these devices.

The effect of synchrotron radiation (SR) in the MDI region has been simulated with the latest version of
BDSIM [139, 140], utilising the GEANT4 toolkit, which includes the X-ray reflection. The bulk of the SR is
almost collinear with the beam, and thanks to the final focus optics design, does not enter the detector, however
a fraction of it can still reach it as a result of magnet misalignments, imperfections, and beam tails [141]. SR
masks are designed to stop such radiation close to the detector, located before and after the FFQs, as shown in
the right plot of Fig. 1.32. The mask apertures are 15 mm for the circular ones between QC1 and QC2, and 7 mm
horizontal aperture for the mask after QC1, closest to the IP. In realistic conditions, some scattering at their edges
can still enter the detector region. Studies are ongoing to evaluate the effects in the various sub-detectors, and
eventually optimise the masks and tertiary collimators; as an example Fig. 1.33 shows the power deposited in the
IR, assuming 5 minutes beam lifetime, non-zero closed orbits with a transverse deviation of 100 pm, transverse
divergence of 6 prad, and beam tails.

Electrons and positrons may lose energy or deviate from their central trajectory, thus populating the tails of
phase space, and are commonly referred to as halo beam losses [142]. These particles are mostly intercepted by
the collimators. This effect has been simulated with XsurTE-BDSIM simulation tool [118]. Some of these particles
may scatter off the edges of the collimators and reach the interaction region. The vast majority of the beam halo
losses are intercepted by the tertiary collimators (TCTs) which have been added upstream of the SR collimators,
and minimal losses (O(10mW) beyond the last SR collimators before the IPs are observed in all cases, as shown
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Fig. 1.34 Power load distribution loss map for generic beam halo losses of the FCC-ee positron beam, illustrating horizontal
betatron losses in the region spanning 700 m upstream of IPD. Power loads are evaluated assuming a beam lifetime drop to
5 min. The beam circulates from left to right

in Fig. 1.34. In this way, the background contribution from beam halo particles that leak from the beam halo
collimation system (located in PF) is not expected to be an issue. Nevertheless, the background contribution from
particle showers arising from the interaction of beam halo particles with the SR collimators might not be negligible
and should be studied in the future.

Background and energy deposition due to beam-gas interactions, incoherent pair production, and radiative
Bhabha scattering are discussed in Sect. 5.4 of Volume 1.

The bulk of the radiation emitted in the IR is collinear with the incoming and outgoing beams, and is dumped
at the end of a 500 m long tunnel. This radiation is composed of two main contributions, beamstrahlung and
synchrotron radiation [143]. In addition, radiative Bhabha events produced at the IP generate off-energy electrons
that are lost in the magnetic elements within 150 m of the IP. All these sources have been studied at the Z pole
and above the tt threshold. Radiative Bhabha is the main source of radiation in the first 200 m at the Z, while
beamstrahlung dominates at around 500 m at the dump. Due to the harder spectrum of synchrotron radiation
at tt energies, which has a critical energy of the order of 1 MeV, this source overwhelms the others. For more
technical discussions, see Sect. 1.9. Studies are ongoing to evaluate the possibility of using the spatial profile of
the beamstrahlung radiation for beam-beam fine-tuning, as proposed for other colliders.

The effects of the thermal photons and injection backgrounds will be studied in the next phase of the project.

1.6.5 Experimental implementation of the interaction region

The finalisation of the system engineering of the IR is of paramount importance for both the machine and the
detector layouts.

The construction of a full-scale mock-up of the IR beam pipes, including the results of the study of the integration
with the vertex and LumiCal detectors and using the concept of the support tube, is ongoing at INFN-Frascati in
collaboration with INFN-Pisa and CERN.

The first prototype of the central beam pipe was manufactured in aluminium and equipped with flanges to
validate the cooling performance. The assembly of its components (see Fig. 1.29) has been performed using laser
beam-welding in the ENEA-Casaccia laboratory. The test system comprises a cooling circuit with an operating
range between 0.08 and 0.033 kg/s of liquid paraffin, temperature sensors, precision pressure gauges, and flow-
meters. An ohmic internal heater provides the heat load expected from the wakefields, up to a total power of nearly
100 W allowing a factor of two safety margin. The setup is shown in Fig. 1.35. Initial measurements performed
using water as a coolant confirm the expected behaviour, showing that for a nominal power of 54 W, flowing water
at 0.017 kg /s with an inlet temperature of 18 °C and 19 °C at the exit, the beam pipe external surface temperature
remains at 19 °C, with a pressure drop of 0.13 kPa. Raising the power to 100 W and reducing the flow to 0.08 kg/s
the beam pipe temperature increases to 24 °C, still within the margins of the system.

The elliptic-conical beam pipe prototypes are being fabricated in aluminium and will eventually be welded to
the central beam pipe, also made in aluminium. The cooling manifolds of the elliptic-conical beam pipes will be
soldered using an electro-beam welding technique, and their performance will be validated using a similar system
to that for the central beam pipe.

The bellows prototype will be fabricated in aluminium, and will allow the study of the assembly procedure, the
welding of an elliptical geometry, and the effectiveness of the thermal/electrical contact.

At the same time, a mock-up of the inner vertex detector, along with the air-cooling cones, is being fabricated
using carbon fibre. This aims to validate both the mechanical assembly procedure and the cooling performance in
a dedicated experimental setup. The outer tracker and disks will be constructed from aluminium and integrated
into the support tube, which will also house a LumiCal mock-up made from 3D-printed material.

The full-scale IR mock-up will ultimately be used to study the integration sequence of various components,
helping to identify potential critical issues. Additionally, it may serve as a platform for investigating the alignment
system.
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Fig. 1.35 Measurement
setup for central beam pipe
cooling system

1.7 Energy calibration and polarisation

A principal task of FCC-ee is to probe for physics beyond the Standard Model by making ultra-precise measure-
ments of a wide range of electroweak observables, whose overall consistency can then be assessed. Knowledge of
the collision energy /s is a key input to many of these measurements, and this is obtained through measurements
of the mean beam energy Ej,. Corrections must then be applied to the naive relation /s = 2F} to obtain the
centre-of-mass energy at each interaction point.

In electron or positron storage rings, transverse polarisation naturally builds up through the Sokolov-Ternov
effect. The spin tune, defined as the ratio of the spin precession frequency to the revolution frequency, is proportional
to the average beam energy Fj. The spin tune can be directly measured by the procedure of resonant depolarisation
(RDP), in which the frequency of a depolariser kicker magnet is varied until the polarisation is found to vanish,
when the depolariser frequency corresponds to the spin precession frequency.

This technique has been exploited at many facilities, such as VEPP-2M [144], VEPP-4M [145], CESR [146],
DORIS [147], and, most notably, at LEP in scans of the Z resonance [148]. Alternatively, in a free spin precession
(FSP) measurement, the depolariser may be used to rotate the spin vector into the horizontal plane, and the
precession frequency can then be measured directly.

These polarisation-based precision measurements, however, will only be possible for Z-pole operation and at
energies up to and including the WTW— threshold. At higher energies, the polarisation level will be too small
for RDP and FSP measurements to be practical, and, here, the energy scale will have to be determined from
physics processes at the experiments, such as eTe™ — ff~v production, as it was done by the LEP experiments,
e.g. Ref. [149].

For the ZW and tt modes of operation, these energy-calibration data from the detectors could be complemented
by dipole-magnet spectrometer techniques, as carried out at LEP [150] or based on the distribution of laser-
Compton back-scattered electrons, utilising the polarimeter set up [151] (Sect. 1.7.5). Yet another possibility will
be to regularly inject pilot bunches pre-polarised in the injector complex, and to measure their FSP after injection.
Simulations predict that, up to the ZH energy, a polarisation level of ~ 10% can be preserved during the FCC-ee
booster energy ramp [152].

When calculating +/s it is necessary to have good knowledge of the crossing angle of the two beams, to account
for local energy variations from synchrotron radiation, the RF system and impedance, and to consider the effects
of opposite sign vertical dispersion at the interaction points.

The knowledge of F} at LEP was dominated by the sampling rate of RDP measurements, which were performed
outside physics operation with a periodicity of around a week. The energy was found to vary significantly between
measurements due to several effects, for example, earth tides [148]. In order to enable the much greater degree of
systematic control that the vastly larger sample sizes at FCC-ee warrants, the operational strategy will be very
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different to LEP. Measurements of E} will be performed several times an hour on non-colliding pilot bunches.
Around 160 pilot bunches per beam will be injected at the start of the fill, and wiggler magnets will be activated
to speed up the polarisation time. One to two hours will be required for the polarisation to build, after which the
wigglers will be turned off and physics (colliding) bunches will be injected. The RF frequency will be continually
adjusted to keep the beams centred in the quadrupoles, thus suppressing tide-driven energy changes, which would
otherwise be O(100 MeV). A model will be developed to track variations in residual energy between measurements.

In Ref. [153], it was demonstrated that the systematic uncertainty from the knowledge of the collision energy on
the key electroweak observables can be greatly reduced compared to what was possible at LEP. More recent studies
have confirmed this conclusion and showed that further improvements are possible. For example, energy-related
uncertainties of around 100 keV and 12 keV are envisaged for the Z mass and width, respectively, to be compared
to the equivalent numbers of 1.7 MeV and 1.2 MeV at LEP [148]. These estimates should, however, be regarded as
provisional, and efforts are underway to further reduce them. The uncertainty expected on the W mass from the
knowledge of /s is around 160 keV, which is sufficient for the statistical precision. Steps towards improvements
and greater robustness in the energy calibration were explored at a workshop at CERN in autumn 2022 [154].

The following provides a brief status report of the key components required for the /s calibration. The dis-
cussion is focused on the accelerator, but remarks are also included on important inputs that will come from the
experiments, in particular, the measurement of the spread in the centre-of-mass energy 4,5, which must also be
known to a high degree of precision. More details are given in Volume 1 of this Report. A fuller discussion on all
these topics may be found in Ref. [155].

1.7.1 Beam polarisation and optimisation

The polarisation of electron and positron beams naturally builds up over time. The maximum theoretical po-
larisation is 92.4% and it is oriented antiparallel and parallel to the magnetic field, for electrons and positrons,
respectively. In an error-free flat machine, i.e. in the absence of vertical bending magnets or solenoids, this means
that the polarisation is fully vertical [156], and, hence, 7 || §. The design-orbit spin tune is equal to vg = arel,
where a is the gyro-magnetic anomaly and ~,¢ the relativistic Lorentz-factor. The spin precesses around 7. Due
to strong synchrotron radiation, the local beam energy varies significantly along the circumference. vy corresponds,
therefore, to the average beam energy over one revolution with an error below 0.3 keV.

In practice, the level of polarisation is lowered by several mechanisms, including magnetic and alignment errors,
which can lead to resonance excitation between the spin-orbit and the betatron- and synchrotron motion. Since
depolarising effects are stronger for larger vertical, closed orbits, well-optimised orbit correction and optics tuning
techniques are required to achieve sufficient polarisation. In addition to optics and emittance tuning techniques
(see Sect. 1.3), dedicated spin-matching bumps have been studied, and these show an improvement in polarisation
[157]. Furthermore, errors not only reduce the achievable polarisation, but can also lead to a shift between a7y and
the measured spin tune 1. To study the Z-line shape, measurements at beam energies in the range of 43.85 to
47.37 GeV are foreseen. In recent studies, no systematic offset between ay and vy is found between the studied
beam energies around the Z-pole. Additionally, simulation studies which assume up to 100 pm arc and 25 pm IR
rms misalignments (plus 5% randomly missing BPMs, 1% BPM random scaling errors, and 1 pm random BPM
resolution error) [158, 159], respectively, yield an absolute offset between avy and vy well below 100 keV for the
vast majority of seeds [158]. These studies only included orbit corrections. Additional optics tuning techniques are
likely to further reduce the remaining offset.

The alternative IR layout with a non-local solenoid compensation scheme leads to interleaved spin deflections
around the longitudinal and the horizontal axis, resulting in a deviation of nj estimated to roughly 10 prad.
Nevertheless, this deflection reduces the asymptotic polarisation, simulated in SAD, to about 1%. Current studies
aim at increasing the level of polarisation by introducing vertical pi-bumps, as was performed in LEP [160].
Although these bumps could increase the vertical emittance, this effect is presumed to be minor since they only
need to correct ng of 10 prad, and thus, the required bump strength is expected to be rather small.

1.7.2 Wigglers

At 45.6 GeV, the natural polarisation time is 250 h. Thus, achieving a polarisation level in an error-free machine
of 5-10% requires 15 to 30 hours, which is an unacceptably long period without calibration at the start of the fill.
Reducing the polarisation rise time to about 12 h is feasible using wigglers, which also increase the rms energy
spread to 64 MeV. In the currently planned operational scenario, low-intensity (~ 10! particles) pilot bunches are
injected at the start-of-fill and polarised using asymmetric polarisation wigglers [161, 162], similar to those at LEP
[163]. When roughly 10% polarisation is achieved, after approximately 100 minutes at the Z-mode, the wigglers are
switched off, and all the nominal-intensity colliding bunches are then injected and brought into collision. Around
160 pilot bunches are injected at the start of each fill, with an estimated lifetime of roughly 20 h. This corresponds
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Table 1.15 Specification for

the polarisation wigglers Number of units per beam 24
Central field By [T 0.7
Central pole length L [mm] 430
Asymmetry rationr=By/B_=L_/L, 6
Critical energy of SR photons E. [keV] 968

to roughly one pilot bunch being available for an RDP scan every 7.5 min. By the time the last pilot bunch has
been depolarised for the first time, the pilot bunches that were depolarised first will have naturally reacquired
sufficient polarisation to be measured again.

The wiggler design for FCC-ee follows the three-pole design of the LEP damping wigglers. Wigglers will be
grouped in packages of three units, and two packages will be installed in consecutive 16 m long drift spaces. Their
current placement in the FCC lattice is in the straight section downstream of each IP. The required number of
polarisation wigglers and their specifications are given in Table 1.15.

1.7.3 Pre-polarised pilot bunches

In the current baseline approximately 100 min are required to polarise the pilot bunches in the main rings before
commencing with injecting nominal physics bunches after every beam dump. Availability studies presented in
Sect. 2.1.2 suggest that injecting pre-polarised pilot bunches could significantly enhance the time available for
physics, especially when considering failure scenarios. Furthermore, this scheme would ease constraints on the
maximum achievable polarisation and, hence, would limit the necessity of additional spin bumps, which could
introduce additional vertical emittance. Nevertheless, injecting pre-polarised pilot bunches into the main rings
demands a careful evaluation of the injector design, which must be suitable for generating polarised electrons and
positrons and allow sufficient polarisation transport through the full injector chain and energy ramp. These studies
have begun and will continue in the next phase of the project.

1.7.4 Depolariser

The pilot bunches are depolarised with an electromagnetic kicker using transverse fields (RF-kicker), with a TEM-
wave travelling towards the beams and a varying excitation frequency. Once the driving frequency is equal to the
spin-tune, the polarisation vector is rotated away from the vertical direction, leading to depolarisation or spin flip.
The proposed tune-changing rate corresponds to 1 keV/s.

Radiative diffusion gives the spin resonance a natural width of about 200 keV at the Z-pole and 1.4 MeV
at the W-pair-threshold. These values are significantly larger than the desired precision. Recent studies suggest
that by alternating the scanning direction an uncertainty of a few keV at the Z-pole is achievable. Furthermore,
RDP has recently been successfully simulated for the W-energy for the first time. RDP only yields a sufficiently
large change in polarisation if the spin-modulation index B = vyogp/Qs < 1.5, with the energy spread og and the
synchrotron tune @, which ensures a low number of synchrotron-tune sidebands inside the distribution of the
spin tune [164, 165].

To achieve a sufficient spin rotation, a vertical kick of 10 prad is required. A single kick would lead to a
propagating orbit through the machine, and thus this bump must be closed. In order to achieve a spin rotation,
dipoles must be located within the closed orbit bump. It is found that the regular arc optics would allow sufficient
rotation over four FODO cells [166]. Since one closed orbit bump of 10 prad would lead to a vertical peak orbit
above 1 mm, it is proposed to distribute it over four closed-orbit bumps per beam, each providing 2.5 prad. At
least two kickers per orbit bump are required, constraining the phase advance to 180°. A weaker third kicker would
ease this constraint. Hence, a total of 16 to 24 kickers are required. The third correction kicker could be designed
as a slightly shorter strip-line with less RF power installed, as it only has to provide corrections to the bump.

Each kicker providing 2.5 prad features a strip-line design of 1 m length with four electrodes, operating around
40 MHz. Keeping the nominal vacuum chamber diameter of 70 mm requires an RF power per kicker port (electrode)
of 35 kW, and it is therefore suggested to reduce the vacuum chamber at the kicker to 26 mm with electrodes
at a distance of 9 mm from the beam. This reduces the RF power per kicker port to 2.26 kW (9.04 kW per
kicker). Studies are underway to ensure that the overall impedance remains at an acceptable level [167]. The
following Table 1.16 shows the configuration in point PA, where one-quarter of the necessary depolariser kickers
are proposed to be installed. Similar configurations are proposed in the other three experiment points. All or part
of the depolariser kickers can also be used as kickers for transverse feedback systems for instability mitigation.

The technique of FSP is being investigated as a complementary approach to RDP. Here, the vertically orientated
spin is flipped into the horizontal plane, and the coherent (free-spin) precession is then observed. The spin tune is
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Table 1.16 Possible configuration of depolariser kickers in point PA generating a local 2.5 nrad bump, assuming that the
depolariser kicker system will be distributed over all four experiment points in a similar way to provide the total effect
required for RDP. A shorter kicker is used for bump correction between the two main depolariser kickers

Location Beam Function Kicker length Power per kicker
Point PA left electron open bump 1.0m 9.04 kW

Point PA left electron correction 0.75 m 4.5 kW

Point PA left electron close bump 1.0m 9.04 kW

Point PA right positron open bump 1.0m 9.04 kW

Point PA right positron correction 0.75 m 4.5 kW

Point PA right positron close bump 1.0 m 9.04 kW

Fig. 1.36 Schematic drawing .
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then retrieved by a Fourier transform, which also yields the full spin spectrum of the spin motion. This technique
would require a kicker pulse about ten times stronger than that planned for the RDP measurement [168].

Since residual longitudinal polarisation in colliding bunches would modify the cross-section and forward-
backward asymmetries, it must be controlled to a level below 10~°. Hence, it is envisaged to regularly depolarise
colliding bunches, requiring a selective RF-kicker.

1.7.5 Inverse Compton scattering polarimeter

Measurements of the polarisation of the FCC-ee beams will be performed through the process of inverse Compton
scattering. The physics goals of FCC-ee set various requirements that the polarimeter system must fulfil.

e The requirement to calibrate and study the electron and positron beams separately means that each ring requires
at least one polarimeter. In order to provide redundancy and meet the target availability for the polarimeter
measurements, which is set at 95%, it is foreseen to have two instruments in each ring.

e The polarimeters will be deployed on the pilot bunches for both RDP and FSP measurements. During Z-pole
operation they will also perform measurements on physics bunches in order to ensure that any longitudinal
polarisation is kept sufficiently low.

e The statistical precision on the measurements of the transverse polarisation of the pilot bunches should be
around 1% per second. A single bunch will be probed in each measurement.

o Many more (~ 100) physics bunches will be probed in a single measurement period, the laser temporal pattern
being only indicative here and will be further optimised in the future. The physics-bunch studies place the
most stringent demands on the systematic control of the absolute polarisation measurement: it is desirable to
measure a polarisation level consistent with zero to a precision of ~ 1074,

e FSP and longitudinal-polarisation studies require that the complete spin vector be characterised. This can
be achieved through measuring the spatial distribution of the scattered electrons (positrons), as well as the
backscattered photons [169].

o Knowledge of the relative positions of the scattered electrons (positrons), back-scattered photons and electrons
(positrons) allows real-time measurement of the beam energy, which can attain a statistical precision of 1073
per second [169]. This capability will be valuable for many physics studies and will be optimised in the ongoing
design of the polarimeter system.

A schematic drawing of the FCC-ee polarimeter is shown in Fig. 1.36.

The most suitable location for the polarimeter using the most recent machine optics design is in the straight
section 830 m upstream of the experiment IPs. The dispersion suppression dipole can then also be used as the
system spectrometer magnet. This location is followed by 100 m of field-free propagation, allowing sufficient
separation of the Compton products from the main beam. The room that houses the laser would be installed in a
shielded region as close as possible to the laser interaction point (< 50 m). To meet the targeted availability for the
energy-calibration measurements in the next phase of the project, it will be necessary to thoroughly investigate and
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Table 1.17 Preliminary laser

parameters for pilot and Technology Q-switch Modelock Yb Modelock Yb

colliding bunches. Note that

single-bunch charges are Bunch type Pilot Pilot Colliding

different for pilot and Repetition frequency 3 kHz 3 kHz 3 kHz

colliding bunches Number of targeted bunches 1 1 10
Pulse energy 3 mJ 3mlJ 50 pnJ
Average power IW 9 W 1.5 W
Pulse duration 3 ns 30 ps 30 ps
Beam width (04/y.,1) 1 mm 1 mm 1 mm
Crossing angle 2 mrad 8 deg 8 deg
Scatters per bunch crossing 260 290 94
Scatters per second 810° /s 910°/s 28 10° /s

validate the reliability of a system based on fully remote laser control. Studies of the homogeneity requirements
on the dispersion suppression magnet are also planned.

The laser will operate at a green wavelength of around 515 nm, a choice which provides the optimum compromise
between the field-free distance required and the reliability and versatility of operation. Both Q-switched Nd:YAG
and Yb mode-lock technologies are under consideration. Currently, the latter is favoured, as it appears to be best
adapted to providing suitable pulses to both the pilot and physics bunches. Table 1.17 shows the key parameters
for such a choice. The crossing angle is implemented in both the horizontal and vertical planes, with the vertical
crossing angle necessary to remove the scattered photons from the plane of the synchrotron radiation.

The polarimeter will contain two detector systems. The first will record the transverse ellipse of the Compton
scattered electrons over a surface of about 5 x 300 mm? (for Z-pole operation). The second will record the peak-
shaped distribution from the Compton gammas on a detector of about 10 x 10 mm? transverse area. The baseline
design for the detectors is pixelated sensors of 18-50 um pitch in the transverse direction.

Monte Carlo simulation models are under development to evaluate and optimise the expected polarimeter
capabilities. These models include a description of the laser/beam interaction chamber, the separation chamber of
almost 100 m, and the detector systems foreseen to record the Compton products. A preliminary study has been
performed using the Toy Monte Carlo model described in Ref. [170]. Further investigations and optimisation of the
system are now being pursued based on a complementary model developed using BDSIM [120], a GEANT4-based
package that includes a description of particle-matter interactions.

1.7.6 IP-specific corrections to the collision energy

The resonant-depolarisation measurements determine the mean beam energy around the ring. A variety of mech-
anisms either induce local variations in the beam energy or lead to other corrections that need to be applied when
calculating /s, the collision energy.

The beams experience continuous energy losses around the lattice from synchrotron radiation (SR) and resistive-
wall impedance, which are compensated by the RF-cavities. It has been demonstrated in Ref. [153] that to minimise
the /s shifts at the IPs, both beams must have all RF-cavities located in one straight section, identical for the
electron and positron beam. This is planned for both Z pole and WTW™ operation. While SR radiation losses are
identical for pilot and colliding bunches, being, for example, 39 MeV at 45.6 GeV, impedance losses increase with
increasing bunch intensity. Recent studies estimate a loss per revolution of about 0.8 MeV and 1.6 MeV at the Z
pole, respectively, for 3 x 101° and 2.6 x 10! particles per bunch [171]. Furthermore, beamstrahlung energy losses,
which range from 0.31 MeV per IP at /s =91.2 GeV up to 14 MeV for /s = 365 GeV, must be monitored, for
example by using a beamstrahlung monitor. Beamstrahlung losses increase with the beam energy and the bunch
population, and lead to bunch lengthening, together with an increased energy spread. This beam-beam interaction
accelerates the particles before the collision, decelerates them afterwards, and also modifies the crossing angle, but
in a manner that leads to no net change in the collision energy.

The collision energy is also modified by opposite-sign vertical dispersion (OSVD) and collision offsets at the IP.
At each IP, the shift in collision energy is [153]

05 (Dy,B1 — Dy,B2)
EO(U%M + ‘71232)

AVs = —2uq , (1.25)

where D, g1 g2 is the dispersion at the IP for each beam, og is the beam-energy spread, which is assumed to
be identical between electrons and positrons, opi g2 are the beam sizes, Ey is the nominal beam energy and
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ug is the offset. Assuming 1 pm of spurious OSVD at the IP, as may occur according to optics tuning studies,
the /s is shifted by roughly 100 keV per nm of offset. The vertical offset can be determined and controlled via
luminosity scans, where the beam positions at the IPs are scanned against each other until the optimum luminosity
is achieved. At LEP such scans yielded a precision better than 0.1 pm at the Z-pole. However, at the FCC-ee an
improvement by a factor 100 will be necessary. Complementarily to observing the luminosity increase with vertical
beam positions, beam-beam deflection scans are envisaged; these rely on observing the change of crossing-angle
from beam-beam with varying vertical beam position. In principle, the dispersion of the colliding bunches at the IP
can be obtained by changing the momentum by applying a small RF-frequency shift and measuring the resulting
orbit shift in the BPMs closest to the collision point. However, the maximum allowed RF-trim which does not
alter the optics, as well as the interplay of orbit shifts due to beam-beam and dispersion, especially at these BPMs,
remains to be studied.

An alternative approach to determining the dispersion at the interaction point (IP) involves using a transverse
kicker to modify the path length of the pilot bunches and measuring the resulting change in orbit. This measurement
enables the inference of the dispersion for the colliding bunches, assuming they share the same OSVD as the pilot
bunches. Since this method does not require altering the RF frequency, it prevents the potential induction of the
flip-flop effect in the colliding bunches.

A crucial final input for the /s calculation is the precise determination of the crossing angle at each interaction
point (IP), which is provided by the experiments themselves.

1.7.7 Input from the experiments

Measurements conducted using collision data from the experiments provide essential input for determining key
parameters related to the energy calibration.

The principal data set for these studies are ete™ — pTpn~ (7y) events. Reconstruction of the decay topology allows
the crossing angle to be determined, as well as providing insight as to how the crossing angle varies with bunch
intensity. In addition, it is possible to determine the longitudinal boost and 4/, the spread in collision energy.
Good knowledge of 4 s is vital for many key objectives of the FCC-ee programme, such as the measurement of
I'z. Current studies indicate that all these quantities can be determined from collision data with the required
precision. Finally, reconstruction of ete™ — ff(7y) events and other processes provides a relative measurement of
/s that can be of great interest at high energies where RDP is not feasible. More details are given in Volume 1 of
this report.

1.8 Injection and extraction

The technical straight section in point B (PB) of the FCC is dedicated to the beam transfer from the booster to
the collider and the dump systems. In total, eight systems are installed in this area, and this section focuses on
the collider system and the top-up injection and dump concepts.

1.8.1 Top-up injection

The integrated and peak luminosity targets of the collider necessitate a continuous injection scheme from a full-
energy booster, as the beam lifetime during collisions is well below 1 h. Due to the high bunch charge in the collider
and the limitations of the injector complex, a swap-out scheme is not feasible; thus, a top-up injection scheme is
required.

Among the four operation modes, the Z mode is particularly challenging, with approximately 18 MJ of stored
beam energy per collider ring at an energy of 45.6 GeV. As such, the Z mode is the current focus of the injection
scheme design. In this mode, at each injection occurring every 3 s, up to 10% of the collider’s maximum bunch
intensity and up to 1120 bunches are injected, totalling up to 1% of the collider nominal intensity.

This intensity is deemed reasonably safe for transfer from the booster to the collider, provided that a series of
collimators is installed in the booster extraction region and along the transfer line to the collider to intercept any
mis-kicked bunches.

Several potential schemes for implementing top-up injection at FCC-ee have been investigated [108]. Longitu-
dinal injection schemes, which require an individual kick for each injected bunch trailing circulating bunches, have
been ruled out due to the complexity of the necessary kicker system. For the conventional off-axis injection scheme,
modelling of the synchrotron radiation (SR) cone produced by the beamlet, along with its impact on the SR mask
and the aperture limitations around the experimental insertion, indicated an unacceptable level of interference
[172].
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On axis injection For on-axis injection, the beam is placed onto the chromatic closed orbit, where the energy offset
together with the ring’s optics dispersion provides the horizontal separation between the injected and circulating
beams. The beamlet undergoes synchrotron oscillations, and around IPs it overlaps with the circulating beam due
to the zero dispersion, thus preventing any increase in the SR cones or of the experiment background.

The beamlet benefits from faster damping compared to off-axis injection since synchrotron oscillations damp
twice as fast as betatron oscillations. Another advantage of on-axis injection was observed at the LEP collider,
where this scheme provided higher efficiency and lower sensitivity to errors at the injection point [173]. Therefore,
the conventional on-axis injection has been selected for the present baseline concept.

The distance between injected and circulating beams establishes the requirements on the energy offset and
dispersion at the injection septum:

‘DwA| :50cir+5+50inj (126)

where D, is the dispersion at the injection point, A is the relative energy offset of the injected beam, S is the blade
thickness of the septum, o and 0y, are the beam sizes of the circulating and injected beams at the injection
point.

As shown Eq. (1.26), the required energy offset increases with the septum blade thickness. Hence, an initial
concept aimed at using an electrostatic septum to minimise its thickness but there are significant uncertainties on
the reliability of such a system in the presence of synchrotron radiation. Therefore, the present concept focuses on
thin magnetic septa with S = 2.8 mm.

During injection, the circulating beam closed orbit is placed at 50.;, from the septum blade (see Eq. (1.26)).
This condition must be fulfilled for the shortest possible duration because the septum, or a protection absorber
placed immediately upstream, becomes the primary aperture of the ring. Therefore, the baseline concept features a
fast bump to bring the circulating beam close to the injection septum for one single turn. Two sets of fast bumper
magnets placed at a relative phase advance of 7 are used to produce the orbit bump with a height of 100;,; + .5 at
the injection point. The nominal position of the circulating beam is 150, from the edge of the injection septum.
The failure of one of the bumpers would cause an open oscillation of all circulating bunches, potentially resulting
in significant losses at downstream machine aperture bottlenecks (i.e., ideally at the collimators). The number of
bumpers has to be defined in order to keep the oscillation amplitude small enough to avoid major damage to the
machine in case of failure. Moreover, an absorber must be installed upstream of the septum blade to shield it from
accidental and continuous losses. The absorber and the septum should never be the primary aperture bottleneck;
this role should always remain with the collimators. The amplitude of the bump might need to be reviewed if this
condition is not fulfilled.

The collider ring baseline optics for technical straight sections have been optimised to include the on-axis
injection requirements. This optimised collider optics in the PB straight section is shown in Fig. 1.37 with the
injection region on the right side of the IP and the crossing dipoles in the centre. The injection point is located at
s =800 m where it achieves a dispersion of D, = —1.5 m and £, = 1000 m. This allows on-axis injection with an
energy offset of ~1%, providing sufficient space for the magnetic septum blade of approximately 3 mm.

The hardware requirements for the baseline injection scheme are summarised in Table 1.18.

While the zero-dispersion condition was introduced to simplify the solution of Eq. (1.26) and to reduce the size
of the injected beam at the injection septum, it also causes a mismatch between injected and circulating beams.
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Table 1.18 Collider injection

hardware requirements System Value Unit
Beam energy 45.6-182.5 GeV
Thick septum apparent thickness 10 mm
Thick septum deflection 0.1 mrad
Thin septum apparent thickness 2.8 mm
Thin septum deflection 100 prad
Fast bump kicker angles 40 and 60 prad
Fast bump kicker max. rise/fall time 600 ns
Fast bump kicker flattop 304 Bs
Fast bump kicker maximum ripple 1.5 %

The energy offset constrains the distance of the injected beam from the septum. In the Z and WW modes, in
particular, the lattice momentum acceptance limits the energy offset of the injected beam to approximately 1%.
On the other hand, the dispersion mismatch causes betatron oscillations in the injected particles away from the
chromatic closed orbit. This effect remains moderate, as the momentum spread of the injected beam §;,,; is small.
Additional studies will be needed to quantify this effect and investigate different matchings for each operation
mode.

A complete line design will need to be developed for the transfer from the booster to the collider. Presently, this
line is approximately 500 m long from the booster extraction at the centre of the straight section to the collider
injection point (see Fig. 1.37). Since the booster ring is positioned 1030 mm above the collider plane, special care
must be taken to maintain the small vertical emittance and ensure precise matching of the vertical optics to the
collider ring. In the horizontal plane, just upstream of the thin collider injection septum, a thicker magnetic septum
is being considered for the beam trajectory, with specifications detailed in Table 1.18.

Both booster and collider beam parameters depend on the operation mode (see Tables 1.2 and 4.1). In the present
concept, the lattice configuration of the injection straight section, as well as the injection devices’ specifications,
remain the same for all operation modes. With fixed optics and septum thickness, the energy offset is optimised
for each energy mode to accommodate varying beam characteristics and the ring’s momentum acceptance. The
baseline injection settings for the four operation modes are shown in Fig. 1.38.

In order to maintain a clearance of 5 o for both the injected and circulating beam a larger energy offset is
required for modes with higher beam emittance (see Eq. (1.26)), and the energy offset in H and tt mode is
increased to 1.4% and 1.6%, respectively. This remains compatible with the large momentum acceptance in Higgs
and tt modes, which are £1.6% and —2.8/+2.5%, respectively [31]. For Z mode, the RF acceptance is 1.06% and
the momentum acceptance is approximately 1%, so the baseline injected beam energy offset is set to 0.95% to
ensure the entire injected beam fits within the ring acceptance.

The collider’s and booster’s equilibrium emittances in the WW mode are significantly larger, but the energy
acceptance of the ring is still limited to 1%. This prevents increasing the energy offset for the higher energy modes,
making the on-axis scheme unable to provide sufficient clearance for the 2.8 mm septum blade. The present concept
introduces a small betatron offset to the scheme and moves towards a hybrid injection for the WW mode. The
purple dashed line in Fig. 1.38b represents the chromatic orbit for the energy offset considered, and the injected
beam is offset by 1 mm further away from the septum, which corresponds to 0.5 o

The hybrid injection scheme increases the separation between the injected and circulating beams without
increasing the energy offset, thereby making it partially on-axis and partially off-axis. While the off-axis injection
is not possible for the FCC collider, a small betatron oscillation is not incompatible with the SR absorption around
the experiment IPs [172]. Other effects discussed earlier, such as experiment background sensitivity and errors,
may still play a significant role and will need to be quantified.

Presently, the injection efficiency is modelled with particle tracking of the injected beam in the collider ring
lattice. The tracking consists of a Gaussian 6D distribution of 2500 injected particles, which are tracked for
3000 turns using the XSUITE code [174]. The synchrotron radiation model used accounts for quantum excitation
to accurately predict the behaviour of particles injected near the edge of stability. Additional studies including
strong-strong beam-beam effects are discussed Sect. 2.3.9. Further comprehensive studies will need to include
beam-beam interaction, collective effects and lattice errors.

The evolution of the simulated injection efficiency for on-axis and hybrid injection schemes is shown in Fig. 1.39.
The energy offset of the baseline on-axis injection is 0.95%, with an injection efficiency of 99%. This confirms that
the baseline injection scheme is achievable with the present lattice, and the injected beam is within the acceptance
of the ring.

@ Springer



Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

5769
— - = S
TT S0y Circa dg Eram il anperea W+ Sy Cirra i S win disprrecn
e S, miecied s e - s = 20, Irgeried beam athoet darsmos
[ S ki 150 e neoad e (1
=} a2 ——— LR Tl e T
= =]
= 7 Sl * | R
E — E i g e
E gl (w G - i L oas :"-_‘ i l_,:l
ﬁ -ij- T i -iidy : ."‘"-_ __--"'
na na
12:=L0 =00 =04 3% -OT A4 EF 44 13 :=l0 =00 =DA 18 O] 04 &I ol
o [T = 301 b TR O s |
(a) Zmode, A = 0.95%. (b) WW mode, A = 1%.
S = — 1
ol — W3, e b iy L. mild e as al — i, TS B BT o B i Lt
S, Wil Dol EETHA o P —= i, IPTE DR A ETE T
= gal W e A P T - A |
= =]
=1 =
= a3 x 0 — S
B P ——— = 3 y " ""\-\._H.
X apt : . : - — -\:; = a1 :' ‘ -‘ )
& T P -& '\"\.__ __.-"- ! — et
-1 Y] - — =
na na o
12 -=L0 =08 DA =}% =0T 0% ®F 44 12 -=L0O 08 ~PR =08 <03 DO T3 04
X [T w201 o [ 10T
(c) Hmode, A = 1.4 %. (d) tt mode, A = 1.6 %.

Fig. 1.38 Normalised horizontal phase space at the collider injection point for each operation mode. Beam distributions and
associated 5 o envelopes around the injection septum are shown for each mode

Fig. 1.39 Injection efficiency
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At other injection offsets, only the energy of the injected beam is adjusted, but the optics is not optimised, and
the physical beam position is unchanged. Below the baseline on-axis scheme energy offset, the injection efficiency
remains high, which indicates that the DA and MA are sufficient to capture an injected beam with some betatron
offset. At an energy offset below about, 0.7% the injection efficiency decreases, which shows that a maximum
betatron offset is reached and part of the injected beam is outside the lattice DA. Due to the energy acceptance
of the lattice, of +1%, the injection efficiency drops quickly for energy offset above the baseline scheme.

Collider dump The stored beam energy can reach 18 MJ per beam during Z mode operation, which is the highest
stored energy among the lepton machines worldwide. Due to synchrotron radiation damping, the beam sizes in
FCC-ee will be significantly smaller than in typical hadron machines, resulting in a much higher energy density.
The vertical beam size, in particular, is in the order of tens of micrometres, corresponding to energy densities
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Table 1.19 Summary of the

collider dump scheme Kicker Septum
hardware requirements
Beam energy (GeV) 45.6-182.5
Deflection angle per system (mrad) 0.3 5
Maximum repetition frequency (Hz) 0.3 0.3
Kicker pulse flatness (%) +20 N/A
Rise/fall time (11s) 0.6 N/A
flattop time (ps) 304 N/A
Blade thickness (mm) N/A 25
Aperture (H X V mm) N/A 30 x 10
Longitudinal available space (m) 20 20

around 5 GJ/mm?, which cannot be absorbed safely [175]. The design and operation of the beam abort system
must accommodate this destructive potential, requiring multiple safety measures to prevent damage to accelerator
components in the event of hardware failure. Protection elements strategically positioned at a precise phase advance
from the extraction kickers must be installed to intercept any mis-kicked beam in case of an unintended kicker
firing that is not synchronised with the abort gap. Additionally, the voltage of the kickers, as well as the current
of the septa and ring dipoles, must be continuously monitored to ensure they remain within strict limits relative
to the reference value for a given energy.

A retriggering system, which fires all the remaining kickers in case of the spurious firing of one kicker, has to be
envisaged, and the reaction time must be defined based on the consequences of such an event. Redundancy in the
powering scheme, controls, and interlock logic must be implemented to ensure that the required level of reliability
and system availability is achieved.

The number of magnets has to be defined with the aim of reducing the maximum operational voltage and thus
minimising the risk of spurious firing and the sensitivity to failures. Out-of-vacuum designs should be preferred to
eliminate the risk of flashovers. The position of the beam at extraction has to be constantly monitored, and the
beam dumped before orbit drifts translate into losses at extraction above the level that can be considered safe (to
be defined). Similar measures to the present LHC beam dump system will need to be considered, and adapted to
the specificities of the FCC but presently no major fundamental obstacles have been identified.

The collider dump design is implemented at the entrance of the PB straight section and extracted outwards,
with the dump placed on the other side of the IP. The beam dump is located 5 m away from the ring to allow
sufficient space for shielding and to limit radiation to the ring equipment [176]. The present geometry uses a small
deflection angle to achieve the required separation and a long transport line of 700 m from the ring extraction
point to the beam absorber.

In order to reduce the energy density on the dump, the present design aims for a large beta function and
dispersion in both horizontal and vertical planes to maximise the beam size. Despite the significant length of the
line, the natural divergence of the beam at the extraction point is insufficient to produce a beam spot that is large
enough on the dump. Therefore, a set of four dedicated quadrupole magnets is installed in the transfer line to
further increase the beam divergence. In the horizontal plane, the dump kicker and septa provide the deflection to
reach the dump, but also a significant dispersion that is further amplified by the dump line quadrupoles to reach
20 m at the dump. Along with the beta function of 121 km and the beam parameters in the collision, the present
design achieves a horizontal beam size on the dump of 10 mm for the Z mode [177].

For the vertical plane, a 1 mrad vertical dipole is placed at the start of the dump line to create a vertical
dispersion that is further amplified by the dump line quadrupoles to reach 23 m at the dump. Between the
betatron and dispersive contribution, this scheme also provides a large beam size in the vertical plane of 10 mm
for the Z mode using the beam characteristics expected in a collision. The vertical deflection also places the dumped
beam at the height of the booster.

The extraction design follows a traditional fast extraction scheme in the horizontal plane. The circulating beam
is extracted in one turn so that the kicker flattop must be 304 ps and its rise time should be smaller than the
filling scheme abort gap of 0.6 ps. The dump design hardware requirements are summarised in Table 1.19.

1.9 Radiation environment

The emission of synchrotron radiation and the generation of secondary particles by other processes (beam-beam
effects etc.) creates an intense radiation environment, which can have a significant impact on machine components
and other equipment in the tunnel. A thorough study of the expected radiation load and its associated effects is
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essential for designing the FCC-ee machine. Radiation can lead to substantial heat deposition and, consequently,
to thermal stress on the accelerator components. The power deposited, in particular from synchrotron radiation,
needs to be extracted in a controlled way otherwise equipment can be damaged. Excessive heat deposition in the
tunnel environment would also pose a significant challenge to the ventilation system. Another important aspect
is the lifetime of equipment, which can be affected by cumulative radiation damage. One of the main concerns
for FCC-ee is the total ionising dose in cables, cable connectors, optical fibres, insulation materials, seals, etc. As
already observed in LEP, the ionising dose can severely compromise the organic insulation of magnet coils and
cables and can rapidly degrade the functionality of optical fibres [178]; even covers of electrical junction boxes and
hoses of fire extinguishers were found to be damaged [178], which demonstrates the challenge expected for FCC-
ee. Other long-term radiation effects include radiation-induced corrosion, which occurs due to the dissociation of
molecules in the tunnel atmosphere. Another concern for FCC-ee is stochastic and cumulative effects in electronics,
which can impede the machine performance (e.g., premature beam aborts due to single event effects) and can limit
the lifetime of equipment electronics.

In order to mitigate radiation effects and manage their release, it is essential to sufficiently shield the power FCC-
ee machine equipment and infrastructure from the radiation load. This requires dedicated synchrotron radiation
absorbers (see Sect. 3.2), as well as additional shielding on the magnets and in the tunnel. Due to the sheer size
of the FCC-ee machine, implementing continuous shielding of the vacuum chamber, as was done in LEP, may be
challenging. In order to develop an adequate shielding configuration, it is necessary to create a detailed inventory of
radiation-sensitive components (e.g., cables, electronics, insulation) for all accelerator systems like magnets, power
converters, beam instrumentation, and the beam interlock system. Different components can exhibit different
levels of sensitivity to radiation, which needs to be accounted for in the shielding design. For example, organic
insulation of busbars can typically sustain several tens of MGy, whereas general-purpose cables can only be used up
to a few 100 kGy. Electronics systems based on commercial-off-the-shelf components can typically not withstand
levels exceeding 1 kGy, even when designed to be radiation tolerant through commercial component selection
and architectural mitigation solutions; for doses above 1 kGy it is necessary to rely on dedicated radiation-hard
component designs that require investment in time and resources. Similar considerations apply to optical fibre
cables. Finding a trade-off between shielding solutions and a radiation-hard component design is an important
objective for the FCC-ee design phase to avoid radiation-induced equipment failures or degradation of the collider
performance.

This section provides a first overview of the expected power deposition and the radiation environment in the arcs
and experiment insertion regions, based on FLUKA Monte Carlo simulations [125-127]. A preliminary shielding
design for the arc dipoles is presented, together with a possible electronics bunker near the arc quadrupoles. The
present shielding and bunker design is only a first concept, with the purpose to quantify the achievable reduction
of the radiation levels. A further evolution of the shielding and bunker design is expected in the engineering
design phase (see also Sect. 3.3). No studies have been carried out so far for the technical insertion regions; the
radiation levels will depend on different beam loss mechanisms (e.g., beam losses during top-up injection or beam
collimation), which have to be assessed in detail. It is expected that some shielding installations will also be needed
in these insertion regions.

1.9.1 Radiation levels in the arcs and first shielding design

The main source of radiation in the FCC-ee arcs is the synchrotron radiation produced in the bending dipoles of
the collider ring. Synchrotron radiation is emitted tangentially from the stored beams and the resulting energy
loss increases steeply with the beam energy (o< E*/(m*p)). The bending radius p of the FCC-ee arc dipoles is
about 10 km, which is about three times larger than for LEP. Considering the important impact of synchrotron
radiation, the synchrotron power emitted in FCC-ee is limited by design to 100 MW (50 MW /beam) for all
operation modes (see Table 1.2). The resulting radiation levels in the tunnel are nevertheless more pronounced
at higher beam energies since the emitted photons become more penetrating. A key figure is the critical energy,
E. x E3/p, which divides the photon spectrum into two parts of equal power emission. For a bending radius of
10 km, the critical energy is 0.02 MeV at the Z-pole (45.6 GeV), but it increases to 0.1 MeV in WW operation
(80 GeV), to 0.4 MeV in ZH operation (120 GeV), and further to 1.3 MeV in tt operation (182.5 GeV). The resulting
radiation environment in the tunnel is composed of secondary photons and electrons. In addition, photo-neutron
production becomes possible when the photon energies exceed the (y,n)-threshold, which is around 10 MeV for
copper. Neutron production by synchrotron photons is mostly relevant for tt operation, where the high-energy tail
of the synchrotron spectrum extends beyond the giant dipole resonance of the photo-nuclear cross section.

The vacuum system of the collider incorporates localised photon absorbers made of a copper alloy (CuCrZr),
which intercept the synchrotron radiation fan (see Sect. 3.2). The absorbers have a length of about 35 cm; they are
placed every four to five metres in the winglets of the dipole chambers and shadow, as well as the short straight
sections. At higher energies, the radiation leakage from these absorbers becomes significant, which requires the
integration of additional shielding elements in the dipoles. A first conceptual design of the collider shielding
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Fig. 1.40 Preliminary conceptual radiation shielding design for the collider dipoles in the FCC-ee arcs. The left figure shows
a model of a representative FODO cell for ZH and tt operation, whereas the right figure presents a more detailed view of the
shielding elements on the dipoles. The shielding encloses tightly the synchrotron radiation absorbers. The shielding is assumed
to be made of antimonial lead and weighs about 400 kg per synchrotron radiation absorber
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Fig. 1.41 Synchrotron radiation-induced photon flux around the dipole yoke in tt operation. The two plots compare the
photon leakage without radiation shielding (left) and with the conceptual shielding illustrated in Fig. 1.40 (right). The flux
was calculated with the FLUKA code, assuming a photon transport cut of 10 keV. In this picture the z-axis exceptionally
points towards the centre of the collider ring, which is opposite to the convention adopted elsewhere in this document

configuration is shown in Fig. 1.40. The presently considered baseline material is antimonial lead with a density
of about 10.88 g/cm?®. The shielding tightly encloses the radiation absorbers and consists of horizontal inserts, as
well as shielding plates above and below the dipole yoke. The integration of the shielding is a complex task and
requires design iterations with the vacuum system and magnets. A description of technical aspects of the material
design, including material selection and engineering considerations, is presented in Sect. 3.3.

A first optimisation of the shielding topology has been carried out, to maximise the power absorption and to
reduce the total ionising dose in the tunnel sufficiently. Given the complexity of the shielding integration and
assembly, it is preferable to install the shielding before the start of FCC-ee operation. In this case, the shielding
design must account for all beam modes, including tt. A suitable figure of merit for optimising the shielding
geometry is the flux of secondary photons escaping vertically and horizontally from the dipoles. The attenuation
length for 1 MeV photons in lead is about 1.3 c¢m, but it decreases to less than 1 mm for photon energies below
100 keV. With several centimetres of antimonial lead, the photon flux in the tunnel can be reduced by multiple
orders of magnitude, even at the highest beam energy (182.5 GeV). Figure 1.41 shows the simulated secondary
photon flux around the dipole yoke for tt operation. The left plot is without shielding, whereas the right plot
demonstrates the reduction achievable in the photon leakage with the preliminary shielding design shown in
Fig. 1.40. The shielding must be sufficiently long (130 c¢cm in the present design) to reduce the backscattering of
photons into the tunnel. The resulting shielding weight is about 400 kg per synchrotron radiation absorber.

Table 1.20 summarises the resulting power deposition in the machine and the tunnel for all beam modes,
assuming the same shielding design for all beam energies. For comparison, the table also shows the power deposition
without shielding. The shielding has only a limited function at the Z mode since most of the synchrotron radiation
power (>98%) is dissipated by the synchrotron radiation absorbers themselves. With increasing energy, the power
absorption by the absorbers decreases to about 83% in WW operation and to less than 70% in ZH and tt operation.
In these cases, the surrounding shielding is very efficient in reducing the power leakage to the dipoles and the
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Table 1.20 Relative power deposition by synchrotron radiation in the machine and the tunnel. The results were obtained with
FLUKA simulations for a representative arc cell, assuming 10 photon stoppers between successive quadrupole magnets, or
roughly one photon stop every 5 metre for each beam. The table compares two configurations for each beam mode, with and
without radiation shielding around the synchrotron radiation absorbers. The power deposition in the environment includes
the power dissipated in the air, the tunnel walls and the surrounding earth or rock

Z WW ZH tt

w/o with w/o with w/o with w/o with
SR absorbers 98.1% 98.1% 82.8% 82.8% 69.9% 69.7% 68.3% 68.1%
Radiation shielding - - - 19.1% - 20.4%
Vacuum chambers 1.8% 8.2% 9.0% 8.9% 8.1% 8.0%
Dipoles 0.1% 7.8% 16.7% 2.3% 17.4% 3.5%
Quadrupoles <0.001% <0.01% <0.02% <0.01% <0.1% <0.02%
Sextupoles <0.001% <0.01% <0.02% <0.01% <0.1% <0.02%
Environment 0.01% 1.2% 4.3% <0.01% 6.1% <0.03%

Fig. 1.42 Annual dose in the
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environment by absorbing between 10% (WW) and 20% (ZH and tt) of the power. Since only the dipole busbars
are actively cooled but not the yoke, a fraction of the heat deposited in the dipoles would also be dissipated in the
air. Equipped with a dedicated cooling circuit, the shielding substantially reduces the heat to be evacuated by the
ventilation system.

Figure 1.42 presents the corresponding annual dose in the arc tunnel. The plots illustrate the effect of the
shielding for ZH and tt operation, which yield the highest contribution to the annual dose. The shielding reduces
the dose levels in tunnel by more than two orders of magnitude. At the location of the upper cable trays on the walls
(>2 m above floor level), the dose is <1 kGy/year for the ZH operation and <10 kGy/year for tt operation, down
from several hundreds of kGy/year without shielding. With the present shielding design, it seems feasible that
most cables in the cable trays receive <100 kGy/year in the full FCC-ee era, including tt. This is compatible with
the criteria for general-purpose cables presently adopted for HL-LHC and other projects at CERN. The radiation
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Table 1.21 Radiation levels inside and outside a possible electronics bunker near lattice quadrupoles in the arcs. The first
two quantities describe cumulative effects, whereas the last two quantities are relevant for single-event effects. The values
correspond to one year of tt operation (185 days with 75% operational efficiency). The last column shows the radiation level
specifications for the HL-LHC arcs (one year) [179]

FCC-ee tt FCC-ee tt HL-LHC arcs
(outside bunker) (inside bunker) (below magnets)
Total ionising dose few kGy <10 Gy 1.4 Gy
Si 1 MeV neutron-equiv. fluence 6 x 10*! cm™? ~1x10% cm™2 1.6 x 10*° cm™2
High-energy hadron-equiv. fluence 8 x 10% cm 2 ~1x10" cm™? 2.4 % 10° cm™?
Thermal neutron-equiv. fluence 5x 10 cm ™2 few 1 x 10° cm™? 1.2 x 10'% cm ™2

level specifications and required safety factors for FCC-ee cables and other equipment need to be scrutinised during
the technical design phase and will depend on the chosen technologies. The results nevertheless demonstrate that
radiation shielding can significantly reduce the need for expensive radiation-hard equipment in the tunnel. Near
the machine, radiation-hard cables and cable connectors qualified for MGy dose levels can likely not be avoided.
Depending on the evolution of equipment technology in the next years, the radiation resistance criteria are still
expected to evolve. The shielding requirements need to be adapted accordingly.

Even with the dipole shielding, the annual dose in tunnel remains significant for electronics, i.e., the levels are
too high for a radiation-tolerant system design based on commercial-off-the-shelf components. In addition, the
expected neutron flux in tt operation increases the likelihood of single event effects and enhances the expected
displacement damage. A conceptual design of a possible electronics bunker has been devised (see Sect. 3.3), in
order to reduce the radiation levels for electronics. In this very first design, the bunker is assumed to be made
of 1020 cm-thick concrete walls, which are lined with borated polyethylene sheets. The latter is needed for
moderating and capturing neutrons. The bunkers are assumed to be located below or near the arc quadrupoles.
Table 1.21 compares the radiation levels inside and outside the bunker for one year of tt operation. The results
demonstrate that similar levels as in the HL-LHC arcs can be achieved (see last column), with the exception of the
total ionising dose which remains somewhat higher. With the bunker, using custom radiation tolerant electronics
systems based on commercial-off-the-shelf semiconductor devices could be feasible for FCC-ee.

1.9.2 Radiation levels in the experiment insertion regions

The primary radiation sources in the tunnel of FCC-ee experimental insertions are beamstrahlung radiation,
radiative Bhabha and synchrotron radiation, and their impact has been studied with FLUKA simulations. Other
sources of radiation, such as beam-gas interactions or others, may cause additional radiation showers, but they
are not considered in the present study. Concerning beamstrahlung, a dedicated absorber is needed to safely
dispose of the photons because of the high power carried by the outgoing photon beam (several hundreds of kW
at Z pole). The absorber will be placed about 500 m downstream of the IP and needs to be shielded to limit
the radiation leakage to the tunnel. A second source of radiation is the off-momentum electrons from radiative
Bhabha interactions; a fraction of these electrons is lost on the vacuum chamber when entering the first dipoles
of the outgoing beam. Additionally, the stored beams emit a non-negligible amount of synchrotron radiation in
the bending dipoles downstream of the IP, with more than 160 kW of power produced over the first 500 m. On
the other hand, the synchrotron radiation power emitted by the incoming beams is only 1 kW, yielding a much
smaller contribution to the radiation levels in the tunnel.

The secondary radiation fields by these three radiation sources have been simulated using FLUKA. The studies
included similar CuCrZr synchrotron radiation absorbers as in the arcs but no additional shielding around the
absorbers. The annual ionising dose from the IP (z = 0) up to ~520 m downstream is displayed in Fig. 1.43,
comparing Z and tt operation. The dose maps show that the radiation environments for the two operation modes
are very different since different source terms dominate. At the Z pole, losses from radiative Bhabha give high dose
levels up to 200 m downstream of the IP; another hot spot occurs around 500 m due to leakage of radiation from
the beamstrahlung absorber. The conceptual shielding for the absorber assumed in these preliminary simulations
(20 cm of concrete) yields dose levels of several hundreds of kGy/y in the vicinity of the absorber and several tens
of kGy/y at the beamline of the outgoing beam. Further optimisation of the shielding will be performed based
on radiation protection studies. It is expected that with thicker shielding, the dose can be reduced by orders of
magnitude. The synchrotron radiation emitted in the dipoles is less relevant for the radiation levels at the Z pole
due to its soft spectrum; with critical energies ranging from 2 keV to 23 keV, 95% of its power is absorbed in the
synchrotron radiation absorbers.
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Fig. 1.43 Top view of the annual ionising dose at the beamline level (average for y in [—20,20] cm) caused by beamstrahlung
radiation, radiative Bhabha electrons and synchrotron radiation from the outgoing beam. The top figure corresponds to Z
mode operation, whereas the bottom figure is for tt. The maps were simulated with FLUKA

The situation is the opposite at tt, where the dose from synchrotron radiation is dominant while the contributions
from beamstrahlung and radiative Bhabha are smaller than for Z pole operation. The harder synchrotron spectra
feature critical energies of the order of 1 MeV, reducing the power fraction absorbed by the photon stoppers down
to 68% (similar to the arcs). Dose hot spots of the order of 0.1-1 MGy/y are observed around each synchrotron
radiation absorber. This underlines that, like in the arcs, synchrotron radiation absorbers alone are not enough to
suppress the radiation leakage into the tunnel; it is expected that additional shielding similar to the arc shielding
is needed to reduce the dose. In the close proximity of the IP the dose levels are determined by radiative Bhabha,
but they are two orders of magnitude lower than at Z pole because of the lower intensity.

For both operational modes, other sources of radiation (e.g., beam-gas interactions) are expected to give a
negligible contribution to the radiation hotspots displayed in Fig. 1.43, but dedicated studies would be needed to
assess a possible impact in the portions of the tunnel where the sources studied so far are yielding lower radiation
levels.

1.10 Ongoing studies

This section will summarise five of the ongoing studies for the FCC-ee optics design. These include the local
chromatic correction (LCC) optics which has the potential to improve the dynamic aperture and reduce the optics
sensitivity to errors; a combined function optics design which improves the dipole packing fraction and reduces the
amount of synchrotron radiation; a non-local detector solenoid compensation scheme which reduces the vertical
emittance growth; a monochromatic optics configuration which would reduce the energy width of the collisions
and could enable direct measurement of the Higgs width through s-channel production; polarised eTe™ sources
which could eliminate the downtime needed to polarise the pilot bunches and improve the integrated luminosity.

1.10.1 LCC optics

Local Chromatic Correction (LCC) optics have been proposed for the FCC-ee collider and are detailed in [32].
The structure of the accelerator is the same as the baseline optics, including four final focus systems (FF) and
four long straight sections (LSS) separated by eight arcs.

The LCC optics are designed to obtain anharmonic and achromatic beam dynamics for each of these com-
ponents independently. The layout of the optics in the arcs, FF and LSS are shown in Figs. 1.44, 1.45 and 1.46
respectively.

The arcs optics are based on novel hybrid focusing de-focussing optics (HFD). Five standard FODO cells
are matched as a single one (10 quadrupoles and 10 dipoles) in order to obtain the desired first and second
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Fig. 1.46 LCC LSS optics at tt. The same layout is used at Z

order amplitude and momentum detuning coefficients by setting optics values at specific locations. Only two
sextupoles families are needed. The HFD optics are extremely versatile and allow for large dynamic aperture
and momentum acceptance. The same magnetic layout is used to operate at (jup, i) = (100,74) deg for tt and
(ths o) = (50,44) deg for Z.

The four LSS and the FF systems are designed following the transparency conditions detailed in [180]. These
conditions mean that the beam dynamics on- and off-energy, and with or without sextupoles, are periodic and
matched to the arcs. The lattice beam dynamics properties are then as close as possible to a fully periodic lattice
(arcs only).

The FF optics meet all the baseline specifications in terms of crossing angle, synchrotron radiation handling and
other geometrical constraints. Following the LCC principles, the chromaticity generated by the low-3 interaction
points is fully corrected within the FF. Sextupoles at locations in phase with the IP are used to cancel first and
second-order amplitude detuning coefficients. Decapoles placed in these exact locations minimise the detrimental
effect of synchrotron radiation in the high gradient final doublet quadrupoles.

The same magnet specifications used for the baseline optics may be used. No reverse bends are needed for
the LCC optics. No superconducting magnets are required except for the final doublets. The number of magnets,
length and integrated strengths for the LCC optics are remarkably lower compared to the baseline optics.

The HFD cell dipoles are about 29 m long. QD and QF quadrupoles are 1.8 m and 2.4 m long respectively.
2240 quadrupoles per ring are needed for the arcs. SD and SF sextupoles are 50 cm and 35 cm long respectively,
making use of the sextupole design already available for the baseline optics. Dipoles all have the same length,
so the eTe™ arcs can be shifted longitudinally to align opposite polarity quadrupoles for the two rings. Twin
quadrupoles and an additional short QF (60 cm long) can be used to replace the QF/QDs of the two arcs. If high-
temperature superconducting magnets are used, quadrupoles do not need to be paired, and the sextupole coils can
be wrapped around the quadrupole ones, thus improving the dipole filling ratio and reducing the horizontal natural
equilibrium emittance. Trim coils are foreseen on the sextupoles for orbit (horizontal and vertical correctors) and
optics correction (normal and skew quadrupole). No additional correctors are needed.

The LCC lattice optics at Z and tt energies have been analysed in terms of sensitivity to alignment errors in the
arcs and in the final focus. As detailed in [32] the LCC lattice is for most parameters more tolerant or equivalent
to the baseline optics and to other similar lattice designs such as CEPC [181].
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Table 1.22 Full ring general —
parameters, for the two Z tt
energies considered
C [km] 90.659 90.659
Energy [GeV] 45.6 182.5
Num. IP per ring 4 4
Crossing angle [mrad] 30 30
B-tron tunes (198.26,174.38) (350.224,266.36)
Chromaticity (0.20,0.21) (0.23,1.66)
en [pmrad] 684.72 2100.9
J (1,1,2) (1,1,2)
Qe 2.894e-05 0.946e-05
Uo [MeV /turn)] 34.3 8808.2
oE 3.715e-4 14.9e-4
B [mm] 0.7 1.6
B: [mm| 100 1000
bunch length [mm)] 34 2.7
RF Voltage [GV] 0.17 10.4
RF frequency [MHz] 400 400
Long. damp. time [ms] 401.6 6.3
Synchrotron tune 0.045 0.074

The sensitivity to errors in the FF is dominant, and future studies on correction schemes and tuning techniques
will be conducted to fully evaluate the tolerated alignment errors.

Some relevant parameters for the Z and tt lattice options are reported in Table 1.22.

All non-linear magnets have been optimised using multi-objective minimisation tools in order to maximise the
final lattice performance. The transverse dynamic aperture computed in the centre of the straight sections is well
above 150 in the horizontal plane and 700 in the vertical plane for Z and tt energies. The 6D tracking for 2350 turns
at Z and 40 turns at tt includes quantum diffusion, synchrotron radiation, tapering, and crab sextupoles at the
optimal value for maximum luminosity. For the same tracking conditions, the momentum acceptance is close to
2% for Z and 4% for tt.

The LCC optics are ready to be used for FCC-ee. Further work will be needed for the specification of optics at
other energies. This work will benefit from the precise and deterministic strategies defined during the LCC optics
design, as well as the matching and optimisation scripts available.

1.10.2 Optics with nested magnets

An alternative design considers nesting dipoles with the arc FODO quadrupoles and sextupoles to increase the
dipole fill factor and reduce the overall synchrotron radiation [182]. This could be achieved by using dedicated
superconducting arc magnets that nest dipoles with quadrupoles and sextupoles that are designed in close col-
laboration with the optics development [183]. These nested magnets would replace the regular quadrupoles and
sextupoles in the GHC lattice, while otherwise keeping the average cell length and phase advance unchanged.
The magnet design allows for individually tuning the overlapping fields, so that it can be directly used for energy
tapering, along with orbit and optics corrections.

The overlapping dipole and quadrupole fields directly impact the damping partitions, leading to significant
changes in the horizontal equilibrium emittance and, under certain conditions, unstable beam sizes, for example,
when the dipole fields in the nested magnets match the arc dipole strength. The stability and the equilibrium
emittance can be adjusted by carefully adjusting the dipole field nested with the focusing arc quadrupoles and
compensating for this by redistributing the integrated strength among the arc dipoles and the dipoles overlap-
ping with the defocusing quadrupoles. This was done to optimise the equilibrium emittance of the nested tt
lattice design to be 1.39 nm, roughly equal to that of the baseline GHC design. This was achieved by having
a dipole field in the focusing quadrupoles about 46% lower than in the rest of the arc. The design lends itself
to easily further optimising the horizontal equilibrium emittance by tuning the dipole strength in the focusing
quadrupoles [182].
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The phase advance of the FODO cell can be preserved by performing a small adjustment on the quadrupole
strengths, leading to a change in the S-function of about 1% compared to that of the baseline GHC design. This
small change in the optics can be easily absorbed by a slight re-matching of the first few magnets in the straight
sections to allow a largely unchanged design of the experiment and RF insertions. The overall decrease in dipole
field, due to the redistribution to the nested magnets, results in a significant reduction of the synchrotron radiation
by 16.5% from about 10.0 GeV /turn to 8.4 GeV/turn at the tt energy.

When basing the design entirely on the GHC design, a complication arises due to the unequal dipole field
distribution when taking into account the second beam. The baseline design assumes a twin aperture design
sharing the same yoke for the magnets of both beams, with a focusing quadrupole in one beam paired with a
defocusing quadrupole in the other beam and vice-versa. The unequal dipole fields and bending angle between
focusing and defocusing quadrupole would result in the design trajectories of the two beams diverging in the arcs.
In the case of the z-lattice, this would result in a maximum deviation of about 1.5 mm, which would most likely
be tolerable. However, an alternative arrangement with matching polarities between the beams is also feasible and
could be implemented with very few changes to the design.

A second complication is due to the changing arc cell length difference between the Z and tt operation. As is
illustrated by Fig. 1.47, the shortening of the FODO cell by factor two between Z and tt operation results in the
change in the polarity of the focusing arc quadrupoles. This, along with the nested dipole field that depends on
the polarity of the quadrupole for stability reasons, results in a change in geometry between Z and tt operation.
This effect can be compensated by a physical geometry that deviates from the magnetic geometry when operating
at Z energy. This can be modelled by assigning a different magnetic ky than the geometric bending angle. The
effect can be largely mitigated by utilising the dipoles in the gaps initially reserved for focusing quadrupoles, as
orbit kickers in tt operation. Such an approach would result in a maximum orbit deviation of approximately 2 mm
while also reducing the horizontal equilibrium emittance.

An alternative, though more labour-intensive, solution would be to realign the magnets when transitioning
between the two operational modes, which might preclude the use of dual-aperture magnets. While the first
approach is more practical and cost-effective, realigning the magnets would be less challenging from a beam
dynamics perspective, as it eliminates the need to manage sextupole feed-down effects. Both solutions should be
explored to determine the optimal strategy.

For the sextupole placement, two options are considered, as shown in Fig. 1.48b. The first option envisions
nesting the sextupoles together with the quadrupole and dipole coils, whilst the second option would nest the
sextupoles with only dipoles and in series with the nested quadrupoles. Both options result in a similar dynamic
aperture to the GHC lattice by linearly scaling the sextupole strength to recover the correct chromaticity. However,
the momentum acceptance requires further sextupole optimisation [184]. Apart from requiring fewer superconduct-
ing magnets, a key advantage of Option 1 is that it could facilitate the alignment of the quadrupole and sextupole
coils with each other, potentially reducing sources of coupling.

Overall, the nested magnet design based on the GHC offers a performance comparable to that of the GHC and
is fully compatible with the insertion regions. A summary of the design parameters of the GHC and the nested
magnet arc cell design is shown in Table 1.23. This was achieved by having a non-uniform dipole field in the arc
cells, which brings additional challenges that have been identified and solved. Compared to the nominal GHC
design, this solution offers reduced power loss due to ohmic heating by having superconducting magnets in place
of the quadrupoles and reduced synchrotron radiation, leading to an estimated decrease in power consumption
of up to 20%, even when taking into account the cooling for the cryogenic systems. Moreover, this solution
reduces the number of dipole families required, and the individual circuits that are necessary by default could be
utilised to taper the lattice efficiently using only the superconducting magnets. Similar methods should apply to
the LCC design; however, the more compact quadrupoles would diminish the advantage of reduced synchrotron
radiation.
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Table 1.23 Overview of the

different design parameters Z GHC Z NMS Z NMs tt GHC £t NMs

for the Z and tt lattices with Realigned KO

nested magnets, including

optical and synchrotron Dapore [m] 0.634 0.638 0.722 0.559 0.559

radiation properties I 1074 6.417 5.372 5.367 6.40 5.35
I5 [10719) 1.484 1.027 1.101 0.194 0.138
Uo [MeV /turn] 39.06 32.70 32.69 9994.85 8353.07
€z [nm] 0.705 0.605 0.500 1.478 1.388
Damping 0.709 0.880 0.675 0.0110 0.0146
times [s] 0.709 0.848 0.847 0.0110 0.0132

0.354 0.416 0.486 0.0055 0.0063

I 1.000 0.963 1.255 0.999 0.903
Jy 1.000 1.000 1.001 1.000 1.000
J 1.999 2.036 1.745 2.000 2.096

1.10.3 Non-local detector solenoid compensation

For cancelling the effect of the detector solenoid field, as an alternative to the baseline scheme, which concentrates
the compensation solenoid within £¢* around the IP (local scheme), the compensation solenoid can also be placed
behind the final quadrupole unit (non-local scheme). Both local and non-local schemes can compensate for the
x-y coupling and the vertical dispersions without degrading the performance (including the beam-beam effects).
In the non-local scheme, the required compensation solenoid field is weaker. While the non-local scheme, thereby,
provides a better residual vertical emittance, it also seems to induce stronger spin depolarisation. Studies are
needed to determine whether, for the non-local scheme, introducing targeted spin-orbit bumps can recover the
desired level of equilibrium polarisation.

It is noted that the former LEP collider, without a large crossing angle, used a non-local scheme consisting
of four pairs of anti-symmetrically powered tilted quadrupoles over one side of each insertion to compensate the
betatron coupling induced by the detector solenoid [185, 186].

1.10.4 Monochromatic operation mode

One of the most fundamental outstanding measurements, since the Higgs boson discovery [187, 188], is determining
its Yukawa couplings [13, 189]. Measuring the coupling of first-generation fermions presents significant experimental
challenges due to their low masses and, consequently, small Yukawa couplings to the Higgs field. The measurement
of this coupling is virtually impossible at hadron colliders because the H — ete™ decay has a tiny branching ratio,
completely swamped by the Drell-Yan dielectron continuum with many orders of magnitude larger cross section.
The FCC-ee, with unrivalled integrated luminosities of 10 ab™! per year at 125 GeV could enable observing
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the resonant s-channel production of the scalar Higgs boson, namely the reaction ete™ — H on the Higgs pole
[190, 191]. This possibility motivated physics [192] and accelerator studies [193—201] towards implementing this
new operation mode.

Such a measurement is more easily feasible if the centre-of-mass (CM) energy spread of eTe™ collisions, which
is approximately 50 MeV due to energy spread from synchrotron radiation (SR) alone, and further enhanced by
beamstrahlung, in a conventional collision scheme, can be reduced to a level comparable to the natural width
of the Standard Model Higgs boson I'y = 4.1 MeV. To reduce the collision-energy spread and enhance the CM
energy resolution in colliding-beam experiments, the concept of monochromatisation has long been proposed [202].
The basic idea consists of creating opposite correlations between spatial position and energy deviation within the
colliding beams, which can be accomplished in beam-optics terms by introducing a non-zero dispersion function
with opposite signs for the two beams at the interaction point (IP), as sketched in Fig. 1.49 for a crossing-angle
configuration.

Taking as a starting point the GHC optics [203-206], for the tt mode, different monochromatisation schemes
implying non-zero horizontal or vertical or both types of dispersion function at the IP (D} ,) have been studied.
All newly proposed IR optics have been designed to remain compatible with a standard operation mode without
dispersion at the IP and also with the present tunnel configuration.

Given the presence of horizontal bending magnets in the vertical local chromaticity correction of the FCC-ee
GHC Interaction Region (IR), the most natural way to implement monochromatisation in this FCC-ee lattice type
is reconfiguring these IR dipoles so as to generate a non-zero D while maintaining the same crossing angle ..
Indeed, a wide o helps mitigate the impact of the beamstrahlung (BS) on the energy spread o, while preserving
a small oy is crucial for attaining high £. Taking into account the baseline parameters for the FCC-ee GHC lattice

with horizontal betatron sizes (0 5 = \/£./3;) at the IP of the order of 10 pm and a o5 55 of ~ 0.05% at s-channel
Higgs production energy (~125 GeV), a D} of around 10 cm is required to achieve a monochromatisation factor
(N\) of ~5-8.

Because 0 5 (~nm) < oy (~pm) for getting high luminosities, about 100 times smaller Dy (~ mm) is needed
to get a similar A. A nonzero D;; of this magnitude could be generated by simply using skew quadrupole correctors
around the TP [207-209]. These quadrupoles could be located close to the sextupole pairs in the IR.

As an illustration, a monochromatisation IR optics with combined 0.105 m of horizontal and 1 mm vertical 1P
dispersion) based on the FCC-ee GHC tt optics as starting point has been developed using MAD-X [210]. It is
shown in Fig. 1.50. Different monochromatised beam-optics designs, including ones based on the lower-energy Z
lattice, are detailed in Ref. [211].

After global implementation, the results of the analytical global performance evaluation for the monochroma-
tisation IR optics based on the ‘FCC-ee GHC tt’ are summarised in Table 1.24, for the crossing-angle config-
uration. Parameters due only to synchrotron radiation are marked with ‘SR’ while those including the impact
of beamstrahlung are marked with ‘BS’. For comparison, the first column, labelled Standard ZES, presents an
energy-scaled (ES) optics configuration. Its performance parameters were calculated after increasing the FCC-
ee V22 tt optics from 45.6 GeV to 62.5 GeV, followed by completing all corrections and synchrotron radiation
power loss compensation. The optics labelled MonochroM ZH4IP integrate the IP horizontal dispersion genera-
tion monochromatisation optics at all four IPs, while MonochroM ZH2IP does so at only two of the four IPs.
The designation MonochroM ZHS refers to the re-matched standard optics design that is orbit-compatible with
the MonochroM ZH4IP optics. The number of bunches per beam 7, is constrained by the maximum beam-beam
tune shift, taken to be 0.14, and by a minimum bunch spacing of 25 ns at FCC-ee. To select an appropriate
ny, studies optimising the luminosity per IP £ and the CM energy spread oy of the MonochroM ZHA4IP op-
tics, as a function of n; were conducted, including the beamstrahlung impact under the crossing-angle collision
configuration.
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Fig. 1.50 Monochromatisation IR lattices and optics with combined 0.105 m horizontal and 1 mm vertical IP dispersion,
based on the FCC-ee GHC tt optics, developed using MAD-X. The beam direction is from left to right, and the dashed
line s = 0 marks the location of IP. In the lattice, dipoles, quadrupoles and sextupoles are shown in blue, red, and green,
respectively, while focusing and defocusing elements are positioned above and below the orbit. In the optics, horizontal and
vertical betatron functions are displayed in blue and red, respectively, while horizontal and vertical dispersion functions are
shown in green and purple, respectively

To accurately assess the performance of the FCC-ee monochromatisation IR optics, which features non-zero
dispersion at the IP, the oy and luminosity per IP £ were calculated for the different configurations using the
simulation tool GUINEA-P1G [212] and taking into account the impact of beamstrahlung. In these calculations, the
particle distribution at the IP was modelled as an ideal Gaussian distribution, characterised by the global optical
parameters of each optics configuration.

It is noted that while the physics performance of a nonzero-Dj scheme is less favourable, it would be eas-
ier to implement without altering the IR orbit, rendering it an attractive option for existing low-energy ete™
colliders. Without the €, blow-up due to BS, this scheme could potentially achieve better performance in such
settings.

Looking ahead, the optical parameters for the monochromatisation mode will be further optimised for enhanced
performance. Second, the dynamic aperture optimisation for these new types of monochromatisation optics will
be carried out step-by-step by adjusting arc sextupole families according to particle tracking results. This will
allow beam-beam simulations with non-zero IP dispersion in the code XSUITE, incorporating the hourglass and
BS effects rather than relying solely on analytical evaluations. Implementations of monochromatisation in more
symmetric IRs, such as those in the FCC-ee LCC optics, will also be explored. Finally, studies are underway to
validate the monochromatisation concept experimentally in existing low-energy circular ete™ colliders, such as
BEPC II, DA®NE, and SuperKEKB [100, 213, 214]. These efforts will be essential for achieving the full potential
of monochromatisation in future collider projects.

1.10.5 Alternate polarisation studies

As discussed in Sects. 1.7.3 and 2.1.2, injecting pre-polarised pilot bunches could significantly enhance the avail-
able time for physics, especially in case of frequent beam aborts, and in addition, ease constraints on the maxi-
mum achievable polarisation. The injector would then need to generate polarised pilot bunches of electrons and
positrons, with sufficient transport of polarisation through the full injector chain and booster energy ramp. Po-
larised electron guns providing the required bunch intensity exist, e.g., the dc polarised electron gun developed
for the Electron Ion Collider [215]. For the positrons, a small polarising ring located in or inside the damping
ring [216] could pre-polarise and store a set of pilot bunches until they are needed for energy calibration in the
collider.
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Table 1.24 Global Eerformance parameters of monochromatisation IR optics with nonzero horizontal IP dispersion based on
the ‘FCC-ee GHC tt’ optics under the crossing-angle configuration

Parameter [Unit] Standard ZES MonochroM ZH4IP MonochroM ZH2IP MonochroM ZHS

# of IPs nip 4

Full crossing angle 6, [mrad] 30

SR power / beam Psg, [MW] 50 50 49 50

Beam Energy Ey [GeV] 62.5

Energy loss / turn Uy [GeV] 0.138 0.143 0.141 0.143

Beam Current 1 [mA] 360 350 350 350

Bunches / beam n; 12,000

Bunch population N, [10%] 0.57 0.55 0.55 0.55

Hor. emittance (SR/BS) e, [nm)] 0.17 / 0.17 1.48 / 7.27 0.84 / 4.23 0.35/0.35

Vert. emittance (SR/BS) ¢y [pm] 0.35/0.35  2.96 / 2.96 1.68 / 1.68 0.71 /0.71

Momentum compaction factor ac [1079) 7.31 6.92 7.12 7.06

By [mm] 1000 /1.6 90/ 1 90 /1 1000 / 1.6
o/ [m] 0/0 0.105 /0 0.105/0 0/0

Rel. energy spread (SR/BS) o5 [%] 0.054 / 0.076 0.055 / 0.057 0.054 / 0.057 0.055 / 0.068

Bunch length (SR/BS) o [mm] 3.86 /549  4.05/4.20 3.95/4.12 4.09 / 5.07

RF voltage 400/800 MHz Vgr [GV] 0.170 /0

RF frequency (400 MHz) frr [MHz| 399.994581

Synchrotron tune Qs 0.015 0.014 0.014 0.014

Long. damping time 75 /Trev [turns] 454 436 445 436

Horiz. beam-beam (SR/BS) &, 0.059 / 0.030 0.0025 / 0.0022 0.0027 / 0.0024 0.049 / 0.033

Vert. beam-beam (SR/BS) &, 0.24/0.17  0.044 / 0.041 0.060 / 0.056 0.15 /0.12

CM energy spread (SR/BS) ow  [MeV] 47.45 / 67.58 13.41 / 25.75 10.25 / 20.95 48.80 / 60.47

Luminosity / IP (SR/BS) £ [10% em™2 571 72.8 /51.9  20.9/19.5 28.3 / 26.6 44.6 / 36.6

Chapter 2

FCC-ee collider operation concept
2.1 Operation requirements

2.1.1 Physics requirements

Table 2.1 shows the target integrated luminosities with four interaction points, allocated running times, and the
total number of events, for the four baseline centre-of-mass energy stages at the Z pole, the WW production
threshold, the ZH production cross-section maximum, and the top-pair production, in this chronological order.

The nominal integrated luminosity is computed by assuming 185 days of physics run time per year, a hardware
availability of at least 80%, and a corresponding ‘physics efficiency’ E of 75% (also see Sect. 2.1.2). In addition,
for determining the total integrated luminosity and the number of events expected to be produced (in the last
two rows of the table), the luminosity is assumed to be half the design value during the first two years at the Z
pole and for the first year at the tt threshold. At the Z pole, the integrated luminosity is distributed as follows:
40 ab~ ! at 87.9 GeV, 125 ab~! at 91.2 GeV, and 40 ab~! at 94.3 GeV. The number of Z decays results from this
setup. At the WW threshold, the run time is evenly distributed between 157.5 GeV and 162.5 GeV. The number
of WW events include all /s values from 157.5 GeV up.

Figure 2.1 displays the corresponding baseline sequence of events [217]. However, other mode sequences would
be possible (see Sect. 2.2.1) and might be preferred. For example, scheduling a Z pole run after the ZH run or
the WW threshold run can be considered, ideally with an initial Z pole run during the early phase of FCC-ee
operation. Indeed, while the Z pole run offers an exceptionally rich set of physics opportunities, it is also the

@ Springer



Eur. Phys. J. Spec. Top. (2025) 234:5713-6197 5783

Table 2.1 The baseline FCC-ee operation model with four interaction points, showing the centre-of-mass energies, design
instantaneous luminosities for each IP, integrated luminosity per year summed over 4 IPs [217]. The integrated luminosity
values correspond to 185 days of physics per year and 75% operational efficiency (i.e., 1.2 x 107 seconds per year) [4], in the
7, WW, ZH, tt baseline sequence. The last two rows indicate the total integrated luminosity and the total number of events
expected to be produced in the four detectors. An additional 3% margin is included for Z running. The number of WW events
includes all /s values from 157.5 GeV up

Working point 7Z pole WW thresh. ZH tt
V5 (GeV) 88, 91, 94 157, 163 240 340-350 365
Lumi/TP (10** em™2 s71) 140 20 7.5 1.8 1.4
Lumi/year (ab™') 68 9.6 3.6 0.83 0.67
Run time (year) 4 2 3 1 4
Integrated Lumi (ab™!) 205 19.2 10.8 0.42 2.70
2.2 x 10° HZ 2 x 10%tt
Number of events 6 x 10" Z 2.4 x 10° WW + +370k HZ
65k WW — H +92k WW — H
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Fig. 2.1 Operation sequence for FCC-ee with four interaction points, showing the integrated luminosity at the Z pole (pink),
the WW threshold (blue), the Higgs factory (red), and the top-pair threshold (green) as a function of time. In this baseline
model, the sequence of events goes with increasing centre-of-mass energy, but there is quasi-total flexibility in the sequence
all the way to 240 GeV. The integrated luminosity delivered during the first two years at the Z pole and the first year at the
tt threshold is half the annual design value. The hatched area indicates the shutdown time needed to prepare the collider for
the higher energy runs at the top-pair production threshold and above

most ambitious and demanding part of the programme from all perspectives, including accelerator performance,
energy calibration, detector systematic biases, and theoretical calculations. It will be extremely challenging to
achieve all the goals of the Z pole run during the first four years of the collider operation. The new versatile RF
system designed accordingly, enables a quasi-total flexibility to choose the running sequence. For example, it would
allow short initial Z pole and WW threshold runs, to commission the collider and the detectors, to establish the
resonant depolarisation procedures, etc. The ZH run could then proceed, before going back to the Z pole and
the WW threshold, both now at full luminosity, with fully functional resonant depolarisation, and a complete
understanding of the collider.

2.1.2 Target availability and efficiency

Annual integrated luminosity estimates for FCC-ee at each mode of operation are derived from three or four
parameters:

o Nominal Instantaneous Luminosity L: The first two years of Z and the first year of tt are assumed to achieve, on
average, 50% and 65% of this value, respectively, to account for machine commissioning and beam tuning. These
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reductions reflect LEP/LEP-2 experience. Nominal luminosity is then assumed from the third year onward in
Z pole operation and from the second year onward at the tt threshold.

e Annual Scheduled Physics Time T: It is assumed that 185 days per year are scheduled for physics. This is
obtained by subtracting from one year (365 days): 17 weeks of extended shutdowns (120 days), 30 days of
annual commissioning, 20 days for machine development and 10 days for technical stops.

e Availability A: Represents the percentage of scheduled physics time when the collider and injectors are able to
deliver beam, as opposed to a hardware failure leading to downtime and need to repair. An overall machine
availability of 80% is assumed.

o Efficiency E: The efficiency factor E is an empirical factor, whose value can be extrapolated from other similar
machines, or by simulations with average failure rate and average downtime. Thanks to the top-up mode of
operation, it is expected that F will be, within five percent, equal to the availability A of the collider complex.
The target availability is at least 80% and, thereby, a corresponding efficiency E > 75% is expected [4]. In the
case of FCC-ee, no time is lost for acceleration and the efficiency only reflects the relative downtime due to
technical problems and associated re-filling and recovery time. Therefore, the efficiency will be roughly equal
to the hardware availability, taken to be at least 80%, minus 5% reduction for beam recovery after a failure.
The assumed efficiency value of 75% with respect to the daily peak luminosity is lower than achieved with
top-up injection at KEKB and PEP-II [4]. However, at FCC-ee the need for pilot bunches to be pre-polarised
in the collider after each beam abort may pose a challenge for reaching the target collider efficiency in the Z
and W modes of operation, which could be largely mitigated by generating polarised pilot bunches already in
the injector (Fig. 2.24).

From the above factors, the annual achieved integrated luminosity at each interaction point (IP) is calculated,
assuming top-up operation during stable beams, as

Lnw=ETL. (2.1)

Using the above parameters, the integrated luminosity target in each energy mode is reached or exceeded. A detailed
study to explore the implied challenges is summarised in Sect. 2.4, which also presents example simulations for the
collider-ring systems. Similar studies for the booster, injector complex and technical infrastructure are presented
in Sects. 5.3, 7.9 and 8.10, respectively.

2.2 Changing operation modes
2.2.1 Switching between Z, WW, and ZH modes

The ability to easily switch between Z, WW and ZH modes of operation depends upon the following conditions
and requirements.

The 400 MHz cavities and cryomodules must all be installed in their final location from the start of operation;
this represents 33 cryomodules on either side of point PH. This approach poses constraints for the early procurement
and installation of all cryomodules, but it has the great merit of avoiding a staged installation of the cryogenics
systems and later interventions in the tunnel for installing additional cryomodules.

At the Z and WW operating points, the incoming beam from the arc is arriving from the outer aperture and
first passes through the 33 cryomodules on the incoming side of the insertion; it is then deviated towards a bypass
line that goes around the other 33 cryomodules on the outgoing side of the insertion, before being brought back
towards the inside aperture of the outgoing arc. Hence, the two counter-rotating beams are crossing at the middle
of the RF insertion.

With the scheme of reverse phase operation for the 400 MHz RF, the switch between the Z and WW modes of
operation involves only a reconfiguration of the RF system without any hardware intervention; the beamlines and
beam paths stay the same.

The crossing of the beams in the middle of the insertion is done over a long length to avoid string dipole
bends that could generate synchrotron radiation towards the cavities. The adverse effect of this shallow horizontal
crossing is that the electron and positron beams share a common vacuum chamber over a certain length, which,
in turn, generates long-range beam-beam interactions that would be very detrimental at the Z and WW modes of
operation. For this reason, the horizontal crossing is supplemented by a vertical bump in opposite directions for
both beams, allowing them to be located in separate vacuum chambers over the horizontal crossing and thereby
avoiding all long-range beam-beam interactions.

The separation scheme and recombination at the Z and WW operating points involve only magnetic dipoles
(see Fig. 2.2, top picture), the only point of attention being that the dipoles should not generate synchrotron
radiation towards the RF cavities and ancillary equipment and that any synchrotron radiation generated should
be minimal, both in terms of power radiated and critical energy of the photons.
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The switch to the ZH operating point requires that both beams go through the entire set of two times 33
cryomodules (Fig. 2.2, centre picture). The incoming beam from the arc coming from the outer aperture first goes
through the 33 cryomodules on the incoming side of the insertion. The deviation dipoles towards the bypass line
are now switched off, and the beam goes straight in a different beampipe towards the other side of the insertion,
where it goes through the other 33 cryomodules on the outgoing side of the insertion. At the exit of the second
set of cryomodules, the beam is deviated towards the inside aperture of the outgoing arc.

Because of the symmetry between the two beams, it is obvious that they share the same beam path across the
whole insertion in opposite directions. The first consequence is that the timing of the bunches in the beams must
ensure that no collision occurs in the RF insertion. This can be done by having only two trains of bunches for each
beam, colliding in experimental insertions only.

The second consequence is that the deviation of the beam on the outgoing side of the insertion must be
completely transparent for the incoming beam coming straight from the outer arc into the cryomodules. With
opposite particle charges and opposite directions of the two beams, this cannot be achieved with simple magnetic
elements. A single element can combine electrostatic and magnetic forces that add up for one charge and direction
and cancel exactly for the opposite charge and opposite direction. The incoming beam from the outer aperture of
the arc is not deviated and the outgoing beam is deviated to the inner aperture of the arc.

Finally, the ability to switch between Z, WW, and ZH operating points implies that both layouts coexist in
a single insertion, as is sketched in Fig. 2.2 (bottom picture). Equal path lengths for each layout are required to
maintain the same distance between interaction points. Further, the phase advances for each layout also need to
be equal, unless the phase advances in the other technical insertions at points PB, PF, and PL can be re-tuned.

2.2.2 Optimizing RF performance for tt collisions

To complete the 2.1 GV delivered by the 400 MHz RF systems used at the ZH operating mode, additional cavities
and RF sources are added during the year of shutdown to reach a total RF voltage of 11.3 GV required at the tt
mode.

For the collider, an additional 102 cryomodules and 204 microwave vacuum tube amplifiers at 800 MHz are
installed in point PH. Each cryomodule hosting four 6-cell elliptical cavities will run at their maximum perfor-
mances of 22.5 MV in order to produce 9.18 GV RF voltage. Each RF source will power two cavities at a level of
200 kW RF power each.

For the booster RF system in point PL, the same RF frequency of 800 MHz is used for all operational modes
from Z to tt. The 28 cryomodules used at the Z-W-H modes will be completed by 84 additional cryomodules of
the same type to reach a total RF voltage of 10.18 GV. The 112 cryomodules corresponding to 448 cavities will
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Fig. 2.3 RF system installation sequence for collider and high energy booster

be powered individually by 10 kW solid state RF amplifiers after removing the 28 RF sources used at the previous
modes.

Figure 2.3 shows the installation sequence of the RF cryomodules and high-power sources for the collider and
booster.

It is important to note that once the full SRF system for tt is installed, it will be impossible to run at the Z,
W and H energy with the nominal beam current.

2.3 Operation and performance

2.3.1 Energy calibration

A principal goal of the FCC-ee is the ultra-precise measurement of electroweak (Z and W) observables, for which
an accurately determined collision energy is key. This involves beam energy calibration every 10-15 minutes using
non-colliding polarised pilot bunches, which circulate simultaneously with the main colliding bunches. The energy
of these pilot bunches is measured by resonant depolarisation (RDP), where the frequency of a kicker magnet is
adjusted until the pilot bunch’s polarisation vanishes.

Pilot bunches are polarised in the main ring at the start of every fill using wiggler magnets, a process that takes
roughly 90 minutes. The wigglers are then turned off before the injection of the main colliding bunches. During
physics operation, the pilot bunches have a combined Touschek and gas scattering lifetime of less than 20 h [162].
Due to the long natural polarisation time (150 h in Z mode), it is presently unclear whether these pilot bunches will
naturally achieve sufficient polarisation for RDP before expiring. The baseline simulation pessimistically expects
that after 20 h the beam must be dumped to refill again.

In ZH and tt modes, the energy spread makes RDP impossible but the required accuracy of the beam energy is
also significantly less demanding. Energy measurement is instead achieved by observing collisions at the interaction
point (IP). This removes the need for polarisation at the start of every fill. Further, with a top-up injection, physics
can continue uninterrupted until a beam dump occurs due to a machine fault or schedule end. In these modes,
pilot bunches are used only to verify optics before the injection of bunches with nominal intensities.

2.3.2 Operation cycle

Energy calibration imposes distinct operation cycles for the electroweak (Z, WW) and high energy (ZH, tt) modes,
shown in Fig. 2.4. Phases in this cycle are as follows:

1. Set Up: Main magnets are cycled, RF system is set and other equipment is prepared for injection.

2. Pilot Bunch Injection: Pilot bunches are injected and equipment /optics are adjusted.

3. Polarisation: Z and WW modes only. Wigglers are turned on to begin polarising the pilot bunches, a process
taking approximately 90 minutes.

4. Fill: Wigglers are turned off and the main colliding bunches are injected. Fill time ¢ in each energy mode is
shown in Table 2.2. These times are indicative, and must be studied in detail according to constraints in the
injector complex.
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Fig. 2.4 Baseline operation cycles in the FCC-ee
Table 2.2 Operation cycle times

Z Ww ZH tt
Fill time*, ¢ty / minutes 7.7 2.5 1.52 1.45
Burn off lifetime, 7 / minutes 15 12 12 11
Max. physics duration, ¢, / hours 20 20 00 00

* To be updated according to filling bunch intensity.

5. Adjust: Time to bring the beams into collision and make final adjustments to equipment before the detectors
can begin to observe useful collisions.

6. Physics: Collisions begin at nominal luminosity. With top-up injection, flat luminosity can be maintained. In Z
and W modes, an upper limit on the duration of physics t,, =20 h is applied, corresponding to the Touschek
and gas scattering lifetime of the pilot bunches.

7. Burn Off: If the injector complex fails, the beam can be preserved in the main colliding rings with decaying
luminosity corresponding to lifetime 7 (see Table 2.2). If the injector complex cannot be restored, after the time
7 the beam is taken to be dumped.

8. Down for Repair: On equipment failure, the accelerator is stopped for repair.

2.3.3 Luminosity

Luminosity is produced only in Physics or Burn Off phases in the operation cycle. By tracking the time ¢ spent in
these operation phases, achieved integrated luminosity is calculated.

NipLt, t € physics
Lint =4 NipL7(1—e~7), teburn off (2.2)
0, otherwise

where Nip = 4 is the number of interaction points and L is the nominal instantaneous luminosity as per Table 2. In
the first two years of Z operation, and first year at tt, reduced luminosity is expected at 50% and 65%, respectively
to account for machine commissioning and beam tuning.
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Table 2.3 Median RMS values of several optics parameters right after the first beam threading with and without being followed

by dispersion free steering (DFS) using the orbit correctors for the ballistic optics

1P
tuning

1P }‘
. Fmm--- >
tuning

Parameter Without DFS (rms) With DFS (rms)
ver. orbit (pm) 222 255

AD, (mm) 446 70

AD, (mm) 416 39

€y (pm) 659 4

2.3.4 Optics commissioning strategy

The optics commissioning strategy [21, 28, 50, 218] takes into account arc misalignment and strength errors.
The various available optics and the associated tolerances are described in Sect. 1.3. IR optics imperfections and
non-linear errors are being assessed separately, and both require further development.

Commissioning sequence Figure 2.5 presents the general sequence of beam optics commissioning steps for the
FCC-ee. Initial beam steering around the ring requires the sextupole magnets to be switched off. In this condition,
storing the beam with a reasonable lifetime is not possible for the nominal optics, due to a big reduction in
dynamic aperture without the sextupoles [42, 43]. Therefore, a commissioning optics was developed, in which
both the quadrupole and sextupole magnets near the IP are switched off [44]. This optics features a lower natural
chromaticity and lower peak beta functions across the IR. It also implies no synchrotron radiation from the final
doublet (FD). Since this optics allows establishing a straight reference trajectory across the IP in the absence of
focusing elements, it is called “ballistic” optics.

Right after threading the beam for the first time in the FCC-ee with the ballistic optics, and sextupoles switched
off, large dispersion errors and too large a vertical emittance is observed (Table 2.3). At this point, refined optics
measurements are not possible, but dispersion free steering (DFS), or simply dispersion correction using orbit
correctors, is very effective at mitigating these imperfections and allowing the commissioning to continue. The
resulting DA for the ballistic optics is shown in Fig. 2.6.

Turning to the nominal optics, Table 2.4 summarises the closed orbit deviations, beta beating, and spurious
dispersion errors before and after the linear optics correction. The simulated dynamic aperture and momentum
acceptance are presented in Sect. 1.3.3.

Beam based alignment In the commissioning sequence Beam Based Alignment (BBA) can be performed after
sextupoles have been switched on.

Due to the sheer size of the FCC performing BBA to individual magnets would be a very time-consuming
procedure and, hence, various promising parallel approaches are explored, aiming to achieve approximately 10 to
20 nm effective alignment after BBA.

Using Parallel Quadrupole Modulation System (PQMS), a technique which has already successfully been tested
at SPEAR, is applied to the FCC-ee. Modulating 10 quadrupoles in parallel with a AK/K of 2%, distributed
equally over one arc, and using a calibrated lattice with 1 pm BPM resolution, an accuracy below 20 um for
vertical and horizontal arc quadrupole BBA is achieved [219].
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Table 2.4 Median RMS
values of several optics Parameter Before correction (rms) After correction (rms)
parameters before (after ]
sextupole ramping) and after ~ hor. orbit (um) 120.25 120.46
linear optics correction ver. orbit (pm) 217.53 217.56
(nominal lattice). A ‘sta}nds ABa/Ba (%) 741 0.29
for phase advance deviations
between nearby BPMs ABy/By (%) 15.79 2.81
AD, (mm) 57.79 0.28
ADy (mm) 62.24 2.80
en (nm) 0.72 0.71
€y (pm) 26.01 0.57
hor. Ay [27] 1.13 x 1072 2.91 x 1074
ver. Ay [27] 1.93 x 1072 2.29 x 1073
Re F1001 4.93x 1077 1.66 x 1074
Im F1001 4.43 x 1072 5.18 x 107°
Re F1010 3.72x 1072 1.35 x 107*
Im F1010 3.68 x 1072 1.31 x 107*

A different BBA technique is also studied for a relaxed S*-optics with 5* of 7 mm based on modulating 8 arc
quadrupoles in parallel with a AK/K of 1%, again with a BPM resolution of 1 pm, inducing orbit shifts with
vertical orbit correctors nested to the quadrupoles. This yields a BBA rms accuracy achieving the target value.
Other BBA studies assuming individual horizontal and vertical orbit correctors, located next to, respectively,
focusing and defocusing quadruples, are also performed for the same optics modulating 20 quadrupoles in parallel.
All studied seeds achieve an accuracy below 20 pm [220]. In addition, parameter scans confirm this performance
even when processing a larger number of magnets in parallel.

In addition to the quadrupoles, beam-based alignment (BBA) can also be performed for the sextupoles. In
simulation studies, the centre of the sextupole magnets is estimated using a response matrix method. Modulating
six arc sextupoles in parallel yields a precision on the order of 20 to 50 pm [221]. Each arc sextupole shares
a common girder with the adjacent quadrupole magnet, so that BBA for both may possibly yield redundant
information.

IP tuning Simulations are also performed, including IR alignment errors for the FCC-ee GHC lattice using pyAT.
In this IR study, the arc alignment tolerances are taken to be 100 pm and 100 prad, which is slightly better than
the numbers presented in Sect. 1.3.1. Final-focus doublet (FD) quadrupoles must meet strict alignment tolerances.
The simulations in this section consider transverse shifts and rotation errors to 10 pm and 10 prad, respectively.
IR sextupoles, including crab-sextupoles required to correct the vertical chromaticity at the IP (SY™*), exhibit
intermediate sensitivity. Their errors are set to 30 pm and 30 prad. The few strong non-linear magnets, combined
with the alignment errors, make proper tuning difficult for most seeds, resulting in a 75% success rate out of 100
seeds. The median vertical emittance for the successful seeds is 1.8 pm.
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Fig. 2.7 Dynamic aperture after 512 turns for 75% of successful seeds with (right) and without (left) IP tuning knobs

The tuning and correction of optics in the IP region of FCC-ee are essential for reaching the desired luminosity
levels. Dedicated IP tuning knobs such as g8 ,, Wy and D; are employed to correct lattice errors across multiple
IPs, ensuring the restoration of the intended optics design and facilitating DA analysis on the fully corrected
lattice. The tuning knobs have no effect on the dynamic aperture as shown in Fig. 2.7. The resulting dynamic
aperture (DA) is comparable to that obtained in the previous study, which considered only arc errors (see Sect. 1.3).
Relaxing alignment tolerances leads to a reduction in the DA and a decrease in the number of successful seeds in
the simulations. To enhance both DA and momentum acceptance (MA), additional correction algorithms beyond
linear corrections will be required.

2.3.5 Luminosity optimisation and interaction-point tuning

FCC-ee luminosity optimisation relies on measuring realistic signals from Bhabha scattering, beamstrahlung and
vertex detector hits. Initial assessments of these signals examine the variations in luminosity, beamstrahlung power,
and vertex detector hits in response to waist shifts, vertical dispersion and transverse coupling at the collision
point. Waist shifts (y* — y* + ly’'*, with [ referring to the waist-shift) and vertical-dispersion (y* — y* + DJ;,
where D is the dispersion and d; is the relative energy deviation) are IP sport size aberrations, and should be
corrected over the time of few minutes.

Figures 2.8 and 2.9 show the scans of the mentioned signals varying with waist-shifts produced in GUINEA-
PIG for the Z and tt working points. At the tt working point, the luminosity drops to about 85% for the maximum
waist shift of + 1 mm and to 40% for a vertical dispersion of £ 0.1 mm. At the Z working point luminosity is slightly
more sensitive to waist shifts and vertical dispersion. These studies do not take into account the degradation of the
emittances due to the beam-beam interactions in the presence of the IP aberrations, which could be the dominant
effect, as few micrometres of D, can increase the vertical beam size by 5% [46].

The beamstrahlung power emissions increase with the residual waist shift and vertical dispersion. The impact
on total power due to both aberrations is within a similar range. However, residual dispersion in the e (e*) beam
has a stronger effect, increasing the beamstrahlung from the e~ (e™) beam while decreasing emissions from the
et (e™) beam, compared to waist shifts.

Furthermore, these studies aim to extract IP-aberration-related signals and integrate them into a machine-
learning-based approach for luminosity tuning and optimisation. A Gaussian process-based model could be trained
to predict the residual waist-shift, dispersion and coupling at the IP, based on the simulated or observed luminosity,
beamstrahlung power and hits of secondaries in the vertex detector.

2.3.6 Operational feedbacks

Global orbit feedback The beam orbit around the ring must be stabilised by a global orbit feedback system, based
on averaged beam-position monitor (BPM) readings and orbit corrector magnets. The orbit feedback systems at
the LHC and at the Swiss Light Source (SLC) serve as examples.

The LHC global orbit and energy feedback is of similar size and complexity as the future orbit feedback for
FCC-ee. The LHC system bandwidth of only about 1 Hz is limited by the maximum excitation change permitted
in the superconducting orbit-corrector magnets [222]. The rms orbit stability in the LHC arcs during long physics
fills is of order 10 pm [223].

At the Swiss Light Source (SLS), a global fast orbit feedback (FOFB) system based on the digital beam position
monitor (DBPM) system has been in use during user operation since 2003. The singular value decomposition
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Fig. 2.8 The variation of luminosity with a residual waist shift (top) and residual dispersion (bottom) in the electron (horizontal
axis) and positron beams (vertical axis) for the Z pole (left) and tt running, from simulations with the code GUINEA-PIG

(SVD)-based correction scheme operates at a sampling rate of 4 kHz, utilizing position data from all 72 DBPM
stations and applying corrections through 72 horizontal and 72 vertical corrector magnets [224].

This fast orbit feedback effectively mitigates orbit distortions, which are primarily induced by ground and girder
vibrations, as well as a 3 Hz crosstalk from booster cycles. Additionally, it enables rapid and independent gap
adjustments for the insertion devices, ensuring complete transparency for SLS users. With top-up as the standard
operation mode, the system has achieved global beam stability at the pm level over timescales ranging from
milliseconds to days.

For the FCC-ee, it is assumed that an orbit feedback efficiently suppresses all beam oscillations below a critical
frequency of about 1 Hz [225]. This assumption appears fairly conservative, if compared with the orbit feedback
performance at modern light sources like the SLS.

Interaction point feedback Interaction point (IP) feedback systems are crucial for maintaining luminosity in the
presence of machine perturbations, such as magnet vibrations, ground motion, and fluctuations or drifts in magnetic
field strengths. At each IP, beam position monitors detect offsets between the two colliding beams, and corrections
are computed and applied by correctors in the interaction region. These corrections create a closed orbit bump,
forming a dedicated local correction system.

For small IP offsets, the deflection is well described by the linear centre-of-mass beam-beam kick formula

2w
By

2w

5 & (Az™) and (Ay")y==+
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Fig. 2.9 The variation of beamstrahlung power with a residual waist shift (left) and residual dispersion (right) in the electron
(horizontal axis) and positron beams (vertical axis) for tt running, from simulations with the code GUINEA-PIG

where &, is the beam parameter in the horizontal or vertical plane, respectively, Az* (or Ay*) denotes the
horizontal (vertical) offset from the centre of the opposing beam, and the angular brackets < --- > represent an
average over the bunch distribution. The nano-beam scheme and large horizontal crossing angle of FCC-ee results
in sensitivity to errors far greater in the vertical than in the horizontal plane, due to the much larger vertical
beam-beam parameter (see Table 1.2). The deflections can be measured by comparing orbits for colliding and
non-colliding (pilot) bunches, taking into account any possible systematic errors due to different bunch intensity
and bunch length.

Performance requirements Beam-beam collisions with IP offsets result in reduced luminosity and lifetime. Previous
studies have determined the resulting IP offset limit as 0.050, [226]. Even tighter limits may be imposed by energy
calibration and polarisation requirements (Sect. 1.7). The alignment of the IP to the detector is limited by the
resolution of the luminosity calorimeter. Frequency response requirements are dependent on the performance of
the global orbit feedback.

Observables TP offset can be indirectly measured from a variety of signals:

From the interaction region beam position monitors and a knowledge of the transfer matrices to and from the
IP, the IP offset can be calculated. The proposed IR BPMs are elliptical button BPMs situated on the common
elliptical IR beampipe, described further in Sect. 3.9.1.

Luminosity is detected at the luminosity calorimeter and additional fast luminosity monitors 3.9.5. As a scalar
signal, only the magnitude of the offset is identified.

Beamstrahlung radiation power and centroid position both depend upon IP offset, in a scalar and vector way, re-
spectively. Monitoring beamstrahlung is challenging due to the high radiation power. The proposed beamstrahlung
monitors discussed in 3.9.5.

Initial studies are set out in [227] and Fig. 2.10 shows results at the Z working point for the GHC lattice.

Beam-beam deflection feedback Due to the high vertical beam-beam parameter, vertical IP offsets result in strong
beam deflections, changing the outgoing angle. This change to the outgoing angle results in detectable differences
at the BPMs. Such a beam-beam deflection feedback system is most promising to address offsets in the vertical
plane and has been successfully operated at SuperKEKB [228], KEKB [229], and other machines.

Dither feedback The low horizontal beam-beam parameter implies that beam-beam inducted deflections will not
be detectable at the IR BPMs. An alternative approach is ‘dithering’: driving one beam at a known frequency and
minimising the IP offset by finding the phase of optimal luminosity. This approach relies solely on maximisation,
and therefore, the absolute offset values are never required to be calculated. This type of dither feedback has been
successfully operated at SuperKEKB (and others) [230].
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Fig. 2.10 The variation of relative luminosity, outgoing deflection angle and beamstrahlung radiation power with offset in the
vertical plane. Simulations were performed with the Particle in cell solver GUINEA-PIG. Results for the Z working point of
the ‘GHC 24.3’ lattice. The impact of the detector solenoid and its compensation is not currently taken into account

2.3.7 Filling patterns

The number of bunch slots in FCC-ee for 25 ns bunch spacing is hosns = 12,120 =23 -3 - 5-101. In these sections,
so-called filling patterns are described, indicating which slots are filled with bunches. As the required number of
bunches depends on the operational mode, a filling pattern for each of the energies has been devised. Note that the
harmonic number corresponding to the RF frequency is higher such that, many more filling patterns and shorter
minimum spacing of, e.g., 5 ns (slightly reducing electron cloud threshold) are in principle possible. Such schemes

are not proposed.

The main requirements and assumptions to design filling patterns are:

e The periodicity of the filling pattern for high-intensity bunches must contain a factor of two (filling the machine
in half) to ensure that all physics bunches collide in all four IPs with bunches from the counter-rotating beam.
o Presence of gaps for the injection kicker rise and fall times and beam dump kicker rise time. This requirement
is satisfied with a regular pattern consisting of bunch trains and gaps between them. The minimum length of
the gaps has been reduced to 600 ns in order to mitigate beam loading transients being a potential limitation

for the Z mode.

« Batches coming from the injectors and injected into the Booster contain four bunches spaced by 25 ns for the Z
and WW mode and two bunches with the same spacing for the higher energies. For the Z mode, operation of the
injectors with the maximum number of four bunches with the maximum repetition rate of 100/s is mandatory.

« Filling patterns for the H and tt modes must contain appropriate long gaps such that no encounters between
counter-rotating bunches occur in the common RF section.

e The filling patterns for operation at Z and WW energies must contain positions for low intensity bunches
required for energy calibration. They are placed inside the gaps between trains of high intensity bunches. The
minimum spacing between a polarised low intensity bunch and other bunches is 100 ns, as required, for the rise
and fall time of the fast deflector used to excite a depolarising resonance for energy calibration. Calibration
bunches of the two counter-rotating beams must not collide.

Filling pattern for Z mode For Z mode operation, each of the two counter-rotating beams must contain N =
11,200 = 26 . 52 . 7 colliding high-intensity bunches. The number of bunch trains must be a product of common
prime factors of Ng and the number of bunch slots has,s. Factor four of the former is taken to allow the booster
to be filled with injector trains consisting of four bunches. The number of trains chosen is Ny = 23 -5 = 40, each
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Fig. 2.12 Gap between high-intensity physics bunch trains filled with low-intensity energy calibration bunches for the Z-mode

containing 22 - 5 -7 = 280 high intensity bunches, as sketched in Fig. 2.11. There are no gaps between trains from
the injectors in order to maximise the total number of injected bunches. There are hasns/Nr — 280 = 23 empty
positions between trains corresponding to the minimum spacing of 24 - 25 ns = 600 ns between trains required for
kicker gaps.

A scheme to fill the gaps between high-intensity physics bunches with low-intensity energy calibration bunches
is sketched in Fig. 2.12 and refers to one of the four IPs. A maximum of five bunches (in the example for the
et beam) and four bunches (in the example for the e~ beam) can be placed for the two beams such that the
requirements are fulfilled. In case all gaps can be filled with calibration bunches and exchanging positions of e™
and e~ bunches for half of the gaps, 180 calibration bunches can be injected per beam. Note that strict gap-to-gap
alternation of calibration bunch patterns leads to fillings avoiding collisions between calibration bunches in all
four IPs. In case one gap has to be kept free of low-intensity calibration bunches for the rise and fall times of
injection and beam dump kickers, 175 calibration bunches of one type and 174 of the other types can be injected.
However, the additional beam loading transients may necessitate keeping additional gaps without beam (e.g. four
equidistant gaps).

Filling pattern for WW mode The filling pattern described and sketched in Fig. 2.13 is one out of many possible
ones. The number of bunch trains is a product of common prime factors of the Np and the number of bunch slots
h25ns~

Choosing 8 trains with 232 high-intensity bunches each, with 16 empty positions between injector batches with
a train, leaves 371 empty positions between trains as sketched in Fig. 2.13.

A scheme to fill the gaps containing 371 available positions between high intensity physics bunches with low
intensity energy calibration bunches is presented in Fig. 2.14, referring to one of the IPs. A maximum of 92 bunches
(in the example for the et beam) and 91 bunches (in the example for the e~ beam) can be placed for the two
counter-rotating beams. Filling two opposite gaps between trains allows placing of 182 and 184 bunches for the
two beams. If needed, additional gaps can be filled.

Filling pattern for ZH mode For ZH mode, an additional requirement with respect to the lower energy modes
to be taken into account is that the RF section is common to the two counter-rotating beams and that bunch
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Fig. 2.14 Gap between intensity physics bunch trains filled with low intensity energy calibration bunches for Z-mode

crossings in this section must be avoided. The number of bunches per beam in the collider Np = 300 =22 -3 - 52
is low and allows many different filling schemes. For the one proposed here, the number of bunches per injector
cycle is reduced to two, and the injector repetition rate is reduced to 50 Hz. Filling the collider with two identical
bunch trains opposite to each other ensures that all bunches collide at all four IPs. If the gaps between trains are
sufficiently long, no bunch crossings take place in the RF section. The number of bunches per train is 150 and
corresponds to 75 bunch pairs from the injector complex. Along a bunch train, injector bunch pairs are separated
by 19 empty positions. This leaves long gaps with 3764 empty positions between trains and corresponding to a
distance of 3765 - 25 ns = 91.125 ps between trains. The resulting filling pattern is sketched in Fig. 2.15.

Filling pattern for tt mode Since the definition of the tt mode filling pattern described here, optimisations led
to slight change of the number of bunches from 64 to 60 given in Table 2. The filling pattern will be adjusted
accordingly in a future iteration. Many possible filling pattern exist for the tt mode with a low number of bunches
Np =64 =28, The pattern proposed and sketched in Fig. 2.16 requires bunch pairs from the injectors assumed to
be accumulated in the Booster with a repetition rate of 50 Hz. Two identical trains, consisting each of 32 bunches or
16 injector bunch pairs are foreseen per beam to ensure that no bunch crossings occur in the common RF section.
Assuming 151 empty positions between bunch pairs from the injector in the same train gives the pattern shown
in Fig. 2.16. The gaps between the trains comprise 3763 empty positions and have a length of (3763 +1)-25 ns=
94.1 ps.

2.3.8 Bootstrapping injection scheme

This section describes the procedures to ramp up the intensity of colliding high intensity bunches from an empty
machine to a steady state situation with periodic top-up injections in order to keep the intensities stable. For the
two lower energy modes Z and WW, it is assumed that the low intensity bunches are already injected and have
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been circulated over a sufficiently long period to generate polarisation levels suitable for energy calibration. The
asymmetric wigglers used to speed up the polarisation build-up for low intensity calibration bunches are switched
off before starting the intensity build-up of bunches.

Constraints to be fulfilled by the intensity ramp-up procedure are

The intensity of bunches from the counter-rotating beams interacting via beam-beam encounters has to be
ramped up together. Large intensity imbalances between bunches interacting via the beam-beam effect result
in the flip-flop phenomenon with imbalances of other parameters: small emittances and bunch length for the
higher intensity bunches lead to large emittances and bunch length of the lower intensity bunch. The resulting
lower life-time of the lower intensity bunch further enhances the intensity imbalance.

Limitations of the intensity of injected bunches: to avoid excessive requirements to the injector complex, the
maximum intensity increase of bunches circulating in the collider is limited to An; pey = 2.14- 10'° per injection
per bunch, which is one tenth of the nominal bunch intensity in the collider ring for the Z mode (all other modes
have lower bunch intensities). Maximum bunch intensities in the booster must be somewhat higher to account
for losses in the booster and at collider injection.

Limitation of the total beam intensity circulating in the booster and being transferred to the collider to mitigate
machine protection issues and effects related to the total intensity in the booster.

For operation at the lower energy modes and, in particular, for the Z mode, electron cloud build-up has
to be limited. Electron cloud build-up is more severe at intermediate intensities than at low and close to
nominal intensities. Thus, situations with many or even all bunches at intermediate intensity during the ramp-
up procedure must be avoided. A few bunches, say 10% of the total for Z operation, with intermediate intensity
and not concentrated at a particular position of the ring is expected to mitigate electron cloud build-up.
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Fig. 2.17 Bunch intensity patterns in one ring at various stages during the intensity ramp procedure for Z mode operation.
Patterns for only two out 40 identical trains are shown

Intensity ramp up for the Z mode The total number of colliding bunches is divided into a sufficient number of
groups, say 10 for the proposal described below.

The intensity of the 10 groups is not ramped up simultaneously to avoid having multiple bunches with interme-
diate intensities in the collider ring during the ramp-up process. The proposed procedure is one of several possible
schemes and is best illustrated using Fig. 2.17, which displays the bunch pattern for two out of 40 identical trains,
and Fig. 2.18, which depicts the evolution of beam intensities for each family along with the luminosity.

The topmost image in Fig. 2.17 shows the intensity of circulating bunches in the collider ring after the first
injection, corresponding to the filling pattern of the booster for all high-intensity physics bunches. The evolution
of bunch intensities is plotted in the upper image of Fig. 2.18. At the start of the process, the intensity of bunch
family 1 is ramped up for both beams. Once its intensity exceeds a predefined threshold, the ramp-up for family
4 begins. Figure 2.17b illustrates the state after six injections for family 1 and three injections for family 4.

Each time all circulating bunches surpass the threshold intensity, the ramp-up of an additional family begins.
The booster cycles are then distributed between injections for families with intensities above the threshold and
injections for the most recently added family with intensity still below the threshold. As a result, the ramp-up
duration is longer for families added later in the process. Once the transition to regular top-up injection occurs,
the intensity of the injected bunches is reduced and adjusted such that the collider target bunch intensity is met
after beam transfer.

A drawback of the described scheme is that, at the same time, low and high intensity bunches circulate while
undergoing beam-beam interactions. Due to the potential well distortion, the low (high) intensity bunches have a
higher (lower) synchrotron tune. This makes the choice of a suitable working point (mainly horizontal tune) more
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Fig. 2.19 Bunch intensity patterns in one ring at various stages during the intensity ramp procedure for WW mode operation.
Patterns for only two out 8 identical trains are shown

difficult, with the phenomena described in Sect. 1.4.3 [62]. Studies are ongoing to devise solutions; the first results
using a small positive chromaticity are promising.

Intensity ramp up for the W mode No issues are expected related to the electron cloud in the collider for WW
operation due to the larger gaps with the trains of the proposed filling pattern. In order to limit the maximum
total intensity in the booster, separation of the collider bunches into two families is proposed for both intensity
ramp-up and top-up injections. The principle is documented in Fig. 2.19 showing bunch patterns for one out of
the eight (identical) trains in one of the collider rings and Fig. 2.20 showing the evolution of the beam intensities
for the two families and the luminosity. Figure 2.19a shows the bunch pattern in the collider after one transfer
and for one out of 8 identical trains. Every second injector batch of the complete filling pattern shown in Fig. 2.13
is filled. The next booster cycle injects into the positions belonging to the family two of the same ring leading
to the pattern shown in Fig. 2.19b. The next two booster cycles inject into the counter-rotating beam. The same
sequence is repeated periodically for intensity ramp-up and top-up injection.
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Intensity ramp up for the ZH and tt modes Due to the low number of bunches in the collider, no limitations related
to electron cloud build-up or total intensity circulating in the booster exist for FCC-ee operation at the higher
energies. Thus, the intensity of all collider bunches is ramped up simultaneously. The resulting filling procedure is
obvious and leads to a booster filling pattern identical to that in the collider.

2.3.9 Top-up injection

The top-up injection scheme (described in Sect. 1.8.1) was simulated with a perfect lattice, without consideration
of collective effects or machine imperfections. In practice, however, lower-than-expected injection efficiencies and
significant penalties on injection performance at higher circulating currents have been major challenges at other
lepton colliders [231, 232].

While the baseline injection scheme has a unique setting for on-axis injection, it is possible to use a hybrid
injection scheme in the range of injected beam energy offset between 0.7% and 0.95% (Fig. 1.39). In later revisions
of the collider lattice, different injected beam energy offsets may become feasible with the on-axis injection scheme
by modifying the optics. In contrast, due to the septum thickness, the hybrid injection scheme must maintain a
constant physical separation between the injected and circulating beams at the injection point. Since the optics
remains unchanged, this constraint results in a geometric condition in the DA-MA plane, represented by red dots
in Fig. 2.21b. Injection is physically possible but constrained by the dynamic aperture (DA) and momentum
acceptance (MA) in the region above and to the right of this line. Conversely, injection is geometrically impossible
in the region below and to the left of this line.

The injection efficiency for different hybrid schemes, different betatron offsets, is simulated and the most promis-
ing results, showing improved efficiency over the baseline (on-axis injection), are plotted in Fig. 2.21a. In these
simulations, the weak-strong model of the beam-beam interactions is used. Figure 2.21b shows that a range of
injection settings are possible between the geometrical constraints represented as the red dots and the DA and
MA limits of the lattice shown as the blue lines [233].

At SuperKEKB, the injection efficiency reaches approximately 80% with the aid of bunch-by-bunch (BbB)
feedback. Without BbB feedback, the efficiency drops to around 50%. The primary causes of this degradation
are the larger-than-design emittance of the injected beam and the use of off-axis injection. In contrast, FCC-ee’s
baseline design features on-axis injection and large curvature radii in the beam transport from the booster to the
collider ring, making the degradation of injection efficiency observed at SuperKEKB unlikely. SuperKEKB has also
experienced beam chamber deformation due to heat, which may contribute to a degradation in injection efficiency.
Therefore, effective temperature management is crucial.

This validates the feasibility of the present injection concept, but in the absence of comprehensive tracking that
includes both errors and collective effects, it is not possible to be sure at this stage that high injection efficiency
can be reached and maintained up to nominal intensity. Therefore, the present feasibility study establishes an
injection efficiency goal of 80% based on the status of the concept and experience from other facilities [231, 232].
This injection efficiency target is used in the feasibility study for the sizing of the injector chain (Table 7.1).

2.3.10 Injection requirements

The top-up injection scheme strongly relies on the injected beam being considerably smaller horizontally than the
circulating one (Fig. 1.38). By contrast, in the vertical plane, the injected beam could be several times larger than
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Fig. 2.21 Collider injection efficiency at various betatron offsets and their corresponding location in the DA/MA for the Z
mode

the stored beam. The horizontal beam parameters provided by the booster (see Table 4.1) must be maintained
up to the nominal intensity, but also along all the bunches of the injected trains, and stably over time. The beam
transfer systems for both the booster extraction and collider injection have to ensure a high level of stability and
reproducibility to prevent any beam jitter that would increase emittances and reduce the injection efficiency.

2.3.11 Refilling and pre-polarising pilot bunches after a beam abort

At the ZH and tt energies, the FCC-ee can be filled with the booststrapping injection scheme detailed in Sect. 2.3.8.
At the Z and WW energies, prior to this, first pre-polarised must be produced, which are required for precise energy
calibration from the start of each fill.

At 45.6 GeV the natural polarisation time is 250 h. Thus, achieving a polarisation level in an error-free machine of
5-10% requires 15 to 30 hours, which is an unacceptably long period without calibration at the start of fill. Reducing
the polarisation rise time to about 12 h is feasible using special polarisation wigglers [161], which also increase
the energy spread to 64 MeV. In the currently planned operational scenario, low-intensity (=~ 10'° particles) pilot
bunches are injected at the start-of-fill and polarised using wigglers. When roughly 5-10% polarisation is achieved,
after 45 to 90 minutes, these wigglers are switched off, and all the nominal-intensity colliding bunches are then
injected, according to the bootstrapping scheme, and brought into collision. Around 250 pilot bunches per beam
are required in total, a number that follows from the assumption that five energy calibration measurements with
two pilot bunches are performed every hour. By the time the last pilot bunch has been depolarised for the first time,
the pilot bunches that were depolarised first will have naturally reacquired sufficient polarisation to be measured
again.

At 80 GeV, the polarisation time is approximately 15 hours, and polarisation wigglers are not required [161].
In this case, the pilot bunches take about 1.5 hours to reach 5% polarisation. Significantly fewer pilot bunches -
of the order of 25 - are needed compared to operation at the Z pole, as they re-polarise ten times faster.

2.4 Availability

Availability is defined as the percentage of scheduled physics time during which the machine successfully delivers
beam, as opposed to being in downtime or undergoing repairs. The availability of FCC-ee is closely tied to its
operational efficiency (Sect. 2.1.2) and the achieved integrated luminosity. Additionally, it is influenced by various
performance factors, including operational costs, safety considerations, and system design constraints.

An enhanced Monte Carlo simulation framework is used to model availability by deconstructing the accelerator’s
main constituent systems. The simulation model is detailed in Sects. 2.3.1-2.4.2, with the results presented in
Sect. 2.4.3.

2.4.1 Contributing systems

In collaboration with relevant system experts, each main constituent system in FCC-ee was approximated for
availability. If fault data from a comparable representative system could be found, this was scaled to an equivalent
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Table 2.5 Approach time (the drive time from PA) and cool down time (see Sect. 9.4.2) relevant to human repair faults at
each access point

PA PB PD PF PG PH PJ PL arc
Approach Time (h) 0.00 0.75 0.55 0.8 0.63 0.600 0.416 0.283
Cool Down Time (h) 1.54 1.70 1.54 24" 1.54 0.7171 1.540 0.717 1.7

“Collimation straight section without bypass tunnel.

TKlystron gallery only. A longer cool down time is required to access the beam tunnel.

system in FCC-ee using a generalised framework. For some systems, no such fault data could be identified and a
placeholder was used. The methodology in each case is as follows.

Systems with representative fault data A generalised framework was designed for consistent and comparable rep-
resentation of systems in the FCC-ee. Specific details relating to relevant peculiarities were then applied.

Generalised framework for system availability estimation

1. A similar or comparable state-of-the-art representative system is identified that exists currently in a working
accelerator.

2. Where possible, representative system is deconstructed into subcomponents and fault mechanisms to achieve
better granularity of reliability estimation.

3. Fault mechanisms are categorised by:

o Repair type:

— Remote Repairs: can be completed from the control room, e.g., by re-setting or by-passing the failed
component.

— Human Repairs: require on-site intervention by personnel. In addition to the time it takes to complete the
repair, the approach time to get a person to the site of the fault must be considered. This is taken as the
time to get from PA to the relevant access point by car, summarised in Table 2.5.

e Equipment location:

— Surface: Equipment located on the surface can be accessed for repair immediately when the technician
arrives.

— Tunnel: Equipment located inside the accelerator tunnel cannot be accessed until a suitable cool-down
time has passed at the relevant access point, corresponding to the time required to fully ventilate the
tunnel. This is summarised Table 2.5 (Sect. 9.4.2).

4. Fault data is extracted from the representative system to gain Mean Time Between Failures (MTBF) and Mean
Time to Repair (MTTR) information for the system and, where possible, subsystems for finer granularity.
5. MTBF and MTTR are scaled from the representative system to the study system in the FCC-ee:

e MTBEF scales inversely proportionate to the relative number of components. The more components in the
FCC-ee system relative to the representative system, the lower the MTBF. If the number of components
in FCC-ee is not yet precisely known, an approximation is made, assuming a design specification similar to
that of the representative system.

o MTTR for remote repair faults is left unchanged. An approach time and/or cool downtime is added to human
repair times corresponding to the equipment location, Table 2.5.

6. If applicable, a formulation for redundancy in the FCC-ee is defined.

System specifics for availability approzimation Specifics used to approximate availability for each constituent
system are also considered, in addition to the above generalised framework. Only faults leading to downtime in
the representative system are included, thereby assuming a similar degree of redundancy for each basic component
family as currently exists in the working accelerator. Details of subsystems, scaling numbers, and any additionally
implemented system-level redundancy are provided in Table 2.6. Fault data was taken from CERN’s Accelerator
Fault Tracking (AFT) database [234] and is specific to LHC physics operation 2015-2024, unless otherwise stated.

If no representative fault data could be found, but the system is still deemed a high risk for machine availability,
it was given an availability placeholder pending a more rigorous reliability assessment. This applied to two systems,
the beamstrahlung dump absorbers, and the polarimeter.

The remaining accelerator systems specific to the booster, injector complex and technical infrastructure are
covered in Sects. 5.3, 7.9 and 8.10, respectively.
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Table 2.6 Parameters used to simulate availability of systems and subsystems in the FCC-ee Collider

System Subsystem Representative FCCee Redundancy* Location  Unit Group
System MTBF MTBF
Machine # # # (%) AP days days
Accelerator Software LHC 1 1 0 (0) all 7.1
Controls Hardware 607 2400 0 (0) all 15,840 6.6
Access System Access Points LHC 8 8 0 (0) all 178 22.4
Beam BPM LHC 1000 5906 0 (0) all 20,671 3.5
Instrumentation  BL,M 3600 1205 0 (0) all 36,632 30.4
Other 1 1 0 (0) all 24.5
Beam Losses UFOs LHC 54 182 0 (0) all 1.2
Beam Instability 1 1 0 (0) all 2.1
Beamstrahlung SPS 1 8 0 (0) PA,PD, 68 8.5
Dump TIDVG PG, PJ
Collimation Moveable Collimator LHC 108 32 0 (0) PF 1549 48.4
Elevators & Elevator Shafts per AP LHC 1 2 1 (50) all 74 332.8
Handling
Equip.
Experiments IPs LHC 4 4 0 (0) PA,PD, 17 4.3
PG, PJ
Dump Block LHC 2 2 0 (0) PB 224 112
Extraction & Controls 2 2 0 (0) PB 36 18.2
Beam Dump Hardware 2 2 0 (0) PB 65 32.7
Other 2 2 0 (0) PB 71 35.6
Injection MKI LHC 2 2 0 (0) PB 20 10.1
Systems TDI 2 2 0 (0) PB 71 35.6
FMCM LHC 1 10 0 (0) all 39.2
Machi BIS 1 2 0 (0) all 32.7
achine
Protoction SMP 1 1 0 (0) all 87.1
PIC 1 0.2 0 (0) all 261.4
WIC 1 6 0 (0) all 21.8
Magnets Normal-conducting CERN 3532 12,500 0 (0) all 71 x 10° 5681
Operation LHC 1 1 0 (0) all 5.8
Polarimeter N/A - 1 0 (0) PA, PG 3.2
Dipole LHC 194 16 LHC all 3672 229.5
Quadrupole 194 32 LHC all 3672 114.8
Sextupole 194 1152 LHC all 3672 3.2
Power Dipole Tapering 1032 710 LHC all 15,485 21.8
Converters Quadrupole Tapering 1032 709 LHC all 15,485 21.8
Horizontal Corrector 1032 2824 LHC all 15,485 5.5
Vertical Corrector 1032 2824 LHC all 15,485 5.5
Skew Quadrupole 1032 2824 LHC all 15,485 5.5
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Table 2.6 (Continued)

System Subsystem Representative FCCee Redundancy” Location  Unit Group
System MTBF  MTBF
Machine  # # # (%) AP days days
Cavity Circuit Z LHC 16 132f 1 (0.75) PH 61 0.9
Radio Cavity Circuit W 16 1321 6 (4.5) PH 61 169.1
Frequency Cavity Circuit ZH 16 264 26 (10) PH 61 314.6
Cavity Circuit ¢t 16 752F 75 (10) PH 61 465.2
Smoke Detection Smoke Alarms SPS 7 91 0 (0) all 4.3
Transverse Damper LHC 2 2 0 (0) PH 65.4 32.7
Pumps LHC 891 3344 0 (0) all 349,448 104.5
Gauges 1052 1808 0 (0) all 274,997 152.1
Vacuum
Valves 323 452 0 (0) all 84,434 186.8
Controllers 789 1584 0 (0) all 55,915  35.3

“System-level redundancy in addition to that already implemented in the component family of the representative system.
TPer beam.
tShared by both beams.

2.4.2 Repair schedule

When redundant and non-redundant systems are combined, the schedule with which repairs are implemented has
significant impact on availability. A schedule similar to the LHC was simulated: Following a dump, operators
attempt for one hour to restore operation remotely from the control room. If operation cannot be restored during
this time, only then people are called to begin human repairs. Once humans are in the tunnel they will finish all
repairs, including all redundant components.

2.4.3 Availability simulations

FCC-ee availability is simulated using AVAILSIM4 [235], a discrete-event Monte Carlo tool developed in-house at
CERN for analysing availability and reliability in complex systems. Each energy mode was simulated for its full
operation term (four years in Z, two years in WW, etc.), with performance averaged over 100 iterations.

The breakdown for unavailability and lost luminosity in each system under certain assumptions and based on
data from LHC systems is shown in Fig. 2.22. The booster, injector complex and technical infrastructure are
included for illustration; but treated in detail in Sects. 5.3, 7.9 and 8.10, respectively. For the collider, the main
contributors to lost luminosity are the RF, power converters, beam losses and the alarm system.

The RF system experiences the highest unavailability in Z mode due to the strict limit of single-cavity re-
dundancy assumed. In WW mode, the ability to sustain beam operation despite the loss of up to six cavities
eliminates the collider’s unavailability contribution from the RF system. The booster significantly contributes to
unavailability in both energy modes, as it lacks any redundancy. In ZH and tt modes, a 10% redundancy ensures
zero downtime from the RF system, providing sufficient reserve to accommodate failed cavities until they can be
repaired in the shadow of downtime scheduled for other systems.

Power converters show high contributions in all energy modes. This is predominantly due to the low MTBF
seen from sextupole and corrector converters and the high number of different magnet circuits used in the assumed
optics configuration.

Beam losses have lower contribution to unavailability as the recovery time to restore operation is short. But
their contribution to lost luminosity is high as they cause frequent dumps, each of which incurs a turnaround
penalty related to the time required to restore stable beams. Turnaround penalty is two hours in Z, W modes,
and 30 minutes in ZH, tt.

The alarm system features relatively high due to the scaling factor from SPS (7 km) to the FCC-ee tunnel
(91 km). The combination of numerous alarms and mandatory on-site safety evaluations in the event of fire
detection results in significant downtime.
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Fig. 2.22 Unavailability and lost luminosity contribution from each main constituent system in the FCC-ee. Systems are
ordered according to Z mode lost luminosity contribution. contribution

2.4.4 R&D opportunities

Significant improvement in reliability is required in order to meet luminosity targets, especially in the lower energy
modes. Several R&D opportunities have been identified:

Radiofrequency Increasing redundancy in the RF system for the Z, W modes presents challenges due to high beam
loading effects but should be further investigated given the potential performance gains. Additionally, RF redun-
dancy in the booster system should be explored further, as it remains a significant contributor to unavailability in
both energy modes.

It is important to note that zero RF downtime is currently assumed in the simulation due to the idealised
assumption of perfect redundancy between cavity circuits. In reality, common-mode failures would still occur,
requiring reconditioning or replacement, which cannot always be immediately compensated by a redundant cavity.
Further modelling is necessary to better understand these fault types. In the coming years, close collaboration
with the RF design team will be essential to deconstruct the RF circuit into subsystems, identify problematic fault
types, and analyse high-failure component families.

Analysis of the auxiliary systems around the superconducting cavities would unearth further reliability op-
portunities. For example, the klystron gallery is accessible to personnel while the main colliding rings are in
operation. If more high-failing auxiliary systems can be located there and designed to be redundant, modular and
hot-swappable, significant gains could be achieved.

Power converters The current optics configuration powers sextupoles in groups of four. One failed converter would
therefore lead to four magnets failing simultaneously. Collaboration with the optics working group is required to
consider how to preserve the beam in the event that combinations of converters and magnets fail. A system-level
redundancy approach could significantly improve reliability in this case.

It is important to note that the current simulation assumes the same level of redundancy in power converters
as is presently implemented in the LHC. Therefore, for an effective solution, the FCC-ee sextupole and corrector
converters must be designed to be more robust than those used in the LHC. A detailed study on power converter
reliability will be essential in the coming years.

Reducing the number of corrector families, especially for the sextupole magnets, can drastically reduce the
number of power converters required and, in turn, reduce their overall fault rate.

Operation cycle Opportunities also exist within the operation cycle:

1. Indefinite physics: If the lifetime of pilot bunches in the main ring can be made longer than the natural
polarisation time, pilot bunches could be topped up immediately after being used for measurement and allowed
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to naturally re-polarise. This avoids the need to dump after 20 h in order to re-fill with polarised pilot bunches.
Physics can then continue uninterrupted in Z, W modes, until equipment failure dumps the beam.

The utility of this proposal is best illustrated by the distribution of stable beams durations at each energy
mode, shown in Fig. 2.23. This shows that, under the assumptions made here, stable beams can rarely be
sustained longer than 20 h without beam abort due to system failure.

2. Polarised bunch injection: If pilot bunches can be polarised prior to injection, and their polarisation preserved
through the injector complex and booster, the 90-minute polarisation phase could be eliminated from the Z, W
operation cycle entirely. This would effectively result in the same operation cycle as the higher energy modes
ZH, tt while maintaining the capability for precise energy calibration.

The potential of this scheme is illustrated in Fig. 2.24. In both Z, WW modes, this approach more than
doubles the achieved integrated luminosity. This is because, by removing the 90-minute polarisation phase at
the start of each fill, an equivalent duration of stable beams is effectively gained. This presents a potentially
game-changing R&D opportunity to support physics objectives in this challenging reliability environment.

2.5 Operational model

CERN has a long-standing tradition of designing, building, and operating accelerators, with well-defined groups
structured according to a clear division of responsibilities and tasks. The expectations regarding interfaces between
equipment, controls, and human operators - whether in control rooms or via remote access - have been long-
established and are now considered immutable, ensuring maximum efficiency within the current CERN accelerator
complex, which relies on a high degree of specialisation across various groups.

However, with the unprecedented scale of the FCC accelerator, new constraints such as energy provision from
intermittent sources, and the assumption that CERN’s human resources during the FCC era will remain at levels
similar to today, necessitate a new approach to designing, building, and operating particle accelerators at CERN.
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The necessary equipment paradigm can be summarised as:

o Full digitalisation: Equipment needs to be fully digital and remotely controllable as well as analysable with
common interfaces and protocols.

e Automation towards fully autonomous systems: All equipment needs to be designed with automation in mind
(across systems and within systems) to e.g., auto-configure, auto-stabilise, auto-analyse, auto-recover, etc. An
example would be designing cars without steering wheels and asking which control algorithms, additional
instrumentation and software layers would have to be in place to safely and efficiently drive and maintain
the car while maximising the mobility of the car user. The next design iteration will then address the new
possibilities with the re-imagined system (with the car analogy this could be things like “Are close-by car parks
still a necessity?”, “Are personal cars still required or can they all be shared?”). A key additional aspect in this
discussion are digital twins for training and constraining control algorithms and differentiable simulations.

o Full virtualisation: Space telescopes have the additional constraint that one cannot simply go there to fix them if
things break. With the size of the FCC and the number of components, maintainability is similarly constrained
as for space telescopes. Humans should not be considered for on-site repair at all, or at least not during the
run. This can be addressed through built-in margin, a low failure rate, modularity, redundancy (including the
possibility of degraded mode or auto-reconfiguration), robotics, and other emerging technologies.

The next generation accelerator control system will have to foresee easy plug&play solutions and frameworks to
implement the above and provide integration of artificial intelligence (AI). This concept is often referred to as
Al-ready accelerators or control systems. Examples of the required capabilities include frameworks for sharing and
storing ML/AI models (including continual learning functionalities), integrated digital twins, platforms for IoT,
optimisation frameworks, time-aligned data across the accelerator, PYTHON (or equivalent) code infrastructure,
and easily configurable virtual device services for continuous analysis and anomaly detection.

Clearly, the three elements of the proposed equipment paradigm outlined above are interlinked and mutually
dependent. Many of today’s systems in the LHC and other CERN accelerators already implement item 1 and,
in some cases, partial implementations of items 2 and 3. For the FCC, however, the complete paradigm must
become the standard for equipment integration, meaning it must be imposed at the design stage. This approach
will significantly reduce the resources required for commissioning, operation, and maintenance, though it may
increase construction costs due to factors such as redundancy, additional connectivity, and additional sensors.

While space telescopes have no choice but to adhere to such stringent design principles, for the earth-based
FCC, trade-offs may be considered. These will depend on whether the increased construction costs are deemed
unacceptable and/or whether the potential increase in operations and maintenance costs, along with documen-
tation, training, long-term sustainability, and impact on availability, remains within acceptable limits. Forecast
availability of the main constituent systems in the baseline FCC-ee design is provided in Sect. 2.4, based on similar
equipment operating today.

The new equipment paradigm should allow:

e Preparing the FCC-ee injector complex and collider with a single person on shift; and
o keeping the global maintenance and exploitation effort level (in total FTE) for equipment teams for FCC-ee
and injector complex at or below today’s level (for LHC and the existing injector complex).

Even today, the most sophisticated and relatively recent particle accelerator at CERN, the LHC, is operated
with a single person on shift. This supports the vision of automating the FCC to such an extent that the entire
electron complex could be run single-handedly. In the current setup, this would correspond to 7-9 full-time shift
personnel. However, further automation and the integration of AI assistants in the control room should enable an
even more advanced approach, raising the question of whether full-time shift personnel will still be necessary in
the 2040s.

Already today, LHC experiments operate with part-time, non-expert shifters drawn from a large pool of short-
term shift workers. A similar approach could be explored for the FCC. Nevertheless, approximately five daytime
experts dedicated to particle accelerator operation will still be required, ensuring sufficient expertise to support
the rest of the accelerator complex as well.

2.5.1 Reducing the operation effort for equipment teams

Operating the FCC electron complex will require relatively few resources. The baseline availability model for
FCC-ee, discussed in Sect. 2.4, provides an estimate of the number of on-site repairs needed per week, assuming
the FCC-ee is built and operated following the same paradigm as the LHC today. Table 2.7 indicates that this
number ranges between 12 and 20 interventions per week.

Equipment groups will greatly benefit from automating fault detection, analysis, repair and recovery. The
goal should be to automate equipment to the extent that all ‘typical’ faults for equipment groups during the
run do not require human intervention and hence will not require standby services. Only equipment which is
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designed, built and tested to this extent can be considered suitable for operation. This requires acceptance testing
in realistic mock-ups, well-planned and sufficiently long first commissioning phases and the requirement to be fully
automated from the start of physics production. A comprehensive analysis of what availability is needed per system
to reach the physics goals and how this can be reached in a robust and affordable manner is a key prerequisite
for equipment design. The right compromise between adequate operational margins through machine parameter
choice and passive mitigation of e.g., radiation, automating fault detection and repair, and reliable design through
redundancy, component margins, etc. has to be established on a system by system basis.

The target of a constant workforce will require a significant reduction in the maintenance effort per piece of
equipment compared to today. The suggested target number of at least a 50% reduction in maintenance effort comes
from the analysis of the evolution of fault numbers for some key accelerator systems and from the assumption that
remote interventions could be fully automated already today, given recent advances in technology. For example,
for the SY-ABT kicker systems, currently more than 50% of their interventions can be done remotely. Similarly,
for the LHC QPS system, the ratio of remote interventions remained roughly 50% in recent years, Fig. 2.25.

Setting-up/commissioning procedures (accTesting [237], re-conditioning procedures etc.) that need to be done
regularly (even if only annually) should also all be automated. This has the additional benefit of increasing
the flexibility for planning (as it allows for parallelisation without concern for sharing experts) and operational
schedules.

The operation costs of the FCC-ee were assessed to amount to about 600 MCHF per annum. The approach
consisted in assigning the nature of equipment with back-tested operation and maintenance percentages and related
costs resulting in a bulk number of 200 MCHF, including a typical spending ratio of staff per materials budget
giving about 300 MCHF. As a result, the operation cost estimate for the FCC-ee consists of about 200 MCHF
materials, 300 MCHF personnel and 100 MCHF on average for the electricity costs, an average total of 600 MCHF
per annum.

2.6 Machine protection

2.6.1 Machine protection requirements

The machine protection aspects of FCC-ee are challenging in several ways.

The transverse beam sizes are small because of the small equilibrium emittance in a ring that is so large. The
typical vertical beam size can be smaller than 10 pm. The horizontal beam size varies between 260 pm and 400 pm
(assuming (3, = 100 m). Because of the small emittances, the energy density of FCC-ee beams at the Z mode
reaches up to 17% of the value for the HL-LHC beams (7 TeV), although the stored energy of the FCC-ee beams
at Z is only 2.5% of the HL-LHC’s.
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Fig. 2.26 Energy deposited in copper by a single FCC-ee (Z) electron bunch (top left) and HL-LHC proton bunch (top right).
The maps show the energy density in the horizontal plane. The bottom figure compares the corresponding peak energy density
profiles, for all FCC-ee beam modes, assuming a S-function of 100 m in both planes. The melting point of copper is reached if
the energy density exceeds about 0.45 kJ/g

The risk of damage strongly depends on the actual loss scenario, where the shower development for a beam
hitting any material needs to be taken into account. Compared to the HL-LHC proton beams, the energy is
deposited over a much shorter distance, as illustrated in Fig. 2.26. The maximum energy deposition density
induced by a single FCC-ee bunch in copper is about 4 to 10 times lower than for a HL-LHC bunch, but it is still
sufficient to reach the melting point. This highlights the need for a sophisticated machine protection architecture
that relies on a combination of active and passive protection systems. Machine protection aspects also have to be
considered when designing accelerator hardware, in order to reduce the likelihood of beam losses and to mitigate
the severity of any beam loss events.

The beams are stabilised by various means. Among them, the transverse feedback is particularly critical as in
the case of its failure, multi-bunch instabilities leading to significant beam losses can develop within a few turns
only. The bunch lengthening generated by beamstrahlung is also key for maintaining beam stability and could be
lost if the beams are not kept in collision. Due to the large circumference, with a single-beam dump system, the
signal transmission time of the beam abort request is significant.

The synchrotron radiation itself will be challenging as 100 MW of synchrotron radiation power will need to be
absorbed and efficiently dissipated. At the higher beam energy modes, the effect of radiation on electronics will
need to be taken into account in the design of the many electronic systems or of appropriate shielding.

Machine protection system inputs The machine protection system interfaces with many hardware systems. Failure
of these systems risks affecting the beams in such a way that damage can occur. There are also processes which
can lead to damage of the machine without being related to a specific hardware item. Such processes are also
listed below. The machine can generally be protected against these events by surveying the beam properties via
beam diagnostics. Therefore, the beam diagnostics is part of the machine protection system and is listed in the
next section.

o Beam instabilities are induced by the impedance seen by the beam. Both the transverse coupled bunch instability
(TCBI) and collective effects in the transverse plane (TMCI) have been assessed. The most dangerous mode
has a rise time of about 1.3 ms and a bunch-by-bunch feedback system is used to suppress the TCBI. The
estimated required damping time of 1 ms corresponds to about three turns, which will be a challenge for the
feedback system. The rise times for the TMCT are about 8 ms (i.e. without beamstrahlung). At the Z pole, such

@ Springer



Eur. Phys. J. Spec. Top. (2025) 234:5713-6197 5809

short bunch length could be reached within about ten thousand turns if the collisions between the beams are
lost. This needs to be taken into account for example when dumping the two high intensity beams.

More detailed simulations of the instabilities and the interplay with the feedback systems are outstanding.
The values quoted here correspond to the Z-mode which is most critical since the beam currents here are the
highest

e The Transverse feedback system is vital for stabilising the high intensity beams. In case of failure of the
transverse feedback system the beam will need to be aborted within about 3 turns, which is challenging.
Considering the criticality of the system, a redundant and distributed system would be preferred. However,
multiple feedback systems risk to counteract each other, leading to an unstable situation.

The same transverse feedback system is also foreseen to be used for depolarisation of the beam. The co-
habitation of systems for excitation and feedback needs further study. Strong transverse momentum kicks of
10 prad at 45 GeV are required for depolarisation and for this reason are critical for safe operation of the
machine, especially in case of failures like non-synchronised excitations.

Protection against damper failures will require monitoring both the damper hardware and the beam it-
self. This will be achieved using beam loss monitors and beam position monitors, strategically placed at the
appropriate phase advance relative to the kicker elements.

e The RF system

The collider hardware is dominated by the RF system. To avoid hardware modification between the Z, WW
and ZH modes, it is foreseen to run in Reverse Phase Operation. First simulation results show no risk of too
high induced voltages in case of a cavity trip, which means that operation can continue with a small number
of cavities that have tripped.

If a cavity voltage or power is missing, the beam will need to be dumped. The time constant to be taken into
account here is about 1/4 of a synchrotron motion, which is about 10 turns. The RF interlock — most likely
based on phase detection — is backed up by the Beam Loss Monitors.

The RF system must be able to control the RF parameters during the duration of the abort gap. Preliminary
studies indicate that a 600 ns abort gap duration is feasible.

e The injection and extraction systems

Injection and extraction of high intensity beams are machine-protection critical as the failures of the hardware
involved is by definition extremely fast, and there is no time for the machine protection system to react to these
failures. The injection and extraction systems are described in detail in Sect. 1.8.

For injection in the collider, two kicker magnets create a closed bump to bring the stored beam trajectory
close to the injection septum. The bump is created by two kicker magnets, 180° phase advance apart and
originally planned to be constant over a single turn and having a rise and fall time of 1100 ns. In case of a kicker
failure, all circulating bunches can be affected, leading to unacceptable losses. From a machine protection point
of view, a system with rise and fall times over several turns is preferred, as it will allow the machine protection
system to react in case of failures. The option that the injection bump is present over many turns will need to
be counterbalanced against arguments related to machine and dynamic aperture and also the beam impedance.

The extraction to the dump must be highly reliable, as it must function without failure in the event of any
issue arising in the machine. Fast extraction kickers are planned, with a rise time of 0.6 ps. The rise time of
the kicker magnets must be precisely synchronised with the passage of the particle-free beam abort gap. The
reaction time between a beam abort request and the full extraction of the beam is critical due to the rapid
nature of potential failure scenarios. Therefore, it is anticipated that multiple beam abort gaps will be necessary.

The impact of failures in many injection and extraction-related systems can be mitigated by segmenting them,
for example, by dividing the injection kicker systems into multiple smaller, independent units. Additionally, the
likelihood of failure can be minimised through redundancy and highly reliable designs.

To provide an additional layer of protection, multiple absorbers or passive diluters will be required as a final
safety measure to shield septa and other machine components from fast failures of the injection and extraction
pulsed magnets. These elements will need to be studied in further detail. A preliminary list of typical fast
system failures has been compiled, along with possible protection measures. However, a more comprehensive
study is still required, incorporating the detailed design of the hardware systems involved.

e Collider electromagnetic separators
_ Electromagnetic separators are required upstream and downstream of the RF section to separate the beam in
tt mode, as both beams will pass through the centre of the same cavities. Possible failures include spontaneous
discharges of the electrodes, a mismatch between the magnetic and electric field in the longitudinal plane and
synchrotron light shining on the HV electrodes, inducing discharges and resulting in very fast and large kicks
to the beams. These failures can possibly be detected by using very fast interlocked beam position monitors
and dedicated masks for the synchrotron light.

o Powering failures

First analysis of a powering failure of one of the main dipole chains, shows that the beam can reach the
horizontal limiting aperture in only a few turns. This will be very challenging for the machine protection system,
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even if the failure can be rapidly detected by the use of a fast magnet current change monitor (FMCM), described
below.
e Beam-dust interaction

Beam loss events due to the interaction of dust grains with high-energy particle beams have been observed
in hadron and lepton accelerators over many decades. In the LHC, beam-dust interactions have an important
detrimental impact on machine availability. They caused more than 70 premature beam dumps and more than
ten quenches of superconducting magnets during Run 2 and 3. At the electron-positron collider SuperKEKB,
a significant amount of beam aborts related to beam-dust interactions were observed and reproduced using a
mechanical knocker. In recent years, very fast beam losses occurred at SuperKEKB, causing damage to machine
components. Presently, the root cause of this phenomenon remains unknown. However, beam-dust interactions
have been hypothesised as a possible explanation. While the dynamics of the dust movement has been studied
in detail for the LHC, these models have to be extended to lepton colliders to evaluate the effect of beam-dust
interactions on the protection, availability, and performance reach of FCC-ee.

e Superconducting magnets

A quench protection system will be required for the superconducting final focus magnets. A detailed descrip-
tion of this system is provided in Sect. 3.11.

The impact of beam-related failures on the superconducting magnet structures has not yet been studied.
However, such failures are not expected to be critical due to the relatively long time constants of superconducting
circuits and the limited number of superconducting magnets.

The effects of the quench protection system on the beam, including potential erratic firing of quench heaters
or CLIQ systems, must be modelled in detail.

Machine protection system elements The machine elements listed below are part of the machine protection system
and prevent the machine to be damaged by the beams.

e Machine interlock systems The dedicated hardware related to machine protection is described in Sect. 8.2. As
in the current large CERN accelerators, the core of the machine protection system relies on the Beam Interlock
System (BIS). This system connects user inputs that detect failures or beam losses in the machine to the beam
extraction systems. The Beam Interlock System (BIS) must be highly reliable and, for that reason, is fully
redundant. Due to the large machine circumference, a significant delay occurs between detecting a beam abort
request and triggering the beam extraction.

The cooling of the synchrotron radiation absorbers will need to be interlocked. This interlocking can be based
on thermal switching and measurements of cooling water flow. Given the high segmentation of the synchrotron
radiation absorbers, a cost-effective method for identifying locations with excessive temperature or reduced
cooling flow must be developed, as running individual cables to numerous controllers would be too expensive.

The main dipole circuits, along with other primary magnet circuits, will be water-cooled. While the impact
of a loss of water cooling requires further analysis, initial assessments suggest that it is not highly critical.
Water cooling is primarily chosen due to its significantly higher energy efficiency compared to air cooling. If the
thermal time constants in the absence of cooling are of the order of days, it may be possible to operate without
an interlock on magnet cooling, instead relying solely on tunnel temperature monitoring. In such a scenario,
temperature measurements would need to be highly granular to accurately locate potential cooling issues.

The need of a fast magnet current change monitor (FMCM) can be determined through an analysis of
powering failures across different systems. Strong, individual magnets with short time constants may require
FMCM protection. Preliminary analyses indicate that failures in the main magnet circuits pose significant
challenges, even when rapidly detected by an FMCM.

e The beam extraction system must operate with extreme reliability to ensure the beam can be aborted whenever
required by the machine interlock system. Any degradation in the beam-dumping system, such as a reduction
in redundancy or safety margins, must be detected early enough to allow safe beam disposal without losses.
For this reason, the beam extraction system also functions as a machine protection system user.

The number and length of abort gaps are critical system parameters that influence the RF system and the
reaction time to a beam dump request. Since beam stability is maintained through collisions, the dumping of
both beams must be synchronised. The specifics of this synchronisation require further study.

e The collimation system is described in detail in Sect. 1.5. In addition to cleaning the beam, it plays a crucial
role in the machine protection system by safeguarding the machine aperture against irregular and accidental
beam losses. The collimators must act as the aperture bottleneck, intercepting all primary losses. Depending
on the analysis of failure scenarios, a distributed collimation system may need to be considered. This approach
would represent a new regime compared to previous lepton colliders.

Particular attention is required to prevent beam-induced damage to the collimators. Fast failures have been
observed at SuperKEKB, where a beam with 100 times less stored energy caused damage to the collimators
within just 2 to 3 turns. For this reason, fast and sensitive beam loss measurements, integrated with the beam
interlock system, are essential at the collimator locations.
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e Beam Instrumentation

Ideally, any machine failure should be detected at the source, such as a power converter failure or an incor-
rect collimator position. A global safety net based on beam measurements is highly recommended to enhance
reliability and, in the case of beam instabilities, may serve as the only protection. For this reason, highly reliable
beam instrumentation systems, integrated with the beam interlock system, are essential for the safe operation
of the accelerator.

Historically, this protection is based on a distributed system of fast beam loss monitors (BLMs), like in the
LHC. A scaling of the number of BLMs as presently installed in the LHC with the FCC-ee circumference would
lead to a total of 12’000 BLMs. Even larger numbers of BLMs have been proposed in initial studies. The BLM
electronic systems will need to be extremely reliable to limit the number of false dumps initiated by the BLM
system.

Due to the extremely small vertical beam size, detecting the onset of instabilities in the vertical plane is
unlikely to be feasible using beam loss monitors. Instead, the use of fast, interlocked beam position monitors
must be studied in detail.

A third layer of protection is the beam current change monitor, which aborts the beams upon detecting
a reduction in measured beam current. Further investigation is required to determine whether this system is
adequate for protecting against certain fast failure modes.

Machine protection system strategy Several FCC-ee failure modes with time scales of only a few turns have been
identified. The reaction time of the machine protection system can be slightly shortened by filling patterns with
multiple abort gaps. The detection of the onset of failure modes will have to be optimised to detect any malfunc-
tioning of equipment or the onset of instability as early as possible. As the vertical beam size is small, one can
most likely not rely on interlocking on beam losses in the vertical plane, since the limiting apertures will be far
away from the beam expressed in numbers of sigma. Fast interlocked beam position monitors will most likely need
to be distributed along the accelerator.

Protection against fast failures is achieved through redundancy, segmentation and highly reliable designs. Also
fixed absorbers are part of the protection against fast failure modes. These absorbers are challenging due to the
high beam brightness and shower development. Where no suitable materials can be found, a possible remedy would
be the use of disposable absorbers for rare failure cases.

A full and complete analysis of failure modes of all FCC-ee components requires a more advanced hardware
design. This will allow a detailed definition of mitigation steps, including the detection systems for the various
failures. At this stage in the machine protection study, not a single showstopper has been identified.

Chapter 3

FCC-ee collider technical systems
3.1 Main magnets

3.1.1 Introduction

The proposed collider magnet system meets the requirements of the FCC-ee V24.3 GHC optics. The magnets have
been designed to operate below iron saturation at tt, so that they behave linearly at all intermediate energy levels,
Z, WW and ZH.

The regular FODO lattice of the collider ring features 2840 arc half-cells composed of a short straight section
(SSS) followed by a series of dipole magnets. Depending on the position along the lattice, the SSS hosts none,
one or two sextupole magnets. Where there is either no sextupole or only one sextupole, the total dipole length is
adapted to occupy the space, maximising the dipole filling factor in the machine.

The dipole and quadrupole magnets are designed as twin-aperture units, as proposed in the CDR [13].

Compared to using separate magnetic elements, the twin-aperture solution significantly reduces power require-
ments by half, as the return ampere-turns in the coils supply the second aperture. Since the dipoles and quadrupoles
are powered in long series, they include locally powered trim windings that enable independent adjustments of
the magnetic field in each aperture. This enables fine-tuning, corrections, and compensation for local beam energy
losses resulting from synchrotron radiation (SR).

The requirements for the arc magnets are based on the FODO lattice described in Sect. 1.2 and summarised in
Table 3.1. The total number of magnets in the lattice accounts for the arcs and long straight sections (LSS).
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Table 3.1 Magnet requirements for the FODO lattice V24.3 GHC

Dipole Quadrupole Sextupole
Total number in lattice. .. 6128 3324 4672
... of which in the arcs 5680 2836 4672
Bore aperture 74 mm 74 mm 66 mm
Magnetic length 9.7-11.2m 29m 1.3m
Max strength®, arc (tt, 182.5 GeV) 61.0 mT 1.9 Tm™! 880 Tm ™2

T Sextupole strength given as B” (B” = 25)

3.1.2 Dipoles

The dipole yoke features an I-shape geometry corresponding to two back-to-back C-shape dipoles, with a common
powering circuit around the central part. It allows for a compact design that can be built in a cost-efficient manner.
The assembly is composed of three parts that can be machined out of solid iron (low-carbon steel) plates. As all
three parts have a simple rectangular cross-section, the amount of machining can be minimised by selecting raw
material plates in a thickness close to the final dimensions.

Currently, it is planned to split the dipole section of each arc half-cell into two dipole units to minimise the
number of interconnections while keeping a feasible and practical unit length for the manufacture and transport
of the magnet components and vacuum chambers.

The use of solid iron material is possible since the magnets will be DC-powered during operation. Compared to
a laminated assembly, this also helps to maximise the magnet stiffness, limiting its natural sag, in particular for
a 12-m-long magnet with low second moment of area.

The dipole is powered by two busbars made of extruded aluminium, one in each aperture. The ground insulation
around the busbars has to be radiation-hard due to the energy deposited by the synchrotron radiation. There are
several options, such as inorganic coatings (e.g., hard anodisation), using the surrounding air only, or a combination
of both. The separation between the busbars and the surrounding components - magnet yoke, vacuum chamber
and SR shielding - can be ensured by ceramic spacers placed at regular intervals along the magnet. The layer of
air insulation has to be adapted to the peak voltage of the circuit, which in the case of the collider dipoles is very
low (only 210 volts), as a consequence of the low current density, the DC powering mode and the low resistance
of the single busbars. Therefore, spacers between 3 and 5 mm thick are compatible with relaxed tolerances for
manufacturing the busbars at low cost and limiting the number of spacers along the magnets. A similar insulation
technology can also be used for the field tapering trim conductors wound around each pole.

The total field harmonics simulated in 2D are below 1 x 10~* relative field error at the reference radius of
10 mm.

The general parameters of the dipole are summarised in Table 3.2.

The field map in the dipole cross-section at tt operation (peak field) is shown in Fig. 3.1.

3.1.3 Quadrupoles

The quadrupole magnet is designed as two joined figure-of-eight units, which allows powering the two apertures
with only two simple racetrack coils. This approach minimises the production costs but imposes opposite polarities
seen by the et and e~ beams, as they travel through the magnet, a constraint which has been included in the
design of the beam line optics from the early stages of the study.

Due to cost reasons and the complex shape of the poles, a laminated construction of the yoke parts is planned.
Each of the top and bottom yokes is split into two parts to allow the integration of the racetrack coils. The
symmetry of the assembly is controlled by the tight tolerances on the mating faces and a system of V-grooves and
pins for precise relative localisation of the assembled parts. Non-magnetic spacers are placed between the half-yoke
assemblies to control the top-bottom pole symmetry.

The twin-aperture double figure-of-eight configuration generates coupling between the apertures due to the
left-right asymmetry of the magnetic circuits of each aperture. This translates into a shift in the magnetic field
at different power levels (i.e., between different operation phases of the machine). The geometry of the magnetic
circuit has been designed with straight poles, where the racetrack trim coils for the field tapering circuits have
been placed. This allows streamlining of the magnetic flux and minimising the coupling so that the axis shift can
be compensated by using adjacent horizontal orbit correction circuits.

The total field harmonics as simulated in 2D are below 2 x 10~* relative field error at the reference radius of
10 mm when only the main coils are powered. When, in addition, the field tapering trim coils are activated to the
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Table 3.2 General parameters of the arc dipole magnets

Parameter Unit Value
Strength, B, 45.6-182.5 GeV mT 15.2-61.0
Bore aperture mm 74

Magnetic length m 9.7 to 11.2
Outer envelope mm 520 x 133
Peak current A 3665

Magnet resistance (at 32 °C op. temp.) mg? 0.27

Peak voltage, magnet \% 0.98

Peak voltage, half-octant (incl. busbars)T A% 420
Conductor (Aluminium) mm?, mm 65 x 35, @7.7
Turns (busbar) - 1

Turns per coil (trim) - 7

Current density (busbar), tt A/mm? 1.61
Temperature rise (5 bar) °C 14.5

Yoke active mass kg 2621

Busbar active mass kg 131

Trim coil active mass kg 6.7

Magnet active mass kg 2909

1 One half-octant corresponds to one series circuit, which includes 355 magnets. The circuit voltage will be balanced around
the middle point of the circuit so that the voltage to ground will not exceed half the circuit voltage.

Fig. 3.1 Field map in the
dipole cross-section at tt
operation

peak value of + 3.5 percent of the main field on one aperture and — 3.5 percent of the main field on the other
aperture, the bl relative field harmonic is up to 12 x 10~%, and the b3 relative field harmonic is up to 1.5 x 10—4,
due to the cross-talk between apertures and the asymmetry created by the opposite field differences. These errors
can be compensated by the adjacent horizontal orbit correctors for the b1, and by the adjacent lattice sextupoles
for the b3.

The parameters of the quadrupole magnet are summarised in Table 3.3. The field map in the quadrupole
cross-section at tt operation (peak field) is given in Fig. 3.2.

3.1.4 Sextupoles

The sextupole magnet is designed with a conventional geometry of 6 symmetrical poles and hosts trim windings,
which can be used for horizontal and vertical orbit correction, as well as to generate a skew quadrupole component
like is done in synchrotron light sources. Although the sextupole pairs are not magnetically coupled between
beam lines, they will be assembled as a single mechanical unit, either by fixing them on a common crib, or by
merging the adjacent poles in a single piece lamination. Both solutions will be studied during the pre-TDR phase
to determine the most cost-effective. The assembly of sextupole pairs will also minimise the fiducialisation and
alignment operations during the construction and installation phases.

The magnet design is relatively compact since the sextupole pairs have to fit the 350 mm intra-beam distance.
Consequently, the flux density in iron and current density in the conductors are high. The magnet operates below
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Table 3.3 General parameters for the quadrupole

Parameter Unit Value
Strength, B’ Tm™! 11.8

Bore aperture diameter mm 74
Magnetic length m 2.9
Overall width x height mm 590 x 610
Peak current, tt A 366
Magnet resistance (at 35 °C op. temp.) m$ 51.3
Peak voltage magnet \% 18.8
Peak voltage, half-octant (incl. cables) ' kv 1.91
Conductor (copper) mm?, mm 14.4 x 14.4, @7.5
Turns per coil (main) - 36

Turns per coil (trim) - 26
Current density, tt A/mm? 2.25
Temperature rise (5 bar) °C 19.0
Yoke active mass kg 5789
Main coil active mass kg 334

Trim coil active mass kg 9.7
Magnet active mass kg 6535

f One half-octant corresponds to one series circuit (focusing or defocusing), which includes 89 magnets. The circuit voltage
will be balanced around the middle point of the circuit so that the voltage to ground will not exceed half the circuit voltage.

Fig. 3.2 Field map in the
quadrupole cross-section at
tt operation
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saturation at peak field, as the flux density does not exceed 1.6 T. This choice allows the trim circuits to be
operated in a linear regime at all field levels.

The simulated 2D total field harmonics of the main circuit of the sextupole are below a 1 x 10™% relative field
error at the reference radius of 10 mm when only the main coils are powered.

The field quality of the correction circuits is naturally low, as expected, since the field is generated by the six
poles of the sextupole, which are significantly different from the ideal lines of the constant scalar potential of each
correction field. Both the b5 field harmonic (relative to B1) of the horizontal orbit correction circuits and the ab
field harmonic (relative to A1) of the vertical orbit correction circuits reach 60 x 10~%. For the skew quadrupole
circuit, the a4 field harmonic (relative to A2) reaches 775 x 1074, The effect of these field errors on the beam
dynamics is being evaluated to understand if the solution to embed the correction circuits in the sextupole is

@ Springer



Eur. Phys. J. Spec. Top. (2025) 234:5713-6197 5815

Table 3.4 General parameters for the sextupole main circuit

Parameter Unit Value
Strength, B” Tm 2 880

Bore aperture diameter mm 66
Length m 1.3
Overall width x height (one beam) mm 350 x 350
Peak current, tt A 178
Magnet resistance (at 35 °C op. temp.) mg} 274

Peak voltage magnet \% 49

Peak voltage, circuit (incl. cables)? A% 284
Conductor dimensions (copper) mm?, mm 6.15 x 6.15, ¥4.0
Turns per coil - 24
Current density, tt A/mm? 7.0
Temperature rise (6 bar) °C 20

Yoke active mass kg 498

Main coil active mass kg 14.6
Magnet active mass (incl. trim coils) kg 635

 One circuit corresponds to 8 magnets. The circuit voltage will be balanced around the middle point of the circuit so that the
voltage to ground will not exceed half the circuit voltage.

Fig. 3.3 Left: Field map in the sextupole cross-section at tt operation (peak field). Right: Detailed view of a half-sextant. The
conceptual positioning of the conductor has been generated from parametric modelling for checking integration feasibility. It
will be optimised for industrial production during the pre-TDR phase

viable. Otherwise, separate corrector magnets will have to be designed and integrated in the lattice. They would
be relatively short since the field strengths of these correctors are relatively small.

The parameters of the sextupole magnet are summarised in Table 3.4. The field map in the sextupole cross-
section at tt operation (peak field) is given in Fig. 3.3.

The parameters of the sextupole correction circuits are summarised in Table 3.5. The field maps for the sextupole
correction circuits at peak correction field are given in Fig. 3.4.

3.1.5 Coils and busbars
The conductor materials, operational current densities, and number of turns of the coils and busbars have been

selected based on global optimisation of the lifetime cost of the magnet system, in combination with other sys-
tems in the machine, in particular the electrical distribution, power converters, and technical infrastructure. This
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Table 3.5 General

parameters for the sextupole Parameter Unit H orbit V orbit Skew quad
correction circuits
Strength, B.l mTm 20 20 -
Strength, G.1 mT — - 600
Turns per pole - 54-27 27 43
Peak current A 8.3 14.3 9.9
Resistance per magnet Q 2.15 1.06 0.84
Peak voltage per magnet \Y 17.8 15.2 8.4
Conductor dimensions (copper) mm? 32x1.6 32x1.6 32x1.6
Copper mass per magnet kg 25.9 12.9 10.4
Hornrantal correction Wertical correction SEew Quadrupala
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Fig. 3.4 Field maps of the correction circuits at peak correction fields. Left: horizontal orbit correction; middle: vertical orbit
correction; right: skew quadrupole correction

optimisation has balanced the capital versus operational costs of the magnet system considering the powering
needs and duration of each phase of the machine (from Z to tt), the integration constraints and dissipated power
of the cabling in the tunnel, and the integration of the power converters in the alcoves, as to minimise the total
cost of all these systems over the lifetime of the machine. As a result, the quadrupole and sextupole coils use
copper conductors since they require a larger current density, whereas the dipole busbars use aluminium. Since
aluminium and copper cannot be cooled by water in a common cooling circuit due to galvanic corrosion, it is
considered to cool the busbar with a 1 mm thick copper tube embedded in the aluminium bulk. This solution
avoids the need for a dedicated demineralised water-cooling network for aluminium. The global optimisation tool
will be further developed during the pre-TDR phase also to include the cooling network costs. More details on
this global optimisation can be found in Sect. 3.8.1.

3.1.6 Supporting structures

5SS units The magnets in the short straight sections (SSS) - quadrupoles and sextupoles - are supported by a
common girder where they are pre-aligned and fixed, to guarantee the stability of their relative positioning and
ease the global alignment of the beam line elements in the tunnel. The pre-assembly of the SSS magnets is also
necessary to install a common vacuum chamber across them and minimise the number of vacuum interconnections.

There are three versions of the Short Straight Sections (SSS), depending on whether they contain no sextupoles,
one sextupole, or two. Two configurations are under consideration for the arc half-cell layout. In the first option,
the lengths of the SSS girder and dipoles are adapted to the number of sextupoles in the arc half-cell, resulting
in three different variations of dipole and SSS lengths. In the second option, all SSS girders are manufactured at
a uniform length, corresponding to the longest version capable of housing two sextupoles. When fewer than two
sextupoles are required, a short dipole of equivalent length replaces the missing sextupole.

The second option offers the advantage of standardising SSS and dipole lengths across the arcs, along with their
support structures. This approach also provides greater flexibility in redistributing SSSs if optical adjustments
are needed during different operational phases of the machine. However, it introduces the drawback of requiring
additional interconnections for SSSs that do not contain two sextupoles, compared to the first option, leading to
a slight reduction in the dipole filling factor.
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Both options are technically feasible and will be evaluated in detail during the pre-TDR phase of the project,
taking into account their functionality, machine performance, and associated costs.

Dipole units Similar considerations apply to the dipole assemblies as to the SSS units. They will be pre-assembled
at the surface, incorporating their vacuum chambers and synchrotron radiation (SR) shielding blocks, before being
transported, installed, and aligned in the tunnel as individual units.

The dipole supporting scheme must ensure both precise alignment functionality and the minimisation of mag-
net sag due to its weight and the additional mass of shielding blocks surrounding the SR absorbers, which are
distributed approximately every five to six metres. This aspect is particularly critical, as the dipole magnets have
a flat and elongated aspect ratio, resulting in relatively low mechanical inertia that makes them susceptible to
deformation. Consequently, the supporting scheme must be designed to align with the longitudinal distribution of
the SR shielding along the dipoles, ensuring structural stability and optimal performance.

More information on the supporting structures can be found in Sect. 3.10.

3.2 Vacuum system and electron cloud mitigation
3.2.1 Introduction

The FCC-ee vacuum system design is rather challenging due to its sheer size and the fact that it must cope with
a synchrotron radiation (SR) environment that changes significantly depending on the beam energy.

The Z machine at 45.6 GeV is characterised by an SR spectrum with a critical energy of only 21 keV, while
the highest energy tt machine at 182.5 GeV has a critical energy of 1.35 MeV. The Z machine has a very large
beam current, around 1.4 A, leading to a significant photon-stimulated desorption (PSD) rate. Since nearly all
SR photons are absorbed in a very thin layer of the vacuum chamber walls, they contribute locally to the PSD
dynamic gas load.

The tt SR fan, on the other hand, penetrates deeply into the material of the vacuum chamber where it generates
high-energy Compton showers, giant dipole resonance, and particle creation, necessitating a thorough analysis of
the related radiation field in the tunnel. Efficient solutions must be implemented to mitigate detrimental effects on
accelerator and tunnel components, particularly shielding cables and electronics in the tunnel, which has proven
to be a challenging task.

The analysis and modelling carried out so far by the vacuum group have taken into account concerns raised by
other groups, such as:

o Machine physics group (e.g., beam-stay clear aperture, impedance contributions of all vacuum components)

o Magnet group (e.g., integration of vacuum chamber cross section and SR shielding within the magnets’ geome-
tries)

o FLUKA team (e.g., SR shielding, radiation protection, and related R2E issues)

o Tunnel integration and logistics (e.g., total power dissipation in air and cooling water in the tunnel arcs)

o Cost estimation and machine installation planning

The beam parameters are chosen to maintain an SR power of 50 MW per beam across all beam energies.
Consequently, the linear SR power in the arcs is approximately 650 W/m, regardless of beam energy.

This approach would also help contain high-energy Compton-scattered secondaries once the beam energy is
increased to 182.5 GeV later in the experimental programme. Additionally, the associated synchrotron radiation
(SR) power is concentrated on the absorbers rather than being distributed throughout the entire vacuum chamber,
improving thermal management and overall system efficiency.

The design of the FCC-ee machines, including the full-energy booster, have provided valuable insights into
the challenges ahead. In particular, the selection of suitable materials for the vacuum chamber and the adoption
of a lumped SR absorber design have emerged as effective solutions to several critical issues related to vacuum
performance and machine physics.

The following sections outline the proposed design and the analysis conducted thus far.

3.2.2 Pressure requirements

The FCC-ee is a powerful synchrotron radiation (SR) source, at all beam energies. From the point of view of the
photon-stimulated desorption (PSD) gas load, the Z machine is the most challenging to deal with, as it has the
largest beam current. Basically, any photon in the Z SR spectrum below its critical energy (i.e., 91% of the total
SR photon flux) can generate photoelectrons, which are emitted within a very thin layer of the internal surface of
the vacuum chamber.
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It is therefore necessary to maximise the pumping efficiency and minimise the PSD gas load, while finding ways
to speed up the vacuum conditioning as much as possible, so that the vacuum quickly becomes good enough to
store nominal currents at the Z energy. The photoelectrons are very efficient at desorbing molecules inside the
vacuum and contribute to the electron cloud in the positron ring.

The pressure requirements, which stem mainly from beam-gas scattering arguments, mean that the vacuum
lifetime, 7yac, should be much longer than the lifetimes of all other effects, such as Bhabha scattering, collisions
burn up, beam-thermal photon scattering, etc.

Extensive experience with similar SR-dominated storage rings and colliders, e.g., SuperKEKB and light sources,
shows that an average pressure in the low 10~? mbar range, nitrogen-equivalent, should give a T, of several tens
of hours.

3.2.3 Physical aperture requirements

Based on geometric impedance arguments, a circular cross section of the vacuum chamber was requested at the
beginning of the FCC-ee study. The internal diameter compatible with the design of the magnets and other machine
components and diagnostics had initially been set at 70 mm. Later in the study, a reduction of the inner diameter
(ID) of the magnet yokes became necessary, and the ID of the vacuum chamber was reduced to 60 mm.

The application of non-evaporable getter (NEG) coating makes this ID reduction irrelevant for vacuum since
NEG coatings generate a rather uniform distributed pumping, contrary to a lumped pumping design, which would
need maximisation of the vacuum chamber conductance. A reduction from 70 to 60 mm would mean a 37% loss
of conductance loss (ratio of IDs cubed). All design and modelling are therefore based on a 60 mm ID vacuum
chamber.

The vacuum chamber is made of oxygen-free silver-bearing (OFS) copper and can be extruded up to 12 m. The
cross section is shown in Fig. 3.5. The chamber has two appendages, called winglets, in the horizontal plane to
accommodate short, localised synchrotron radiation absorbers (SRAs) and pumping slots. These do not protrude
inside the circular part of the chamber.

3.2.4 Pumping system

NEG-coating will be applied throughout the vacuum chamber. There have been tests at a KEK Photon Factory
beamline of the effectiveness of ‘thin’ NEG-coatings. It was found that the NEG-coating is still capable of being
fully activated after 10 cycles of saturation and re-activation [238] for thicknesses down to 200 nm. For comparison,
the standard NEG-coating thickness of the long straight sections of the LHC is 2 pm. The reduction to 200 nm is
compatible with requirements of the resistive-wall impedance.

One more advantage of the application of NEG-coating is that ~90% of its PSD outgassing comprises Ho, and
the favourable effect on the beam-gas scattering of a dominant Hy becomes important.

The modelling and analysis carried out throughout the FCC study period have demonstrated that the applica-
tion of NEG-coating to 100% of the vacuum chamber’s internal surface will drastically reduce the need for lumped
pumps, therefore minimising the number and length of the expensive control and power cables for such pumps.

However, a few lumped pumps are needed every 30-50 m to pump non-getterable gases (methane and inert
gases such as He, Ar and Kr), although CHy is effectively pumped by beam ionisation as soon as e~ or e are
injected. The lumped pumps, which have been identified as suitable, are integrated NEG-ion pumps. The readout
of the 12 1/s ion pump will be used to get an estimate of the pressure at the pump’s location by conversion of its
ion-pump current. This methodology is both effective and current, enabling the early detection of developing leaks,
which are typically identified through changes in pressure, particularly under static vacuum conditions where no
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Fig. 3.6 Bake-out system based on cold-sprayed conductive tracks

beam is stored. This is a crucial operational consideration, as locating leaks in a machine as large as the FCC-ee
can be challenging and time-consuming, as previously experienced during LEP operation. By facilitating early leak
detection, this approach helps to minimise machine downtime and improve overall operational efficiency.

3.2.5 NEG-coating

As mentioned, detailed measurements have proved that a ‘thin’ NEG-coating can be envisaged for the FCC-ee
collider rings. A thickness of 200 nm is deemed ideal [239].

The major drawback of the NEG-coating solution is that a reliable, radiation-resistant, in-situ bake-out system is
needed. Prototyping of a solution based on a thin titanium track sandwiched between two plasma-sprayed ceramic
insulation layers (see Fig. 3.6), gave a rather uniform vacuum chamber temperature profile and reasonable electric
power needs. The latter mainly depends on the efficiency of the radiation-resistant thermal insulation layer, which
is under study now. Cost-efficient optimisation of this heating system is underway.

The detailed design of horizontal NEG-coating benches has not yet been done. However, experience with a
similar coating setup developed for the HL-LHC stand-alone magnets provides confidence that such a system
can be implemented. The proposed approach involves a horizontally moving carriage equipped with a permanent
magnet magnetron trap, which would travel along the axis of the chambers, up to 12 m in length, depositing NEG
coating in localised sections of approximately 20 cm at a time.

Transfer of this CERN-developed technology to industry for mass production of the two 91 km rings will be
necessary.

3.2.6 Vacuum profiles

Extensive modelling of the pressure profile along a representative length of the FCC-ee arcs has been carried out.
The comparison between a NEG-coating-based solution and one based on lumped pumps shows that the former is
much more efficient at reducing the average pressure along the arcs, and it conditions a long beam-gas scattering
lifetime faster than the latter. The benefits of using the SRA and the NEG coatings can be seen in Figs. 3.7
and 3.8.

Extensive data from existing light sources, some with 100% NEG-coating (MAX-IV and SIRIUS) and some
without NEG-coating, makes it clear that NEG-coating allows an almost immediate availability of long vacuum
lifetimes, at least for the Z energy machine, which is the most demanding in vacuum terms.

3.2.7 Synchrotron radiation absorbers (SRA)

The current design of the SRA is displayed in Fig. 3.9. It is a 390 mm long copper component welded into
a dedicated aperture in the vacuum chamber. It needs to be actively cooled by specific water-cooling circuits
integrated in the absorber.

The channels have a twisted tape design, see Fig. 3.10, that significantly improves cooling capacity by enhancing
turbulence mechanisms.
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The synchrotron radiation absorbers (SRA) are produced using laser powder bed fusion (LPBF) additive manu-
facturing technology. This approach offers the advantage of enabling the fabrication of intricate internal structures,
such as the complex twisted-tape design, which would be more time-consuming and less refined if manufactured
using traditional methods. Copper materials produced through 3D printing are currently being qualified for ultra-
high vacuum (UHV) applications. A green laser machine is employed to deposit copper alloy layer by layer,
ensuring negligible degradation of its mechanical, thermal, and electrical properties. New machines with lower
energy requirements and smaller beam wavelengths are entering the market, promising a more cost-effective and
energy-efficient solution.

A promising candidate for the absorber material is the copper alloy CuCrZr, which is undergoing detailed
thermal and mechanical testing to assess its performance and suitability for this application.

Both analytical and numerical analyses are being conducted to support the design of the synchrotron radiation
absorber, particularly in relation to the twisted-tape cooling channels within it. The design is based on implicit
formulations by Manglik and Bergles [240], which show strong agreement with experimental observations.

The geometric and fluid dynamics parameters for the internal cooling channels are shown in Table 3.6.

The absorbers intercept a high heat load from SR on their slanted surface. The temperature must be maintained
below safety levels to ensure mechanical integrity and prevent water phase transitions. However, this also leads
to an increased pressure drop, which requires design optimisation. The heat intercepted by the absorbers is not
the same around the collider ring. The current worst-case scenario indicates a total power of 4471 W and a peak
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Fig. 3.9 (a) Synchrotron radiation absorber integrated in the vacuum chamber, (b) sawtooth profile highlighted, and (c)
cooling channels with twisted tape
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power density of 74.6 W/mm?. SR strikes a (< 2 mm wide) strip horizontally across the middle of the absorber
surface, see Fig. 3.11. This refers to the 91 GeV centre-of-mass machine. For the tt machine configuration, the total
power remains unchanged; however, the power density is expected to increase, and the strip width to decrease.
Due to the Compton effect, the power density transitions from a surface phenomenon to a volumetric distribution,
potentially resulting in an equivalent surface density.

To accurately determine the volumetric power distribution, detailed simulations using FLUKA are required,
as Synrad lacks the capability to model volumetric effects.

The synchrotron radiation (SR) power density peak is not constant but decreases with each successive sawtooth,
as shown in Fig. 3.12. For the thermo-mechanical analysis, the SR power density corresponding to the highest
peak (from the first tooth) is used. This conservative assumption accounts for fewer sawtooth impacts by SR than
would occur in reality as the total power remains the same, i.e., 4471 W.
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Table 3.6 Table of

parameters and data for each Parameter Data per absorber channel
absorber channel P -

H 0.5 mm

v 30 mm

Re 3m/s

m 2.1 x 10*

h 115 g/s

AP 0.2 bar
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Fig. 3.11 Synchrotron radiation strip in the absorber. The sawtooth structure alternates impacts, with every other side of the
tooth being struck, as highlighted in the red box
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The temperature distribution of the absorber due to SR power is shown in Fig. 3.13. The maximum temperature
is 219 °C.

Sawtooth profile Introducing a sawtooth profile on the face of the SRA modifies the photon reflection and, thereby,
potentially reduces the fraction of photons which, after reflections, impinge on the central circular part of the
vacuum chamber. Two cases, with and without a sawtooth profile on the SRA faces, have been compared, the
images in Fig. 3.14 show the result, side by side, and the selection of facets relevant to the photoelectron emission.
The sawtooth case (on the left) decreases the amount of SR photons absorbed by the circular part of the dipole
vacuum chamber segment (985 cm long) by 81%.

It can be seen that the sawtooth design removes the two reflected photon spots (in green-blue colour) near the
axis of the vacuum chamber, on the lower part of it.

@ Springer



Eur. Phys. J. Spec. Top. (2025) 234:5713-6197 5823

[ T P ]
Lo s
For Tommmssa
L
T
V1L B s
FIRSE Bl
]
=i
w1
(L
ik
i
mm
e

Fig. 3.13 Temperature distribution of the SRA with 2 cooling channels

Fig. 3.14 The effect of
sawtooth on synchrotron
radiation power density. (a)
Case with 2 SRA and
sawtooth profiles and (b)
Case with ‘regular’ SRA and
one inclined surface

(a) Case with 2 SRA with sawtooth pro- (b) Case with "regular" SRA, one in-
files clined surface

Without sawtooth, the two spots would generate primary photoelectron, which would be trapped along the
vertical field lines along the dipole magnet and perturb the stored beam.

The trajectory of the beam is shown by the curved yellow line. Although these simulations had only 2 SRA with
sawtooth out of the 26 of the whole arc model (130 m-long), it is concluded that the introduction of the sawtooth
profile on the inclined surface of the SRA would be beneficial for a reduction of the primary photoelectrons. More
refined simulations will be carried out shortly.

An optimisation for the position of the cooling channels was performed in a 2D approximation with the aim
of lowering the temperature of the internal cooling channels. To this end, the SR power distribution in a section
perpendicular to the horizontal mid-plane was divided into small regions equal to the width of the sawtooth, as
illustrated in Fig. 3.15.

A third cooling channel is beneficial to lower the temperature of the internal channels and, in general, of the
whole absorber, as shown in Fig. 3.16. The temperature of the internal surface of the cooling channels, presented
in Fig. 3.17, always stays below 70 °C.

The Von Mises stress due to SR heat load is shown in Fig. 3.18. The maximum stress is 285 MPa on the
sawtooth receiving the highest SR power density. These values are below the elastic limit of the copper alloy and
are deemed safe. However, the material properties of the copper alloy must be measured experimentally to validate
the results of the thermal and mechanical simulations.

The cooling layout for the vacuum chamber in the half arc cell is illustrated in Fig. 3.19. A single cooling channel
serves the vacuum chamber for the magnets on the girder (quadrupoles and sextupoles), which then splits into
two channels for the dipole magnets.

The cooling channel on the opposite side of the absorbers ensures an even temperature distribution around
the absorber area, minimising differential deformations. To enhance cooling efficiency and achieve a more uniform
outlet temperature and to equilibrate pressure drop, the two cooling circuits cross over between the dipoles before
recombining at the water outlet.
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Fig. 3.15 Power density
distribution in the absorber,
plotted in a section
perpendicular to the
mid-plane. The distribution
is divided into seven regions,
each 0.23 mm wide, with
constant power density
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The maximum pressure difference between the inlet and outlet of the cooling line should be around 2-3 bar,
and the inlet water temperature is around 27 °C (EN/CV inputs). Considering a conservative case accounting for
three absorbers per vacuum chamber (12 m long) and the total resistive losses [241] (150 W/m), total power of
about 31 kW is generated per half arc cell, i.e., SRA = (4.5 kW x 6) + impedance losses = (150 W/mx28 m).
The flow rate needed for the SRA would be 115 g/sx3 = 345 g/s. Considering the parallel configuration of the
two cooling tubes, the combined mass flow rate would be 690 g/s, leading to an average temperature difference of
about 11 °C between the inlet and outlet.

The pressure drop along the parallel smooth channel along the 12 m long vacuum chamber is 0.25 bar for an
internal diameter of 14 mm, without considering bends. The cooling channel on the absorber side incurs a pressure
drop of 0.2 bar per absorber, resulting in a total pressure drop of 0.6 bar for all three absorbers. The theoretical
pressure drop in the dipole would then be 0.85 bar. Considering all the fittings and bends, a pressure drop of
1.5/2 bars from the inlet to the outlet of the half arc cell is expected.

Interconnection modules, shown in Fig. 3.20, are implemented to cope with the thermal expansion of the vacuum
chambers during bakeout, NEG activation thermal cycles, and beam operation. These modules ensure that any
resulting transversal misalignments of magnets and BPMs stay within the mechanical alignment tolerances. To
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Fig. 3.20 Interconnection modules

reduce the quantity of these critical assemblies, interconnection modules are placed only on either side of the
quadrupole-sextupole magnet girder. This configuration minimises the mechanical coupling between the dipole
chambers and the quadrupole chamber integrating the BPM. An axial stroke of 65 mm is required, and a 3 mm
transverse offset has been chosen as a design requirement.

The interconnection modules are dismountable and are based on an external vacuum enclosure and a smooth
internal RF transition to ensure electrical continuity for the image current, avoiding higher order modes. The
vacuum enclosure integrates a thin-walled hydroformed bellows expansion joint which has an axial and lateral
stiffness of about 10 N/mm. A minimum length of 150 mm is needed for the bellows. Oval flanges are integrated
on the module and chamber extremities and the leak tight connections are achieved by shape memory alloy
rings and soft gaskets. Significant beam induced heat loads are generated in the module (a few 100 s W) and an
appropriate robust RF transition will be designed. Various options are considered for the bellows shielding. The
first one is based on a deformable RF bridge. The concept is based on a thin bridge attached to the adjacent
chamber extremities, stretched and almost straight in operating conditions. This solution is used in LHC and

@ Springer



5826 Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

Fig. 3.21 Preliminary
conceptual radiation
shielding design for the
collider dipoles in the
FCC-ee arcs. The shielding is
assumed to be made of
antimonial lead and has a
weight of about 400 kg per
synchrotron radiation
absorber

HL-LHC. The second solution extends the technical solution used at superKEK and is based on a comb design. A
third one is being developed at CERN. In this solution, the shielding of the bellows is achieved by robust sliding
RF fingers. A set of machined copper parts is used to ensure a smooth transition between the vacuum chamber
cross-section and the oval RF shielding.

3.3 Radiation shielding
3.3.1 Dipole shielding

The emission of synchrotron radiation by the stored electron and positron beams in the collider can have a
significant impact on machine components and other equipment in the tunnel (see Sect. 1.9). A dedicated shielding
must be installed on the dipoles, tightly enclosing the synchrotron radiation absorbers described in Sect. 3.2. A
preliminary conceptual shielding design for the collider arcs is shown in Fig. 3.21. An initial optimisation of the
shielding geometry has been performed, but further iterations are required in the technical design phase. Several
hundred kilograms of shielding material are needed for each synchrotron radiation absorber in order to reduce
the ionising dose in the tunnel sufficiently. The design of the shielding and its integration entails many technical
challenges, which require detailed engineering studies. This section highlights some main design considerations.

The selection of the shielding material is a trade-off between shielding efficiency, raw material costs, material
availability in the industry, engineering aspects (fabrication, machining), and radiological (operational and waste)
considerations. High-density materials such as tungsten heavy alloys (17-18.5 g/cm?) are very efficient in absorbing
photons. However, the costs are prohibitive when considering the large number of shielding units required. Lead-
based alloys are less dense and, therefore, require a larger shielding volume, but are available at a fraction of the cost.
The current baseline material for the dipole shielding is based on a lead-antimony alloy, which is commonly used
as a shielding material for photons. The antimony content is needed for structural reasons; it hardens the material,
increasing its mechanical stability and machinability. Lead-antimony has good corrosion resistance, which is an
important factor in high-radiation environments. While lead alloys with different antimony content are available
in the industry, an antimony fraction between 6 and 8% is considered sufficient for dipole shielding. The resulting
material density of such a binary alloy (10.88 g/cm?) is only slightly reduced compared to pure lead (11.35 g/cm?).
The shielding may require a casing or coating to enable safe handling during installation or maintenance work.
Although lead antimony seems to be a good candidate material, the final material selection for the shielding will
be confirmed in the technical design phase.

The anticipated activation of the shielding material is a key factor in its life cycle and requires a thorough assess-
ment. Radionuclide production within the shielding is primarily driven by neutrons generated from photo-nuclear
interactions, particularly in the synchrotron radiation absorbers. Initial studies indicate that neutron production
due to synchrotron radiation is expected to be minimal up to ZH operation, as photon energies remain largely below
the (v,n) threshold. However, a significant neutron flux is expected during tt operation, as the synchrotron photon
spectrum extends beyond the giant dipole resonance of most materials. A preliminary radiological assessment of
antimonial lead as a shielding material suggests that it can be considered non-radioactive after a cool-down period
of one to two years following tt operation, with residual activity initially dominated by the antimony content.
Further studies are required to evaluate potential contributions from other radiation sources, particularly beam-
gas scattering, which can lead to shielding activation at all beam energies due to the emission of Bremsstrahlung
photons with significantly higher energies than synchrotron radiation.

The current shielding configuration represents only a preliminary conceptual design and must be refined into a
realistic technical solution using state-of-the-art engineering practices. Given that the collider ring requires more
than 20,000 shielding units, a careful balance between design optimisation and cost efficiency is essential. Assuming
20 synchrotron radiation absorbers per FODO cell for ZH and tt operation, and an estimated shielding weight
of 400 kg per absorber, the total shielding material required for the arcs amounts to approximately, 10,400 tons,
with an additional 1000 tons needed for the experiment insertions. The sheer scale of the raw material required
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Fig. 3.22 Possible electronics bunker (red circle) near the lattice quadrupoles in the FCC-ee arcs. In this very first design, the
bunker is assumed to be made of concrete (grey walls) and borated polyethylene (green sheets on the inside). The dimensions
shown have to be revised once the number and size of the electronics racks have been confirmed

introduces a significant risk factor in terms of procurement, necessitating a well-defined strategic sourcing plan.
Furthermore, a full life cycle assessment must be conducted to explore potential reuse options for the shielding
material following the decommissioning of the FCC-ee. The material could either be reintegrated into the market
or repurposed for use in other CERN facilities.

Integrating the shielding is a complex task and requires a coordinated design effort for the systems concerned
(shielding, vacuum chambers, synchrotron radiation absorbers, and magnets). Direct contact between shielding
and vacuum system components must be avoided, since the shielding would act as a heat sink during the bake-out
of the vacuum chambers. This requires a careful assessment of tolerances and alignment requirements, as well as a
detailed study of the assembly procedure for all components. Considering the weight of the shielding (about 4 tons
per 20 m dipole), the mechanical design of the dipole and its supporting scheme needs to be reassessed in order
to cope with the additional load generated by the shielding. Given the complexity of the shielding integration and
assembly, a staged shielding approach for different operation modes is not favoured.

Another important aspect of the shielding design is the heat load management and the associated structural
stability at higher temperatures. The shielding absorbs about 20% of the synchrotron radiation power during ZH
and tt operation. (see Table 1.20).

This amounts to 20 MW for the full ring, or 2.5 MW per arc, which has to be dissipated by a dedicated cooling
circuit embedded in the horizontal shielding inserts. For a single shielding element, the power load can reach up to
several hundreds of Watt and could give rise to higher than tolerable peak temperature (especially due to the low
melting point of Pb-alloys). Detailed energy deposition and thermo-mechanical simulations, along with associated
system engineering considerations, are essential for the design optimisation of shielding and service system routing,
circuit dimensioning, and defining the corresponding infrastructure requirements.

3.3.2 Electronics bunker

A conceptual design for a possible electronics bunker has been devised (see Fig. 3.22), in order to reduce radiation
levels for electronics. In this very first design, the bunker is assumed to be made of 10-20 cm-thick concrete walls,
which are covered on the inside by borated polyethylene sheets. The latter are needed for moderating and capturing
neutrons. The concrete walls can also be replaced by other materials, which can affect the required wall thickness.
The actual bunker size will depend on the final space requirements for electronics racks. The outer dimensions
shown in Fig. 3.22 need to be adapted once a complete inventory of the required racks has been established. It
is presently assumed that one such bunker is needed per arc quadrupole in the collider, which amounts to more
than 2800 units. The bunkers might also be needed in the insertion regions.

The technical implementation of such a bunker remains to be studied. In particular, the integration of the
bunker inside or near the quadrupole girder has to be assessed. Another important aspect is the accessibility
of electronics in the event of an intervention. The racks need to be accessible without the need of heavy lifting
equipment in case an electronics card has to be exchanged. Furthermore, a suitable ventilation system has to
be designed for the bunkers to extract the heat generated by the systems inside the bunker and to have precise
temperature control.

3.4 Radio frequency system layout, configurations and parameters

3.4.1 Introduction

The superconducting radio frequency (SRF) system of FCC-ee [13] accelerates two beams of particles circulating
in opposite directions. The system is designed to provide 50 MW of RF power in continuous wave (CW) to each
beam in order to compensate synchrotron radiation (SR) losses.
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Table 3.7 Main RF-related

FCC-ee parameters Modes Energy [GeV] Current [mA] RF Voltage [GV]
Z 45.6 1292 0.089
WW 80.0 135 1.049
ZH 120.0 26.8 2.098
tt 182.5 5 11.300
Table 3.8 Evolution of - - _
FCC-ee collider RF system Operating point Z wWw ZH t
layout
Conceptual design report
RF frequency [MHz] 400 400/800
Common RF system for two beams no yes
Number of cavities 104 272 272/372
Number of cells per cavity 1 4 4/5
RF power per cavity kW] 962 368 149/155
Feasibility study mid-term report
RF frequency [MHz| 400 400/800
Common RF system for two beams no yes
Number of cavities 112 264 264 264/488
Number of cells per cavity 1 2 2/5
RF power per cavity kW] 901 378 382 78/163
Feasibility study final report
RF frequency [MHz| 400 400/800
Common RF system for two beams no yes
Number of cavities 264 264/408
Number of cells per cavity 2 2/6
RF power per cavity [kW] 380 78/195

Beam currents and required RF voltages for four operating points are summarised in Table 3.7. At the Z
operating mode the beam current of 1.3 A is very high and the total RF voltage is only about 100 MV. When
switching to the W and Higgs operating points, the beam currents are reduced by one order of magnitude and are
135 mA and 26.7 mA respectively, while the total RF voltage is ten times higher, at 1.05 and 2.1 GV. In the tt
mode the beam energy is significantly increased (182.5 GeV). The beam current and RF voltage vary again by one
order of magnitude and are 5 mA and 11.3 GV making the accelerator a very high gradient machine. The collider
RF system requires a transverse feedback system to cure coupled bunch transverse instabilities, as described in
Sect. 1.4. Strip line kickers operating at a multiple of the bunch repetition frequency are an obvious choice. For
the collider, the function of depolariser and transverse feedback can be combined as outlined in Sect. 1.7.

The SRF system will be located in a single straight section at point PH, while the one for the booster will be
grouped in point PL. The requirement to locate all the RF at a single location rather than being more distributed
around the ring is driven by the need for extremely precise centre-of-mass energy calibration at the Z. This
localisation also has the benefit of consolidating the cryogenics, electrical distribution, and RF maintenance. The
following sections describe the main aspects of the RF system and important changes since the CDR and mid-term
report.

3.4.2 Baseline FCC-ee collider SRF system layout

Due to the large span in beam current and RF voltage of the four FCC-ee operating modes, it is very challenging
to design a unique RF system suitable for all the operating points. Nevertheless, several steps were performed
towards a more compact and efficient solution.

The main parameters of the RF system described in CDR [13] are summarised in Table 3.8. For the Z operating
point only, 1-cell elliptical cavities at 400 MHz with low shunt impedance were foreseen, with a cavity RF shape
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Table 3.9 Main RF _

parameters of the FCC Parameters Z W ZH tt

collider
Common RF system for two beams no no yes yes
RPO yes no no no
Total RF voltage [MV] 89 1049 2098 2098 9202
Beam current [mA] 1283 135 53.6 10
RF frequency [MHz] 400.79 400.79 801.58
Operating temperature [K] 4.5 4.5 2
Number of cells per cavity 2 2 6
Quality factor Qo 2.7 x 10° 2.7 x 10° 3 x 10'°
Cavity voltage [MV] 7.95 7.95 22.5
Accelerating gradient Facc [MV/m] 10.6 10.6 20.1
RF power per cavity [kW] 380 78 195
Coupling factor Qr, 9.2 x 10° 4.5 x 10° 4.1 x 108
Number of cryomodules 66 66 102
Number of cavities 264 264 408

carefully optimised to minimise the higher-order mode (HOM) power. The 4-cell cavities were considered for WW
and ZH operating points due to significantly higher RF voltages and lower beam currents. Thanks to the small
number of bunches required for the highest energy operating point (tt), it was assumed that there is a common
RF system for both electron and positron beams that reuses all 400 MHz 4-cell cavities complemented by more
compact 800 MHz 5-cell cavities [242].

The main RF system changes in the mid-term report concerned WW and ZH operating points. The first
considerations of 2-cell cavity scenario were described in Ref. [243] and highlighted a strong HOM damping
efficiency compared to the 4-cell designs while still permitting a moderate accelerating gradient. On that basis
and due to the increased RF voltage requirements for the WW operating point, 2-cell cavities were chosen, and a
common RF system for the ZH operating point was also adopted. This led to an increased number of high-gradient
800 MHz 5-cell cavities for the tt operating point.

Two additional modifications led to the present baseline RF system. The 2-cell cavities were also adopted for
the Z operating point requiring the reverse phase operation (RPO) mode [244] discussed in the following section.
In addition, 6-cell cavities at 800 MHz have been proposed instead of 5-cell cavities at the tt operating point,
leading to a significant reduction of the total number of cryomodules thus a reduction of the investment costs. The
main RF parameters for the collider are summarised in Table 3.9.

3.4.3 Reverse phase operation

The optimal cavity detuning, A fopt = fo — frr, and optimal quality factor, Q1 opt, are commonly used to minimise
RF power requirements in high-current synchrotrons. Assuming 132 2-cell cavities for the Z operating point, the
lowest RF voltage per cavity, Veay = 0.7 MV results in A fopr ~# =70 kHz and Qp, opt = 5 X 103. Both are extremely
difficult to achieve because of the enhancement of longitudinal coupled-bunch instabilities due to fundamental mode
(FM) modulations of bunch-by-bunch parameters due to transient beam loading, as well as increased critical fields
in a fundamental power coupler (FPC). An alternative approach, the reverse phase operation (RPO) mode [244]
was studied for the FCC RF system to overcome these challenges partially. The RPO was originally developed
and tested in KEKB for various scenarios [244-246] and was adopted as a baseline solution for the electron storage
ring of the Electron-Ion Collider (EIC) [247]. It is based on introducing groups of focusing and defocusing cavities.
They are de-phased with respect to the reference phase and provide accelerating voltage at the beam phase, adding
up to the required total RF voltage as illustrated in Fig. 3.23. In this case, V., can be chosen to be the same for
the WW and ZH operating points, resulting in a common optimal quality factor for three modes given by:

V2

ca,VNCElV

QrL,opt = 2Psn(R/Q)’ (3.1)

Here Nc,y is the total number of cavities, Psg is the synchrotron radiation power, and (R/Q) is the ratio of the
shunt impedance to the quality factor of the cavity FM expressed in circuit ohm. Although this simplifies the
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Fig. 3.23 RF waves (left) and phasors (right) for the RPO mode
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Fig. 3.24 Simplified block diagram of the LLRF system for the FCC-ee 400 MHz RF system (left) and Growth rates of
longitudinal coupled bunch instabilities due to fundamental cavity impedance (right)
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fundamental power coupler design, the first drawback is that the total RF voltage can only be changed in discrete
steps of Nioe — Nyefoc, (see, e.g., Ref. [248])

62Nc2av‘/czav (Nfoc - Ndcfoc)2
Vrr = \/1 + 1-— Uz > e , (3.2)

cav

where Uy is the energy loss per turn due to synchrotron radiation. Therefore, the RF voltage has been increased
from 79 to 89 MV, which assumes Ng,. = 71 and Ngefoc = 61. The RPO mode needs to be used for the Z operating
point of the collider and all cycles of the high-energy booster (see Sect. 6.3).

3.4.4 Instabilities due to fundamental mode (FM) and transient beam loading

Cavity detuning leads to impedance asymmetry around the RF frequency, which can drive the coupled bunch
instability. Direct RF feedback [249] (Fig. 3.24, left) is assumed to be implemented in the low-level (LL) RF
system to reduce the effective impedance ‘seen by the beam’ The closed loop impedance is

Z(w)
1+ GFBZ(w)efdeelayvai(ﬁadj ’

Za(w) = (3.3)

where Gpgp is the feedback gain, Tgelay is the overall loop delay assumed to be 700 ns (similar to the LHC RF
system [250]), and ¢,qj is the phase adjustment required to correctly set the feedback negative at the detuned
cavity resonant frequency. The flat response is achieved for 1/Grp = 2(R/Q)witTdelay- The instability growth rates
were computed assuming a uniformly filled ring for the Z, WW, and ZH operating points (Fig. 3.24, right). The
synchrotron radiation damping is sufficient to suppress any coupled-bunch modes driven by fundamental cavity
impedance for WW and ZH operating points, whereas direct RF feedback is necessary for stability at the Z
operation point.

To evaluate the transient beam loading, the small-signal (Pedersen) model [251] was extended to the RPO
case. The filling scheme assumed in the mid-term report considered 20 trains of 560-bunches with the 25-ns bunch
spacing resulting in about 1.2 ps gaps between bunch trains. In this case, the modulation of the effective RF
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Fig. 3.25 Left: bunch-by-bunch modulation of the effective RF voltage with RPO for 20, 580-bunch trains filling scheme (one
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Fig. 3.26 Transients in the event of a single focusing RF cavity trip for Z operating point. Top left: evolution of RF voltages
normalised by the nominal value of 7.95 MV as functions of time. Top right: evolution of the RF power normalised by the

nominal value of 380 kW for the focusing, defocusing, and tripped RF cavities. Bottom: synchrotron oscillations of different
bunches in a train

voltage reaches about 50% for the baseline Vgr =89 MV (Fig. 3.25, left) resulting in the synchrotron tune spread
of 30% (Fig. 3.25, right). This spread is not acceptable for transverse beam stability due to limited space in the
tune diagram (Sect. 1.4.3), and therefore, two mitigation schemes were proposed: a higher RF voltage or a shorter
gap length.

After a modification of the injection and extraction system layouts (Sect. 1.8), a new filling scheme of 40 trains
of 280-bunches with 0.6 ps gaps was adopted, and a stable working point was found for all bunches (see Fig. 1.16).
The impact of low-intensity pilot bunches was also verified, and a uniform filling of all gaps is recommended to
avoid an additional 1% increase in the synchrotron frequency spread.

3.4.5 Analysis of RF system trip
A time-domain model based on [252] was developed to evaluate beam-cavity interaction in the event of an RF
system failure. It solves differential equations describing the cavity-generator and LLRF building blocks (Fig. 3.24,

left) coupled with the longitudinal equations of motion for centroids of all bunches similar to Ref. [253]. The two
highest current FCC operating points were considered.

Z operating point It is assumed that the LLRF system is capable of detecting the event of a single RF cavity (or
RF amplifier, LLRF system, etc.) trip within one turn (Fig. 3.26, top left, green trace). It then adapts the reference
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Fig. 3.27 Transients in the case of six RF cavity trips for the WW operating point. Top left: evolution of RF voltages normalised
by the nominal value of 7.95 MV as a function of time. Top right: evolution of the RF power normalised by the nominal value
of 380 kW for the focusing and tripped RF cavities. Bottom: synchrotron oscillations of different bunches in a train

signals of the remaining cavities (blue and orange traces) to compensate for the missing RF voltage within the
following turn, thanks to a strong direct RF feedback. In that case, the RF voltage of the tripped cavity overshoots
for a short time by about 6% of the nominal RF voltage and then settles slightly below the nominal value. At the
same time, the RF power (Fig. 3.26, top right) is modulated at the synchrotron frequency due to the synchrotron
oscillations excited of different bunches (Fig. 3.26, bottom). Although the peak RF exceeds the nominal value by
about 40% (shaded blue and orange areas), the total average power of all remaining cavities increases by less than
10% (solid black line). In this scenario, the RF power system adapts the high-voltage set point to efficiently cope
with the corresponding overshoot (Sect. 3.4.12). The amplitude of bunch oscillations remains within a few ps, which
is significantly smaller than the rms bunch length. The beam, however, becomes unstable due to the increase of the
impedance around the FM (the direct RF feedback is no longer active). In particular, coupled-bunch modes —2 or
2 become unstable depending on the type of cavity tripped. To suppress these instabilities, a longitudinal damper
system can be employed (Fig. 3.24, left) using the remaining RF cavities as the kicker cavities and providing the
shortest damping time of the order of two synchrotron periods [254, 255]. The algorithm needs to be adapted for
the RPO case, and the potential increase of RF power transients should be further studied. After that, a recovery
scenario can be evaluated. For completeness, the results of simultaneous trips of focusing and defocusing cavities
were evaluated. In that case, the RF power modulations are unacceptably high (more than 70%) and the beams
must be dumped. Note that coupled-bunch instabilities due to the impedance of two tripped cavities of the same
type can not be suppressed by the longitudinal damper.

WW operating point A similar analysis was performed for the scenario in which all cavities are in phase for the W
operating point. A tripped RF system cannot drive a coupled-bunch instability due to a lower beam current, higher
energy, and stronger synchrotron radiation (see Fig. 3.24). An example of simultaneous trips of six RF systems
is shown in Fig. 3.27. It is the worst-case scenario as the probability of this event is rather low and sequential
trips can appear instead. Applying a similar strategy of detecting missing RF cavities and adapting the total RF
voltage, the power transients can be kept below 30% while the peak RF voltage can increase by 15% with respect
to the nominal value. This requires increasing the time of RF voltage adaptation by another turn at a cost of
about 10 ps amplitude of the bunch oscillations (Fig. 3.27, bottom), which becomes comparable with the 18 ps rms
bunch length. No coupled-bunch instability is expected in this case due to sufficiently fast synchrotron radiation
damping.

3.4.6 RF synchronisation aspects

The ring tunnel of the FCC-ee must also be compatible with the FCC-hh accelerator to be installed in the same
infrastructure once the lepton physics programme has been completed. Therefore, the tunnel circumference, which
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will obviously remain an unchangeable parameter throughout the entire lifetime of the FCC, must be carefully
chosen. Flexibility in terms of beam parameters and transfer schemes is key to not exclude any possibilities even
in the far future.

For the FCC-ee, there are only a few restrictions as long as the booster and collider rings have exactly the same
circumference. RF frequencies for the ultra-relativistic leptons are moreover constant and synchrotron radiation
naturally damps longitudinal oscillations of the bunches.

The choice of circumference is more constrained for FCC-hh, since protons will either be transferred from a
high-energy booster (HEB) in the existing SPS or LHC tunnel. In this injector, the hadrons must be accelerated
with beam control loops to mitigate common-mode dipole oscillations. These beam-derived corrections change the
RF frequency during acceleration and, hence, modify the azimuthal position of the bunches at arrival at the flat-
top. This requires a cogging process to move them to the desired azimuth prior to the bunch-to-bucket transfer.
Additionally, following acceleration and synchronisation in the HEB, multiple transfers of batches of about 80
bunches to the collider cannot be avoided because of the need to keep the stored energy of the injected beam at
an acceptable level for protection devices.

The first analysis to identify an FCC circumference compatible with the HEB in the SPS or LHC tunnel can
be found in Ref. [256]. Once synchronised to the same RF frequency, two circular accelerators can be modelled
as cogwheels. For a circumference ratio of Cy/Cy = hy/hy = ny/ns, where h are the harmonic numbers, the
bunches in both rings are at the same azimuth only every n; turns of the ring with the circumference C7, which
corresponds to ny turns in ring with Cs. This is also the basic periodicity with which the beam transfer can
take place. In the CDR, a 97,750 m circumference ring was chosen as a baseline solution with the corresponding
ratios with the HEB Crcc/CLuc = 11/3 and Crec/Csps = 99/7. The evolution of the placement required an
additional detailed study [257]. For the present FCC baseline circumference of 90,658.2 m the ratios with the
HEB are Crcc/CrLuc = 1010/297 and Crcec/Csps = 1010/77. This means that beam can only be transferred
every 1010 turns in the injector, corresponding to about 90 ms for the HEB in the LHC tunnel. While FCC
circumferences of 179.5 m shorter or longer would be ideal from the RF point of view, with much smaller numerators
and denominators in the circumference ratios, and provide important flexibility at the transfer, they are excluded
based on the integration in the tunnel.

The baseline circumference ratio of the HEB in the LHC tunnel of 1010/297 ~ 3.40067 is extremely close to
17/5 = 3.4 [258]. A promising alternative in view of FCC-hh would therefore be a 18 m shorter FCC circumference
of 90,640.2 m, hence exactly 3.4 times the circumference of the LHC. It would allow the injection of hadrons
every 17 turns of the HEB, corresponding to only 5 turns in the collider. Such low numbers of turns, with an
almost instantaneous transfer, enable non-adiabatic RF manipulations, like bunch rotation to compress or stretch
bunches for the injection into the collider, in combination with multiple transfers to limit the maximum stored
energy for reasons of machine protection. These manipulations are excluded with the present baseline scenario. To
keep the baseline harmonic number of hpcc = 121,200 =24 -3 -52 - 101 for the full flexibility with bunch spacings,
the RF frequency of the FCC-ee would have to be increased by only 80 kHz, from 400.79 MHz to 400.87 MHz.
This is small enough to stay within the frequency range of the operational cavity tuning systems. The impact of a
circumference change as small as 18 m on the tunnel integration would be minor. Table 3.10 compares the baseline
scheme with the proposed alternative circumference.

3.4.7 Technological choices for the SRF cavities

The technological choices proposed for the two types of SRF cavities of the FCC-ee collider are driven by the
experience of particle accelerators operating at similar parameters. The accelerating gradients are fixed to 10 MV/m
at 400 MHz and 20 MV /m at 800 MHz. These accelerating gradients must be reached in operation and be very
reliable. Thus, a 20% margin on the accelerating field F,.. and the unloaded quality factor Qg is added between
the values during qualification tests in a vertical cryostat and operation in the machine.

It is indeed important to remember that performance degradation occurs between cavity qualification in the
vertical cryostat and cavity performance after cryomodule assembly. This is a well-known phenomenon in the SRF
domain. Taking into account an additional margin for reliable operation, performance targets on F,.. and Qg have
been specified for all steps of the cavity lifetime (see Table 3.11).

At the Z, WW and ZH operating points, the 2-cell cavity technological design (Fig. 3.28, left) is inspired by the
400 MHz LHC cavities accelerating a proton beam of about 0.5 A (1 A for HL-LHC) and operating at 300 kW
RF power in CW [259]. The cavity is heavily damped thanks to four coaxial couplers placed very close to the
accelerating cell. The cavity is made of copper and is coated with a superconducting niobium thin film, operating
at the temperature of 4.5 K. Its very large aperture of 300 mm diameter allows the propagation of most of the
high-frequency modes induced by the beam. The Nb/Cu version of the 352 MHz - 5 mA multicell cavities used
in LEP is also a good reference for the design of the 2-cell FCC-ee cavity [260] where some experience can be
gained to push the accelerating gradient to 10 MV /m and above, while keeping the HOM damping properties very
efficient.
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Table 3.10 Summary of baseline and alternative tunnel circumferences. The length difference with respect to the baseline
circumference is indicated by Crcc

hrcc hrcc

hrco Crcc [m] ACFrcc [m] frr [MHz] Comment
hruc hsps
120,960 90,478.6 —179.5 112/33 144/11 400.8 Ideal for RF, too short
for tunnel integration
110,160 364.4 Option for FCC-hh
121,200 400.9 Proposal for FCC-ee,
ideal for RF with
90,640.2 ~17.95 17/5 459/35 ideat for BE W
minimal change
122,400 404.8 Option for FCC-ee
146,880 485.8 Option for FCC-hh
121,200 90,658.2 - 1010/297 1010/77 400.8 Baseline
121,440 90,837.7 +179.5 92/27 92/7 400.8 Ideal for RF, too long
for tunnel integration
Table 3.11 Main RF - - -
performances targets of the Cavity configuration bare dressed cryomodule  operation
4OO.MHZ and 800 MFHz Orientation in test vertical vertical horizontal horizontal
cavities
Added elements helium tank FPC tuner
HOM couplers shieldings
400 MHz Eace [MV/m] 13 124 11.8 10.6
Cavity Qo 3.3 x 10° 3.15 x 10° 3% 10° 2.7 x 10°
800 MHz Eace [MV/m] 24.8 23.6 22.5 20.25
Cavity Qo 3.8 x 101 3.65 x 10'° 3.5 x 10%° 3 x 10%°

Fig. 3.28 Artist’s view of the
2-cell 400 MHz (left) and
6-cell 800 MHz (right) SRF

cavities

Bulk niobium technology is very suitable for the 800 MHz 6-cell cavities (Fig. 3.28, right) used at the tt energy.
Similar 5-cell cavities of this type have already been developed for high-intensity proton accelerators like the SN'S
linac at ORNL in Oak Ridge [261], the SPL project at CERN [262], the ESS accelerator in Lund [263], and the
PIP-II linac at Fermilab [264]. Tt is also important to remember that a prototype FCC-ee 5-cell bare cavity was
manufactured and successfully tested in a vertical cryostat by the Jefferson Laboratory in 2018 [265].

3.4.8 RF design of elliptical cavities

A multi-objective optimisation was performed for the 2-cell 400 MHz cavity, targeting both the FM properties, such
as peak surface electric and magnetic fields, and the longitudinal impedance of the HOMs. At the Z operating point,
the longitudinal impedance of the 0-mode in the fundamental passband becomes critical for ensuring longitudinal
stability, as this mode only couples to the power coupler with a loaded quality factor of approximately 10°. To
address this, the (R/Q) of the 0-mode was incorporated into the optimisation problem. As a result, the half-
cell lengths were reduced from 187 mm to 180 mm, lowering the (R/Q) of the 0-mode to below 0.01 Q. This
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2-cell 400 MHz

6-cell 800 MHz

=000000=

Fig. 3.29 Parametrised model of the cavity’s end-cell (left) and the shapes of the two FCC-ee cavities (right). The inner side
of the end-cell has the same shape as the middle cells in the 6-cell cavity

Table 3.12 Geometric

parameters of the FCC A/Ae [mm] B/B. [mm] a/ae [mm] b/be [mm]
cavities
2-cell 400 MHz 94.06 / 102.81 127.81 / 137.97 77.19 / 61.11 109.06 / 58.94
6-cell 800 MHz 67.72 / 66.5 57.45 / 51.0 21.75 / 17.0 35.6 / 23.0
Ri/Rup [mm]  L/Le [mm) Req [mm)] a/ae [’
2-cell 400 MHz 125.58 / 150 180 / 180 351.041 105.3 / 109.6
6-cell 800 MHz 60.0 / 78.0 93.5 / 85.77 166.591 100.0 / 96.9
Table 3.13 Some figures of
merit for the FCC-ee LHC (reference) FCC 2-cell FCC 6-cell
cavities, with the LHC cavity
as a reference for comparison f [MHz] 400.79 400.79 801.58
(R/Q)inac [2] 88.1 182.7 630.4
G (9] 252 232.7 272.8
Epi/Ence |- 2.3 2.0 2.04
Bpi/ Eace [nT/MV /m] 5.1 5.33 4.31
ky [V/pC] 0.13 0.26 3.58
(0, =14.6 mm) (0, =14.6 mm) (0, =2.32 mm)

modification was achieved while maintaining the FM figures of merit and HOM performance metrics at levels
comparable to the previous design. The design of the 6-cell 800 MHz cavity is based on the 5-cell design reported
in the mid-term report, with an additional mid-cell added to the structure. The mid-cells were optimised to reduce
peak surface fields, enabling a higher accelerating gradient (FE,..) required for tt operation. Additionally, the end-
cell was designed to facilitate the damping of potentially harmful trapped modes. The parametrised model of a
cavity-cell, along with the shapes adopted for the 2-cell 400 MHz and 6-cell 800 MHz cavities, is shown in Fig. 3.29.
The corresponding geometrical parameters are given in Table 3.12 and some important figures of merit for the
cavities are presented in Table 3.13.

Figure 3.30 presents the impedance spectrum of each cavity type up to 3.4 GHz without any damping features.
For the 2-cell 400 MHz cavity, no critical modes with high longitudinal impedance (Z) are identified. However,
dipole modes near 530 MHz are trapped, leading to excessive transverse impedance above the coupled bunch insta-
bility threshold. To mitigate this, two hook-type couplers are installed per cavity, reducing transverse impedance
to approximately 60 k2/m. A transverse feedback system with a moderate damping rate (about 50 turns) can
ensure stability at the Z operating point. The hook coupler geometries are shown in Fig. 3.31(a). For the 6-cell
800 MHz cavity, two DQW-type HOM couplers, as shown in Fig. 3.31(b), suffice to meet stability requirements
for tt working point.
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Fig. 3.30 Longitudinal (left) and transverse (right) impedance of the two cavity types. The wakefield simulations are conducted
on the cavities without any damping coupler. Consequently, due to the truncation of the wake potential, the impedance peaks
are not fully resolved

LA

() (b)

Fig. 3.31 (a) Two hook-type couplers are used to damp the trapped dipole modes in the 2-cell 400 MHz cavity. (b) DQW-type
HOM couplers are employed for HOM damping in the 6-cell 800 MHz cavity

3.4.9 HOM power calculation

A short bunch length of a few millimetres can excite high-frequency HOMs in the cavities, reaching up to tens of
GHz. These high-frequency modes must be extracted from the cryomodules and dissipated in air-cooled or water-
cooled RF loads. Several types of RF extractors have been studied, including rectangular waveguides, ridged
waveguides, beam line absorbers and coaxial lines. A configuration with two coaxial waveguides oriented at 90°
and connected to the beam pipe is chosen for its simplicity, its compactness and its ability to handle high RF
power. Since the 2-cell cavities are designed to avoid trapped modes with large longitudinal impedances, there is
no need to place the HOM power extractors close to the cavity. Consequently, the coaxial lines, which also lack an
FM rejection mechanism, must be positioned far from the cavity on the beam pipe to prevent the extraction of FM
energy while absorbing HOM energy. Another advantage of this configuration is that it eliminates the creation of
a transverse kick caused by the two couplers interacting with the FM field, as the influence of coaxial lines on the
FM is minimal. However, this design choice comes at the cost of requiring a larger distance between the cavities
to accommodate these couplers on the beam pipe.

A similar coaxial line inter-cavity damping concept was considered for the 800 MHz cavity. Due to space
limitations and the need to shorten 800 MHz cryomodules, studies are ongoing to eliminate the coaxial line for
the 800 MHz system. This appears feasible, with the two additional HOM ports near the cavity utilised for HOM
couplers to damp other dangerous HOMs mainly required for the booster cavities which have lower beam instability
thresholds. Since neither the coaxial lines nor the HOM couplers have broadband transmission capabilities up to
tens of GHz, room-temperature high-power beam line absorbers (BLA) are necessary between cryomodules to
absorb HOM power above the beam pipe cut-off frequency for both 400 MHz and 800 MHz cryomodules.

Figure 3.32(a) shows the HOM power distribution for the Z operating point. Each coaxial line should handle
several kilowatts of HOM power, with up to 7 kW expected for the coaxial extractors located in the middle of
the cryomodule. Additional margins must be considered, as some HOMs can generate up to 10 kW of additional
HOM power if the beam spectral line aligns with a high-impedance peak. Depending on the mode excited and its

@ Springer



Eur. Phys. J. Spec. Top. (2025) 234:5713-6197 5837

Z: PHOM ~ 63.2 kW

4.0 kW 4.4¢kW 5.1¢kW 5.1 kW 4.0 kW

6.0 kKW 6.4 KW 6.9 kW 6.6 kW 5.5 kW
(@)

tE: PHOM ~ 28 kW
0.98 kw¢°'°3 kW 0.13 kW 0.12 kW 0.11 kW 1.05 KW
-+ E=H000000:—000000:—000000:—000000:—
Beam
0.09 kW 0.10 kW 0.10 kW 0.04 kW

(b)

Fig. 3.32 (a) The figure displays an approximation of the HOM power distribution at the Z operating point in a cryomodule
configuration consisting of four 2-cell 400 MHz cavities, each equipped with two hook-type couplers for trapped dipole mode
damping, and two coaxial lines on the beam pipe for HOM power extraction. The total HOM power propagating through all
eight hook-type couplers is approximately 0.7 kW. (b) An approximation of the HOM power distribution in a cryomodule
configuration with four 800 MHz cavities at tt operation. Each cavity has two DQW HOM couplers. Most of the HOM power
propagates out through the beam pipes, requiring beamline absorbers between modules. In both cases, BS bunch length is
considered for HOM power calculation

7 ‘ ‘—Four 400 MHz 2-cell-cavity module with tapers‘ 200 ! ‘—Four 400 MHz 2-cell-cavity module with tapers‘
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Fig. 3.33 The figures show the loss factor (left) and HOM power (right) at the Z working point for 2D-axisymmetric modules
consisting of four 2-cell cavities with tapers at both ends and no couplers. Circle markers highlight the loss factor and HOM
power corresponding to the BS and SR bunch lengths at the Z working points

coupling to the coaxial lines, this power can propagate into different couplers. Therefore, to ensure reliability, the
coaxial line extractors will be designed to handle power levels between 15 kW and 20 kW to accommodate such
worst-case scenarios. Figure 3.32(b) illustrates the power distribution for collider cavities in tt operation without
using inter-cavity coaxial lines. In this scenario, each DQW coupler absorbs, on average, 0.1 kW of HOM power,
with most of the power propagating out of the cryomodule which has to be damped by inter-cavity BLAs.

It is important to highlight that, in the case of the bunch length without collisions (referred to as SR for the
synchrotron radiation) there is a significant increase in the HOM power at the Z working point compared to
when beams are in collision, where beamstrahlung (BS) increases the energy spread and bunch length. Figure 3.33
illustrates the loss factor of the four-cavity module with tapers and without couplers for both the BS and SR bunch
lengths. The resulting HOM power at the Z operating point is calculated using the formula Pyom = k| mom@/1,
where k| nom represents the longitudinal loss factor of HOMs, @ denotes the bunch charge, and I stands for the
average beam current. Figure 3.33 also presents the HOM power levels, showing an increase by approximately a
factor of 4.4 when transitioning from the BS to the SR bunch length. A significant portion of HOM power for the
SR bunch length is caused by 300 mm to 100 mm diameter tapers at the cryomodule ends. Removing these tapers
reduces HOM power by 100.4 kW (SR) and 13.2 kW (BS). Replacing them with 300 mm to 160 mm diameter
tapers reduces HOM power by 52.3 kW (SR) and 6.8 kW (BS).
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Fig. 3.34 The RF models of the 400 MHz(a) and 800 MHz(b) power couplers, along with their mechanical representation
concepts. Liune is used to adjust Q1 when transitioning between working points by altering a waveguide plate on the air side
of the coupler

3.4.10 Fundamental power couplers

A new family of fundamental power couplers (FPC) has to be developed for FCC-ee which all must operate
reliably in CW mode. For the 400 MHz 2-cell cavities, the reverse-phase operation scheme reduces the input power
requirement for the Z working point from 0.9 MW to approximately 400 kW, matching the requirements for the
WW and H working points at the same Qp, level of 9.2 x 10°. However, additional margins must be considered
for the RF power modulations and failure scenarios, where one or more cavities may trip, requiring the remaining
cavities to compensate. An adjustable coupler is needed to cover a Qp, range from 9 x 10° to 4.5 x 109, as required
for the tt working point, to minimise the input power to ~ 80 kW (Table 3.9).

At 800 MHz, the couplers installed on the 6-cell cavities for the tt require Qr opt = 4.2 X 105 to operate at
~ 200 kW. The same concept of the adjustable FPC is foreseen to unify the coupler designs with the collider and
booster 800 MHz RF systems. The @ range is from 4.2 x 105 to 2.7 x 107, which is a compromise between the
tuning capabilities and RF power overhead (see Sect. 6.3).

At 400 MHz, with a nominal power of approximately 400 kW, the proposed design concept incorporates an
alumina ceramic disc window positioned within the rectangular waveguide, following an approach similar to that
developed for Linac4. This configuration includes a step transition to a vertically mounted coaxial coupler, which
interfaces with both the cavity and the surrounding cryomodule. The placement of the ultra-high vacuum (UHV)
boundary within the rectangular waveguide presents logistical challenges for assembly, as the insertion into the
outer vacuum vessel is intended to occur outside the clean room. However, technical solutions involving localised
enclosures are being explored to address these constraints.

At 800 MHz, for a nominal power of 200 kW, the design adopts a more conventional annular disc window within
the coaxial section of the coupler. Integration with the conceptual design of the 800 MHz cryomodule necessitates an
innovative approach to the structural support system, ensuring that the horizontally mounted coupler is adequately
supported while avoiding hyperstatic constraints that could impede thermal expansion. Engineering solutions to
address these challenges are currently under development. The RF models of both couplers, along with their
respective mechanical design concepts, are presented in Fig. 3.34.

3.4.11 SRF cryomodules

Two types of cryomodules are planned to accommodate the 400 MHz and 800 MHz cavity strings, covering the four
operating modes of FCC-ee. The first type is designed for operation at 4.5 K and will house four 2-cell 400 MHz
cavities, with a total length of 11.24 m. For the 6-cell 800 MHz cavities, the cryomodule will be designed to operate
at 2 K, with an expected total length of 10.25 m.

The RF design of the cavity string has been refined through iterative development to optimise several key
aspects: improving the integration of mechanical elements such as bellows and flanges within the string, enhancing
the overall integration of the string within the cryomodule, including the orientation of rigid components such as
fundamental power couplers (FPC) and coaxial extractors, and ensuring compactness and efficient longitudinal
integration within the FCC tunnel.

The 400 MHz cryomodule conceptual design includes an isostatic supporting system for the cavities that allows
free thermal contraction of the different elements, the weight of the FPC and the vacuum forces are intended to
be discharged on the vacuum vessel. Helium tank, tuner and reinforcement structures are still to be engineered.
In the conceptual design, the space occupation has been identified by rescaling the correspondent elements of the
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Fig. 3.35 Lateral and front view of the 400 MHz cryomodule

LHC cryomodule. In Fig. 3.35 it can be seen that there is limited clearance to integrate the actively cooled thermal
shield and magnetic shield, not present in the LHC cryomodule. The cryomodule outer diameter is constrained by
the length of the FPC outer conductor, actively cooled with supercritical helium at 4.5 K. There is a margin to
reduce this value towards a more compact cryomodule design once the FPC maximum power and RF losses for
the Z working point are finalised.

The current cryomodule design and assembly sequence are based on a cylindrical vacuum vessel, which is
the preferred choice for maintaining structural integrity under vacuum forces. This design is commonly used in
machines with a large number of cryomodules, such as XFEL and LCLS-II. A cylindrical vacuum vessel also
presents a cost-effective solution in several respects. First, it simplifies material procurement, as it allows the use
of low-carbon steel tubular products. Second, it facilitates an industrialised assembly process, following established
practices from previous machines, where the cavity string slides into the vacuum vessel without requiring the vessel
itself to be cleaned to cleanroom standards at any point.

However, the new fundamental power coupler (FPC) design, which incorporates a ceramic window in the
waveguide, necessitates a revision of the assembly process. The first integration approach, which is compatible
with the current cryomodule conceptual design, involves inserting the coupler antenna and ceramic window in a
second step—after the cavity train has been placed inside the vacuum vessel. This would be achieved using a local
cleanroom or a glovebox. The local cleanroom approach has been successfully employed for FPC maintenance in
other facilities, such as ESS, XFEL, and SNS, but it poses a potential risk of cavity contamination. Therefore, both
the local cleanroom concept and the associated assembly procedure must be designed and thoroughly validated
with prototype testing before finalising the current cryomodule design.

If this integration method proves too complex or incurs excessive R&D costs, an alternative design is under
consideration. This would involve a vacuum vessel composed of two separate sections, as used in other projects
such as Crab cavities and SPL. In this configuration, the top part of the vessel would be brought into the cleanroom
along with the cavity string, enabling the FPC assembly to take place in a fully controlled clean environment.
While this solution minimises the risk of cavity contamination, it introduces significantly greater complexity and
increases the cost of the vacuum vessel.

The design of the HOM for the 400 MHz cryomodule is determined by the highest power extraction requirements
at Z operating point, the coaxial extractors in between cavities should be dimensioned to extract up to 6 kW-
10 kW each. Thus, the coaxial extractors shall be rigid connectors (Pgom X6 > 1 kW), reducing the freedom in
the port positioning across the vacuum vessel, with complications in matching the routing and the assembly and
maintenance needs. For the absorption of the HOM power leaking through the beam pipe, it is foreseen that the
integration of warm BLA in the cryomodule interconnection regions. Examples of water-cooled BLA have been
tested for EIC, and their impact on the machine reliability and cavity contamination is now under assessment.

The 800 MHz cryomodule conceptual design, Fig. 3.36, is based on the PIP-II HB650 cryomodule, with the
strong back support for the cavity string, and has been developed in collaboration with FNAL.

The parameters that require adjustment of the current PIP-II design are: (i) the power for the FPC, (ii) the
presence of HOM extractors, (iii) the requirement of the design to be compatible with both segmented and con-
tinuous architecture. The FPC of the HB650 cryomodule, designed for a peak power of 65 kW, has a bellows in
the outer conductor to decouple thermo-mechanically the waveguides from the outer conductor, avoiding trans-
mitting cantilever forces to the cavity string. The bellows must be eliminated from the FCC FPC design, given the
requirement of 250 kW of forward RF power to be transmitted. Active cooling is preferred for the cooling of the
FPC outer conductor, using supercritical helium at 4.5 K to be able to adjust the cooling capacity by adjusting the
helium flow rate in the different working points and phases of machine operation. The requirements for the HOM
extractors for the 800 MHz cavity string are still under definition due to the necessity of introducing BLAs. The
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Fig. 3.36 Lateral and front view of the 800 MHz cryomodule

Table 3.14 Cryomodules

heat loads budget 400 MHz 800 MHz
Max. heat load to thermal shield per CM [W] 327 180
Max. static heat load to 4.5 K / 2 K bath per CM [W] 197 56
Max. dynamic heat load to 4.5 K / 2 K bath per CM [W] 619.2 130.2

current design is compatible with a continuous machine architecture, although if the power to be extracted from
the BLASs is too high to be dumped in the cryogenic lines (XFEL design for 100 W) the requirement of warm BLA
would push towards a segmented architecture for the 800 MHz cryomodule, as currently defined for the 400 MHz.
The conceptual design of both cryomodules is well advanced, in both cases the FPC remains the most critical
component to design and integrate and may require modifications to the current models. The current design allows
some space contingency: the next step will focus on the engineering and dimensioning of the components inside
the cryomodules.

To address the definition of the RF cryogenic capacity needs, heat load budgets have been calculated for both
cryomodules. The values of static heat loads in Table 3.14 include a 50% margin to account for the preliminary level
of maturity of the two design concepts. This margin will likely decrease when engineering the cryomodule internal
components. The dynamic heat loads only account for the power dissipated by the cavity at the nominal values of
Qo and E,... The heat loads from power coupler, HOMs and non-superconducting elements of the beamline are
not included. It is noted that the values of Qg and FE,.. are target values of the R&D processes (Table 3.11). At
present, there are no elliptical 2-cell and 6-cell cavities with the stated performance at 400 MHz and 800 MHz,
respectively, the specifications are based on the rescaling of performance obtained at different frequencies, with
different surface treatment recipes. The stated performances rely on the success of the R&D programmes.

For the dynamic loads, it was assumed that at least a 20% operational margin should be added to the nominal
value to ensure machine operation with up to 10% faulty or unpowered cavities, and voltage needs being compen-
sated by increasing the gradient of the remaining cavities. For both cryomodules preliminary cryogenic schemes
have been defined, together with the dimensions of the cryomodule inner pipes. The cavities are immersed in a
saturated helium bath, the helium tanks are connected on top through a 2-phase tube, from which vapour pumping
and pressure control ensure temperature control of the helium bath. Cavity cool-down is done from a lower point
through a valve-controlled line at 4.5 K. Steady-state operation, filling is ensured by a valve directly feeding the
2-phase line. For the 800 MHz, Fig. 3.37, the valve is a JT subcooling the liquid to 2 K. Helium level control in
the 2-phase is ensured by liquid level measurement (LT) in a phase separator, connected to the bottom supply
line, as in the helium tanks, so that the level can be measured in one point only (communicating vessels).

An actively cooled thermal shield at 50 K is needed to intercept the conduction heat from the thermal bridges
between ambient temperature and helium bath, such as the cold-to-warm transitions in the beam tubes, cavities
supporting system, etc. The static and dynamic heat loads linked to the FPC external conductor are gas-cooled
through a double-walled heat exchanger; cold supercritical helium is injected at the coldest end of the FPC and
is extracted at room temperature at the vacuum vessel interface. Temperature-based mass flow regulation on
each FPC is possible with warm valves outside the CM. Finally, two burst disk exhaust lines protect the cavity
circuit against overpressure in the worst-case event of accidental venting of the cavity vacuum with air. For the less
critical case of insulation vacuum break, only one of the two burst disks should be enough to evacuate the mass flow
rate of helium vapour. The scenarios in which the cryogenic supply is interrupted or the machine is subjected to a
power cut are considered abnormal operating conditions, which could happen frequently, rather than an emergency
scenario. The limited mass flow will be recovered through the cryomodule return line — the return valve default
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Fig. 3.37 Cryogenic scheme for the 800 MHz cryomodule

position is open in case of a power cut. If there are problems with the return line valve, the helium mass flow will be
released in the tunnel through a pressure relief valve, which ensures leak-tight reclosing. It is important to mention
that this is a preliminary schematic, several components still need to be included for cryomodule operation, for
example the instrumentation, the valves and/or lines for individual cryomodule warm-up/cool-down, etc.

3.4.12 High power RF system

The high-power RF systems will comprise electrovacuum amplifiers and solid-state power amplifiers (SSPA),
chosen to meet the RF power level required at different operating points and frequencies. For the FCC collider,
the efficiency of electric power conversion from the grid to RF was considered a priority, together with cost-
effectiveness and footprint minimisation. In the last three years, a novel concept of the compact (3 m high) low
voltage (<60kV) two-stage (TS) multi-beam klystron (MKB) [266] was pioneered within CERN’s High Efficiency
klystron Project. Such a tube can generate CW RF power up to 1.2 MW at 400 MHz with very high efficiency —
above 85%. TS MBK design was completed and is ready for prototyping in industry. TS MBK layout and the tube
performance are shown in Fig. 3.38. In the CDR and MTR, it was assumed that for the Z operating point, one
tube would feed one cavity and then be reused for other operating points by splitting the RF output power. The
novel TS MBK technology can be considered an optimal choice for various high-energy colliders, such as CLIC,
ILC, and the Muon Collider.

The present baseline FCC collider layout with a common 2-cell 400 MHz SRF cavity used for Z, WW, and ZH
operating points reduces the maximum RF power needed for a single cavity from 1 MW to below 0.5 MW. In
addition, the RPO mode leads to different RF power transient modulations for focusing and defocusing cavities
due to gaps in the beam filling schemes (Fig. 3.39). Thus, the single 0.5 MW RF power source feeding one cavity
was the solution that satisfied the requirements for all beam energies.

Following these changes, the TS MBK design was scaled down in RF power from 1 MW to 0.5 MW, providing
high efficiency as before with the original tube. However, analysis of the klystron operation with required RF power
transient modulation regulated by the LLRF system brought the operational efficiency of the tube down from 85%
to 68%. The reason is that the highest efficiency is delivered by a klystron when it operates in saturation. Without
changing the operating high voltage on a fraction of microsecond scale (not yet technically feasible), efficiency
will be linearly degraded by reducing the RF power. CEPC adopted a possible solution using the depressed

@ Springer



5842 Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

F{ M F prodirs i

'd j) =]
=
'l.
'
Vertagm, EY

1
m

I F 1.

Fig. 3.38 Artist’s view of TS MBK is shown on the left. Simulated RF power /efficiency performance of the TS MBK operated
at different High Voltage levels is shown on the right
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collector (5 stages) to recover the energy back into HV modulator [267]. At this point, klystrons will operate
with an average efficiency of about 65%, but the overall RF system efficiency can be pushed up to 85%. This
approach is not commonly used in industrial high-power klystrons, and it will result in a significant increase in the
tube complexity and cost. Moreover, the transient nature of the recuperated beam power will require specialised
electronics to return the energy to the DC modulator.

A gridded tube, like an inductive output tube (IOT), is another class of electrovacuum device that is renowned
for its ability to operate efficiently in a wide range of output RF power levels regulated by the input RF signals. For
example, a 1.2 MW, 0.7 GHz multi-beam (10 beams) IOT was successfully prototyped in industry for ESS almost
a decade ago [268], proving that powerful MB IOT is a mature technology. However, the practical efficiency in
these tubes is limited to 70-75%. The extended IOT version, called Tristron (a hybrid of triode and klystron) was
proposed in the late 1960s, but it has never been commercialised. A tristron comprises an additional idler cavity
located before the output cavity. This cavity dramatically improves bunching quality and increases efficiency.
A tristron was studied and optimised at CERN as a candidate for FCC RF power source [269]. The final MB
(10 beams) tristron design at 400 MHz showed excellent performance in RF power range from 300 kW to 600 kW
with efficiency exceeding 90%. A snapshot of particle dynamics in the tristron and simulated RF power/efficiency
performance at different operating voltages are shown in Fig. 3.40. Compared to TS MBK, the tristron provides
a much more compact and cost-effective solution.

The RF power modulation waveform shown in Fig. 3.40 can be convoluted with the tube performance at a fixed
voltage for the operational efficiency of the tristron at the Z operating point., The tristron transient efficiency
simulated for the operating voltage of 46 kV is shown in Fig. 3.41. Despite the very broad range of the RF power
modulation required, a remarkably high average efficiency of 88.7% can be obtained.

The failure scenario of a single cavity trip was also studied. In this case, there must be a dramatic change of the
RF power modulation waveform, so that the peak RF power required can temporarily exceed 520 kW (Fig. 3.26).
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Fig. 3.40 Left: A snapshot of particle dynamics in the tristron simulated in 3D PIC CST. Right: RF power/efficiency perfor-
mance at different operating voltages
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The proposed recovery scenario is based on the slow (200-300 ps) ramp-up of the tristron operating voltage from
46 kV to about 50 kV. At this new set point, the operating efficiency will be slightly reduced: from 88.7% to 85.2%.
For the WW and ZH poles the RF power transient sweep required will stay within 1%, thus, tristron will operate
with an efficiency exceeding 90%, while similar performance degradation is expected in failure scenarios. Finally,
if a 1-cell 400 MHz cavity for the Z operating point is re-considered in the future, two tristrons can be combined
through the 3-dB hybrid and deliver 1 MW RF power. The booster and tt-pole will be operated with 800 MHz
RF power sources. Direct scaling of 400 MHz of tristron to the higher frequency and reduced RF power (200 kW)
is a straightforward task, it will be initiated upon completion of the technical design of the 400 MHz tristron. This
800 MHz tube will feed a different number of the cavities depending on its location: one tube per cavity tt collider
and one tube per four cavities for the Z, WW and ZH poles and the booster.

A preliminary 3D mechanical model of the tristron is shown in Fig. 3.42. The tristron development programme
is separated into two phases. The first one is a technology demonstrator based on a retrofit and upgrade of the
existing ESS MB IOT. This work will be done in a collaboration of CERN, ESS and Thales. It is expected that
the project can be completed on a short timescale of 12-18 months, providing ESS with an additional option for
the efficiency upgrades of their RF system in the future. The second phase is technical design and prototyping of a
400 MHz tristron for FCC. During this phase attention will be focused on system optimisation and cost reduction.
It is anticipated that a tristron prototype will be built and tested 30-36 months after the formal project assignment
between CERN and Thales.

Tristron technology will cover all the power and frequency ranges for FCC collider and booster at different
energies. However, tt mode booster only requires 13 kW at 800 MHz to feed the cavity. It is then possible to split
RF power into 10 cavities from the 200 kW tristron which is operated efficiently at a lower RF power of about
130 kW. However, the RF distribution system could be too bulky and expensive. As an alternative, a 15 kW SSPA
can be employed. There is no specific development of such an amplifier at CERN and most of the development
is in industry. Recently it was reported that L-band 6 kW GaN/SiC single transistors operated at 100 V are
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Fig. 3.42 Tristron 3D view
(left) compared to T'S
klystron (right)

commercialised [270], providing drain efficiency of about 80%. So far these chips are operated at a low duty cycle
(10%), but predictions are for further performance improvements in the coming years.

The RF power sources are grouped by RF units, each one being individually powered by a power converter
located at the surface. Figure 3.43 summarises the distribution schemes for the collider and booster at the different
beam energy levels.

3.4.13 RF system integration in the tunnel

The integration studies of the RF system in the accelerator tunnel and in the klystron gallery were considered as
high priority and were completed to verify that: (i) the cryomodules and the dedicated services fit, with minor
exceptions, in a tunnel with 5.5 m diameter, both for the collider and the booster ring (ii) the RF equipment
necessary for the tt mode working point fit in the 2032 m of the long straight section. The civil engineering layout,
transport constraints, cable trays and general services, as designed for the arcs, were input to the study. The focus
was the integration of the cryomodule, cryogenic distribution line and waveguide connection from the FPC to the
klystron gallery. All the different working points were considered to ensure feasible transitions from Z to tt and
coherence in the beam positions between the collider and booster rings, Fig. 3.44.

The cross section in Fig. 3.45 presents the 400 MHz cryomodule in point PH connected to the cryogenic
distribution line (QRL) through the jumper. Some space was allocated along the QRL for the service module
containing the cryogenic valves and a local heat exchanger (if needed), in the sector with the 800 MHz cryomodules
at 2 K, in case the current baseline with a centralised heat exchanger is not viable.

The cryogenic services required for the tt working point will be installed at the beginning of machine operation,
including all the service modules and jumpers required to feed all the cryomodules. A platform has been included
on top of the QRL for the access and maintenance of the FPC and waveguides. Access to both sides of the
cryomodule is ensured for the maintenance of the HOM coupler connectors and tuner in case of need. In point
PH the 800 MHz cryomodules sit in the shadow of the 400 MHz cryomodules, thus integration is less critical.
The cross section in Fig. 3.46 presents the 800 MHz cryomodule in point PL, the same cryomodule design will
be compatible with installation on the ground, for the collider, and installation on an elevated platform for the
booster, for this reason the FPC is horizontally oriented.

The clashes highlighted in dashed lines can be resolved with the adaptation of the general services, pavement
and false ceiling to the requirement of the RF straight section, different to what is required in the arcs. The beam
height in the RF straight section should be increased, from the current value of 980 mm in the arcs, to 1200 mm to
accommodate the current design of the 400 MHz cryomodule to avoid the clash between the cryomodule supports
and the pavement. Several solutions are under evaluation, in case the diameter of the cryomodule cannot be
reduced, a slope in the tunnel should be introduced to lower the pavement in only the collider straight sections.
After the revision of all the civil engineering and the services, it will also be possible to refine the integration work
by adding more details, i.e., patch panels for warm valves, water pumps for the FPC inner conductor cooling, HOM
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Fig. 3.44 RF longitudinal integration of the 400 MHz cryomodules in point PH, and waveguide system layout from the FPCs
to the klystron gallery

load dumpers and BLA with the dedicated water cooled circuits, etc. In the following design stage, the integration
work will be refined to adjust the position of the non-accelerated beam, necessary for Z and WW working points,
to avoid it being in the transport/passage area.

The collider beam positions and spacing in the RF straight section at the various working points will be achieved
by a beam optics system for beam separation and recombination (see Fig. 3.47). It is important to underline
that, in point PH both collider beams need steering, the position of the incoming beam needs to be adjusted
compared to the arcs, otherwise, the cryomodule would be centred in the machine tunnel, strongly protruding
in the transport/passage area. It has been possible to maintain the beam spacing in the collider at point PL at
350 mm, as in the arcs.

The longitudinal integration of the RF equipment along the long straight section was also considered, in parallel
with the disposition of klystrons and bunkers in the klystron gallery. A vertical arrangement of the booster and

@ Springer



5846 Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

Fig. 3.45 400 MHz T ELTETSON RALEET
cryomodule, integration in 1 18 ! [—
point PH (collider). [ S T
Non-accelerated beam on the | B RN bl
right of the cryomodule is g b ’ : 3
necessary for Z and WW I, o s e N, T
working points only Pr Ir' o : ."“-{"' I L
L A | S .,
il ;..’_'F'll'b.l_____- b e o a el T b
i _'i"'"_'__""__'__T'_.' T Ml 0, kS
3 N _I.".IIE.[IJ .:.I.'::I' s F\ -— _H“\,‘. =% CEWTTT SN T [
; " I il 1 i W ey Ea 1o
. : |.- . — -'.1 i T N RN DT
Jorn 1 -
II I_- :__ 711 ‘-;1 - 3 % ..Ill L
i | TR T i R
II. III -.-_:l_-%f _ -!‘,. Egi 1 I.-' \ \ |I b )
[ T | =
] ﬁ E | .':'.l. ".. ) i .
P o i e L R N 5
o By 3
4 5 i !l./ i': -.} ‘ / .l' F
- . I. i %\-""{" .ﬁ i :II'II ) }
: s o d
L X ."‘-.LI LIk L e i ? I ! . ate L] | o
1= 1 | )
- "".:\- 1"\. | :[ e it " : {uck ¥
1] i [ J ik !---_-------_:.-"‘. 4
1T k4 \mi‘i"' R : J i ) .-"r.
3 e ”
B RN o ; ety
.h"- - .-'l. ' |
.J:lu_l._n -ul:-. "'\-.‘_... — 1 e | — " -~
!

T e W vy

[T T

main rings is chosen to ease the installation of the waveguide lines in the ducts. Thanks to a concrete chicane
located at the duct entrance, the level of X-rays in the klystron gallery will be limited, thus allowing personnel
access to the klystron gallery during commissioning and operation. Seven 400 MHz cryomodules and eight 800 MHz
cryomodules are placed between two consecutive quadrupole magnets, whose location vertically corresponds to the
location of the bunkers in the klystron gallery. This choice for the longitudinal integration maximises compactness
and accounts for the constraint that every bunker can have a maximum of four klystrons on each side. The
disposition of the RF equipment, at the tt working point, on each side of the IP point is summarised by the
scheme in Fig. 3.48.

3.4.14 R&D on SRF

Considering the timeline of the FCC-ee project, there is sufficient opportunity to conduct R&D aimed at enhancing
the performance of SRF cavities. This would enable the optimisation of both the size and cost of the overall SRF
systems [271].

The 400 MHz cavities built with the Nb/Cu technology require advanced engineering techniques for the copper
substrates. The design and fabrication of two bulk seamless 400 MHz copper cavities are ongoing (see Fig. 3.49),
allowing the ultimate SRF performance with this geometry and Nb/Cu copper technology to be assessed without
the effect of welds in the equatorial area.

Hydroforming technology, which is highly attractive for series production, is being explored in collaboration
with KEK. The development of internal welding techniques is also being pursued, in particular, the welding of the
RF ports on the cavity beam tubes.

Electropolishing is the best technique for preparing the surface of copper substrates for low surface roughness.
The electropolishing setup has been available at CERN since 2022 and was successfully benchmarked on smaller
cavities. Some R&D is still needed to optimise the polishing parameters on larger cavities, but a first successful
attempt was on an LHC type 1-cell 400 MHz cavity with a simplified geometry (without RF ports - see Fig. 3.50).
The most promising coating approach of niobium on copper is high-power impulse magnetron sputtering (HiPIMS),
which has shown excellent results on several 1.3 GHz 1-cell cavities. It was performed on a 400 MHz LHC type
cavity in 2023 and the test results at 4.5 K and 1.7 K were reported in the mid-term report.

For the 800 MHz cavities built in bulk niobium, the 5-cell bare cavity developed by JLAB on a similar RF design
shape has already demonstrated that an accelerating gradient of 30 MV /m is achievable with a quality factor of
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Qo = 3.0 x 10'°. To reach a Qo = 3.8 x 10'° or higher values, a dedicated R&D programme in collaboration with
FNAL [272] is on going. It will be based on a combination of nitrogen doping and mid-temperature bake-out,
inherited from the 5-cell 650 MHz cavity R&D performed within the PIP-II project.

An innovative concept of the slotted waveguide elliptical cavity (SWELL) is being developed [273-275] in
parallel to the baseline study. The design consists of elliptical cavities where longitudinal waveguide slots crossing
perpendicularly to the RF surface are added to damp transverse HOMs. Thanks to this approach, the cavity is
seamless by its nature and can be built by sectors, which is very appropriate for precise manufacturing techniques.
This quadrant-based configuration allows direct access to the RF surface when separated, thus facilitating the
surface preparation, surface inspection and thin film deposition (with any kind of superconducting material). The
cavity is also robust against frequency detuning by Lorentz forces or microphonics, and allows cryogenic cooldown
with a significantly reduced volume of liquid helium.

RF design efforts led to 400 MHz 2-cell and 800 MHz 6-cell SWELL cavities as alternatives with almost one
order of magnitude better transverse impedance damping. A prototype of a simplified SWELL version of a 1-cell
1.3 GHz elliptical cavity has been fabricated for a feasibility demonstration of this new concept (see Fig. 3.51).
The cavity was installed in a vertical cryostat at CERN in August 2024. The Qo factor was measured at 2.2 K
using a self excited loop (SEL) digital LLRF system and the standard decay time procedure. After tens of hours
of RF conditioning of low-field multipacting barriers, the accelerating field has been gradually increased. At
E,c.c =1.1 MV/m, the cavity quenched repetitively, most likely due to the presence of a surface defect observed
on one quadrant before cavity assembly. The cavity reached a quality factor of Qo = 1.0 x 101 at 1 MV/m with
a very good reproducibility. This corresponds to a residual surface resistance of 20 nf2 as shown on the plot in
Fig. 3.51, which is a remarkable result for such a complex RF structure. It demonstrates, in particular, that no
RF leakage occurs through the slots and in the contact surfaces of the quadrants. Additional niobium re-coatings,
surface treatments and cold RF tests are planned in the next months to study and fully qualify this very attractive
and innovative concept.

3.5 Survey and alignment systems

The survey and alignment systems and strategy are based on the steps detailed in this section. Machine and
detector components undergo fiducialisation and assembly measurements at the surface to ensure precise alignment

@ Springer



5848 Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

Peirt M, collader baama, 2NN Wk

AN 9E0 A -

Pasnt H, collidss Dapms, T WP

5]

—tge | ——Sawrd

Poima L, collider bears, oll ¥Wls

L UL

b

350 P

st

e B | —— Bl

Fig. 3.47 Beam location required at the arc-RF interconnection region, in point PH (top and centre) and in point PL (bottom)

once installed in the tunnel. This process begins with marking the floor to indicate the designated positions for
the jacks that will support each component. After placement, these jacks are surveyed to confirm their correct
positioning.

Following this, absolute alignment is carried out relative to the underground geodetic network, establishing a
stable reference for all components. Once the components are interconnected, a process known as smoothing is

performed to refine their relative alignment, ensuring seamless integration.
The final and most time-consuming phase of alignment involves maintaining the initial precision over time. This
aspect is particularly critical for a newly constructed tunnel, such as that of FCC-ee, where long-term stability

must be carefully monitored and preserved.
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Fig. 3.48 Scheme illustrating the distribution of cryomodules and quadrupoles in point PH (left) and point PL (right)

Fig. 3.49 Design and
fabrication of the first
400 MHz 1-cell cavity
machined from bulk copper

Fig. 3.50 Electropolishing
and niobium coating of a
simplified LHC 400 MHz
cavity

3.5.1 Alignment tolerances for the FCC-ee machine

The initial mechanical alignment tolerances assumed for the FCC-ee arcs are described below. It is assumed that
adjacent arc quadrupoles and sextupoles are pre-aligned at 50 pm accuracy with respect to a common ~ 6 m long
girder. In the tunnel, the alignment tolerances from girder to girder or between girders are 200 pm over 50 m and
500 pm over 200 m. In the interaction regions (IR), transverse misalignment errors for quadrupole and sextupole
reference axes are taken to be £100 nm (1o) (£250 pm (1o) longitudinally, and +0.25 mrad in roll). Current
requirements regarding the alignment are of 30 pum for the final focusing quadrupoles; the LumiCal will need to
be aligned at 50 pm, and the screening and compensation solenoids at 100 nm (all values referring to 1o).
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Fig. 3.51 SWELL cavity
prototype design, fabrication
and test
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The figures presented above represent misalignment errors at the level of the reference axis, incorporating both
the fiducialisation process and the subsequent adjustment steps. To meet the specified alignment requirements,
position determination and adjustment solutions will need to achieve precision and accuracy at least three times
higher than the stated tolerances.

Regarding fiducialisation, the required measurement tolerances are well within reach for synchrotrons operating
under stable environmental conditions with rigid support structures. However, for FCC-ee, the process must be
automated due to the large number of girders and components that require fiducialisation and pre-alignment.

Furthermore, in a newly constructed tunnel such as that of FCC-ee, where stable and unstable areas have yet
to be identified, a significantly greater number of components will require (re)alignment compared to the LHC.
The implementation of automated solutions will be essential in achieving and maintaining the necessary alignment
standards over the machine’s operational lifetime.

3.5.2 Alignment tolerances of FCC-ee experiments

The alignment accuracy for the assembly of the experiment is assumed to be similar to that of the LHC experiments,
i.e., 0.5 mm with respect to the machine geometry. The positioning and stability tolerances and requirements of
each sub-system of the FCC-ee experiments need to be identified in order to estimate the means of adjustment.

3.5.3 Theoretical data

The spatial position and orientation data for the beamline elements including the FCC detectors need to be
extracted from the beam optics calculations, such as BEATCH/MADX beamline definition files. Additional
parameters necessary for geodetic metrology can be derived from the layout drawings of the detectors.

3.5.4 Metrology

In addition to the metrological controls of detector and machine components throughout the manufacturing and
assembly process, the final transfer measurement of the component axis, called fiducialisation, is a major step in the
metrologic controls and is mandatory for later alignment. This job is carried out for each piece of equipment whose
precise alignment parameters are to be determined. The proposed techniques are similar to those proposed for
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the Compact LInear Collider (CLIC), i.e., laser tracker and close-range photogrammetry. For smaller components,
coordinate measuring machines (CMM) and new technologies such as frequency scanning interferometry (FSI)
may be used, depending on the accuracy requested.

For larger components, the effects of thermal expansion must be carefully accounted for and compensated to
ensure precise alignment. Metrology measurements should be conducted in a controlled environment to maximise
accuracy. On-site measurements in the tunnel or experiment caverns should be minimised, as they inherently
introduce uncertainties that can reduce the overall precision of the alignment process.

The feasibility of metrology measurements within the tunnel or caverns must be thoroughly assessed, as factors
such as environmental conditions, spatial constraints, supporting systems, and concurrent activities can impact
measurement quality and accuracy.

The placement, number, and distribution of alignment targets (fiducials) on the components play a critical role
and must be determined based on survey requirements, selected alignment technologies, and the specific constraints
of the experiment caverns and accelerator tunnel. Additionally, the supporting system must adhere to alignment
specifications and constraints while following established survey guidelines [276].

Depending on the object, the parameters of the fiducialisation are stored in the survey reports or a database and
can originate from metrology reports, geometrical quality control measurements or from a specific fiducialisation
operation. The external fiducials are supposed to stay visible and accessible for the various measurement operations
during the lifetime of the component.

3.5.5 Alignment of accelerator components

Introduction The alignment of the beam components of future CERN accelerators will be achieved with various
techniques depending on the alignment tolerance (mainly depending on component type and physics requirements),
the sector concerned (long straight sections, arcs, transfer lines, injection/extraction zones, etc.), the geometric
dimension of the components, and the phase of the project (initial installation of the machine, a single isolated
component alignment, voluntary displacement, smoothing campaign).

The radiation level will also influence the instrumentation and methods chosen for measurement and alignment.

Marking the beam line and supporting system on the floor Using the MAD-X sequence files transmitted by the
physicists in charge of beam optics, and prior to the installation of the first component in the tunnel, the vertical
projection of the beam point assembly and the position of specific component supports such as jacks must be
traced on the ground. This will be based on the geodetic reference network of the tunnel. This tedious work,
previously done manually, should be automated in the future (see below).The ground marking prepares the floor
for the installation of the equipment support systems and later the components.

Position control of supporting systems Following the installation of the supporting systems of the largest and most
voluminous components (mainly jacks), their position must be verified to ensure safe installation and to detect
any positioning errors prior to the critical component installation step. The positioning accuracy of the supports
can be easily achieved with well-known and standard 3D measurement systems.

Component pre-alignment The pre-alignment phase in the tunnel (not to be confused with the pre-alignment of
components on girders before installation in the tunnel) consists of the initial alignment of the components after
their installation. This activity is performed using the absolute reference frame, i.e., based on the geodetic reference
network of the tunnel.

During this phase, the tolerance required is slightly less stringent than in the relative alignment stage of the
machine (smoothing phase), allowing the use of 3D polar measurement techniques such as total stations and laser
trackers.

A similar approach will be used when aligning an isolated component, for instance, when replacing a unit with
a spare. In such cases, the new component is typically positioned relative to the nearest reference component to
ensure continuity in alignment.

Once all components have been pre-aligned, they can be mechanically interconnected, ensuring a stable and
precise overall assembly.

Machine smoothing Smoothing consists of refining the relative position of neighbouring components to meet rel-
ative alignment tolerances and avoid offset between adjacent components.

The first step is to precisely measure the vertical and radial position of the whole machine or section concerned.
In the following step, components outside the alignment tolerances are identified and will be displaced.

The initial machine smoothing after installation is distinguished from maintenance smoothing, which is repeated
regularly to compensate for displacements due to mechanical constraints, geological movements or support insta-
bility. The frequency of periodic maintenance smoothing depends mainly on physics requirements, ground motion
and time available during technical stops.
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It is a relatively time-consuming activity. Thus, during machine operation, where maintenance time is limited
to yearly technical stops, it is not possible to measure the entire machine. Smoothing is then restricted to some
sensitive portions of the machine.

Generally, the acquisition techniques depend on the machine plane to be measured (vertical, radial) and on the
required accuracy. For radial measurements, wire offset measurements are favoured, while direct levelling is used
for vertical position determination.

Outside the arcs and within much smaller volumes (a few dozen metres at most), 3D polar techniques can also
be used for machine alignment.

The most restrictive areas in terms of precision will be equipped with permanent and automatic measurement
systems. In addition, most of the machines could, in principle, be measured by the remote alignment system to be
developed, which is described below.

Transfer lines The transfer lines are different from the main machine in terms of geometry (continuously changing
slope and roll), topology (fewer components and greater spacing) and the alignment needs as the beam passes
only once. The alignment techniques must be compatible with these various constraints. In particular, offset
measurements and direct optical levelling are significantly more challenging to implement.

Notion of primary and secondary components Since the machine components vary in size and weight, their stability
over time also differs. The largest and heaviest components are more stable. These are usually magnets, such as
dipoles, which have an impact on the trajectory of particles and are considered as ‘primary’ elements. The other
components are qualified as ‘secondary’ elements.

From a practical point of view, the precise alignment of primary components is generally performed during
the smoothing campaign (see above), while secondary components are mainly aligned with respect to the primary
elements in a second phase.

For the FCC-ee the alignment tolerances of the dipoles are quite loose, e.g., at the level of 1 mm transversely.
The relative alignment of quadrupole magnets, sextupole magnets, and beam-position monitors (BPMs) is more
sensitive. These elements, forming the arc ‘short straight sections’, should be pre-aligned on common girders prior
to installation in the tunnel, as it is being done for modern light sources. The closest of these girders, which are
about 25 or 50 m apart in the tunnel, should then be aligned with respect to each other.

Impact of component type on alignment There are several categories of components, each with specific alignment
tolerances. Magnetic elements, which actively influence the beam, typically require more precise alignment in at
least one plane—whether roll angle, horizontal, or vertical. This is particularly critical for dipole and quadrupole
magnets, where small misalignments can significantly affect beam dynamics.

Beam diagnostic equipment forms another group of components with distinct alignment constraints. Some, such
as beam position monitors (BPMs), require precise knowledge of their position relative to the primary beamline.
This can be achieved using beam-based alignment techniques, ensuring optimal accuracy in beam monitoring and
control.

The weight and dimensions of the components play a crucial role in determining the appropriate supporting
system and alignment strategy. Stability and safety considerations necessitate the use of isostatic supporting
systems, which minimise structural deformations. Additionally, the mechanical design of the components must
ensure that deformations remain negligible. The length of the components, along with associated lever arm effects,
is a key factor influencing both alignment precision and interconnections within the system.

3.5.6 Interaction regions including MDI

The alignment of the MDI is described further in Sect. 1.6.

The initial alignment in the interaction region, surrounding the MDI (£900 m around the IP) will be performed
with the rest of the collider.

Position monitoring is planned for the components of the incoming beam in this region, using a combination of
hydrostatic levelling systems (HLS), FSI distance measurements, wire positioning systems (WPS), and inclinome-
ters, resulting in a configuration similar to the HL-LHC. Knowledge gained during CLIC studies (see [277] and
[278]) could also be applied if needed. In addition, innovative systems, such as the structured laser beam (SLB)
[279], are being studied for use in this region.

3.5.7 Remote alignment and monitoring

Along the straight sections, for example, in the IR areas, the same alignment solutions as those proposed for the
implementation phase of the CLIC project can be used [138]. The solutions developed for CLIC will certainly
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meet the FCC requirements. The transverse position of components will be measured with regard to a long-range
straight alignment reference over several hundred metres. Alignment sensors measuring the transverse offsets with
respect to an alignment reference will be installed on the components. Overlapping references will be used over
very long distances, allowing for a highly accurate determination of a common straight reference. Two types of
alignment references can be considered: a structured laser beam (SLB), or a stretched wire. Both systems will
have to be combined with a hydrostatic levelling system (HLS) which will provide relative vertical references.

The SLB can be defined as a pseudo non-diffractive optical beam, with a very bright central core, sharp
boundaries, a minimal divergence and a theoretically infinite range (tested on 1 km). All of its properties are
under evaluation, and its application to the transverse alignment of components and, more particularly, to the
FCC-ee is the object of two PhD theses. The R&D on the SLB has just started. Preliminary studies indicate
that maintaining the straightness of the SLB along its trajectory requires it to be enclosed within a vacuum pipe.
However, due to the specific properties of the beam [280], the required pipe diameter is smaller compared to those
used in optical-based alignment systems.

Stretched wires used as straight references are not at a development stage. They have been in use, combined with
WPS, for many years in the LHC for the continuous determination of the position of the low beta quadrupoles.
The same combination will be used for a full remote alignment system of the main components of the long straight
sections around IP1 and IP5 for the HL-LHC project. (see Refs. [281] and [282]). Their main drawback comes
from the limited length of cables between each sensor and its remote electronics/acquisition system (maximum
120 m). Cables will be a great concern in the FCC-ee tunnel, from the integration/space available and radiation
perspective. One R&D development to overcome this issue would be the development of WPS sensors based on
FSI measurements (replacing the current capacitive technology). A ‘chained’ optical fibre configuration could be
developed that would take far less space in the tunnel and could be compatible with the high level of radiation
expected during the machine’s operation.

Extrapolating such solutions to the arcs will require additional R&D as there is currently no solution allowing
the permanent monitoring of the position of components in the arcs. Alignment solutions have been developed
for straight portions, not circular ones and should be adapted, either using the specific properties of SLB, or
developing a new configuration of alignment references based on ‘broken lines’ of wires.

Position adjustment is an activity that will be challenging to automate. Since 3D adjustments of components
are required, continuous monitoring is essential when using actuators to perform these adjustments in all three
dimensions. This ensures that the bellows at the extremities of the component can accommodate the displacement
without excessive stress or deformation. Additionally, for longer components, even small movements can create
significant lever arm effects, leading to unintended shifts at the opposite end. Real-time monitoring throughout
the adjustment process is, therefore, necessary to maintain alignment precision and prevent mechanical strain.

3.5.8 Survey robot options

Given the size of the collider, many alignment steps will have to be automated, from the 3D scans to the initial
alignment. A few examples of robot options are provided below. 3D scans could be performed by a ‘dog robot’,
provided that there are permanent targets which define the underground network and allow the geo-referencing of
scans. For the step consisting of marking the beam axis and the jack position on the tunnel floor, an increasing
number of floor marking robots piloted by tacheometers are now available on the market. An automatic inspection
of the position of components pre-aligned on girders could be performed with high accuracy by a robot in the
tunnel once the girder is at its final location. In all cases, adaptations to the specific tunnel configuration and
the underground geodetic network will be necessary. These may include increasing the density of the network and
incorporating permanent targets that various types of instruments can measure to enhance alignment precision.

3.5.9 Impact of beam-based alignment on alignment system requirements

The FCC-ee design assumes one BPM close to each quadrupole. Beam-based alignment (BBA) will determine the
BPM position offsets (reflecting both mechanical and electrical errors) with respect to the magnetic centre of the
nearby quadrupole and sextupole magnets, and it will help steer the beam through the magnetic centre of these
elements by using orbit correctors along with dipolar and (skew) quadrupolar trim coils to minimise feed-down
effects. Instead of relying on magnetic trims, Beam-Based Alignment (BBA) could also be carried out using movers.
While movers are not included in the current baseline scenario for the arcs, they could be a viable solution for the
strong sextupole magnets in the experiment insertions. If movers were to be implemented, their displacement range
would determine whether additional measurement systems are required to assess potential risks and ensure safe
operation. Since BBA must be performed regularly to monitor and correct possible alignment drifts, the choice of
adjustment mechanism should also consider long-term stability and operational efficiency.
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3.5.10 Experiments

In the FCC-ee experiments, the geodetic metrology survey work will be performed in different steps: design,
manufacturing, construction, assembly, and alignment of the detector elements. This means:

o Participating in the project at an early stage, e.g., when collecting the geometrical parameters, alignment needs
and discussing the integration of the survey needs in the design of the infrastructure, tools or detector elements.

e Providing the necessary geometric data for adjustment and control of the assembly infrastructures.

e Providing the position and orientation information related to the FCC-ee detector assembly and tests, i.e., the
geometric information:
— for the detector assembly tooling alignment,
— for the geometrical follow-up and adjustment of the detector elements during assembly,
— for the positioning of the detector elements for tests.

o Establishing, measuring, computing and maintaining geodetic networks or coordinate systems and defining the
parameters linking them when needed.

e Providing surveyed position and orientation information to locate the detector in the CERN Coordinate System
(CCS) and to link it to the accelerator geometry.

e Providing, when necessary, metrology measurements for the fiducialisation of the detector elements as well as
of module assemblies, as described in the metrology section above.

o Providing, when and where necessary, geometric control and validation measurements for detector elements as
well as module assemblies.

e Providing the control of the position and the alignment of elements and module assemblies in the experiment
area.

o Participating in any upgrade projects at an early stage to ensure high-quality geometric information during the
lifetime of the detector.

e Providing stability measurements of cavern walls and floor on demand.

This covers both the theoretical and the practical aspects of the geodetic metrology work for the FCC-ee project.
The theoretical positions of the beamline elements are provided by the accelerator optics team.

In-field measurements should be performed using suitable survey instrumentation and methods such as total
stations, optical levelling, photogrammetry, 3D laser scanners or laser trackers.

3.5.11 Link of machine geometry to the experiment area

The very first geometric link between the tunnel geometry and the experiment cavern is expected to pass directly
from the tunnel to the cavern, while the access and visibility exist. In later stages, the geometric link between the
accelerator and the experiment area will be performed through the survey galleries using geodetic methods and
dedicated monitoring systems as described in the MDI section above.

Marking out With respect to the geodetic network, reference marks representing the projected beam line and the
elements to be aligned can be painted on the floor and walls by the survey team. These marks help with the
installation of the services and beamline elements. Everybody working in their vicinity must ensure that these
marks remain visible. The marks and annotations required have to be defined in collaboration with technical
coordination.

Geometric quality control measurement The survey team should provide on-demand, where and when necessary,
the geodetic measurements and analysis for the geometrical and dimensional control of prototype and production
elements.

Positioning Prior to the installation of the detector elements, their supports are installed by others and pre-
adjusted to their nominal position by the survey team. These survey interventions can also happen before the
support installation if shims are required to overcome local floor deformations.

Once the detector elements are installed, their initial positioning will be carried out with respect to the geodetic
network of the area. Precise survey methods and instrumentation have to be used, such as laser trackers, total
stations and direct levelling.

In collaboration with the technical coordination of the experiment, the development and installation of simple
alignment systems for the positioning of the detectors after maintenance or equivalent could be included.
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3.5.12 As-built survey, 3D scans and measurements

The FCC-ee tunnel will have a diameter of 5.5 m. All services and cable paths will have to be optimised inside.
Furthermore, the FCC project has a rather long lifetime: it is planned to dismantle the components of FCC-ee and
replace them with a superconducting machine for the FCC-hh after 15-20 years of operation. It will be necessary to
perform 3D scans of the empty tunnel as soon as possible, before any services are installed and subsequently perform
3D scans at well-defined milestones: all services in place before the installation of components, all components in
place, etc. The geo-referenced 3D point clouds obtained during the installation process will be highly valuable
for verifying that components are positioned according to their theoretical locations and for identifying potential
interferences between systems. Additionally, these data will play a crucial role in facilitating the future installation
of new equipment once the FCC-ee is in operation, ensuring seamless integration and minimising disruptions.

It is recommended to execute equivalent as-built measurements using 3D scans of the civil engineering structures
in the experiment caverns, followed by as-built measurements of the infrastructure installed and, finally, the
experiments in order to provide 3D documentation of the experiment areas of the FCC-ee and to save time during
installation and future upgrade works. The survey team should pre-process these measurements to give the geo-
referenced point clouds and their 3D coordinates in the CCS, or a defined experiment coordinate system, to the
integration team of the FCC-ee experiments.

By utilising 3D scans, a comprehensive digitisation strategy can be developed, incorporating data-to-cloud
solutions for remote visualisation. This will enable access to detail historical documentation, such as girder assembly
records, while also supporting the implementation of digital twin technology. A digital twin would allow real-time
anomaly detection and advanced simulations, including studies on the impact of temperature variations and other
environmental factors.

3.5.13 Software

The Survey Database plays a critical role in storing all the parameters needed for surveyors to align and determine
the position of accelerator components in the LHC era. This database stores the calibrated component geometry
(fiducialisation) as well as their theoretical positions within the global CERN Coordinate System (CSS). It also
contains an element’s voluntary displacement (bump) and its measured offset to the theoretical position at a
given date. Furthermore, it stores all the measurements acquired and other crucial information, such as calibration
parameters of the instruments and sensors.

For the FCC-ee, the survey database will require similar capabilities, including the ability to handle an ever-
increasing number of accelerator elements followed in 4D (3D position plus time). Additionally, future concepts
such as girders, housing elements and so-called cells will need to be accounted for in the database.

The survey database will need to seamlessly interface with the digital twin framework and any Building In-
formation Model (BIM) solutions implemented for the construction and maintenance of the FCC-ee accelerator
infrastructure.

To support planned monitoring systems, the development of custom databases or integration into a broader
CERN-standard database will be essential. These databases must efficiently manage an ever-growing number
of sensor parameters—both existing and newly developed—to ensure reliable data processing for computational
models. Additionally, automated, robot-based, and as-built measurement data will need to be incorporated, either
within a dedicated system or as part of CERN’s global database infrastructure.

Moreover, due to the inherent complexity of the data structure, dedicated APIs should be developed to en-
able secure and efficient access to internal data for various CERN applications, including survey-related tools.
These interfaces will be designed using standard I'T technologies, ensuring interoperability with other systems and
facilitating seamless data exchange across different platforms.

Given the sheer volume of data and the complexity of the survey processes, specialised software will be required
for geodesy, alignment, and surveying. Commercial software may have serious limitations due to the specificity of
the alignment processes that involve combining several methods of observation, geodesy aspects, and non-widely
used sensors and instruments.

Although a significant level of automation is planned, in-field intervention by surveyors will be required to
observe, check, and, in some cases, move an accelerator element. As such, specific computing interfaces will be
needed to acquire geometrical observations from the survey instrument. In-house developed solutions will provide
the geometric data in a reliable and adapted way. New processes will require either the evolution of the current
software, such as SMART [283] and TSUNAMI [284] or the development of entirely new software adapted to
the FCC-ee alignment strategy. Most likely, surveyors in the field will use a combination of existing commercial
software that satisfies typical needs and follows standard procedures, with in-house software that meets CERN
and FCC-ee specific workflows and instrumentation. Common rules, formats and standards should, therefore, be
defined and implemented; this strategy will involve strong and long-term industrial partnerships.
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Monitoring systems will also be put in place, and acquiring data from these systems will require special de-
velopment to be integrated into future standards at CERN, according to the evolution of the control system
IT-infrastructure (communication middleware and low-level framework controlling the accelerator equipment).
Post-processing the permanently acquired data is a crucial step. It involves a variety of tools available to surveyors
or machine-based routines to compute the positions and their related statistics for numerous geometric elements
such as points, planes, lines, or circles. In configurations where the monitoring system must provide real-time
positions, for example, when synchronised with the accelerator’s timing system, optimisation strategies should be
found and implemented in the global calculation process. Collaborations with academic partners will be a key to
success in developing new algorithms and achieving the expected performance.

The main computation shell, LGC [285], will need to evolve or be re-developed to handle new mathematical
models describing the behaviour of new instruments or sensors. It will need to be a single point entry from across
most of the survey, alignment, and geodesy projects. It will need to be able to handle most of the survey processes
and combine several sources of data in a reliable, fast, and integrated way.

Special post-processing algorithms and dedicated routines, such as smoothing algorithms or best-fit processes, for
various geometric primitives will need to be available. Automated processes intended for fiducialisation, robot-based
measurements or any other geometrical checks may also require dedicated post-processing tools and algorithms.

In summary, the feasibility study has provided valuable insights into the surveying, alignment, and geodesy
requirements for the FCC, highlighting the need for further analytical refinement and dedicated development to
establish a robust software environment and adequate database. While many existing solutions can be adapted,
some aspects of the FCC-ee project will require the development of specialised tools or the evolution of current
software. Particular attention must be given to data storage and management strategies to ensure long-term
accuracy, reliability, and interoperability with other systems.

3.6 Beam intercepting devices

The FCC-ee complex, including the collider, booster, and injectors, will require several beam-intercepting devices
to be installed in the various accelerators, covering a wide range of functionalities. At this point, the following
devices have been identified:

« Positron target (injector)

Extraction dumps & spoilers (collider and booster)
Beamstrahlung (photon) dump

Betatron and momentum collimators

Synchrotron radiation (SR) collimators

o Interaction region (IR) masks and machine detector interface (MDI) devices
o Injection protection devices (collider and booster)

o Extraction protection devices (collider and booster)
e Beam stoppers

o Slits/scrapers

o Collimators (booster)

A detailed study and design process is required to ensure that all these devices meet their specific operational
requirements. So far, three key components—collimators, the positron target, and photon dumps—have been
identified as presenting significant technological challenges. Addressing these challenges necessitates dedicated
R&D efforts and prototyping to develop viable solutions.

As the functional requirements of additional components become fully defined, further challenges are expected
to emerge. In particular, injection protection devices likely need to intercept a low-emittance beam with high-
energy density, a condition that could potentially damage or destroy conventional materials. Therefore, advanced
material research and innovative engineering solutions are critical.

Similarly, some interaction region (IR) and machine-detector interface (MDI) masks are expected to experience
substantial energy deposition, leading to significant thermo-mechanical loads. Their design must adopt suitable
materials and structural configurations capable of withstanding these conditions. In extreme cases, sacrificial
protection devices may need to be incorporated to safeguard critical elements and ensure the long-term integrity
of the system.

3.6.1 Lepton dumps and spoilers

Specific dumps are necessary to safely absorb the beams from the collider and booster. There are two dumps for
this purpose, one for positrons and one for electrons. Each dump will receive the beams from both the collider and
the booster. Preliminary estimates indicate that spoilers upstream of the dumps are not required, as the beam
will be sufficiently diluted to allow the dump to manage the thermo-mechanical loads safely.
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Nevertheless, if, after detailed studies, spoilers are deemed necessary, they have already been studied. The
principle would be to use passive graphite cylinders, some hundreds of metres upstream of each dump [286].

The design concept planned for the dumps is similar to the current LHC dumps [287], i.e., a combination of
different graphite and CfC grades enclosed in a metallic, cylindrical vessel (Fig. 3.52). Also, the dimensions are
expected to be similar to those of the LHC dumps (diameter in the order of 400-700 mm X length ~5 m).

3.6.2 Beamstrahlung radiation dumps

High-intensity beamstrahlung (BS) radiation is expected to be generated at the interaction points due to the
synchrotron radiation emitted during the collision in the electromagnetic field of the opposing beam. Dedicated
devices are required to safely absorb the power carried by this beam, which can reach hundreds of kilowatts. One
BS dump is required on each side of each interaction point; hence, a total of eight dumps are needed for the entire
collider. One of the most efficient materials for absorbing this type of radiation is lead. Moreover, in order to avoid
thermal-stresses and unpredictable change of phase during operation, liquid lead, circulated in a closed circuit,
has been chosen as the baseline (Figs. 3.53 and 3.54). Moreover, due to the strong dependence of the photon beam
power to beam separation, a robust system capable of absorbing rapid power excursions is required. Research and
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development activity for the optimisation of this device is ongoing, and a robust prototyping activity is envisaged
in the next phase of the project.

Additionally, a robust shielding enclosure needs to be installed around the liquid lead system so that activation
of the cavern and limitations to personnel access to the area are avoided. An alternative design using gas-cooled
graphite discs is also being considered. Both design options are to be studied and prototyped to have a robust
design for such a device.

3.6.3 Betatron and momentum collimators

The design of these devices will depend on the operating requirements and the accident scenarios that they may
need to withstand. Since these devices are located in proximity (and even interact with) to the beam, special
constraints are imposed so that their impedance is as low as possible.

The selected materials and geometries must preserve beam quality while ensuring that the devices can withstand
beam impacts under off-normal conditions, including potential accident scenarios.

A total of 58 units will be required, covering all installations at point PF, within the experiment insertions,
and the shower absorbers. The design will incorporate key improvements based on operational experience from
the LHC and SuperKEKB collimation systems. Openable tanks will be implemented to facilitate maintenance and
replacement, while optimised bellows movement will enhance mechanical flexibility and reduce wear. The use of
high-performance absorbing materials will ensure the system can withstand sustained beam loads without degra-
dation, and enhanced radiation resistance will contribute to long-term durability. Additionally, reliable actuation
mechanisms will be developed to enable precise and repeatable positioning. These design choices aim to maximise
system robustness, ease of maintenance, and overall operational reliability.

3.6.4 Synchrotron radiation collimators

These devices have a different function to the betatron and momentum collimators. However, the design considera-
tions and constraints are expected to be similar due to their proximity to the beam. The materials and technologies
selected for the hardware design will be based on the functional requirements. A total of 48 units will be required
for operation.

3.6.5 Interaction region masks and absorbers

As their names suggest, these devices absorb secondary particle showers generated by upstream collimators and
to protect sensitive hardware in the interaction regions.

The specific design of these components may vary depending on their exact function and installation layout.
They may incorporate either fixed or movable absorbing elements, depending on operational requirements. Given
the high-energy environment, high-density materials such as tungsten heavy alloys are preferred for their superior
absorption properties.

A total of 16 of these devices will be needed, with two per beam positioned upstream of each interaction point.

3.6.6 Injection protection devices

These devices protect the machine from any physical damage in case of injection failure (e.g., beam on the wrong
trajectory). These devices are expected to have a similar function to the TDIS for the (HL-)LHC machine (see
Fig. 3.55).

The materials and design to be selected must fulfil the functional requirements whilst guaranteeing robust
protection of the machine elements that may be exposed to accidental injection failures. One device per injection
point will be required (hence, a total of 2).

3.6.7 Extraction protection devices

These devices are responsible for protecting the machine from any physical damage in case of extraction failure
scenarios (e.g., a beam at the wrong trajectory). These devices are expected to hold a similar function as the
TCDS/TCDQ system for the (HL-)LHC machine.

The selected materials and design must meet the functional requirements while providing reliable protection
for machine elements that could be exposed to accidental injection failures. To ensure adequate safeguarding, one
device will be required per extraction point, resulting in a total of two units.
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Fig. 3.55 Front image of the
(HL-)LHC injection
protection device, the TDIS.
It shows the two graphite
absorbers, kept in place by a
TZM back stiffener and
TiGrb clamps. The RF
screen for the circulating
beam is visible on the right
side

Fig. 3.56 Mechanical design
concept for the collider thin,
under vacuum, injection
septum

3.7 Beam transfer systems and separators
3.7.1 Beam transfer

The concepts for the beam transfer systems of the collider and their associated requirements are discussed Sect. 1.8.
This section focuses on a few systems, but a comprehensive assessment of the technical choices and specifications
can be found in [177].

Thin septum For collider injection, a very thin septum with an apparent blade thickness of up to 2.8 mm is
required (see Table 1.18). The long pulse length of at least 304 ps prevents using an eddy-current, so the proposed
topology is a direct drive, under vacuum, septum. Figure 3.56 shows the mechanical concept for the septum, with
the thin blade carrying the drive current between the injected and circulating beam, shown in magenta. A circular
perforated shield carries the image current of the circulating beam to minimise the impedance.

During injection, the distance between the blade and the circulating beam becomes very small. The design will
need to consider both synchrotron radiation and direct impact from the beam halo, with the possible need for a
specific mask to protect the thin blade of the septum.

Kicker systems For the collider dump and injection systems, the kicker requirements are listed Tables 1.18 and 1.19.
Benefiting from the design of a completely new accelerator complex, the same kicker hardware design was selected
for both systems. A ferrite-loaded lumped-inductance kicker magnet operating at relatively low current and voltage
is selected. This choice of an out-of-vacuum magnet enhances reliability, reduces costs, and simplifies maintenance,
making it more favourable compared to other technologies, such as striplines, considered during the feasibility
study. Additionally, this magnet topology was previously implemented in LEP, where it demonstrated reliable
performance in a lepton collider environment.

A primary constraint for the system presently considered is to rise and fall within the time between trains, within
less than 600 ns. This limits the maximum length of each kicker to 0.7 m and requires a total of 16 kickers for the
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Fig. 3.57 Schematic representation of the separator system function in PF (a) and the concept of an EM separator combining
electric and magnetic fields (b)

injection and 18 for the dump. Every magnet will be connected to its generator with a maximum cable length of
approximately 250 m. Additionally, harmonising the systems across the FCC machine can lead to significant cost
savings.

For the collider injection, two generator options are possible: a pulse forming network (PFN)-based pulse
generator or a Marx generator, with the latter being the preferred choice as it maintains a lower voltage. To
compensate for the long flattop duration, a significantly large capacitor is required, necessitating adequate space
allocation in the service gallery. The magnets will operate in short-circuit mode for the dump system, since there
is no fall time requirement.

3.7.2 Separators

An electromagnetic (EM) separator is required at the entry and exit of the RF section to merge and separate
beams travelling in opposite directions (see Fig. 3.57a). Operating for H and tt modes, they allow both beams to
circulate on the same trajectory in the cavity.

To achieve this, perpendicular electric and magnetic fields are used to deflect the outgoing beam while allowing
the incoming beam to maintain a straight trajectory, preventing synchrotron radiation from being directed towards
the RF section. A key challenge lies in generating the extremely low magnetic fields required to counteract the
electric field in one direction, as remanent magnetisation can disrupt the delicate field balance. The current design
concept [288], which explores shaping the end fields and potentially implementing an air-coiled dipole magnet,
is under active investigation to ensure that the required field overlap is both technically feasible and stable (see
Fig. 3.57b).

Additional design considerations include beam impedance, thermal loads, and the risk of high-voltage sparks.
To minimise impedance, the integration of ground electrodes along the length of the separator has been proposed.
However, synchrotron radiation striking these electrodes must be taken into account in the cooling strategy. The
potential for stray particles and electrical discharges further necessitates a design that allows either collective or
independent power regulation of the separators.

Maintaining proper overlap of the electric and magnetic fields is another key challenge. Online measurements of
the magnetic field or beam position could be incorporated into fast feedback loops, enabling real-time corrections
to ensure field balance during operation. While the current design does not include active cooling for the electrodes,
energy deposition due to RF heating and synchrotron radiation must be carefully assessed. Although active cooling
remains a viable option, its implementation would increase both cost and system complexity [289].

Important uncertainties remain regarding the high voltage breakdown probabilities in the presence of syn-
chrotron radiation. An R&D programme has been initiated to quantify this relation, but the present concept
addresses it by limiting the maximum electric field to 1.46 MV m~!. Electric breakdown during beam operation
will also need to be considered for interlocking and machine protection strategies, as the sudden loss of the electric
field will cause strong betatron oscillations of the circulating beam.

Dedicated DC septa magnets are needed towards the arc from this separator to further separate the trajectories
up to the nominal arc separations. Two groups with thin and thick septa will operate at a relatively high field of
up to 0.244 T for tt mode. The resulting high power of the synchrotron radiation generated will need specialised
absorbers to protect other nearby components and downstream septa.

The combined system of EM separator and DC septa is required for the higher energy modes where the collider
cavities are shared between the two beams. The present concept results from the initial studies conducted [288, 290]
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Fig. 3.58 Interconnected sub-models within the global optimisation of the magnet powering systems

and a more detailed review of the overall implementation and operation of the separator system will be needed in
the technical design phase.

3.8 Powering systems
3.8.1 Collider magnet powering systems

Global optimisation of the magnet powering systems Evaluating cost-effective, efficient and reliable powering so-
lutions is critical to assessing the feasibility of the FCC project. This requires balancing factors such as current
density, number of turns, magnets in series, power converters location, energy storage systems and redundancy,
while complying with constraints like footprints, power losses, and machine performance.

For instance, increasing cable current density lowers capital cost by allowing smaller cross-section cables but
raises operational costs due to higher power losses. Identifying a current density that minimises total costs, both
capital and operational, is crucial. Tunnel and alcove space must also be considered: Is there room for larger cables,
or should space prioritise high-current cables? Could shorter cables reduce expenses further?

A comprehensive optimisation model addresses these complexities. This global model evaluates interconnected
systems/circuits configurations, machine placements, and constraints, providing actionable insights to guide design
decisions. Sub-models for magnets, cables, trays, power converters, alcoves, and cooling systems were developed
in collaboration with feasibility study teams. Figure 3.58 illustrates their interconnections, which are critical for
global optimisation.

The main output, total expenditure (TOTEX), combines capital (CAPEX) and operational (OPEX) expendi-
tures:

TOTEX = CAPEX + « - OPEX (3.4)

Where TOTEX [CHF] is the total expenditure; CAPEX [CHF] is the capital expenditure; OPEX [CHF] is the
operational expenditure; « is the weighting factor, a parameter to balance the relative importance of CAPEX and
OPEX.

The global model also outputs other important parameters such as power consumption, power losses, material
masses and carbon footprint. Key inputs include the number of alcoves, cable and magnet current density, magnet
turns and circuit configurations. Constraints include the maximum voltage drop and the availability of cable trays.

An evolutionary optimisation algorithm, suited for multi-variable, non-linear and non-continuous systems, iter-
atively determines the input parameters that minimise TOTEX while respecting constraints.

The model guided choices for magnet and cable parameters to identify cost-effective solutions. The magnet
parameters were refined by the magnet team to meet additional constraints and form the baseline of this report.

Collider magnet circuits Magnet powering is performed by power converters in alcoves located either at the end of
the straight section or in the machine tunnel, called Big Electrical Alcove and Small Electrical Alcove respectively.
The installation of power converters in the machine tunnel is not considered due to space and radiation constraints.

The location of the power converters is dictated by several factors, including the granularity of control required,
the maximum voltage tolerance of the cable insulation and the resulting impact on expenditure for cables and
converters. The granularity of control required by the optic layout:

o Collider dipoles, as well as collider quadrupole focusing and defocusing magnets, can each be powered in series
within their respective family.

« Collider sextupoles need to be powered in groups of two or four (depending on the energy level).

e Collider tapering magnets can be powered in groups of up to four consecutive magnets.

e Collider correctors need to be powered individually.
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Table 3.15 Collider Magnet Powering Circuits

Magnet Quantity Circuit Quantity Peak Current (A) Peak Voltage (V)
Dipole 5680 16 3665 420
Quadrupole (F and D) 2836 32 366 1914
Sextupole (F and D) 4672 1168 178 284
Dipole Tapering 5680 710 7 148
Quadrupole Tapering 5672 709 9 150
Horizontal Corrector 2824 2824 8 47
Vertical Corrector 2824 2824 14 48
Skew Quadrupole 2824 2824 10 44
T Straight Section n/a 1666 n/a n/a
t Injection n/a n/a n/a n/a
Collider subtotal 34,698 12,773 - -
Booster Subtotal 21,068 7917 - -
Total 55,766 20,690 - .

tMagnet specifications not yet fully defined or nonexistent, values extrapolated

The power converters for the collider dipoles and quadrupoles are installed in the big electrical alcoves at the
end of the straight section.

In contrast, all other converters are located in the small electrical alcoves of the tunnel, as they power fewer
magnets in series. Table 3.15 presents the quantity of magnets and circuits and the powering parameters.

Magnet specifications and quantities for the straight section and the injection are not yet defined, estimations
were made.

For the Booster details, see Table 6.7 in Sect. 6.7.1

Precision of power converters Converter precision class is used to encapsulate metrics such as accuracy, repro-
ducibility, stability, resolution and tracking. Depending on the precision class, the cost and complexity of the power
converters varies significantly. Table 3.16 shows the precision classes used for CERN power converters.

Currently power converters offering class 4 precision have been considered, but the current precision requirements
for the power converters remain unspecified. These requirements are essential to determine the precision class and,
consequently, the cost implications of the converters.

Standard precision converters (class 7) are readily available from manufacturers, offering a cost-effective solution
for most applications. However, a step higher in precision involves additional costs due to more stringent stability
and resolution requirements, which remain manageable within standard practices. In contrast, the highest precision
converters, often required for the most demanding applications, are not only difficult to manufacture but also
come with substantial cost increases. Defining the precision class required is thus critical to accurately estimate
the capital expenditure and to identify whether standard or custom-designed converters will be necessary.

Awailability of power converters Please see Sect. 2.4.4.

3.8.2 RF powering

The RF systems of the FCC-ee machine will be distributed between point PH, which will host the collider RF,
and point PL, which will house the booster RF. The RF infrastructure will evolve throughout the operational
lifecycle of FCC-ee, adapting to the different modes of operation. The primary RF amplifiers will be tristrons (or
potentially klystrons), while the booster in the tt phase will utilise solid-state amplifiers (or possibly I0Ts).

The tristrons will require a high-voltage DC supply, which will be provided by the RF main power converter
system. This system is planned to be located on the surface and will require a 40 kV AC supply. In contrast, the
solid-state amplifiers for the booster during tt operation will be installed underground in the klystron galleries
and will operate with a low-voltage AC supply.

The electrical infrastructure must be designed to accommodate all modes of operation, ensuring sufficient
capacity for the tt phase, which has the highest power demand. Given the substantial energy requirements of the
RF systems, a dedicated branch of the machine’s electrical network will be allocated to their supply, ensuring
stable and efficient power distribution.
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Table 3.16 HL-LHC Precision class and metrics

Class

0 1 2 3 4 5 6 7
Resolution [ppm] 0.5 0.5 1.0 1 1 1 1 1
Initial uncertainty after cal. [2x RMS ppm] 2.0 2.0 3.0 7 10 50 100 200
Linearity [max. ppm] 2.0 2.0 5.0 8 9 20 50 100
Stability during fill (12 h) [2x RMS ppm] 1.0 2.6 15.5 33 39 50 100 200
Short term stability (29 min) [2x RMS ppm)] 0.2 0.4 1.2 2 5 10 20 50
Noise (< 500 Hz) [2x RMS ppm] 3.0 5.0 7.0 15 19 50 100 200
Fill to fill repeatability [2x RMS ppm] 0.7 1.6 14.5 32 38 60 100 200
Long term fill to fill stability [2x RMS ppm] 9.5 9.5 26.5 56 64 200 500 1000
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Point PH layout The number of RF cavities and RF amplifiers will increase with the beam energy, see Fig. 3.59.
There will be updates to the machine for each operating mode. The strategy is to increase the number of cavities
and RF amplifiers within the operating year. The technical infrastructure to cover all modes of operation will be
installed from the beginning, see Fig. 3.60.
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Fig. 3.61 Booster RF Z, W,H Machines
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Point PL layout Like the collider, the booster will be upgraded with additional cavities and RF amplifiers as
the operating mode advances, as shown in Fig. 3.61. The technical infrastructure will also be installed from the
beginning to cover all operating modes, see Fig. 3.62.

RF high-voltage main power converters The powering solution for the tristrons (or klystrons in case they are used)
of the collider still needs to be optimised. However, a single, centralised high-voltage power converter installed on
the surface has several advantages. Figure 3.63 illustrates the principle of this case.
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Even with a centralised power converter solution, some RF powering equipment needs to be installed in the
klystron gallery (HV tank in Fig. 3.63):

o Filtering capacitors in the proximity of the tristrons for DC filtering and DC bus decoupling.

o If needed, a small power converter can be used to trim the voltage on each tristron (powering fine tune /
klystron perveance drifts in case they are used, etc.)

o A crowbar protection system (probably a series HV switch) to disconnect a klystron in case of a fault.

o Small power converters for the tristron (or klystron) filament heater and solenoid.

As a first rough estimation, a volume of 1 m? is to be reserved in the RF amplifier gallery for each tristron. The
centralised RF high voltage power converter can be based on the so-called MMC (Modular Multilevel Converter),
offering very high efficiency (97-98%) and high modularity. These types of converters are already deployed (e.g.,
for high-voltage DC transmission systems) at even higher voltages and power. An illustrative draft layout of the
150 MW / 60 kV RF power converter is shown in Fig. 3.64. The estimated total surface area for the collider RF
power converter is 50 mx30 m = 1500 m?.

There can be a similar approach for the booster, but with a smaller power level of around 10 MW.

3.9 Beam diagnostics

The FCC-ee beam instrumentation (BI) will be composed of a very large number of devices that will provide a
means to measure relevant beam properties across the FCC complex (injector complex, booster and main ring).
Table 3.17 shows the overview of the number and type of BI systems needed in the complex. A feasibility study
was only carried out for specific systems in the main ring that are considered the main challenges for the FCC BI.
The section includes the requirements and design solutions for such systems.
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Fig. 3.64 Centralised RF high-voltage power converter

Table 3.17 Number of BI systems in the FCC-ee complex

Dump  Main Booster  Inj. HE Comm. e~ et et et TOTAL
line ring ring lines linac  linac linac DR TL linac
Beam position
Quad BPM 20 5800 2944 420 82 35 11 258 30 17 9617
Special BPM 20 5 4 29
Collimator BPM 66 5 71
Beam loss
Fast BLM channels 34 152 126 200 512
Arc BLM channels 17,616 8808 26,424
Arc BLM crates 1468 1468
Beam intensity
Fast BCT & WCM 3 4 2 1 2 2 2 1 4 2 23
DC BCT 4 2 1 7
Transverse profile
Imaging screen 6 6 2 20 2 2 2 2 4 2 48
SR-based
Laser Wire Scanner 2
Longitudinal profile
b/b(EO/streak) 2 1 1 1 1 1 1 2 10

Luminosity /collision rate
Beamstrahlung 8 8

3.9.1 Beam position diagnostics

The R&D for the FCC-ee BPM systems is focused on the design, integration and alignment of button-type BPM
pickups for the arc and the interaction regions (IR) of the main rings, as well as R&D of the related signal
processing electronics. Given the size of the system and its importance for FCC operation, the reliability and
potential repair strategies should be considered at all stages of the system design.

Figure 3.65 illustrates the skewed arrangement of the BPM button electrodes to avoid the exposure of the
synchrotron light fan.

The BPM system, with the button pickups as the signal source located at every quadrupole, has to meet
several challenging requirements, such as a turn-by-turn resolution of 10 pm and an orbit resolution better than
1 pm, with the relative accuracy and the alignment tolerances in the same range. A bunch-by-bunch measurement
capability is required for the nominal FCC-ee bunch spacing of 25 ns. The BPMs will also serve several feedback

@ Springer



Eur. Phys. J. Spec. Top. (2025) 234:5713-6197 5867

Fig. 3.65 Electrode
arrangement of an FCC-ee / L ﬂ""& /" . &
main ring button BPM, *

along with lines of constant

beam horizontal (left) and

vertical (right) displacement

N 74 N/

BPM posilion behaviour: horeankal BFM position behaviour; wartical

applications, thus the layout, segmentation, and data transmission need to be studied to minimise the latency of
the BPM readings.

To tune and optimise the luminosity in the interaction points (IP), BPMs will be symmetrically located on each
IP side. One pair of BPMs is planned in the combined beam vacuum chamber near the luminosity calorimeter to
serve an [P luminosity feedback system. Another 3 - 5 BPMs accommodated in the IR cryostat with the beams
in separate chambers will be mounted next to the segmented superconducting quadrupoles. These IR BPMs and
associated signal cabling need to be particularly reliable, as their locations will be unreachable after the final
assembly.

Requirements and details of the BPM system are still being discussed. Current studies based on electromagnetic
simulations are targeted to find an optimal button electrode arrangement and size, ensuring at the same time that
there are sufficient signal levels to achieve the required resolution and the BPM beam impedance within the limit
assigned to the BPM system for all FCC-ee operational modes [291]. Preliminary studies have been performed
[292, 293], and the longitudinal beam coupling impedance of 4000 BPM pickups with conical button electrodes has
been compared to other impedance-contributing elements, such as the resistive wall (RW), bellows, RF cavities,
and taper section. So far, initial studies have shown that the BPM impedance budget of 40.1 V/pC should not
be very difficult to fulfil and more challenging could be thermal aspects related to beam heating and resulting
changes of the BPM mechanical dimensions and material properties [13].

In many aspects, the performance required from the BPM systems for the FCC-ee and current synchrotron
light sources is quite similar, and therefore, technical solutions used in such systems could be used as a reference.
However, the size of the FCC-ee BPM systems, the radiation levels, and tunnel temperature gradients are by far less
favourable, therefore new design, production, installation and maintenance challenges will have to be addressed.

Early estimates for both the mechanical alignment of the BPMs required with respect to the quadrupoles
and the alignment’s long-term stability are of the order of 100 pm. Solutions used in synchrotron light sources
suggest that the BPMs may have to be rigidly attached to their corresponding quadrupoles to meet this alignment
requirement. The relative positions of the BPM and quadrupole geometrical axes would need to be measured with
even greater accuracy. As this requirement could influence the design of the quadrupoles and alignment strategies,
aspects related to BPM alignment should be studied at an early stage of the arc cell design. Given the importance
of the BPM alignment for the FCC-ee commissioning and subsequent operation, the solutions chosen should be
confirmed by measurements performed on an arc cell prototype.

Contrary to light sources, there will be high levels of ionising radiation in the FCC-ee tunnel. The current
experience with BPM electronics shows that they can be built from commercial off-the-shelf (COTS) components
carefully selected and qualified with radiation tests when the integrated radiation dose over the whole lifetime
of the project stays below some 1 kGy. Higher radiation doses may require the design of dedicated integration
circuits, which would necessitate significant financial and workforce resources, especially since the CERN BI group
currently lacks experience in designing radiation-tolerant BPM electronics.

Temperatures in the FCC-ee tunnel will have significant gradients and variations related to changing operational
conditions, unlike in light sources. To achieve the beam position measurement accuracy required, it may be
necessary for the BPM temperature drifts to be reduced by active cooling to ensure that the BPM dimensions
stay within the necessary margins. Similarly, the BPM electronics may also require active cooling to stabilise their
temperatures to a level that ensures the long-term accuracy required of the system. Such aspects will be studied
in more detail once the temperature variations and gradients in the machine tunnel are better quantified, along
with the temperature sensitivity of the prototypes of the BPM electronics.

Beam signals from FCC-ee arc BPM electrodes will not be able to be sent to the signal processing electronics
over long coaxial cables due to very limited space in the tunnel cable trays. Instead, the beam signals must be
treated close to the BPMs, so that the resulting beam data can be sent over optical fibres to an alcove. At this
initial stage of the system design, it is expected that there will be a mini-rack located near each BPM pair (one
BPM per beam, installed close to each arc quadrupole). This mini-rack would accommodate BPM electronics,
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receive beam signals from the BPMs over short coaxial cables, and transmit results over optical fibres to an alcove.
Racks to accommodate computers to process and concentrate beam position data at rates adequate for sending it
to the surface will be located in the alcoves.

Currently, the design effort is focusing on the arc BPMs, as they are the most important components for the
design of the arc cell, a crucial part of the machine design. It is expected that the booster BPMs and their
electronics will have a similar design.

The IR BPMs have stricter requirements for the measurement resolution and accuracy. Therefore, their mechan-
ical design will be addressed separately. Also, the IR BPM processing electronics will need to fulfil very challenging
requirements. It would be favourable to accommodate the IR BPM electronics in places free from high levels of
ionising radiation so that the electronics can be based on the best commercial components available on the global
market. Otherwise, it might be very difficult to design and produce radiation-tolerant versions.

3.9.2 Transverse diagnostics

Transverse profile measurements must be non-invasive during regular operation, whilst invasive measurements may
be considered in the initial stages of commissioning or dedicated low-intensity fills.

Monitoring the relative evolution of the transverse emittance is the main priority for transverse diagnostics,
and the precision target is set to 2% in emittance, corresponding to 1% in beam size. Absolute accuracy is less
critical and not strictly necessary from the very beginning of the operation. The accuracy target is set at £15%
in emittance. These precision and accuracy targets apply to both transverse planes, irrespective of the machine’s
operation mode.

Most machine operations require a relatively slow monitoring of the evolution of the average beam emittance.
Measuring the average emittance at a frequency of at least 1 Hz is desirable, as it can provide input for feedback
systems aimed at optimising luminosity. However, faster diagnostics enabling bunch-by-bunch measurements be-
come necessary for studying effects such as single-bunch instabilities or detecting any emittance patterns in the
filling scheme. Bunch-by-bunch capabilities are not required from all instruments, but at least one system per beam
must provide such measurements. Bunch-by-bunch measurements can be acquired by integrating tens or hundreds
of revolutions to enhance the signal as needed. These measurements can occur either through a continuous bunch
scan or with on-demand measurements. In both cases, the full-ring scan should not exceed a few minutes to ensure
sufficient beam stability. Single-bunch measurements recorded in a single-turn may be investigated, but are not a
priority.

As is customary in high-energy lepton machines, the transverse diagnostics for FCC-ee will primarily rely on
synchrotron radiation (SR). To achieve the resolution needed for picometre-level transverse emittance, diagnostics
techniques operating in the x-ray domain become necessary.

The baseline locations for the SR diagnostics are downstream of the two major experiment interaction points
(PA and PG), just after the wiggler straight section. This location features a series of weak dipoles that are suitable
candidates for the radiation source, with the photons emitted efficiently separated by the strong dipoles downstream
that transport the beam towards the arc. The light will propagate to the instrumentation in a dedicated extraction
line. Extraction lines approximately 100 m long will be required to transversely separate the light from the main
beam and intercept the radiation at a distance of 0.5 m.

Placing the diagnostics outside the arcs offers several advantages, including reduced radiation levels, improved
accessibility to the equipment, and more flexibility in adapting the machine design to meet diagnostic requirements.
Moreover, in the baseline GHC optics model, the location downstream of the interaction points is favourable due
to relatively high betatron functions. These produce vertical beam sizes exceeding 40 pm, thereby relaxing the
resolution demands on the instrumentation.

The radiation energy range for diagnostics is expected to remain between 20 keV and 80 keV, well within
the capabilities of existing diagnostic systems at modern light sources. To address variations in the synchrotron
radiation spectrum across different beam energies, segmenting one of the existing dipoles into a sequence of
tunable bends has been proposed. This approach minimises changes between operational modes while remaining
transparent to the machine optics as long as the global bending angle of the dipole is preserved.

A multilayer monochromator will be installed as the first element of the photon beamline, positioned immediately
after the vacuum exit window. Beyond its primary function of providing quasi-monochromatic light for specific
diagnostic techniques, this monochromator also bends the photon beam, reducing the transverse space occupied
by the diagnostics line. Additionally, it absorbs the majority of synchrotron radiation power emitted outside the
spectral range of interest, thereby reducing the thermal load on the detector.

Due to their simplicity and robustness, X-ray pinhole cameras are identified as the baseline for transverse
diagnostics. These instruments will fulfil the requirement for precise average emittance monitoring. Bunch-by-
bunch measurements can also be achieved with a fast gated detector. The optimised pinhole width for a typical
photon energy of 20 keV is 60 pm, which can be manufactured using the same technologies as modern-day light
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sources. This configuration provides a theoretical resolution of 35 pm, comparable to the (vertical) beam sizes of
interest, though not ideal for absolute beam size measurements.

Techniques based on synchrotron radiation interferometry (SRI) can improve resolution and compensate for
the limited accuracy of pinhole cameras when the beam size approaches its resolution limit. Diagnostics exploiting
the Heterodyne Near-Field Speckles (HNFS) technique [294] is being developed as a potential SRI candidate, and
Young’s double-slit interferometers have also been studied for FCC-ee. All interferometry-based devices can be
installed on the same beamline as the pinhole camera, and their configurations can be switched as needed.

Alongside SR-based techniques, scintillating screens for beam observation (BTVs) will be installed in the transfer
and dump lines. BT'Vs will also be placed in the main ring for beam detection during the initial stages of machine
commissioning.

3.9.3 Beam loss monitoring

For circulating machines, the main functionality of a beam loss system is to:

e detect beam losses fast enough to protect accelerator components by triggering a beam extraction before the
equipment is damaged and to

e provide regular measurements of the amount and location of beam losses along the accelerator to optimise
machine operation and assess its performance.

However, the design of the beam loss monitoring (BLM) system depends on the knowledge of beam losses
that are expected to be detected. Beam losses could be classified as accidental (or also known as irregular beam
losses) and unavoidable (also known as regular beam losses). Regular beam losses are those that can be minimised
but not completely avoided; they correspond to beam debris from collimation cleaning, physics collision debris,
Touschek scattering along the accelerator or Coulomb scattering from residual gas interactions, among others.
Therefore, continuous monitoring of beam losses with a distributed BLM system is required. Irregular beam losses
can appear as a result of equipment failures, beam instabilities, micro-particles interacting with the beam or
aperture restrictions, i.e., an object inserted in the way of the beam. These are, to some extent, avoidable losses,
but a beam loss system has to detect and define the levels allowed for such losses to protect the accelerator.

Stored energies in the FCC-ee collider ring are expected to be lower than present existing machines like the
LHC or its high luminosity upgrade (HL-LHC). However, as the beam size becomes very small, particularly for
the vertical plane, the expected beam energy density is comparable to HL-LHC parameters. Assuming a beta
function in the arc of 50 m (on average), beam sizes are expected to be of the order of microns, and the beam
energy deposition per surface can go up to 11,082 MJ/mm? in the most critical case of the Z-pole configuration,
see Table 3.18.

Tonisation chambers have collection times of the order of ps for electrons and ms for ions, and although they
perform very stably under radiation and could be very sensitive, they are not ideal for bunch-by-bunch measure-
ments. Instead, solid-state detectors have risen and decay times of the order of ns, which will make them the
most suitable candidates for fast loss detection. A new beam loss detection technology under study is the use of
large-core silica fibres to convert the secondary charged particles from beam impacts into Cherenkov light. This
process is instantaneous. The signal is then transported to both fibre ends and read-out by photo-sensors. The
photo-sensor choice defines the time response of the device. Regular photo-multipliers, can be fast, in the order
of 1-2 ns rise and decay times. Silicon photo-multipliers, are of the same magnitude although a bit slower, in the
order of 10-20 ns.

Final specifications on minimum and maximum beam losses to be measured and the required timing resolution
will define the final choice of technology. In the meantime, R&D is needed to evaluate the performance of such
devices under the 50 MW synchrotron radiation levels per beam expected in the tunnel.

Fast beam loss monitors With unprecedented stored beam energies for an electron collider, up to 17.5 MJ in the
Z-pole operations, the electron/positron beams are highly destructive. A collimation system will be set in place
in order to reduce the backgrounds to the experiments as well as to protect the machine from unavoidable losses.
There is one system in PF for global halo collimation (betatron and off-momentum) and a second system around
the colliding points. Beam loss monitors need to be installed at each collimator, with the aim of measuring turn-
by-turn losses or faster, if possible. With the presently proposed collimation system, 27 collimators will be installed
per beam, and thus 54 beam loss monitors covering both beams in the collider ring.

Regarding the synchrotron radiation collimation system, presently, six collimators and two masks per beam
upstream of the interaction points are planned. To monitor the losses in these locations, a total of 16 beam loss
monitors per collision point will be needed (corresponding to 64 beam loss monitors in the collider ring).

The injection and extraction to the booster and collider rings will also need beam loss monitoring, in particular
at the location of collimators, beam masks or absorbers, kicker magnets and septum magnets. Table 3.19 shows
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Table 3.18 Collider beam _

parameters HL-LHC 7z W ZH tt
Beam Energy [GeV] 7000 45.6 80 120 182.5
Particle P ete”
No. bunches 2748 11,200 1780 440 60
Beam current [mA] 1090 1270 137 26.7 4.9
Bunch Intensity [10''] 2.2 2.14 1.45 1.15 1.55
Stored beam energy [MJ] 678 17.5 3.3 0.97 0.3
Geom. emittance hor. ; [nm] 0.34 0.71 2.17 0.71 1.59
Geom. emittance ver. €, [pm] 340 1.9 2.2 1.4 1.6
Hor. beam size 8; = 50 m [pm] 130 188 329 188 282
Ver. beam size 8, = 50 m [pm] 130 9.7 10.5 8.4 8.9
Energy density [MJ/mm?] 40,118 11,082 682 645 87.2

Table 3.19 Fast beam loss .

monitors for Colliding and Purpose Colliding ring Booster ring Total

Booster ring, excluding

injectors Collimation Halo (PF) 27 /beam 54
Collimation SR (PA/PD/PG/PJ) 32/beam 64
Booster injection region 10/beam 20
Booster to Collider extraction 15/beam 30
Booster to Dump extraction 15/beam 30
Booster to Dump transfer line (12 + 5)/beam 34
Booster to Collider transfer line 6/beam 12
Collider injection region 2/beam 4
Collider to dump extraction 15/beam 30
Collider dump line (12 4+ 5)/beam 34
Total Injectors 200
Total Ring 93 /beam 63/beam 312

the present estimate of beam loss monitors to cover the collider ring collimation and the injection/extraction needs
for both rings.

The injectors to the Booster will need additional beam loss monitoring, and a first estimate of an additional
200 monitors is being considered.

Arc cell beam loss monitors Potential beam losses occurring in the arc cells of the collider and booster rings need
to be continuously monitored. Beam loss monitors are typically located where losses are expected. In the case of
the arc cells that correspond to near the arc quadrupoles, the aperture available is smaller. On the other hand, it
is not predictable where micro-particles will interact with the beam.

A generic beam loss system in the arc cell should be able to cover a distance of several metres and reconstruct
the main beam loss location. The implementation of this beam loss system is still under R&D, but a minimum
configuration with 3 monitors or channels distributed along that distance could provide the location of the loss
by triangulation. This number has been used to estimate the number of beam loss channels and read-out tunnel
electronics needed to cover both the collider and the booster rings. Figure 3.66 shows a schema of the configuration
of a generic beam loss system in the FCC-ee arc cell.

The tunnel read-out electronics will be installed under the arc quadrupoles. A total of 18 BLM channels per
arc cell can be read-out with a single crate. This includes the beam loss monitors for the collider and the booster
rings. Table 3.20 shows the number of channels in both rings together with the number of crates needed in the
tunnel. R&D is needed to develop radiation-tolerant electronics that are able to withstand the FCC-ee radiation
level, which comes mainly from synchrotron radiation.
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Table 3.20 Arc beam loss -
monitors Collider Booster Total
BLM channels per quadrupole 6 3 9
BLM channels in the ring 17,616 8808 26,428
BLM crates per arc cell 1 0 1
BLM crates in the ring 1468 0 1468

3.9.4 Longitudinal diagnostics

Longitudinal profile monitoring is needed to assess the effect of beamstrahlung, which will increase bunch lengths
depending on the charge balance between colliding bunches. A bunch-by-bunch measurement of the bunch length
is deemed crucial to determine the collision condition and the energy spread. Turn-by-turn measurement is not
needed as the evolution of the bunch length will be in the order of the longitudinal damping time (i.e., from 1320
turns at Z to 20 at tt). The precision of the order of 1% between bunches (both beams) is needed, while absolute
accuracy is not strictly needed (still undefined). Considering a minimum bunch length of 1.91 mm or 6.4 ps (tt)
bunch length measurements must have a precision of better than 60 fs. A bunch-by-bunch profile measurement
on selected bunches is required during commissioning and when requested to check the quality of top-up injected
bunches, where fresh bunches at 10% nominal population are injected onto circulating bunches.

As part of this feasibility study, electro-optical spectral decoding (EOSD) is one of the candidate techniques that
could fulfil these requirements. The Karlsruhe Institute of Technology (KIT) is working on the design of an EOSD
system adapted to the FCC-ee environment and parameters that allow single-shot longitudinal measurement with
sub-picosecond resolution and a repetition rate in the MHz range [295]. Simulations have been carried out to
investigate its performance under FCC-ee conditions that present significant challenges for EOSD measurements,
especially the long bunches during Z operation with ¢ ranging from 4.7 to 15.5 mm and the high bunch charge. A
prototype was tested in the CLEAR facility at CERN in 2024. Further studies will be needed to optimise thermal
management of the EO pick-up system under very high repetition rates, investigate the placement of monitor and
laser /detection system and optimise the resolution to achieve 50 fs resolution.

Cherenkov diffraction radiation (ChDR) is an alternative to EOSD for longitudinal diagnostics [296, 297]. ChDR
is generated as a charged particle passes in the vicinity of a dielectric material with a velocity which exceeds the
speed of light in the given dielectric material. As the radiation is emitted at the well-known Cherenkov angle,
the extraction of the signal is simplified in comparison to diagnostic techniques based on synchrotron radiation,
which is emitted at a very small angle. For that reason, the incoherent part of the ChDR spectrum is a promising
candidate for measuring bunch length in the FCC-ee. However, two analytical models [298, 299] predict a very
different photon yield with very little experimental data [300, 301]. To assess the potential of incoherent ChDR
for FCC-ee, a photon counting experiment is being prepared to measure the photon yield in the visible spectrum.
The ATF2 beamline at KEK [302] is a suitable candidate for these tests, as it provides high particle energy and
charge and a small beam size, which allows a beam-radiator distance in the sub-mm range, maximising the photon
yield obtained.

3.9.5 Luminosity monitoring diagnostics for IP tuning

At each interaction point where the opposing beam is encountered, beamstrahlung emitted during the beam-beam
collision results in an intense flux of photons on both sides of the IP, that are extracted through a dedicated 500 m
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long dilution channel terminated by a liquid lead dump. Specific instrumentation dedicated to monitoring the
beamstrahlung profile position and its intensity is under development. Since the position of the photon peak is
sensitive to the beam-beam transverse distance in the nanometre range as well as to residual optical aberrations
at the IP, these signals are a valuable input for the IP tuning; see Fig. 3.67. The sensitivity range spans almost
linearly over 200 nm and then saturates. This beamstrahlung information is used, in particular, for precision IP
tuning scans.

A beam television screen (so-called BTV) is under development with the goal of imaging the beamstrahlung
photon profile. The scintillator technology used for this device should be optimised for providing the best signal-
to-noise ratio (i.e., synchrotron radiation vs beamstrahlung radiation) while keeping the thermal load from the
ultra-intense flux of photons acceptable. Considering the worst-case scenario, a hollow screen is being simulated
such that the profile position is tracked by fitting the tails only. The result obtained with a gap of 30 mm (equivalent
to 1 sigma of the profile) is presented by the red curve in Fig. 3.67. It accurately follows the curve obtained by
fitting the whole distribution (blue curve). If a screen imaging technique cannot be employed due to the heat load,
the ionisation of rest gas is a possible alternative means of measuring the beamstrahlung profile [303].

Another process of interest in measuring luminosity is the rate of radiative Bhabha scattering. Since the resulting
off-energy leptons mainly hit the beam-pipe about 150 m from the interaction point, a fast beam loss monitor
installed at that location would allow monitoring bunch-by-bunch collision rate, complementing the beamstrahlung
profile imaging technique. The latter might not be able to resolve individual bunch crossings. An example of a
similar instrument is the BRAN developed for the LHC [304].

3.9.6 Inverse Compton polarimeter for energy calibration

A beam energy measurement based on resonant spin depolarisation will be implemented [305], providing precise
collision energy calibration for the Z and WW modes. This technique performs regular transverse beam excitation
tune scans on a dedicated pilot bunch to identify the spin resonant depolarisation frequency, which then provides
the collision energy with great precision. The subject is covered in detail in the EPOL section of this feasibility
report (Sect. 1.7). Here, the need for the inverse Compton polarimeter (IPC), which will perform the bunch
polarisation measurement, is highlighted. The vacuum chamber for this 100 m long instrument must comply with
the impedance budget of the machine, and a design study has been initiated. The simulation of the detector made
good progress in building a digital twin of the future instrument. The EPOL section of this document provides
further insight into the entire energy calibration procedure and the associated instrumentation.

3.10 Arc region: integration and supporting systems

The current FCC-ee layout has a circumference of around 90 km, and about 85% (i.e., 77 km) are taken by
the arcs. Arcs are made of a sequence of FODO half-cells, about 3000 for the high-energy optics, and consist
of a short straight section (SSS) with quadrupole, sextupoles, beam instrumentation and correctors, followed by
a long dipole length that can be achieved with a series of two or three interconnected magnets. This section
describes the optimisation of the arc-supporting structures to maximise their performance, easing the installation
and maintenance while minimising cost. The section also reports the state of advancement of the construction of
the arc half-cell mock-up.
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Fig. 3.68 Configurations for
the relative placement
between booster and
collider. Left: horizontal
configuration. Right: vertical
configuration
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3.10.1 Collider-booster placement configurations

The placement of the booster and the collider must be optimised in the radial and vertical directions of the tunnel
cross-section, with a hard constraint of a maximum tunnel inner diameter of 5.5 m. The longitudinal positioning
of the SSS of the collider relative to the position of the SSS of the booster also requires optimisation. An optimised
configuration of the tunnel cross-section, as described in Ref. [306], with respect to that presented in the CDR
[13] has the booster placed on top of the collider. This frees more space for the services, especially the cooling and
ventilation piping, the space reserved for transport vehicles, and the alignment system (Fig. 3.68). In addition to
being more compact, the vertical configuration provides further advantages:

e Permits a smaller tunnel diameter in the RF sections.

e Same basement configuration as FCC-hh.

« Easier access for handling and removal of booster magnets and SSS (when leaving enough vertical clearance to
allow installing/uninstalling both machines once the supports are already in position).

e Better from a radiation point of view, as the highest dose is generated on the outer side of the tunnel, which
could be detrimental to the booster ring in case of a horizontal placement [307].

However, the vertical placement of the booster could raise dynamic stability challenges: due to the longer
lever arm between the ground and the magnet, the booster could oscillate further, exceeding the tight dynamic
positioning tolerances, particularly in the SSS region. For this reason, a significant effort in design and simulations
has been made to improve the supporting system and maximise the stability of the two accelerators.

Given that the booster will be positioned above the collider, it is essential to maintain sufficient clearance
with the collider underneath. This could be done by longitudinally shifting the SSS of the collider with respect
to the SSS of the booster, keeping the cell periodicity (i.e., the azimuthal distance between the booster SSS and
the collider SSS is maintained constant along the arc). Since the SSS is the bulkiest section of the arc for both
machines, the proposed modification allows the SSS of the collider to be longitudinally positioned corresponding
to the location of the smaller and more compact booster dipoles, and vice versa (example for ZH/tt phases with
the Quad-Sext-Sext configuration of the collider Fig. 3.69).

Further work will be required during a next phase of the project to optimise the interface and spacing between
the collider, the booster, and their support structures. Sufficient clearance must be ensured to facilitate handling
procedures, allowing for the installation or removal of individual magnets from each accelerator without interfering
with the magnets of the other machine. This must be achieved while keeping the support structures in place,
avoiding unnecessary disassembly and minimising operational disruptions.

3.10.2 Arc cell configurations of the collider

The configuration of the collider arc cell changes from the low to the high energy phase. The number of quadrupoles
per unit length is doubled between the Z/WW and ZH/tt phases as the length of the FODO cells is halved: the
length of the half cell is 52 m for Z/WW phases and 26 m for the ZH/tt phases. As can be seen in Fig. 3.70, there
are two configurations for the Z/WW phase: 568 short straight sections with one quadrupole and one sextupole
and 856 short straight sections with a single quadrupole. Similarly, there are two configurations for the ZH/tt

@ Springer



5874 Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

i ; ®3m = F3m g wIm
[} i F i I !
M Cell=} =101
Al Phases config. : ¥ :E[ I L :El
i i
| : ] ! i i
| i 1 H i i
i 1 I H 1 1
i = I5im i !--I‘ll]'lh . i :
T 1 i i
COLLDER 4 1 1 ] |
ET BT 1
mphar Pt T ) : o 6T ¢
Phases ] \ H | E

AFC Hal® cedl = 36m ¥ T840

Fig. 3.69 Azimuthal shift between booster and collider - collider optics V24.3__ GHC and booster optics V24 _FODO

I
:

| = G = B30
!

¥ 1
[
576 Dwail-Seat-Seat i
i iotest IICH | IEN N ; { < I-][:] ¢
i/ tthar F L]
L]

i
i
i
1

i i
Arc Hall ool = 2 8 1240

Arc oefl = 52m x B420

Fig. 3.70 Arc cell configurations for the collider, for the Z/WW phases and the ZH/tt phases - optics V24.3__GHC

phase: 1136 short straight sections with one quadrupole and two sextupoles, and 1704 short straight sections with
a single quadrupole.

Among these different SSS configurations, the Quad-Sext-Sext configuration has been studied in detail and will
be installed in the mock-up. This SSS configuration is the bulkiest and the most challenging for its integration. It
is also the most complex in terms of static and dynamic stability.

The optics of the collider is still evolving. However, the reference optics for the first phase of the mock-up was
frozen at version V24.3__GHC by the end of 2024, to allow installation in the first half of 2025. To document
this baseline solution, two drawings were produced, one of the cross-section (Fig. 3.71) and one longitudinal view
representing an arc half-cell (Fig. 3.72), for the reference baseline optics V24.3_ GHC. These two drawings, which
constitute the baseline configuration for the mock-up, will be versioned following the mock-up study and will
evolve in the coming years.

Further work is needed to define the strategy for the modification of the FCC-ee between the Z/WW and ZH/tt
phases. At first glance, a mechanical reconfiguration of the collider will be necessary between these phases. To
understand this reconfiguration, consider an ensemble of five FODO cells at Z/WW phase, corresponding to 10
cells at ZH/tt, this forms a pattern that repeats 17.5 times in one arc, and over the eight arcs of the entire collider.
In these five cells at Z/WW (i.e., 10 cells at ZH/tt), there are 20 slots where SSS can be installed (10 cells at
ZH/tt multiplied by 2 SSS per cell). Over these 20 slots, moving from the Z/WW to ZH/tt phase will involve:

2 slots are not changing -

2 slots are for single quadrupoles at Z/WW phase, which change polarity at ZH/tt phase.

2 slots are for single quadrupoles at Z/WW phase, which will change slot location at ZH/tt phase.
6 empty slots at Z/WW phase will receive single quadrupole at ZH/tt phase.

4 slots are for quadrupole - sextupole at Z/WW phase, which will be removed at ZH/tt phase.

4 empty slots at Z/WW phase will receive quadrupole - sextupole - sextupole at ZH/tt phase.

4 occupied slots at Z/WW phase will receive quadrupole - sextupole - sextupole at ZH/tt phase.

The mechanical reconfiguration of the collider between the Z/WW phase and the ZH/tt phase presents many
inconveniences and challenges. The number of SSS that would need to be dismounted, moved or installed is very
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Fig. 3.71 FCC-ee GHC Arc Half-Cell sectional drawing - EDMS 3180552 [319]

large, requiring a large number of activities in the tunnel, transport to and from the access points and the surface,
as well as breaking the vacuum of the collider beam pipes and proceeding with full realignment of the collider.
Another solution to alleviate most of these issues requires the installation of all SSS girders from the start, that
is, installing the full contingent of elements required for the ZH/tt operation, while less than half of these would
be used for the Z/WW phase of operation. A careful optimisation of the power converter circuits for the magnets
in the arcs would allow a very fast (order of one hour) switch between the two modes of operation. This solution
is being actively studied to avoid the mechanical and operational challenges linked to a collider reconfiguration.

3.10.3 Optimisation of the collider supporting structure - static and dynamic analyses

Overview and principles Figure 3.73 shows the 3D model of an arc half-cell, with a focus on the short straight
section of the collider and booster. The supporting system of the booster shown in this picture is one of the possible
solutions under study, compared to the conceptual configuration reported in Sect. 8.2.7.

The principle for assembling, installing, aligning and maintaining the elements in the SSS on their supporting
system has been extensively analysed.

Using girders to support the common elements in the SSS, as shown in Fig. 3.74, offers significant practical
advantages. The SSS elements, magnets, and vacuum chambers can be pre-assembled and pre-aligned on a girder in
a workshop at the surface with the proper tools and environment. The entire SSS module (girder with quadrupole,
sextupoles, alignment fiducials and vacuum system) can then be transported as a single object to the tunnel,
optimising the transport and maintenance operations. Hot spares of SSS modules can be stored and rapidly
prepared for installation in case of a major fault. Repair can then be done in the correct conditions at the surface.
Finally, a pre-alignment of elements on the girder at the surface reduces the time required for the positioning and
final alignment of the girder in the tunnel.

However, a potential disadvantage of a girder is that it usually requires more space vertically, than, for example,
a supporting system with standard jacks for each magnet of the SSS. This means that the vertical position of the
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Fig. 3.73 CAD model of an
arc half-cell, with focus on
the Short Straight Section
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accelerators would be higher, with possibly a detrimental effect on the dynamic stability at the level of the beam
axis. It is, therefore, important to maximise the girder stability by optimising its design and materials.

Specifications An initial estimation of the acceptable vibrations in the SSS was defined in 2022, and is reported
in Table 3.21. This specification did not distinguish between vertical and lateral motion and between booster and

collider.

To consolidate the tolerance estimates, the sensitivity to vibrations of the GHC optics at the Z operating point
was evaluated assuming a tolerance on the beam oscillation amplitude at the collision point of less than 5% relative
to the collision point beam size [308]. Due to the small emittance ratio, vertical oscillations are more than an order
of magnitude more critical than horizontal oscillations. Assuming that an orbit feedback will efficiently damp beam
oscillations with frequencies below 1 Hz, the integrated RMS motion for frequencies higher than 1 Hz is ideally
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Fig. 3.74 CAD model of the optimised actual steel girder

Table 3.21 Proposed

5877

dynamic stability Frequency range Tolerance Correlation
requirements in the arcs,
presented at FCC IS 0.01Hz < f<1Hz 1 pm 10 km
workshop for the arcs [309] 0.01Hz <f<1Hz 100 nm none
in 2022 1Hz < f< 10 Hz 20 nm none

10 Hz < £ < 100 Hz 5 nm none

100 Hz < f 1 nm none

Table 3.22 Updated
dynamic stability
requirements in the arcs at

Tolerance at 1 Hz frequency

the level of the quadrupole Collider vertical direction 20 nm

magnetic axis Collider lateral direction 200 nm
Booster vertical direction 40 nm
Booster lateral direction 400 nm

around 10 (100) nm for the vertical (horizontal) plane. If the beam orbit feedback bandwidth can be extended
above 1 Hz, it would be possible to set the targets for the vertical (horizontal) plane to 20 (200) nm, in line
with Table 3.21. It is worth noting that the sensitivity may evolve in the future, particularly with advancements
in optics and machine layout. For the low-beta regions, the tolerances are an order of magnitude tighter. These
considerations are summarised in Table 3.22, the key frequency of interest is 1 Hz, and tolerances are given at the
quadrupole (SSS) magnetic axis.

Historical background It is interesting to compare the current stability specifications with what was studied in
other projects or achieved in past CERN machines, such as the Large Hadron Collider (LHC/HL-LHC) and the
future Compact LInear Collider (CLIC). For the LHC/HL-LHC quadrupoles [310]:

 In standard operation, the root mean square (RMS) should be < 5 ym at 1 Hz;
e Beam instabilities can be provoked if the RMS is between 5 pm and 20 pm at 1 Hz;
¢ A beam dump is usually needed for an RMS > 20 nym at 1 Hz.

On the other hand, the future Compact LInear Collider (CLIC) has significantly more stringent specifications:
given its very small beam sizes, even minor oscillations of one quadrupole reduce the luminosity. It has been
estimated that in the vertical direction the RMS must be below 1 nm at 1 Hz and similarly, it must be below
5 nm at 1 Hz in the lateral direction to ensure sufficient performance [311]. A study has demonstrated that these
specifications can be achieved, albeit through the use of active stabilisation based on piezo-actuators combined
with a stiff and optimised design of the quadrupole support [312].

Hence, the FCC arc specifications are closer to those of a linear accelerator (CLIC) than those of existing
circular accelerators (LHC/HL-LHC), which illustrates their challenging aspects.

Numerical methodology It is possible to calculate the vibrations expected for a given configuration of the SSS
numerically and compare it with the specification above. A finite element method (FEM) has been defined and is
described in the following steps:

1. Definition of a baseline model (support and simplified magnets);

2. Carry out static analysis of the system — to assess the structural resistance and the static stability of the
support;

3. Carry out modal analysis — to assess the rigidity of the system, study the dynamic characteristics of the
system;
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Fig. 3.75 Transfer function comparison for different girder geometries in the vertical and lateral directions

4. Identify the transfer function of the support from the ground to the magnet axis — identify the critical modes
of the supports, carry out a comparative study between different supports;

5. Conduct random vibration analysis in response to ground motion — study the impact of the support on the
RMS at the magnetic centre, and obtain an estimate of this RMS;

6. Add vibrational cross-talk between the booster and the collider, add excitation forces dependent on the support
environment such as pumps, water pipes, ventilation, etc.;

7. Compare the results to the specifications.

For the moment, this methodology is being applied from step 1 to step 5. The vibrational cross-talk between
the booster and the collider, and how to account for it in the simulations, is currently being studied [313]. Further
investigations are required to determine and include excitation forces.

An example of a transfer function comparison for different geometries is shown in Fig. 3.75. The first graph
displays the transfer functions obtained in the vertical direction and the second in the lateral direction. Each
plot represents the amplification or reduction of the input oscillation through the system over a given range
of frequencies. The transfer functions provide insight into how the system behaves and reacts over a range of
frequencies. The higher the natural frequencies and rigid body frequencies, the more rigid the system is considered
to be. Comparative studies can be carried out to analyse the impact on stability of the geometry, materials,
position, rigidity, number of feet, etc. and to determine the most suitable geometry.

Knowing the spectrum of the ground motion over the relevant range of frequencies, as well as the transfer
function of the supporting structure between the ground and the centre of the magnet, it is possible to estimate
the displacement of the mechanical axis of the magnet in response to the ground motion. As values of the estimated
movement of the ground in the FCC tunnel are not yet available, the power spectral density (PSD) of the ground
motion measured in the LHC tunnel [314] has been used instead as an initial input. When performing a random
vibration analysis of the system with such a ground PSD as an input for the calculation, the PSD of the magnetic
axis is obtained as an output, and the integrated root-mean-square (RMS) displacements at the level of the axis
can then be computed. The methodology is detailed in Fig. 3.76.

FExperimental benchmarking It is important to note that the method described above is sensitive to several parame-
ters that cannot be precisely estimated at this stage of the study; similarly, the simulations contain approximations,
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Fig. 3.76 Methodology to assess the stability of the supporting systems

Fig. 3.77 2.5 m long short
straight section
demonstrator and its
equivalent in simulation

such as simplified magnets and interfaces (ground to support, support to magnets, etc.). It is thus of paramount
importance to experimentally benchmark and tune the simulations to acquire confidence in the numerical model.
A simple 2.5 m-long Short Straight Section demonstrator (see Fig. 3.77) was therefore assembled to allow an
understanding of how the different elements of the SSS affect the system stability. This SSS consists of feet/jacks
supporting a granite girder, on which the prototype quadrupole built by TE-MSC during the CDR phase [315]
was installed.

A multistep experimental characterisation of each element and, successively, of the full assembly, in terms of
modal analysis and transfer function, was then performed. These measurements were carried out at CERN in the
Mechanical Measurement Laboratory of EN-MME. The experimental results are compared with the numerical
analyses to gradually refine the simulations and to determine the dynamic stability of the different elements more
accurately. The different steps and their key results are summarised below.

1. Characterisation of the prototype quadrupole: the vibrational natural frequencies of the prototype quadrupole,
even after extrapolation for the 2.9 m-long quadrupole, are quite high, around 100 Hz, and typical of a very stiff
system. It will thus only marginally affect the vibrational behaviour of the SSS. Particular attention should be
given to the interfaces between quadrupole and girder, as these interfaces, depending on their stiffness, can be
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Table 3.23 Experimental and simulation results for the 2.5 m long granite girder with the prototype quadrupole: Integrated
Root Mean Square at 1 Hz at the level of the floor, the girder and the quadrupole in the vertical and lateral direction

Integrated RMS Vertical Vertical Lateral Lateral

values at 1 Hz direction EXP. direction SIMU direction EXP. direction SIMU
On the ground 5 nm 5 nm 7 nm 7 nm

On the girder 12 nm 10 nm 162 nm 124 nm

On the quadrupole 13 nm 15 nm 309 nm 220 nm

Fig. 3.78 6 m long short % P a—

straight section in simulation
composed of the granite
girder, the simplified
quadrupole and sextupoles

An Sevna prakis

I.3ai A5 83 g

the source of rigid body modes, generally at low frequencies, which have a major impact on stability. For more
details, see Ref. [310].

2. Characterisation of the 2.5 m long girder: the natural frequencies of the girder are above 400 Hz, whereas the
rigid body modes are below 100 Hz and even fall below 20 Hz for the first. The results show that the frequencies
associated to the girder rigid body modes are determined by the vibrational modes of the feet/jacks. The girder
is therefore a rigid component, but the feet/jacks have a significant effect on its stability, which is why it is
important to work on the design of the feet/jacks that will be used to support the girder. For more details, see
[310].

3. Characterisation of the 2.5 m long girder with the prototype quadrupole: the third step involved characterising
the 2.5 m long girder with three jacks and the 1 m long quadrupole prototype on top. This configuration was
chosen because it is the closest to that which is most likely to be adopted in the FCC-ee tunnel. The key results
are presented below and details can be found in Ref. [310].

To summarise, the measurements demonstrated that individual subcomponents such as the quadrupole and
the girder are relatively stiff compared to the supports on which they are placed, i.e., the jacks and the interface
between magnets and girder.

Table 3.23 displays the integrated RMS of the 2.5 m long girder with the prototype quadrupole, at the level of
the ground, girder and quadrupole, in both vertical and lateral directions. This table also compares experimental
measurements with data obtained from simulations.

Direct comparison of the values presented in Table 3.23 with the specifications presented in Table 3.22 shows
that with the 2.5 m long demonstrator, the specifications have been reached or even exceeded. However, the real
SSS will be 6 m long instead of 2.5 m, which will have a detrimental effect on stability.

Given the consistency found between the experimental results and the data obtained via simulation, a first
extrapolation was carried out: simulating a 6 m long granite girder with the simplified quadrupole and sextupoles
(see Fig. 3.78). Table 3.24 presents the modal results following extrapolation. Given the increase in mass and length
of the system, there is a clear decrease in all mode frequencies: the system becomes less rigid. The refinement process
on the simulations is still in progress to determine the integrated RMS for the 6 m length of the short straight
section.

Conclusions and highlights The experimental measurements facilitate the understanding of how the different el-
ements of the SSS affect the stability of the system and indicate an order of magnitude of the displacements
expected in the frequency range of interest for FCC-ee. Individual subcomponents such as the quadrupole and the
girder are relatively stiff (vibrational natural frequencies are in the order of a few hundred Hz) compared to the
supports on which they are placed, i.e., the jacks and interfaces girder/magnets. From the dynamic stability point
of view, the latter thus requires more work, during the next project phase.
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Table 3.24 Simulation results of the modal analysis of the 2.5 m long granite girder with the prototype quadrupole vs. the
6 m long granite girder with the quadrupole and sextupoles

Modes Frequency for 2.5 m-long config. Frequency for 6 m-long Mode shape identification
(simu. and exp. results) config. (simu.)

S1 14 Hz 6 Hz Tilting mode around X

S2 30 Hz 16 Hz Tilting mode around Y

S3 34 Hz 12 Hz Tilting mode around Z

S4 47 Hz 26 Hz Rotation mode around X

S5 55 Hz 30 Hz Up and down mode

The measurements of integrated RMS on the 2.5 m long demonstrator show vibrations comparable to the
current specifications. However, simulations performed so far on the 6 m length of the SSS demonstrate that, with
the current configuration of the systems, the specification will be exceeded. Moreover, for the moment, the study
considers only the ground motion and does not account for additional external vibration sources (such as pumps,
cooling systems, and ventilation) or the vibration cross-talk between the booster and collider structures through
the ground. These additional sources will have a detrimental effect on the stability of the system, and they require
further work.

The specifications appear challenging, and considerable work is required to optimise the system in terms of
stability. This stability challenge must be taken into account by all stakeholders who will have equipment in the
tunnel (pumps, ventilation, cooling, tunnel cross-section etc.) that will have a direct impact on the stability of the
supporting structure.

3.10.4 Integration studies magnet/vacuum system

The design of key components, including magnets, the vacuum system, alignment mechanisms, and beam instru-
mentation, is still in the early stages for both the collider and the booster. To advance this work, a dedicated
design study was initiated with the primary objective of refining the collider’s integration model, with a particular
focus on system interfaces. This study has proven to be crucial not only for optimising the integration layout but
also for improving the optical design, as discussed in the following sections.

As part of the study, several critical aspects were analysed, including the integration of the vacuum absorber
cooling system, heating jackets, dipole-to-dipole and dipole-to-quadrupole interconnections, magnet busbar insula-
tion, vacuum shape-memory alloy (SMA) flange tooling, and overall accessibility to interconnections. More details
on this work can be found in Refs. [316-318]. The present discussion, however, focuses on one of the key outcomes
of the study: the separation of the e™ /e~ beams in the collider.

In the CDR [13] and, still, at the beginning of the Arc Half-Cell Mock-up Project, the optics design of the
collider had a 30 cm radial spacing between the e™ and the e~ beams. In light of the results of the interfaces
design study, this distance has been increased to 35 cm. The main reasons are the following:

1. Integration of vacuum synchrotron radiation absorber cooling circuit, heating jackets and dipole busbar insu-
lation.
(a) 300 mm et /e~ separation results in jacket/busbar interference
(b) 350 mm e™ /e~ separation allows >25 mm radial clearance between the two systems, a part of which will
host the connection fittings of the cooling water supply tubes of the SR absorbers
2. Dipole to dipole interconnection (see Fig. 3.79).
(a) 300 mm et /e~ separation results in a clash between vacuum chamber flanges and busbar insulation
(b) 350 mm et /e” separation guarantees 24.5 mm clearance between vacuum chamber flanges and insulation,
as well as a continuous dipole busbar interconnections (no need of jumpers)
3. Vacuum chamber interconnection (see Fig. 3.80).
(a) 350 mm e™ /e~ separation provides more space for SMA flange tooling and general access to interconnections
(b) ~127 mm between flange-to-flange insulation (assuming ~10 mm insulation)
(¢) Enough space for BPM positioning (3x vacuum chamber outer diameter from SMA flange connection.)

3.10.5 Arc half-cell mock-up: concept verification

A mock-up of the arc half-cell is being built at CERN, on the Meyrin site and specifically in building 355/358.
Among its objectives, a distinction can be made between short-term (2025) and long-term ones:
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Fig. 3.79 Relative position
of vacuum flanges and
busbar insulation. Top and
bottom Left: 300 mm e /e~
separation. Top and bottom
Right: 350 mm e™ /e~
separation

Fig. 3.80 350 mme™ /e™
separation, vacuum
interconnections and SMA
flanges

Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

Fig. 3.81 CAD of the mock-up structure in development

e Short term objective: a mock-up allowing the testing of the integration of simplified elements within a short
time-frame (detailed study of the integration of elements, analysis of access and compatibility with safety
requirements, test of alignment strategy and mechanical stability, etc.). This mock-up will also be used for
outreach, it is a ‘visual’ demonstrator for the stakeholders of the FCC.

o Long term objective: an evolving mock-up allowing equipment groups to install and test their equipment. The
mock-up could, in the future, house the full-size/weight functional elements.

The mock-up will be 1:1 scale, meaning that the 5.5 m of the tunnel, and the half-cell length at high machine
energy (30 m), will be accurately reproduced. The only area that will not be reproduced in the mock-up is the

trench under the ground level.

As shown in Fig. 3.81, the mock-up structure will be made of steel, featuring an arch every 3 metres, reinforced
by transverse beams. Wooden or aluminium panels will be attached to the structure and painted to replicate the
appearance of concrete accurately. The main advantage of the steel structure is that it can be easily dismounted
and remounted if needed, as well as updated and adapted to the evolution of the machine arc region.
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Fig. 3.82 CAD of the integration of the RMIS, CAD of the integration of the fire door and partition and services, example of
wooden magnets

For the 2025 installation, the initial mock-up will consist of a combination of real and dummy elements, with
the flexibility to evolve over time. To facilitate integration testing and optimisation, the magnets will be con-
structed from wood, while actual support structures, including jacks, girders, and pillars, will be installed. The arc
envelope is designed to support the full weight of all real components from the outset, ensuring that no structural
modifications will be required when transitioning from dummy to real elements.

As shown in Fig. 3.82, a prototype of the remote maintenance and inspection system (RMIS) robot will be
installed to evaluate various operational scenarios, including routine maintenance, emergency procedures, and
leak detection. Additionally, a prototype of the fire door and its partition will be deployed to assess its posi-
tioning, integration, installation process, and interaction with the RMIS. Following these initial installations, all
essential services—including cooling and ventilation systems, electrical infrastructure, and IT networks—will be
implemented.

3.10.6 Next steps

As mentioned above, a significant amount of work still needs to be done before reaching a satisfactory solution
for the integration and stability of the arc half-cell elements. In particular, the following main activities have been
identified:

o Install the first version of the mock-up, and test integration aspects.

 Build an arc configuration compatible with the installation/uninstallation/handling procedures defined by the
Handling Engineering team (see Sect. 8.6).

e Develop and commission the mixed reality system in the mock-up region.

o Continue the study and optimisation of the supports (jacks, girders, supporting structures) from the stability
and cost point of view, also via prototypes and dedicated experimental measurements in the mock-up (e.g.,
ground-induced vibrations on the 6 m SSS, random-vibrations effects).

e Perform thermomechanical simulations to evaluate, for example, the thermal deformations induced by the tunnel
temperature variation on the elements of the girder, also validating the proposed air flow cooling system.

o Update and upgrade the mock-up main systems. In particular, the initial dummy structures (wooden magnets,
vacuum chambers) were replaced with the first prototypes produced by the equipment groups while also adapting
the mock-up to the changes of the arc region.

3.11 Machine protection hard- and software systems

This section describes the systems, hardware and software, closely related to the machine protection of the accel-
erator. They are the systems which presently fall under the responsibility of the TE-MPE group.

3.11.1 Interlock systems

Interlock systems are essential for the safe operation of the FCC-ee. The following interlock systems have been
identified for the FCC-ee collider and booster.

o Warm magnet interlock controller (WIC). The system protects the warm magnets and the synchrotron radiation
absorbers from over-heating because of missing (water) cooling and/or running at too high a load (magnet
current or synchrotron radiation load). In case of a power converter fault, it can also act as an interface
between the power converters and the beam interlock system. The system is connected to thermal switches,
flow meters of the water-cooling system, the power converters and the beam interlock system.
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A diagnostic system that identifies which magnet or synchrotron radiation absorber segment has an over-
temperature needs to be developed. The system should not require individual cables to be installed to these
magnets; such a system does not exist at the moment. In the existing machines, individual cables are installed,
but this would be too expensive for a machine as large as the FCC-ee.

Beam Interlock System (BIS). This is the core of the machine protection system and connects the many Users
(Power converters, RF, Beam Loss Monitors, Interlock Systems etc.) to the beam dumping system. There are
dedicated BIS for the injection and extraction systems, which can inhibit injection or extraction.

The BIS is based on customised electronics and needs to be designed and developed based on the failure
cases and reaction times derived by detailed machine protection studies for the main ring, the full energy
booster-ring and the transfer lines. The current LHC system does not account for any especially fast interlock
channels. Potential designs of extra fast interlock channels have to be studied and the electronics required
designed and developed in case the machine protection studies show that reaction times in the microsecond
range are required.

Safe Machine Parameters (SMP). The SMP is closely linked to the BIS. It provides flags to the different BIS to
allow masking of certain interlock channels when operating with low beam intensities and/or energies (needed
for setting up the accelerator). It also provides beam parameters to many different systems, like the beam loss
monitors and the experiments, all in a highly reliable environment.

Fast Magnet Current Change Monitor (FMCM). For some normal conducting magnet systems, the reaction
time from the power converters to request a beam in case of power failures can be too long. For those systems,
a dedicated system can be installed. The FMCM has a very fast reaction time to request a beam dump in case
of fast magnet current changes (in general, a power converter trip).

Powering Interlock Controller (PIC). This system interfaces the protection of the super conducting magnets
(Quench Detection System) to the Beam Interlock System and requests a beam dump in case of any problems
related to the superconducting magnets. For this reason it also interfaces to the many systems to which the
superconducting magnets are connected: power converters, cryogenics, UPS etc.

3.11.2 Protection systems for superconducting magnets

The FCC-ee will be dominated by normal conducting magnets and circuits. However, superconducting circuits of
the FCC-ee (e.g., the circuits of the final focusing magnets at the IPs) will require dedicated protection systems
to ensure their safe operation.

Quench detection and data acquisition system (QDS). The QDS is made of high-precision, fast, dedicated
electronic boards for the detection of quenches in superconducting magnets, busbars, links and HTS current
leads. It interfaces all superconducting magnet and circuit protection systems (energy extraction system, local
protection units, coupling loss induced quench systems), the powering interlock controllers and the beam inter-
lock system. If a quench is detected, the QDS will send high-resolution data to the post-mortem system, which
is crucial to validate the correct behaviour of the circuit and the protection system before releasing them for
re-powering.

Energy extraction systems (EE): These are clusters of racks with high-current switches, controls and extraction
resistors. If there is a power failure or quench of a superconducting magnet, the EE systems are activated and
they ensure the timely and safe extraction of the energy stored in the circuit to the extraction resistor. The EE
systems interface the QDS and the PIC and send high-resolution data to the post-mortem system.

Local protection units. These are quench heater power supplies, to protect superconducting magnets in case
of a quench. They consist mainly of an energy storage system based on capacitor banks, which discharge their
energy into quench heater strips installed on or in the coils of the magnets if there is a quench. They interface
the QDS and the instrumentation feed boxes (IFS).

Coupling loss induced quench system (CLIQ). These are special double racks size systems, to protect super-
conducting circuits in case of a quench or powering failure. They consist mainly of an energy storage system
based on capacitor banks, which discharge their energy into the magnet’s inductance, creating a high di/dt in
the circuit. They interface the QDS and the Instrumentation Feed Boxes (IF'S).

Cold diodes for circuit protection. These are radiation hard by-pass diodes required to divert the circuit current
around the quenching magnet. They are specially designed together with industry and need to be qualified for
the integrated radiation dose expected, and the 1 MeV equivalent neutron fluence levels.

Warm diodes for circuit protection. These are warm bypass diodes to ensure a discharge path for the oscillating
currents induced by the activation of the CLIQ systems around the power converter of a circuit. They are
usually procured from industry.

Electrical quality assurance (EIQA). This is the dedicated high precision, high voltage (mobile) hard- and
software for the EIQA testing of all superconducting circuit elements during production, reception and com-
missioning.
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o Proximity equipment (current lead heaters). These consist of regulators and power transformers with support
structures and controls racks. They are required to heat the normal conducting end of the HTS current leads to
avoid the creation of condensation and ice. They are usually custom designs based on commercial components.

o Instrumentation feed boxes (IFS). These boxes interface cables for discharge and instrumentation from the cold
mass of superconducting magnets and links. They consist of dedicated PCBs for interfacing the QDS, cryogenic
and protection equipment (CLIQ, Local protection units) and are installed on top of the instrumentation flanges
of the cryo-assemblies.

3.11.3 Software systems

Software systems play an important role for interlocking, efficient and safe validation and safe operation of the

FCC-ee.

o Software Interlock System (SIS). The SIS completes the hardware interlock system. It generally reads the
equipment status over software and is connected to the BIS to request a beam dump when needed. It is
less reliable and significantly slower in reaction than a full hardware system however it is more flexible. This
system is presently developed mainly by the BE-CSS group. However, as it is important and related to machine
protection, while very likely not listed in any other category, it has been added to the TE-MPE list of items.

e Post mortem systems. The safety of the accelerators depends on the correct functioning of the complete chain
of the machine protection system and the in-depth understanding of the reason for beam dump requests and
powering failures. The post-mortem system receives and reliably stores high-resolution data from all relevant
systems and performs automatic analyses of these data. It interfaces with the SIS and can block beam operation
if the analysis criteria are not met.

o Accelerator testing (AccTesting) & analysis tools for commissioning and operation. These are software systems
running on top of the CERN IT infrastructure for scheduling, automatically performing and evaluating hardware
commissioning tests of the accelerator systems. They are essential for efficient and safe hardware commissioning
and for validating the conformity and correct operation of various hardware systems, many of which are related
to different electrical circuits and machine protection.

o Fault tracking and machine availability. These are software tools for the simulation and the tracking of system
and accelerator faults. They are very important during the design and operation of the accelerators and their
different hardware systems, especially those related to the safety of the accelerator. The machine availability
needs to be studied and tracked to optimise performance and determine where investments are best placed to
improve performance.

3.11.4 Conclusion on machine protection hard- and software systems

New techniques and concepts will need to be developed for the WIC system to identify the faults’ location, without
having to pull individual cables to the sensors. In case required, special extra-fast channels of the BIS will need
new technologies. No specific new developments have been identified for all other systems described in this chapter.

3.12 An alternative arc magnet design

FCC is also pursuing an alternative design for the magnets in the three versions of the arc short straight sections
shown in Fig. 3.83. The alternative design could bring the following advantages compared to the baseline design:

1. Lower power consumption and lower weight.

2. More flexibility in optics design.

3. An improved filling factor.

4. State-of-the-art technology with increased societal impact.

The lower power consumption is achieved by replacing the main quadrupoles and sextupoles of the arcs with
superconducting ones. In the baseline scheme, about 80 MW of electrical power is consumed at top energy by the
collider main magnets, the majority of which goes to power the quadrupoles and sextupoles. An estimated further
14 MW is consumed by the cooling and ventilation systems for these magnets. By employing superconducting
quadrupoles and sextupoles, one can dispense with ohmic losses at the expense of cooling power, which is estimated
to be only a fraction of the ohmic load.

Replacing the normal conducting sextupoles and quadrupoles with magnets based on high-temperature super-
conductors (HTS) would result in the following gains:

e Magnets can be nested, increasing the dipole filling factor;
e Magnets for the electron and positron beams are independently powered, giving greater flexibility;
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Fig. 3.84 Concept of cooling method based on cryogenic distribution line (left), and heat exchangers between the line and the
HTS SSS’s (right). Sketches courtesy of J. Bessler, E. Rosenthal, Forschungszentrum Jiilich

e Power consumption for the relevant systems is significantly reduced;
o The use of novel materials and techniques (HTS conductors) increases the relevance of FCC to society and its
sustainability credentials.

The idea has led to the approval of two projects, named FCCee-HTS/ and FCCee-CPES, that have been financed
through the CHART programme, a Swiss mission-oriented research network focused on technology development
for the FCC.

HTS4 aims to investigate the nested magnet idea using HTS conductors. The end goal of the project, a metre-
class prototype, is supported by subscale sextupole demonstrators manufactured at CERN and PSI. The first
two demonstrators investigate the options of using a wax-impregnated canted-cosine-theta (CCT) coils, based on
insulated HTS tape, and a partial-insulation based cosine-theta (CT) configuration. The prototype will consist of
a nested quadrupole-sextupole configuration.

The minimum length of the short straight section (SSS), 3.5 m, is dictated by the minimum length of the
quadrupoles, below which synchrotron radiation issues arise. This corresponds to a total magnetic length of 3 m.
To make the magnets as compact as possible, the sextupole can be nested in the same axial space as the quadrupole.

Two cooling strategies are being considered, as shown in Fig. 3.84. Both involve a dry, cryogen-free magnet. The
first consists of a cryogenic distribution line connected to several cryoplants located on the surface. The distribution
line services the HT'S modules via Neon-based heat exchangers. This arrangement allows simple installation and
replacement of magnets.

A second option is to give each magnet its individual cooling system in the form of multiple redundant cry-
ocoolers. By utilising high-reliability single-stage coldheads, it is expected that such a configuration can achieve
high overall system reliability and availability.

The optimum operating temperature of an HTS-based short straight section (SSS) is found by balancing the
operational costs (dominated by electricity use for cooling) with capital costs (dominated by HTS conductor).
For the cryocooler-based cooling option, 40 K seems to be a sweet spot for a wide range of energy and conductor
prices. It is expected that results from a conceptual design study of the distributed cooling line would yield an
overall lower total cost-of-ownership option, with the optimum at a lower temperature.

The sextupole demonstrators (Fig. 3.85) are designed to generate a gradient of 1000 T/m? (the FCC design
calls for a gradient of 820 T/m?) at a current of 250 A.
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Fig. 3.85 The HTS4 sextupole demonstrator: left: CAD design; right: the magnet after winding, before the assembly of its
aluminium sleeve

Fig. 3.86 Left: The coating station, with the uncoated tape-spool on the left and coated tape spool on the right. The coating
occurs near the bottom of the setup, after which the tape is heated to be dried before re-spooling. Right: one CT sextupole
coil wound using 4 mm coated dummy tape

The improvement expected in the dipole filling factor over the baseline solution is 7%. This would translate to
7% higher luminosity at the same beam power or one year of running less in the FCC-ee 14-year programme for
the same physics output. This also translates to 7% less RF voltage needed at top running, and thus the number
of 800 MHz cavities required is reduced.

The nesting of quadrupoles and sextupoles paves the way for nesting a dipole component as well see, for instance,
Ref. [321], increasing the filling factor to 120% of the baseline value. Such an inclusion in the HTS SSS is possible.

HTS4 is also pursuing technologies of partially insulated HTS tapes. Partially insulated coils have distinct
advantages in robustness and effective current density, as they reduce the amount of stabilising copper required in
case of a quench. Developing such a technology is important for the future of HTS accelerator magnet technology
and a coating station (Fig. 3.86) has been built at PSI to coat HTS tapes with a partially insulated layer.

The CPES project at ETHZ designed a highly efficient power supply suitable for powering accelerator magnets
while operating inside the cryostat at cryogenic temperatures. In this way, the large heat load associated with
the high-current conduction-cooled leads required to transfer the current from room temperature to cryogenic
conductions can be avoided. This is a key component in making cryogen-free magnets energy efficient.

CPES built a demonstrator (Fig. 3.87) with five full-bridge phase modules and up to 100 A output. Test results
of this module at 100 A are extrapolated to a heat load of 4.4 W at 250 A. In comparison, a pair of high-current
conduction-cooled current leads would have 23 W of losses in the cryostat. For cryogenic power supplies to be
viable in an accelerator environment, additional studies on component- and system-wide reliability and radiation
hardness are required.

For the cryo-cooled approach, equipment needs to be placed in the collider tunnel (cryocooler and associated
electronics) or indeed inside the SSS cryostat (power supply). Therefore a radiation study has been performed
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Fig. 3.87 The CPES demonstrator comprises five full-bridge phase modules using Gallium Nitride (GaN) transistors

to ensure that equipment will continue functioning during the whole lifetime of the FCC. This study, that uses
somewhat more shielding around the SR photon stoppers, shows that doses of 1 kGy or less are possible for the
equipment concerned (to be validated in the next phase).

The possibility of using HTS superconducting magnets operated at or below 40 K and replacing the baseline
approach of iron-based non-superconducting magnets seems promising but also involves some risks (mainly having
to do with costs and the fact that this is a radically different approach) that need to be understood. The HTS4
prototype will be tested in early 2026, at which point the technological readiness level as well as integration into
the FCC-ee tunnel and timeline will be reviewed.

3.13 Dismantling FCC-ee

In order to make way for the FCC-hh, the FCC-ee machine and infrastructure will have to be removed. This
section presents a first look at the strategy and process for dismantling FCC-ee and identifies the main cost drivers
as well as logistics and planning constraints. Given that the details of the machine and its components are still
being refined, it is clear that the considerations here can only be approximate but can be refined as the project
progresses. The dismantling study drew heavily on the experience of dismantling LEP [322].

3.13.1 Basic strategy

Objectives The objective is to dismantle the FCC-ee machine and its specific infrastructure in order to leave the
underground areas in a state ready for the installation of the FCC-hh. Since the regular arcs account for 80%
of the FCC circumference and 90% of the mass, their clearing will dominate the overall dismantling process and
drive the logistic constraints.

Figure 3.88 shows the cross-section in the regular arc of the FCC-ee. The areas circled in light blue represent
the principal areas that will be dismantled in the machine tunnel. The equipment consists of the collider and
booster rings along with their metallic support and alignment structures, control and DC powering cables and
piping for a variety of cooling circuits. It is assumed that the main ventilation system as well as safety systems,
AC power cables and fibre optic cables will not require dismantling. In addition to the main machine tunnel there
are alcoves, located at about every ~1.5 km along the circumference of the arc, housing local equipment, like
low voltage distribution and repeaters. Much of this equipment will not be dismantled. However, the alcoves will
also house the power converters for some of the FCC-ee magnets. The removal of this equipment, along with the
associated DC cabling, represents a significant workload and logistic challenge.

Assumptions for the study A number of assumptions were made for the study and these are listed below (in no
particular order) along with a brief explanation of the reason for the assumption and its impact.

o FCC-ee operation will end with ~5 years of physics at the top energy (360 GeV). This is the most constraining
scenario from a radiological point of view as operation at this energy will produce the highest levels of induced
activity in some machine elements. It is assumed that the arc magnets and vacuum chambers of the collider
and booster, as well as the photon stoppers, will become activated. However, the materials chosen for these
components will be selected so that the levels of activity are minimised, and it is expected that the activity will
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Fig. 3.88 Cross-section of
the current FCC-ee tunnel
integration in the regular
arcs. The main areas to be
dismantled are circled in blue

3250

Table 3.25 RF system
installed for tt running
(180 GeV /beam)

Frequency [MHz] Machine Number of cryomodules Total Volume [m?]

400 Collider 70 2519
800 Collider 100 4320
800 Booster 124 5357
Sum 294 13,196

decay to below release levels within a few years. In the straight sections, parts of the RF modules and individual
components (such as beam dumps and collimators) will also become activated. The levels will be determined
from FLUKA simulations as well as measurements in-situ (see Sect. 3.13.3) during and after operation. The
remaining machine elements will be treated as conventional.

e To determine the timescale of dismantling, it is assumed that the work will be done during two 8-hour shifts
per day, working five days a week. Such a schedule assumes that equipment maintenance can be carried out
overnight and during weekends.

o The machine shafts at all 8 points will be used to extract the equipment (although not necessarily at the same
time). The dismantling of the experiments will be conducted via the experiment cavern shaft(s) and will be
kept separate from the machine dismantling.

e As the bottleneck for dismantling is likely to be in the underground areas, the logistics of the disposal of the
equipment once at the surface are considered in less detail here. The primary consideration for the surface sites
is to make some estimates of the temporary storage needs.

Equipment to preserve Most of the equipment removed from the machine will be treated as waste. After radiological
checks, it will be disposed of via the appropriate pathway. However, some of the equipment is of high value and
has potential for reuse. The major system in this class is the RF, with a total installed voltage of over 23 GV, and
a construction cost well in excess of 1 BCHF. Table 3.25 summarises the RF system installed for the tt run.

Preserving the cryomodules in a way that would allow their reuse in another facility implies storing them in
appropriate conditions, with the cavities themselves either under vacuum or filled with an inert gas. Assuming
that cryomodules can be stacked on top of each other to a maximum of 3 modules, the storage space needed would
amount to a floor surface area of 4400 m? (not including access space). In addition to the cryomodules, there is
the RF power system, consisting of klystrons, circulators, waveguides and power supplies. With 2 klystrons per
module a total of 140, 400 MHz klystrons and 288, 800 MHz klystrons would need to be stored.

For this study, it is assumed that all RF-related equipment apart from the waveguides is kept and stored,
although in reality, a much more detailed study will be required to determine which parts of the system to
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preserve and which to discard. Besides the RF system, there may be other pieces of equipment to be kept, but
these are likely to be smaller, individual items (e.g., specific beam instruments) which are all installed in the long
straight sections. None of the machine elements in the arcs will be preserved.

It is also assumed that the radioactivity of the arc components (magnets and vacuum vessels) will take a few
years to decay, and they will require interim storage for this period.

3.13.2 Regulatory framework

The regulatory framework concerning the elimination of radioactive waste is currently defined by the tripartite
agreement between CERN and the Host States, as explained in Ref. [323]. The agreement allows CERN to eliminate
radioactive waste in the two Host States by using the most technically and economically advantageous pathways
in both countries. This principle allows CERN to optimise its radioactive waste elimination by choosing the most
appropriate solution corresponding to the type of waste.

Concerning the elimination of radioactive waste produced by CERN experiments, the principle is that the
collaborating institute remains the owner of the equipment they have provided (even if radioactive) and that they
take it back unless otherwise agreed.

The cost estimate for the disposal of radioactive waste from CERN’s facilities is based on an inventory indicating
the amount and radiotoxicity of present and future radioactive waste, i.e. waste stored at CERN and waste that
will be produced by preventive and corrective maintenance or by the upgrade of CERN’s facilities or experiments.
The estimate of future waste will not include an estimate of waste produced in the case of the decommissioning
of CERN'’s facilities until the decommissioning has been approved.

3.13.3 Radiological estimations and zoning

The radiological zoning is a key driving factor for the logistics of dismantling the machine. The aim of the process is
to identify all components and structures which are likely to become radioactive. This will be based on knowledge
of the beam’s behaviour and its interaction with matter and the history of operation. The classification of a zone
determines the precautions and procedures which have to be applied. The synchrotron radiation emitted by the
high-energy leptons will strike the localised absorbers in the vacuum chamber and will induce radioactivity. Other
areas expected to become radioactive are beam scrapers, collimators, shields, beamstrahlung, main beam dumps
and, to some extent, the magnets themselves. The vacuum vessels and magnets and, in particular, the absorbers,
which are placed every 4-5 m around most of the machine circumference, obviously present the largest volume of
radioactive material. Simulations show that the level of activity in the activated components will be very weak
(TFA) and appropriate precautions will be taken in the dismantling process. Current studies indicate that the
magnets and vacuum vessels of both booster and collider will not become activated until the tt run. During
dismantling, the most active components will be removed first, unless they are in an area which can be closed
off until the rest of the machine has been removed. This could apply, for example, to the beam dump where the
tunnel containing the dump transfer line and radioactive dump block, could be sealed off.

Predictions of the levels of activity are made by simulations using tools such as FLUKA and these will form
the basis of the initial zoning. Unexpected beam losses may lead to additional localised radioactivity, and this
information will be incorporated in the overall picture. The operational zoning for dismantling will be confirmed
by radiation measurements carried out after the definitive stop of the machine and before any dismantling is
started.

3.13.4 Dismantling process

It is assumed that the dismantling can be done from all 8 points. However, it is unlikely that all 8 points will be
used at the same time. The activities will be split into a series of ‘trains’ that will move progressively through the
arcs. Each train will consist of the personnel, equipment, and transport vehicles needed to remove a specific set
of equipment or carry out specific actions. Each train will have to complete its work before the next train starts.
However, some optimisation may be possible. The order of the activities is listed below:

o Radiological measurements and zoning — measurements of radioactive activity. Final verification of the zoning
of the arcs.

o Where essential systems and services (fire protection, communications, safety systems etc.) will be interrupted
or removed, compensatory measures will have to be installed before the start of dismantling activities.

e Cryogenic systems will have to have the helium evacuated and be warmed up before the start of dismantling
equipment in the affected areas.

e Cooling circuits will have to be emptied.
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o Electrical safety: all elements to be removed have to be made electrically safe with an electrical lockout, followed
by a definitive separation from the supply.

o Radiation survey measurements of the equipment and its surroundings (checking for anomalies and contami-
nation risks).

o All of the equipment removed from the machine will undergo a triage measurement to determine its further
destination: release, detailed free release measurement or further storage as a radioactive item. There will have
to be space and dedicated measurement equipment for this free release measurement.

e Removal of radioactive components like collimators, which will be more highly activated.

e Removal of booster magnets and vacuum chambers as activated materials.

e Dismantling of the metallic structures supporting the booster as the last part of booster machine element
removal.

e Removal of the collider vacuum chambers and magnetic elements together with the photon stoppers.

o Dismantling of the remaining machine support structures (can probably be done in parallel with the removal
of the collider).

e Removal of straight section elements and equipment.

¢ Removal of unused piping.

e De-cabling.

o Final cleaning and floor/walls repair/repainting as necessary.

Crritical logistics paths for dismantling As already mentioned, this analysis is based on dismantling two half-arcs
from each point. Since the main components to remove will be the arc magnets, this defines the scale and sets the
limits of the dismantling process.

Tunnel transport of arc components The average distance travelled will be 3 km each way from the loading location
to the extraction point. Based on a vehicle speed of 10 kph loaded and 20 kph empty, the average travelling time
for a round trip will be ~30 minutes. Clearly, journeys to the beginning of the arc will be short, and those to
mid-arc will be longer, but the average time/distance was used in the calculations. Dismantling will start on one
side with the closest magnets, and on the other at the 6 km mid-arc extremity. To be added to the travelling
time are the loading/unloading times: 45 minutes for loading (135 minutes for the 3-dipole trains) and around
30 minutes for unloading.

Taking into account that there will be two 3-dipole trains for every three SSS trains, each side of the arc would
be capable of delivering 6 or 7 loads to be lifted within a double 8-hour shift. Therefore, it is assumed that only
one transport vehicle will be needed on each side in the tunnel to deliver enough magnets to saturate the crane
capacity (see below).

Arc equipment dismantling As well as the transport team, each train will have a team at the worksite to cut or
dismantle the equipment and prepare it for transport. It is assumed that enough time will be available between
each transport to prepare the next load.

Lifts and cranes The bottleneck in the extraction process is the crane lifting time. The depth of the shafts varies
from 180 m (PD) to 400 m (PF) giving an average shaft depth of 240 m. For heavier loads, assuming a lifting
speed of around 8 m/minute [324], a single hoist would take around 35 minutes to complete. Allowing 30 minutes
for loading and 30 minutes for unloading, an average single round trip to the surface (240 m) will take ~1.8 hours.
This sets an upper limit on the number of hoists during a double 8-hour shift in the range 6 to 10, according to
the depth of the shaft.

3.13.5 Material quantities

Arcs Details of the quantities concerned have been addressed in a separate document [325], and only the main
conclusions are presented here. These numbers have been derived based on the current state of the design, which
will certainly evolve but should not affect the conclusions by more than +20%. Table 3.26 summarises the contents
of the regular half cells; the weight of booster magnets has been assumed to be the same as those of the collider
ring. For the support structures, an overall weight of 10 tonnes per half-cell is assumed.

Excluding the busbars, total material weight is 118.35 ktonnes for the arcs and 121.25 ktonnes for the whole
machine if the straight sections are included. If one assumes that copper cored cables are used, there will be around
2.4 ktonnes for the whole machine (0.8 ktonnes, if aluminium is used). Based on cabling of the sextupole families
using 120 mm? section copper-cored cables, their weight will be 1.6 ktonnes for the whole main ring. A similar
value for the booster sextupole powering can be assumed, and in both cases the weight will be reduced by a factor
3 if aluminium is used. Each half-cell will also contain other equipment, which is cabled to the nearest alcove (orbit
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Table 3.26 Contents of a

half-cell in the regular arc Description Quantity Length [m] Approx. Weight [kg]
Booster dipoles (2 sections) 4 5.55 2500
Collider main dipoles (2 sections) 4 5.55 5000
Booster short straight section 1 2 4200
Collider short straight section 1 6.3 ~11,000
Metallic support structures 1 10,000
Table 3.27 Hoist inventory - -
for one extraction point, Element Quantity No. Hoists No. per week per crane
assuming dipoles can be ]
transported three at a time, Booster dipoles 736 245 11 (x3)
working for a minimum Booster SSS 368 368 16
duration of 28, 5-day weeks ¢ 11ider dipoles 736 245 11 (x3)
with 2 shifts per day )
Collider SSS 368 368 16
Total 1226
Table 3.28 Summary of
electrical equipment to be Cables Converters
dismantled from the various Number of Number per Length per Number of Number
alcoves alcoves alcove alcove [m] converters of racks
Big alcoves 16 460 274,666 228 273
Small alcoves 40 880 429,148 440 238
Grand Total 56 42,560 21,560,578 21,248 13,888

correctors, beam position monitors, beam loss monitors, interlock cables and miscellaneous signals). It has been
estimated that there will be ~31,000 km of these cables. It is assumed that the other cables for such things as AC
power, fibre optics and the access system will not be removed as they will serve FCC-hh.

The collider and booster dipole magnets can be transported and lifted stacked in groups of 3 on the transport
trailer. The collider QSS girders are the heaviest elements and will be evacuated one at a time. There will be 368
lifts for each of the quadrupole girders (QSS, QS and Q) and booster SSS and 245 lifts for the collider dipoles and
a similar number for the booster dipoles (see Table 3.27).

LSS The long straight sections of the collider and booster contain a further 520 quadrupoles and 200 sextupoles,
and they have a total weight ~2900 tonnes.

RF There will be 170 cryomodules installed in the collider at PH and 124 in the booster at PL. These will be
powered by the klystrons in the gallery above the tunnel and linked to the modules by the waveguides.

Cryogenics The cryogenics equipment is located in the klystron galleries, the long straight sections, the service
caverns, shafts and surface buildings. The equipment to be removed the comprises control equipment, distribution
lines, cold boxes and storage vessels. Sensitive elements like instrumentation and valves will be removed first. The
cryogenic equipment associated with the machine-detector-interface, MDI, has not been specified at the time of
writing and its dismantling has not been considered. However, it is not expected to have a significant impact on
the overall timescale or cost.

It is assumed that both cryoplants at PH will be dismantled, although one may be kept for FCC-hh.

Alcoves Detailed estimates of the equipment in the alcoves which has to be removed are given in Ref. [325].
Table 3.28 presents an overview of this equipment and the associated cabling.
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Fig. 3.89 Schematic representation of a possible timeline of machine dismantling based on 2 shifts working, 5 days per week.
The arrows on PA indicate the direction of progress through the arc. The preparatory phase is only shown for the first two
arcs

3.13.6 Timescales

Ares Given the average 1.8 hours needed for a round trip of the crane hook, the time required to perform the 1226
hoists corresponds to about 28 weeks working two shifts per day and five days per week.

LSS It is assumed that the machine elements in the LSS between the IP and the arc can be dismantled in ~4 weeks.

RF The rate of removal of RF cryomodules is limited by the time it takes to carefully dismantle and transport
them, and it is expected to take around the same time as the installation. The removal of klystrons and waveguides
should be ~50% faster than installation and can be done in the shadow of the cryomodule dismantling. The rate
of dismantling cryomodules is expected to be approximately 16 stations per month, working two shifts, five days a
week. Working in PH and PL in parallel, the time envelope determined by the dismantling of the 170 cryomodules
in PH will be <12 months.

Cryogenics The sensitive elements in the service caverns and tunnel will be removed first, and the cold boxes will
be purged and sealed before removal. Once the connecting pipes have been removed, the boxes can be lifted and
removed. At the surface, as many elements as possible will be carefully removed for potential reuse in FCC-hh.
Dismantling at the surface can only start once all cryogens have been stored and underground elements have been
disconnected.

It has been shown in Ref. [323] that if PH and PL are done in parallel, the cryogenics system can be dismantled
in <1 year allowing around 6 weeks for the initial preparatory stages.

Overall timescale The overall duration is governed by the rate at which the main arc components can be removed
from the tunnel. In the following, it is assumed that the overhead crane will be working continuously 5 days per
week and 16 hours per day.

To be added to 28 weeks for arc equipment removal are the times needed for initial activities such as radiological
zoning, electrical safety, implementation of compensatory systems for safety and services, cryogenics warmup etc.
as well as the dismantling of the straight sections and the de-cabling and de-piping activities which follow. It has
been assumed that the LSS dismantling and cleanup will require around 3 months after the arc has been cleared.
Careful overall planning should allow much of the work to be performed in the shadow of the overall dismantling
of the machine elements in other areas. Smaller loads can be brought to the surface using the lifts, which have a
3 t capacity.

Based on 5 days, two shifts working, and these assumptions, a possible timeline for dismantling is shown in
Fig. 3.89. The direction of the trains’ progression is indicated on PA, showing that one train starts from mid-arc
and the other at the IP end. The preparatory phase is only indicated for PA and PG, as it will be in parallel with
other activities for the other points. The total time required for this scenario is ~2 years. Adding two shifts and
working at weekends would reduce it to a total of about 1.4 years.
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Table 3.29 Summary of

equipment and Description
infrastructure changes
required for dismantling New temporary storage facilities (8x1500 m?)

New storage facilities for radioactive decay (20,000 m?)

New long-term storage facilities (5000 m?)

Transport and handling materials (incl. cranes, vehicles, fuel etc.)
Tooling for dismantling

Transport containers

Equipment maintenance/consolidation (vehicles, cranes. . .)
Equipment for traceability, safety, signage etc.

Infrastructure modifications (access/safety systems, surface areas etc. )

3.13.7 Surface storage and logistics

Once the equipment reaches the surface, it will have to be transported from the shaft head to a temporary storage
where it can be re-checked for radioactivity before being prepared for onward transport. At this stage, traceability
data will also need to be generated for each load. The preparations may include further dismantling and sorting
of the material before loading into (new) specific transport containers. Cranes will be needed for the new storage
facilities.

After tt running, the arc magnets and vacuum chambers will remain radioactive for a period of up to a few years.
They should be stored on-site for the decay period before entering the disposal pathway. The space requirement
for this would amount to ~20,000 m? if they are piled four high. This interim storage could be in the form of
tent-like structures.

A tent-type structure which has no foundations but which could be heated to keep it above freezing should also
suffice for temporary surface storage (triage, etc.).

To set the scale on the size of the covered storage and preparation area, it can be assumed that it should
be capable of holding the material which comes out of the machine in one week, and there should be sufficient
space around each element to allow any dismantling/conditioning to take place. Based on the numbers given in
Table 3.27 and that dipoles will require a footprint of 11 mx3 m (to allow access), a covered area of 1500 m?
would be required for the 5-working day, two-shift scenario. Additionally, space will be allocated for loading and
unloading the equipment. The installation of a temporary industrial tent/hanger of an appropriate size at each
surface point will, therefore, be required. It should be noted that during dismantling, equipment for FCC-hh will
be arriving at CERN for assembly and testing, which will put an additional strain on the space available at CERN.
Site security is an important issue, given the value of the materials being temporarily stored at surface sites, as
well as the sensitive nature of low-level radioactive elements. Additional security will, therefore, be necessary.

For equipment requiring long term storage in controlled conditions, a more substantial building will be required.
This type of building typically has large access doors, thermal insulation and a small capacity crane. These
lightweight buildings are limited to a span of around 20 m so it may be necessary to construct a number of them.

3.13.8 Dismantling budget items

As much as possible of the work will be done by CERN staff and their regular support contractors, so that they
are familiar with the equipment being dismantled. However, they will not be able to do all the work, and therefore
additional contractors will be required. These contracts will also cover things such as operating the traceability
system, removing cables and pipework, and ensuring safety supervision.

Details of the costs for the various labour components have been given in the report of the FCC-ee dismantling
study [323].

Estimates of the cost of infrastructure changes and additional equipment, summarised in Table 3.29, have also
been included in Ref. [323].

3.13.9 Pathways for FCC-ee components after removal

As mentioned above, high-value equipment that can be reused will be stored in storage. Materials that are not
classified as radioactive (i.e., conventional waste) can be sold for recycling, and the remainder will be treated as
waste. Institutes in member states will be offered the possibility of receiving equipment which is not needed by
CERN and that they can use at their facilities. Radioactive waste will be disposed, using the Host State authorised
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facilities. The cost of this will be minimised by the appropriate choice of materials for components which will be
activated, thereby limiting the volume of waste classified as radioactive. Both long-term and temporary storage
will be required at CERN: the temporary areas will serve as buffer zones for equipment to be recycled and as
intermediate storage for materials requiring processing before disposal. Long-term storage will be for equipment
of high value which can be reused.

3.13.10 Dismantling of the experiments

The FCC-ee detector systems resemble LEP detectors in the sense that they are optimised for electroweak precision
physics and precision measurements of the Higgs sector in a similar energy range. The overall size of the detectors
is comparable to the LEP experiments. The CLIC-like Detector (CLD), for instance, has a height of 12 m and a
length of 10.6 m, compared to DELPHI, which was ~10 m in both length and diameter. The typical mass of a
LEP experiment was approximately 3000 tons (barrel 4+ endcaps), concentrated in the instrumented iron of the
return yoke. Depending on the size and weight of the solenoid magnets, their lowering/lifting may require dedicated
lifting equipment that exceeds the capacity of the overhead cranes in the assembly halls above the caverns. The
FCC-ee caverns are equipped with two independent lifts capable of evacuating 300 people within 30 minutes. The
occupancy of the caverns is therefore not expected to be a limiting factor for the dismantling schedule. A crucial
difference between LEP and FCC-ee may be the radioactive activation of detector (and accelerator) hardware
originating from the up to 10° times higher instantaneous luminosity.

Dismantling of the LEP experiments Traditionally, the detector systems and specific infrastructure are owned by
the international collaborations that designed and built them, with CERN as a member of the collaborations.
It is thus also the collaborations that are in charge of the preparation and implementation of the dismantling.
Dismantling of FCC-ee experiments is expected to follow the LEP approach, which is outlined below.

The dismantling of the LEP experiments had to be integrated into the global LHC project plan and tightly
coordinated with the accelerator dismantling. CERN, as the host lab, was in charge of the experiment sites,
logistics, radiological and general safety, planning, and coordination. The year before the start of dismantling was
dedicated to the preparation of the site, e.g., the mechanical workshop, setting up storage area for sub-detectors
and zones for the safe storage of activated materials, zones for temporary storage of high-value waste, such as
copper cables and pipes.

The dismantling teams of the four LEP experiments typically consisted of 10-15 persons. A small core of
experienced CERN technical staff (2-4 persons) with in-depth knowledge of the detector, its infrastructure and
the experiment site was reinforced by handling and electro-mechanical support personnel (about 5 persons). The
international collaborations assumed their responsibility and sent expert teams that, ideally, had been involved in
the installation process of a sub-detector approximately 12 years earlier.

A radiological zoning analysis based on detailed modelling of the detector and its environment was performed
well before the start of the dismantling. The main steps of dismantling were:

o Making the areas safe (flushing detector gases, cutting electrical power, coolant supplies, removal of beam pipe
and calibration sources)

e Cutting and removing cables and pipework

e Extraction of sub-detectors in the reverse order of installation

e Removal of remaining components and materials

The overall dismantling budget of the 4 experiments was about 3 MCHF (in year 2000 prices). About 1 MCHF
was contributed by CERN, mainly used for financing of additional handling personnel, rental of cranes and special
transports. Each of the 4 scientific collaborations foresaw a budget of about 0.5 MCHF'. This covered the additional
personnel for the systematic radioactivity monitoring, additional personnel for the dismantling operations, purchase
of special tools and infrastructure modifications/preparations. The sales of the dismantled material brought a nett
income of about 100 kCHF per experiment. A big fraction of the sales price of the return yokes (corresponding to
about 10,000 tons of steel) was offset by the cost of cutting and transport (special heavy-load transports).

The unprecedented luminosity of the FCC-ee storage ring may lead to significantly higher activation of the
detector hardware and its infrastructure. Hardware close to the beam pipe, like the luminometers, will be activated
the most.

Conclusions from LEP dismantling Preliminary considerations suggest that the dismantling of the FCC-ee ex-
periments can follow the same approach that was used for the four LEP experiments in 2001. The estimates of
time and resources required appear still valid. The degree of activation and the related classification of certain
parts of the detector need to be assessed with dedicated simulations based on realistic detector models and oper-
ational scenarios. The amount of material declared as TFA may have an impact on the planning and cost of the
dismantling.
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3.13.11 Recycling of materials

It can be anticipated that there will be some offset in the costs from the sales of materials for recycling and some
specialist equipment. In the case of LEP dismantling, the sales revenue corresponded to ~15% of the total cost of
dismantling. The LEP dipole magnets, which formed the bulk of the materials, were made from steel embedded in
concrete, and at the time, it was not financially viable to sell them for recycling. However, the FCC-ee magnets will
be made of steel, weigh a total of ~120 ketones, and will form the bulk of the recyclable materials to be removed.
Copper and aluminium cables/busbars, as well as stainless steel pipework, will constitute further materials to
be sold for re-cycling. Heavy metals (like lead and tungsten) will potentially be used for shielding, which will
be available for recycling. The vacuum chambers in FCC-ee will be fabricated from high-purity copper and will,
therefore, be of high value for recycling. There will be more copper and/or aluminium in the busbars and cables. A
total of 3000 tonnes of copper or 1000 tonnes of aluminium will be required for magnet powering, further boosting
the income from sales.

Planning Figure 3.89 presents a possible timeline for the dismantling process based on an initial preparatory phase
of 20 weeks followed by 40 weeks of dismantling activities. The schema presented assumes that up to 4 arcs can
be dismantled simultaneously. Such a scheme, however, will require additional transport equipment and larger
facilities for triage, storage, and processing of the equipment than if only two arcs were dismantled simultaneously.
If the LSS could be done in parallel to an arc at another point and the sequence was, for example, to complete
dismantling from PA and PG (28 weeks), then start PD and PJ and so on, the overall duration would increase to
around 144 weeks, but the total labour costs would remain the same. The gain would come from a reduction in
the quantity of transport equipment required and fewer infrastructure requirements.

3.13.12 Conclusions

The general scheme for dismantling up to 8 half arcs through 4 access shafts concurrently has been analysed and
is feasible given the current design of the FCC-ee and its infrastructure. If it were necessary to only work through
two shafts concurrently due e.g., to bottlenecks in the extraction channels, the total cost would not change very
much, but the overall duration would increase from around two to three years.

The collaborations will fund the dismantling of the experiments, but some support will be required from CERN
staff. Once the design has been completed and the specifications of the materials are known, it should be possible
to estimate the cost of the elimination of radioactive waste.

Chapter 4

FCC-ee booster design and performance
4.1 Optics design and beam dynamics

4.1.1 Booster parameters

The booster is located in the same tunnel as the collider. To simplify its mechanical integration, the length of one
arc cell is set to 52 m, matching the short cell length in the collider. More precisely, the arc periodicity corresponds
to five short cells due to the non-interleaved sextupole scheme.

However, the booster layout (see Fig. 4.1) differs in several aspects from the collider layout. These differences
are highlighted in Fig. 4.2 and summarised below:

e The booster beam runs at a radial offset of 8 m on the outer side relative to the interaction point not to interfere
with the experimental detector.

e The booster beam pipe is positioned at the top level of the tunnel, with a vertical offset of 1030 mm and a
horizontal offset of 161 mm towards the inner side. This offset ensures that the booster and collider maintain
exactly the same circumference. Additionally, the booster cells have a slight longitudinal offset to enhance
mechanical stability and facilitate tunnel integration. Due to minor differences in the arc cell patterns of the
booster and collider, the distance between their reference trajectories oscillates by approximately +4 mm. This
orbit variation is also influenced by the dipole arrangements in the arcs.

e The RF cavities in the booster are positioned in the long straight section H, whereas in the collider, they are
located in section L.

The parameters for the booster are summarised in Table 4.1.
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Fig. 4.1 Layout of the
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Fig. 4.2 Layout of the booster and collider in the section A, left. The distance between the reference axis of the booster and
collider arcs is shown on the right picture

4.1.2 Main constraints

At injection energy, Transverse Coupled Bunch Instabilities (TCBIs) may limit the total beam current, while the
Transverse Mode Coupling Instability (TMCI) may determine the maximum allowed bunch charge. Both effects
could, in principle, be mitigated by a larger momentum compaction factor.

For the ZH/tt modes, TCBI is not a concern due to the significantly lower average current. However, TMCI
remains a limiting factor because of the large bunch charge (4 nC) required during collider filling. Studies on the
filling scheme have shown that a bunch charge of 4 nC is not essential for all operations. A reduced bunch charge
of 1.6 nC, which remains above the minimum required to mitigate bootstrapping instability, has been identified
as a viable alternative. This reduction has a negligible impact on the collider filling time for the ZH/tt modes.

For the Z/W modes, collective effects studies have demonstrated that the beam pipe is the main driver of TMCI.
Two approaches were investigated to accommodate a bunch charge of 4 nC: increasing the momentum compaction
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Table 4.1 Preliminary key parameters of the high-energy booster of FCC-ee. We consider here a linac of 20 GeV as a pre-
injector and a high-energy damping ring

Running mode Z WW 7ZH tt
Circumference [km] 90.65871376

Injection energy [GeV] 20

Extraction energy [GeV] 45.6 80 120 182.5
Number booster ramps per cycle 10 2 1 1
Number of stored bunches 1120 928 300 64
Particle number/bunch (filling)* [10'9] 2.725 1.268 1.268 1.268
Particle number/bunch (top-up)? [10'9] 2.725 1.035 1.268 1.125
Collider top-up interval s] 43.405 14.772 11.286 10.446
RF frequency [MHz] 800

Lattice version V24 FODO

Momentum compaction 7.12x107°

Coupling 2x 1072

Injection emittances (norm.) [nm] 20 x 2

Extraction horizontal equilibrium emittance [nm)] 0.087 0.27 0.61 1.4
Extraction vertical equilibrium emittance [pm)] 1.75 5.37 12.1 28.0
Injection Energy loss / turn [MeV] 1.34

Extraction Energy loss / turn [MeV] 36.1 342 1730 9270
Injection bunch length [mm)] 4

Extraction bunch length [mm)] 2.43 2.56 2.26 1.98
Injection RMS energy spread [1077] 1

Extraction RMS energy spread [1077] 0.38 0.67 1.01 1.53
Injection Maximum relative energy acceptance [%] 3

Extraction Maximum relative energy acceptance (%] 1 1.01 1.51 2.29
Injection RF voltage MV] 50.1

Extraction RF voltage MV] 57.2 402 1960 10,200
Filling time s] 2.8 2.315 3 0.64
Up-Ramp time [s] 0.706 0.857 1.429 2.321
Flat top [s] 0.1 0.1 0.1 0.1
Down-Ramp time [s] 0.334 0.689 1.148 1.866
Total cycling time [s] 39.4 7.922 5.68 4.927

1 The required particle numbers in the booster assume an injection efficiency into the collider of 80% as specified in 2.3.9

or reducing the transverse impedance. Increasing the momentum compaction would lead to a larger equilibrium
emittance, necessitate different optics for different operational modes, and require additional magnet families
to operate the booster at different working points, similar to the collider. Conversely, reducing the transverse
impedance implies the need to minimise the contribution from the resistive beam pipe.

The proposed solution is to use a beam pipe made from copper or copper-coated stainless steel and to enlarge
the inner diameter of the beam pipe from 50 mm to 60 mm. Studies have shown that further increasing the
diameter beyond 60 mm would result in a significant rise in magnet costs. A 60 mm diameter provides a reasonable
compromise between the need for larger and heavier magnets and achieving lower transverse impedance.

Finally, reducing the stored current in the booster by a factor of ten significantly alleviates the constraints
associated with TCBI, reducing the need for large momentum compaction. Consequently, the current strategy is
to adopt the same optics for all operation modes while increasing the inner diameter of the vacuum chamber.

Ensuring beam stability in the booster requires chromaticity correction, which necessitates the use of sextupoles.
The CDR compared three different sextupole schemes, where sextupoles separated by a phase advance of 7 form
a family:
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e Classical sextupole scheme. After every quadrupole a sextupole magnet is installed leading to a maximum
number of sextupoles. In this case there are two families per plane.

o Interleaved sextupole scheme, consisting of pairs of sextupoles separated by 180° betatron phase advance. The
sextupoles are considered to mainly, or only, act in one plane, and the pair for one plane is interlaced with a
pair of the other plane.

e Completely non-interleaved sextupole scheme. In order to optimise the cancellation of the sextupole geometric
effect, only linear elements are installed between two sextupoles forming a pair, and there is no interference
between the pairs affecting one or the other plane.

The non-interleaved sextupole scheme was found to give the best dynamic aperture and momentum acceptance.
Thus, this scheme has been retained.

To further increase the momentum acceptance, we have also added some transparency conditions on the dis-
persion suppressors and insertions to match the chromatic functions:

e The phase advance between the sextupoles in the dispersion suppressor is 7 in both planes to maximize the
geometric aberration cancellation.

e The angles of some dipoles in the dispersion suppressors have been matched to cancel the second-order disper-
sion. However, the total angle of the dispersion suppressor stays unchanged.

o The phase advance between the end of the upstream arc (or the beginning of the upstream dispersion suppressor)
and the beginning of the downstream arc (or the start of the downstream dispersion suppressor) is equal to the
phase advance of one arc cell plus an integer.

o Although the insertions are not perfectly symmetric, we have preferred to keep some waist conditions in the
middle. In other terms, we ask to have o, = o, = D], =0 at the middle of the insertion. We also ask to keep
the chromatic derivative of o and the second-order dispersion derivative near 0: A, ~ A, ~dD'x,dé ~ 0.

o We match the Twiss parameters but also the Montague functions A, Ay, B, B, and second-order dispersion
dD,/dé§ and dD! /dj at the entrance of the right arc.

4.1.3 FODO lattice

The starting configuration for the design of a booster cell is a sequence of five FODO cells with 90 degree phase
advance, and each approximately 52 m long.

The booster cell must follow the geometry of the collider determined by the structure for the collider short
90/90 FODO cell of the GHC optics. This condition requires the basic unit length of five booster arc cells to be
260.554 m.

To maximise the cancellation of geometric aberrations introduced by the arc sextupoles, a phase advance of
7 in both planes between the sextupoles of a pair is required, imposing four constraints. Additionally, the global
tune of the machine is fine-tuned by adjusting the arc cells, adding two more constraints. As a result, the arc cell
tune is 1.25 £ ¢, with €, , < 1. To accommodate these constraints, the arc cell requires six quadrupole families
to control the phase advances between sextupole pairs and the global tune, along with two sextupole families to
regulate the global chromaticity. The optical and chromatic functions of the arc cell, based on a FODO lattice,
are shown in Fig. 4.3 (top).

The dispersion suppressor consists of 1.5 FODO arc cells followed by two additional FODO cells of the same
type as the arcs, but with only one dipole per half-cell instead of two (see Fig. 4.3 (middle)). The dipole lengths
have been optimised to minimise second-order dispersion at the end of the dispersion suppressor. The dispersion
naturally damps along this section, requiring minor quadrupole adjustments in the dispersion suppressor to cancel
the dispersion, correct second-order dispersion, and ensure a phase advance of 180° between the last sextupole
in the arcs and the entrance of the dispersion suppressor. This phase advance constraint allows the possible later
insertion of an additional sextupole to further correct geometric aberrations.

The dispersion suppressors and insertions have been optimised according to transparency conditions. The optical
functions and second-order chromatic functions for one quarter of the booster, based on a FODO lattice, are shown
in Fig. 4.3 (bottom).

4.1.4 Alternative: HFD lattice

The Hybrid FODO (HFD) lattice is an alternative to the FODO cell. The main motivation of this cell is to reduce
the anharmonicity and second-order chromaticity of the FODO cell to enlarge the momentum acceptance and
dynamic aperture. The main difference between the HFD and FODO cells is:

o The phase advances between the two sextupoles of the same pair are near = (and not exactly 7).

e The dipoles do not have the same length, which enable a modulation of the distance between the quadrupoles.
The total length of the dipoles stay the same, to keep the same curvature radius and thus radiated power per
turn.
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Fig. 4.3 Optical functions (left) and second-order chromatic functions (right) in the arc cells (top), in the dispersion suppressor
before section B (middle), or in one quarter of the booster (bottom) for the booster baseline optics with FODO arc cells

e The horizontal and vertical tunes are quite different. In the case of the FODO cell, the tunes are about 1.25 in
both planes against 1.25/1.15 for the HFD cell.

The optical functions and second-order chromatic functions in the arc cell and in one-quarter of the booster
based on an HFD lattice are shown in Fig. 4.4.
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Fig. 4.4 Optical functions (left) and second-order chromatic functions (right) in the arc cells (top) and in one-quarter of the
booster (bottom) with the version with HFD arc cells

4.1.5 Dynamic aperture and momentum acceptance

One of the main concerns is to ensure a sufficiently large dynamic aperture and momentum aperture to keep the
beam losses small at injection. The dynamic aperture without errors is calculated by scanning the initial particle
positions that are stable on the x and y axes after 1000 turns, without taking into account synchrotron radiation
damping. Different initial energy offsets between —2% and +2% are also considered checking the momentum aper-
ture. Figure 4.5 compares the horizontal and vertical stable regions as a function of the energy offset, illustrating
the dynamic aperture of both the FODO and Hybrid FODO lattices.

In both cases, the margin is sufficient to ensure the stability of the injected beam. The target dynamic aperture
of 15 ¢ is indicated by the dashed red line in Fig. 4.5.

The corresponding momentum aperture for the FODO lattice exceeds +0.75% in the horizontal plane and +1%
in the vertical plane, equivalent to 5 o5 where o5 denotes the rms relative momentum spread of the injected
beam. The HFD lattice exhibits a larger momentum aperture in the horizontal plane. However, this difference
is partly thanks to the absence of an injection optics in one of the insertions. This injection optics disrupts the
superperiodicity of the FODO lattice. Injection has not yet been developed for the HFD lattice.

The impact of eddy currents on the dynamic and momentum aperture has also been investigated. The cyan
dashed lines in Fig. 4.5 represent tracking results for the FODO lattice, including a systematic b field error
component applied to each dipole in the arcs.

The expected sextupole gradient in the dipoles due to eddy current effects is —0.015 T m™2, corresponding to
an integrated b of approximately —0.0025 m~2 at injection energy. To assess its impact, the dynamic aperture
was evaluated for ten different integrated bs values over a range of 0.01 m~2.

The phase variation that corresponds to the Ap/p is shown on the top horizontal axis of Fig. 4.5 and is calculated
following Sect. 3.4 of Ref [326]. The impact of the linear and random non-linear field errors on the stability region
and a possible mitigation strategy are the next steps of investigation.
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Fig. 4.6 Left: Beam orbit around the booster at the extraction energy for the tt mode taking synchrotron radiation losses into
account, and comparing the cases of a different magnetic field in each arc with the horizontal correctors off (in blue) or on (in
red). Right: Integrated field of the horizontal dipole correctors to minimise the orbit with synchrotron radiation

4.1.6 Tapering

The energy lost per turn due to synchrotron radiation scales with the fourth power of the beam energy. Conse-
quently, the relative energy loss per turn scales with the third power of the energy. As a result, the relative energy
lost per turn increases from 6.7 x 107° at injection to 5 x 10~2 at extraction for the tt operation.

In consequence, the beam energy varies around the ring with a maximum just after the RF section and a
minimum, when the beam arrives again at the RF section one turn later. The magnetic fields have to be adjusted
to ensure that the beam remains close to the centre of the vacuum chamber.

Since the arcs are individually powered, the dipoles in different arcs can be supplied with different currents,
allowing for tailored magnetic field adjustments. Assuming a single power supply per arc, the maximum beam

deflection in the booster can be reduced to 553 pm (see Fig. 4.6). Further improvement can be achieved using
horizontal dipole correctors positioned near the focusing quadrupoles. In this case, the maximum orbit variation
is reduced to 55 pm, while the maximum integrated strength of the dipole corrector remains at 6.3 mTm, which
is below the specified dipole strength listed in Table 5.4.

These results indicate that a combination of varying the dipole field for each arc and employing dipole correctors
is sufficient to maintain the orbit within the required tolerances. However, this study could be further refined by
increasing the number of sectors within the dipole arcs to achieve a finer magnetic field distribution.
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Additionally, while this analysis has focused on orbit correction, synchrotron radiation losses also induce beta-
beating and impact the equilibrium emittance. Further studies should investigate beta-beating correction through
arc rematching with the interaction region.

4.2 Collective effects

4.2.1 Baseline assumptions for collective effects studies

The high-energy booster may be subject to impedance-induced instabilities, which depend on various factors and
can manifest as either short-range or long-range effects. Some of these factors, such as the number of bunches and
the number of particles per bunch, are linked to the cycling and operational mode. In contrast, others, like the
momentum compaction factor, are determined by the optics design.

At this stage of the study, only resistive wall contributions and RF cavities have been taken into account. While
these do not represent the full spectrum of impedance effects, they are dominant and play a crucial role in defining
key physical parameters of the beam pipe, such as its diameter and material. These parameters, in turn, influence
other critical subsystems, including the vacuum system and magnet designs.

4.2.2 Mismatched beams at injection

The high-energy booster serves as the intermediary between the high-energy LINAC and the main ring. Its ability
to deliver a beam that meets the required specifications depends on multiple factors, including the properties of
the injected beam from the high-energy LINAC. While the booster design demonstrates robustness to a range of
transverse beam parameters at injection energy, the longitudinal parameters can introduce significant mismatches
and microwave instabilities. A study was conducted to ensure that the injected beam does not induce instabilities.
The injector complex is capable of providing beams with specific bunch lengths and energy dispersion. A two-
dimensional parametric scan was performed to further assess injection energy stability. The longitudinal mismatch
&, has been quantified in terms of:

gz = qu/o—fznj ) (4'1)

where o™ is the bunch length at injection and 0¢9 is the bunch length at equilibrium. Figure 4.7 shows that the
baseline bunch lengths and energy dispersion requirements from the LINAC provide a significant safety margin
regarding longitudinal mismatch and microwave instabilities. Figure 4.7 also rules out a configuration where an
energy compressor would not be used after the high-energy LINAC, resulting in an injection energy dispersion
of 0.25% and a bunch length of 1 mm. The figure shows that the present baseline injection parameters from the
high-energy LINAC, with 0, =4 mm and o, = 0.1%, allow a significant margin to avoid mismatch and microwave
instabilities at injection energy.

Another effect being studied is the result of a transverse jitter of up to 1 ¢ in the vertical and horizontal planes.
Present particle tracking studies do not show any effect at equilibrium. However, amplitude detuning has not yet
been taken into account, and these results need to be confirmed with more realistic simulation parameters.

4.2.3 Coupled bunch instabilities

Transverse coupled bunch instabilities due to resistive wall impedance Transverse resistive wall wakefields contain
long range components. These can lead to transverse coupled-bunch instabilities that are destructive to the beam.
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Given the following assumptions, one can estimate analytically the transverse growth rate due to coupled bunches:
1. Equally spaced Gaussian bunches 2. Only coherent bunch modes 3. Only the most prominent radial mode in
the longitudinal azimuthal mode.

With these assumptions, the transverse growth rate 7, [327] can be expressed by:

N, - N,

i Qe E

’ 8?(ZJ-) ’ g(QI’ZH Oz Ue) (42)
where IV, is the number of particles per bunch, IV is the number of bunches, @), , is the transverse tune, E is the
energy, 7 is the transverse impedance, and G a factor which can be approximated by 1 in our case. With the Z
operation mode being the worst-case scenario, one can estimate the growth rate as a function of the mode numbers.
By normalising the modes, one can compare the growth rate for two different booster configurations, namely from
2023 and 2024, respectively. Figure 4.8 shows that the growth rate has been reduced in the new baseline design
compared to the previous one. The most drastic change is at the Z-pole operation, which represents the worst-case
scenario. For this case, a reduction is observed from 374 s, i.e., (8.7 turns)~! in the 2023 design to 10 s}, i.e.,
(310 turns)~! in the 2024 design. This is due to several important changes, including the increase of the beam
pipe diameter from 50 mm to 60 mm and the reduction of the number of bunches from 15,880 to 1120 bunches.
While the new growth rates are still faster than the transverse synchrotron damping (~ 30,000 turns), they reduce
the constraints on the dampers needed to mitigate such coupled-bunch instabilities.

Longitudinal coupled bunch instabilities due to cavities high order modes The higher order modes of the RF cavities
are the main drivers of the longitudinal coupled bunch instabilities. The strategy to keep the RF system below
the stability limit of longitudinal coupled bunch instabilities is detailed in Sect. 6.3.3.

4.2.4 Single bunch instabilities

Single bunch instabilities that may arise in the high-energy booster and hinder achieving technical targets are of
two types: microwave instabilities (MI) and transverse mode coupling instabilities (TMCI) (see [327]). The bunch
population thresholds for these instabilities can be expressed as:

ryvor  Quy Qs E-o, MI Meae-E-o.-0,
= — 4.3
pith mi{Z. }eoc o™ |2y , (*3)

where Q). is the transverse tune, Qs is the synchrotron tune, F is the energy, o, is the bunch length, Z, is the
transverse impedance, . is the momentum compaction factor, and Z) is the longitudinal impedance.

Although these two effects are interconnected, transverse mode coupling instabilities are particularly critical
due to their potential to cause destructive transverse exponential growth in the beam. In contrast, microwave
instabilities primarily result in longitudinal emittance growth, which, given the injected beam parameters, remains
within the limits required for extraction to the main ring.

The design of the high-energy booster requires balancing multiple dominant effects, as outlined in Eq. (4.3).
Among these, resistive wall contributions are the primary source of impedance effects, while the momentum
compaction factor plays a crucial role in determining the optimal optical design.

The following section examines the influence of these parameters on transverse mode coupling instabilities.
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Resistive wall contribution The large circumference of the booster ring makes the resistive wall (RW) impedance
the dominant contributor to collective effects. In this study, the VACI SUITE [328] was used to analyse different
materials and beam pipe radii. The resulting impedance calculations were directly incorporated into XSUITE
[174] and PYHEADTAIL [329] for beam dynamics simulations. These tools enabled precise modelling of beam
behaviour and its interaction with the surrounding environment, ensuring accurate predictions and optimisations
for the beam pipe design.

A detailed study of beam pipe materials has been done for three cases: a copper beam pipe (Cu), a stainless steel
pipe (SS), and a stainless steel pipe with an internal copper coating (SS-Cu). Various copper coating thicknesses
were evaluated, and a 1 mm copper layer was identified as the optimal configuration. The different material
scenarios (Cu, SS, and SS-Cu) are illustrated in Fig. 4.9. The choice of materials played a crucial role in controlling
RW impedance, directly impacting overall beam stability and performance.

Given that the beam pipe has a round geometry, no detuning (quadrupolar) impedance was observed, even in the
case of the coated pipe, which featured a narrow strip of missing copper on the inner surface. While the absence
of a continuous copper layer might have been expected to introduce a detuning impedance, the VACI results
indicated that the effect of this strip was negligible. Consequently, the final design adopts the SS-Cu configuration
with a 1 mm copper coating, providing an optimal balance between material properties and impedance control.

Beam-pipe radius and material Two materials were considered for the beam vacuum chamber: stainless steel and
copper. Stainless steel offers advantages such as lower initial cost and reduced eddy currents induced by magnetic
field ramps during acceleration. However, it comes with increased longitudinal and transverse impedance (see
Fig. 4.9). Given the low magnetic fields involved, eddy currents are not a concern, allowing for a 1 mm copper
coating: beyond approximately 2 kHz, the skin depth ensures the beam interacts predominantly with the copper
layer.

The impact on beam dynamics was assessed using the PYHEADTAIL* tracking code [329].

A comparison was conducted on a circular beam pipe made of either copper or stainless steel, each with a
diameter of 50 mm, using the PA31.0 baseline design (2023 CDR baseline) for the Z-pole operation. A substantial
increase in bunch length and longitudinal emittance was observed with a stainless steel vacuum chamber of 50 mm
diameter, necessitating an increase in the inner diameter of the beam pipe. To address this, an optimisation
study was conducted to determine the ideal beam pipe diameter for stainless steel. Modal analysis, following the
methodology in Ref. [61], established a minimum of 70 mm, with a potential increase up to 100 mm to accommodate
impedance margins.

Momentum compaction variation For a given bunch of particles, variations in the relative path length due to
changes in momentum can significantly affect transverse mode coupling instability (TMCI) bunch population
thresholds. This is quantified by the variation of the momentum compaction. Figure 4.10 (a) illustrates that the
2023 optics for tt operation with a, = 7.34 x 107% and a 50 mm diameter copper beam pipe resides in an unstable
region. By contrast, the 2023 Z mode optics (a. = 1.49 x 107°), with nearly twice the momentum compaction,
falls within a stable zone.

Bunch population variation A high-energy booster design featuring a 50 mm diameter beam pipe, whether made
of copper or stainless steel, coupled with an optics design featuring a momentum compaction of a, = 7.34 x 1076,

“https://github.com/PyCOMPLETE/PyHEADTAIL.
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Fig. 4.10 Real part of the tune shift of the first azimuthal transverse coherent oscillation modes normalised by the synchrotron
tune as a function of the momentum compaction factor (left) and the beam-pipe diameter (right) for the Z-operation mode.
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Fig. 4.11 Real part of the tune shift of the first azimuthal transverse coherent oscillation modes normalised by the synchrotron
tune as a function of bunch population for the PA31.0 2023 CDR baseline (left) and the PA31.3 2024 baseline design (right)

proves impractical. Conversely, adopting a single optics design instead of separate values for different oper-
ation modes offers benefits. A compromise was reached, maintaining a single momentum compaction value
(o = 7.12 x 107%) while increasing the beam pipe diameter from 50 mm to 60 mm and opting for copper as
the beam pipe material. Figure 4.11 demonstrates that this new baseline design increases the TMCI threshold
bunch population from 2.5 x 10'° to 5.7 x 10'°. Additionally, incorporating a 300-turn transverse damper would
further enhance the threshold and provide additional safety margins. These results, however, require validation
with a more comprehensive machine impedance model.

4.3 Radiation environment

Given the significant power dissipated by synchrotron radiation in FCC-ee, appropriate mitigation measures must
be implemented to prevent radiation-induced equipment failures and degradation of machine performance. Al-
though the radiated power is considerably higher in the collider than in the booster, the booster’s contribution
must still be carefully evaluated, as no dedicated photon stoppers are foreseen, unlike in the collider ring.

This section examines the ionising dose generated by synchrotron photon emission in the booster arcs and
assesses the shielding efficiency of the dipole yokes. Other radiation effects, such as single-event effects in electronics
or radiation-induced corrosion, fall outside the scope of this section and will be addressed in future studies.
Additionally, other radiation sources in the booster, such as beam-gas scattering, must also be considered. However,
the dose studies presented here provide an initial assessment of the shielding requirements for the booster.
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Fig. 4.12 Time evolution of the beam energy (left), critical energy of the synchrotron photon spectrum (centre) and emitted
synchrotron radiation power (right) for a booster ramp from 20 GeV to 182.5 GeV (tt operation). The flat bottom and flat
top plateaus are not shown

4.3.1 Synchrotron radiation emission during a booster cycle

The primary source of radiation in the FCC-ee arc tunnel is synchrotron radiation emitted in the collider ring.
By design, this radiation is limited to 100 MW across all operating modes (50 MW /beam). In contrast, the
average synchrotron power emitted by the booster is significantly lower due to several factors: the lower stored
beam intensity, the strong dependence of synchrotron radiation power on beam energy (o< E4), the relatively short
duration of booster cycles, and the intervals without beam between cycles.

For top-up injection, the booster train intensity is expected to be lower than for full collider refills, as the
bootstrap bunch charge can vary between 0% and 100%. However, top-up cycles are anticipated to have a greater
impact on cumulative radiation effects because they will be executed more often.

The evolution of the radiated power and photon spectra during a booster cycle depends on the ramp function.
Figure 4.12 shows the time dependence of the beam energy, critical energy and emitted power during a ramp from
20 GeV to 182.5 GeV in tt operation. The figure assumes a bunch train of 64 bunches, with a bunch intensity of
10! e* which is the maximum top-up intensity in tt cycles (see Table 4.1). At the end of the ramp, the power
reaches about 3 MW, while the average power during the ~2 s-long ramp is about 1 MW. The presently foreseen
repetition rate of booster cycles for tt operation is 10.4 s, alternating between electrons and positrons. Taking into
account the time without beam between cycles, the average power is less than 0.2 MW, i.e., more than 500 times
lower than in the collider. This estimate can still slightly change depending on the need of a flattop plateau before
beam extraction. The peak power and top-up interval is similar for ZH operation, but the radiation leakage from
the magnets is expected to be less compared to tt due to the lower critical energy at flattop. For the other beam
modes (Z and WW), the top-up intervals are longer and the peak power and critical energies are lower. They are,
hence, expected to be less relevant for cumulative radiation effects than the two higher-energy modes.

4.3.2 Booster contribution to the ionising dose in the arcs

The synchrotron radiation absorbers in the collider ring need to be surrounded by heavy shielding in order to
sufficiently reduce the ionising dose in the tunnel (see Sect. 1.9). It is, therefore, highly desirable that the booster
contribution to the ionising dose remains as low as reasonably achievable. Contrary to the collider, the synchrotron
photons emitted in the booster impact directly on the vacuum chamber. The chamber walls are too thin to fully
shield the photons and secondary particles, but the H-shaped yokes of the booster dipoles still provide a significant
attenuation of the secondary radiation. The shielding efficiency required of the booster dipole yokes represents
an important prerequisite for the magnet design. In order to study the necessary yoke thickness, the radiation
leakage from the magnets and the resulting dose in the tunnel was estimated by means of FLUKA Monte Carlo
simulations [126, 127, 330]. In this very first study, the booster was modelled as a series of 11 m-long dipoles
with 30 cm drift spaces. The studies will have to be repeated in the future with a more realistic simulation
model that includes quadrupoles and sextupoles; nevertheless, the results obtained provide a first estimate of the
booster-induced radiation environment.

Figure 4.13 compares the booster and collider contributions to the annual dose in the arc tunnel for tt operation.
The simulation assumes 185 days of operation, with 75% machine uptime. The results for the collider assume a
400 kg lead-alloy shielding around the photon stoppers, with a thickness of 10 cm on the internal and external side
of the magnets (see Sect. 1.9). For the booster, dipole iron yokes with thicknesses of 2 cm and 4 cm were simulated.
As a conservative assumption, each booster cycle was modelled at maximum top-up intensity, corresponding to the
highest bootstrap bunch charge. The results indicate that, with the current collider shielding, the dose contribution
from the collider remains dominant.

At the location of the upper cable trays on the walls (above 2 m from the floor), the radiation dose from collider
operation reaches 2-10 kGy /year, while the booster contributes up to approximately 2 kGy /year when using 2 cm-
thick dipole yokes. To maintain the dose at the cable trays below 10 kGy/year, the booster’s contribution cannot
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Fig. 4.13 Annual ionising dose in the arc tunnel during tt operation, showing separately the contributions of the collider (left)
and the booster (middle: with a 2 cm-thick yoke, right: with a 4 cm-thick yoke). The collider simulations assume a preliminary
lead-based shielding around discrete photon stoppers (see Sect. 1.9). The studies were carried out using the FLUKA code.
The FLUKA magnet models are shown at the top of the figure

be entirely neglected. Reducing booster-induced radiation at the walls to below 1 kGy/year in tt operation can be
achieved by increasing the booster dipole yoke thickness to 4 cm.

The results presented indicate that the booster’s contribution to overall dose levels in the tunnel is non-negligible
and must be considered alongside collider shielding. Further studies are required for both the collider and the
booster to optimise the overall shielding strategy.

4.4 Injection and extraction

The beam is accelerated to 20 GeV in the high energy linac and transported from the injector complex to the
collider complex close to point PA, through the injection transfer lines shown with bright green colour in Fig. 4.1.
The injection transfer-line tunnels merge with the collider tunnel on either side of the PA experiment straight
section, approximately 600 m from the IP. This layout is symmetric around the interaction point (IP), and since
the booster optics is also symmetric, the injection scheme described below for the clockwise direction applies
equally to the counter-clockwise injection on the opposite side of the straight section.

At the junction with the collider tunnel, the current baseline design features an angle of approximately 150 mrad
between the injection and booster beamlines. While the precise geometry of the injection line has not yet been
finalised, the present concept envisions using approximately 10 m of dipoles to achieve a total deflection of 125 mrad,
followed by a septum system providing an additional 25 mrad deflection to align with the booster trajectory [331].

The design of the booster injection has primarily focused on the booster FODO lattice and on the injection
elements. The detailed trajectory and optical matching from the injection line will be addressed at a later stage,
with no significant challenges identified so far.

The beam produced by the injector complex is composed of up to 4 bunches separated by 25 ns per batch,
whose parameters are detailed in Table 4.1. The booster accumulates the injected batches at a maximum rate of
100 Hz and for up to several seconds. The baseline uses a fast injection scheme, allowing consecutive batches to
be injected between circulating ones. Therefore, the injection kicker has to provide a flattop of up to 80 ns.

Taking advantage of the low field of the dipole magnets in the injection region close to an IP, where the
average bending radius is twice as large as in the arcs (19.8 km), the current injection scheme removes selected
dipoles and redistributes their deflection among the adjacent ones. In total, six dipole magnets are removed on
each side of the PA section, with their deflection transferred to six neighbouring dipoles. This redistribution does
not affect the reference trajectory outside each injection region and results in a negligible impact on the ring
circumference (28 nm). The dipoles are removed symmetrically with respect to the FODO lattice to minimise
optical perturbations, particularly in the dispersion function. Some minor effects on the local dispersion remain,
as seen around the electron injection point in Fig. 4.14.
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The second key requirement of the injection scheme pertains to the optical functions and phase advances in the
vertical plane at the injection devices. A high beta function at both the kicker and the septa, combined with a phase
advance close to 90°, enhances the kicker’s efficiency and maximises the separation between the circulating and
injected beams at the septum. To achieve this while maintaining symmetry in the lattice around the local FODO
structure, two additional quadrupoles (injO and inj1) and independent powering of 2 x 11 existing quadrupoles
are introduced.

The resulting injection optics, illustrated for the positron injection side in Fig. 4.14, features a vertical beta
function of up to 250 m at the septum. While this optics modifies the phase advance and the local sextupole
correction scheme, a global correction allows both effects to be compensated [332]. Once the injection process is
completed, at the start of the energy ramp the optics can adiabatically be reverted to the nominal configuration
for the remainder of the booster cycle, thereby minimising the impact of the injection optics on the booster beam
dynamics.

The placement of the injection elements and the threading of the injected beam through the lattice elements
can be seen in the close-up of the injection region in Fig. 4.15. Following the injected envelope, a side channel in
the horizontal plane will need to be installed between the poles of the quadrupole 065. This seems feasible with
the present quadrupole design in the grey part of the aperture, between 31.5 mm and 65 mm [333].

In the vertical plane, a closed orbit bump of 10 mm at the septum is foreseen to bring the circulating trajectory
closer to the injected one in order to reduce the required kicker strength. This bump is taken into account only
as a constant vertical orbit shift in Fig. 4.15, but properly modelled in beam dynamics simulations. The inside
edge of the septum is located 11.5 mm from the centre of the beam pipe and the injected beam is placed closer to
the blade with an envelope of +£3 mm to be compared with the blade thickness of 5 mm and the septum vertical
aperture of 10 mm. At the septum, the vertical slope of the injected beam is 260 prad and reduced to 86 prad
after the quadrupole 066. Downstream, a fast kicker provides an angle of 90 prad.

The injection optics features optimised beta function and phase advance, but one may notice that the vertical
beta function at the kicker remains around 100 m. The low vertical beta function at the kicker allows relaxing
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Table 4.2 Summary of the booster injection scheme hardware requirements

Kicker Septum
Beam energy (GeV) 20
Deflection angle per system (mrad) 0.09 4.5
Maximum repetition frequency (Hz) 100 DC
Rise/Fall time (ns) 251 -
flattop time (ns) 80 -
Blade thickness (mm) - 7
Aperture (HxV mm) - 5x10
Longitudinal available space (m) 5.5 20

T A 25 ns rise or fall time is not needed with the present filing schemes described in Sect. 2.3.8.

the requirements on the kicker pulse flatness [177]. In practice, an active damper of the injection oscillations is
required but at this stage, only injection system and ring optics are considered.

Another source of injection offset may come from the high energy linac with up to 1 ¢ jitter in each transverse
plane [334]. In the longitudinal plane, the maximum relative energy jitter is 3 x 10~ (see Table 7.13). Such a jitter
should not impact the aperture requirement at injection but active damping may need to be considered to avoid
emittance growth.

This baseline injection scheme relies on a set of hardware requirements summarised in Table 4.2, considered
achievable using existing technologies. A comprehensive discussion on the hardware choices is provided in Sect. 6.
Further investigations are needed to advance this concept towards a technical design, focusing on error analysis
and their impact, as well as the operational and performance optimisation of the scheme to maintain a reliable
injection despite the various drifts that may occur.

4.4.1 Extraction

The booster beam is extracted in the technical straight section in PB (see Fig. 4.1) towards the booster-to-collider
beam transfer line. The structure of the circulating beam depends on the operation mode and the required filling
scheme of both booster and collider as well as collective effects considerations in both synchrotrons [335]. However,
the present concept is based on the most stringent requirements of a fast extraction of a full turn of 304 ps, with
a rise time of the kicker system within the planned minimum collider gap between trains of 600 ns.’

Unlike the experiment sections, the PB technical straight section of the booster is physically straight and consists
solely of quadrupoles. Due to the ample space available between these quadrupoles, no modifications to the layout
are required to accommodate the extraction elements.

To facilitate the extraction of both electron and positron beams, a symmetric design is preferred. Since the
collider injection system is positioned in the second half of the straight section (see Sect. 1.8.1), the booster
extraction system is placed at the centre of the section. Figure 4.16 illustrates the layout along the entire straight
section, where the extraction scheme is centrally located and symmetrically configured to extract both beams
towards the section’s exit.

The extraction scheme operates entirely in the horizontal plane, with both the kickers and septa providing a
horizontal deflection.

The nominal optics follows a FODO structure without dispersion and features a strong beating over a period
of two cells (see Fig. 4.16). The large beta function and near 90° phase advance per cell already match the typical
requirements of a fast extraction system. However, the optics was adjusted to relax the requirement on the kicker
pulse flatness to limit the extracted beam offset to 1 . This extraction optics uses 9 independent power supplies,
but no additional magnets will be needed. The injection optics is required only for a short time before extraction
without perturbing the rest of the booster cycle.

The extraction layout is fully symmetric for electron and positron beams, with the kickers placed at the precise
centre of the straight section on either side of the focusing quadrupole 022 (see Fig. 4.17a). Although the present
concept considers dedicated kickers for electron and positron beam extraction, this placement at the centre of the
straight section could allow the reuse of the same kickers for the extraction of both beams.

®For the baseline bootstrapping injection and filling scheme described in Sect. 2.3.8, the gaps in the booster are significantly
larger than 600 ns.
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Fig. 4.17 Magnet layout, Twiss functions, beam paths and envelopes in the horizontal plane for the booster extraction (a)
and dump (b). The envelopes are computed using the largest equilibrium beam parameters (reached for tt-mode)

The circulating beam is moved closer to the extraction septum using a closed-orbit bump of 10 mm, although
it is presently only modelled as a shift of the reference trajectory in Fig. 4.17a. The kicker system provides a total
angle of 0.2 mrad to ensure the required clearance at the septum blade located upstream of the following focusing
magnet. In this scheme, the septum blade has a thickness of 8 mm, with its inside edge located 20 mm from the
reference position of the booster beam. Downstream of the septum, the extracted beam envelopes pass through the
quadrupole between its poles, within a side channel that will need to be installed—similar to the booster injection
setup (Sect. 4.4).

The hardware requirements for this extraction scheme are summarised in Table 4.3. This concept is based on
realistic hardware specifications achievable with current technologies. A detailed discussion of the hardware choices
is provided in Sect. 6. Comprehensive error studies and failure mode analyses are required to advance the present
concept toward a technical design.

Passive absorbers must be installed after the extraction kickers to protect the septum and the most exposed
downstream components from potential failures that could result in miskicked bunches striking the booster aper-
ture. Likewise, a system of masks should be implemented in the transfer lines to the collider to intercept particles
with large oscillations, preventing them from reaching the collider aperture and shielding the transfer line itself.

4.4.2 Dump

The booster transfer dump system closely resembles the collider dump system described in Sect. 1.8.1. It is
positioned at approximately the same longitudinal location (see Fig. 4.16) and, like the collider system, extracts
the beam at the entrance of the straight section towards its centre. The system must rise within the minimum
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Table 4.3 Summary of the

booster extraction scheme Kicker Septum
hardware requirements
Beam energy (GeV) 45.6-182.5
Deflection angle per system (mrad) 0.2 2
Maximum repetition frequency (Hz) 0.3 0.3
Rise/fall time (us) 1.1 N/A
flattop time (ps) 304 N/A
Blade thickness (mm) N/A 8
Aperture (HxV mm) N/A 18x10
Longitudinal available space (m) 15 15

possible gap between trains of 600 ns (or larger, for the present filling schemes) and extract the entire beam in a
single turn. This necessitates a fast extraction scheme with a flattop duration of 304 ns, with both the kicker and
septa designed to provide horizontal deflection.

Unlike injection or extraction systems, a dump may be required anytime. As a result, the system must be
capable of safely extracting the circulating beam within a few turns. This requirement means that the concept
cannot depend on manipulating the optics or the closed orbit before the kicker system is triggered. Consequently,
the optics in the extraction region remains unchanged, and the reference position of the circulating beam stays at
the centre of the vacuum chamber.

The kicker system provides a slightly larger deflection angle of 0.3 mrad compared to the extraction scheme.
Further downstream, the septum is positioned upstream of the next focusing quadrupole (see Fig. 4.17b) to take
advantage of the approximately 90° phase advance per cell and the larger beta function. At the septum, the
dumped beam is shifted by a total of 43 mm, allowing for a septum blade thickness of 25 mm and placing its
inner edge 4 mm from the ring reference position. The total septum deflection is 5 mrad, and the downstream
quadrupole will need to be adapted to accommodate a side channel for the dumped beam.

Since the circulating beam energy varies continuously throughout the booster cycle, both the septum power
supply and the kicker charging system must adjust to match the beam energy, from injection at 20 GeV up to the
maximum energy of 182.5 GeV. Additionally, specialised control systems will be required to trigger a dump if any
of these elements fails to follow their expected voltage or current profiles.

The transport line to the dump consists solely of a drift tube, without dipoles or quadrupoles. Small correctors
may be considered at a later stage to fine-tune the beam trajectory. With a total distance of 1200 m from the
dump kicker to the dump, the beam naturally expands to a 1 ¢ size of 3.5 mm in the horizontal plane and 1 mm
in the vertical plane. These beam sizes are calculated for the smallest possible beam parameters, corresponding to
the design equilibrium emittance in Z-mode.

For dump system, reliability is a critical factor, and one particular aspect must be addressed from the earliest
stages of development. The total deflection provided by the kicker system is typically distributed across multiple
independent magnets and generators, but the failure of at least one component is always a possibility. Therefore,
it is essential to ensure that beam extraction and transport to the dump remain functional even in the event of a
missing kicker.

In the current design, a total of nine kickers are used, meaning that the loss of a single unit results in an overall
deflection reduction of 11%. The present concept guarantees that an extraction kick variation of up to +20% keeps
the dumped beam envelope at the dump location within £150 mm, which is considered acceptable for the dump’s
size and design.

Additionally, to accommodate a £20% variation in kick strength, the horizontal aperture of the septum must
exceed 30 mm.

The hardware parameters required for this dump scheme are summarised Table 4.4 and a detailed discussion
on the technology choice of the hardware system can be found in Sect. 6.4.

To develop this dump concept towards a technical design, a comprehensive review of the failure cases and
mitigation measures, as well as possible errors in both the circulating beam and the dump line, will need to
be carried out. Similar considerations as those presented in the previous section hold for protecting the booster
aperture in case of failure of the dump extraction elements.

4.5 Ongoing studies and possible upgrades

Since the CDR, the booster has faced several major changes:
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Table 4.4 Summary of the

booster dump scheme Kicker Septum
hardware requirements
Beam energy (GeV) 20-182.5
Deflection angle per system (mrad) 0.3 5
Maximum repetition frequency (Hz) 0.3 0.3
Rise/fall time (us) ~1.5 N/A
flattop time (ps) 304 N/A
Blade thickness (mm) N/A 25
Aperture (HxV mm) N/A 30x10
Longitudinal available space (m) 20 20

o The layout has changed to follow the different changes on the collider layout (see Sect. 4.1.1: the circumference
has decreased; the length of the insertions has changed to go from a scheme with 2 IPs to 4 IPs; the booster is
located on top of the collider with a transverse offset in the arcs; the location of the RF cavities has changed.

o The baseline optics is based on FODO cells (Sect. 4.1.3. Maintaining the same optics for the different operation
modes may reduce the costs. An alternative, based on hybrid cells (Sect. 4.1.4) has been developed and com-
pared. Improving the matching conditions, including second-order considerations, has enlarged the momentum
acceptance and dynamic aperture.

e The injection and extraction systems were developed. The placement of the transfer lines from the pre-injector
complex to the booster was optimised (Sect. 4.4). The extraction and dump lines are located in section B
(see Sect. 4.4.1). A baseline of the injection and extraction sections exists and this has been integrated in
the booster FODO lattice. The baseline injection scheme requires a slight modification of the PA section by
changing a few dipoles, adding a couple of quadrupoles and by adding 22 independent power supplies for
existing quadrupoles. The injection and extraction sections are able to transport the required envelopes of the
circulating and injected/extracted beams. The machine protection at extraction is highly challenging due to
the high stored energy and has pushed the reduction of the total number of bunches at Z and WW operation.
The hardware required for the injection, extraction, and dump has been listed.

o The collective effects (see Sect. 4.2) have been studied for the updated optics and considered different sources of
instabilities: mismatching at injection, microwave, transverse mode coupling, transverse and longitudinal cou-
pled bunches. The studies have shown that present baseline injection parameters from the high-energy LINAC
allow a significant margin to avoid mismatch and microwave instabilities at injection energy (see Sect. 4.2.2).
Studies on the coupled bunch instabilities have shown that the new parameters (especially the reduced number
of stored bunched at Z-operation and the enlarged beam pipe) increase the threshold (see Sect. 4.2.3). Never-
theless, a transverse damper (although with relaxed damping time) is still mandatory. Single-bunch instabilities
were investigated for copper and stainless steel beam pipes of several diameters as well as for different values
of momentum compaction. The analysis has led to the choice of a copper beam pipe with a diameter of 60 mm
as the baseline. With such parameters and with only the beam pipe as an impedance contributor, the beam is
stable for all operating modes with the baseline optics.

o The synchrotron radiation power emitted from the booster during one cycle has been evaluated (see Sect. 4.3.1)
to estimate the ionising dose in tunnel (see Sect. 4.3.2). The studies have shown that the contribution of the
booster to the overall dose levels in the tunnel has to be studied in conjunction with the collider shielding.
A recommendation is to increase the thickness of the booster dipole yokes from 20 mm to 40 mm for better
shielding efficiency.

There has been a lot of progress, and many changes have been made to the booster design since the CDR. The
current booster performance fulfills most of the requirements. Several additional studies remain to be done for a
complete validation of the booster design. Among the different topics to be addressed are the following:

e The placement of injection elements for the vertical injection scheme and threading of the injected beam through
the lattice elements is particularly challenging. It is necessary to undergo detailed studies on the feasibility of
the magnets and proposed channels for the injected beam. Some technical solutions are proposed for the septa
and kickers and could be developed towards a technical design but could also benefit from further R&D to apply
newer technologies. The apertures and strengths used in the extraction and dump baseline concept are capable
of transporting the envelopes of the circulating and extracted beams, but a more detailed study, including kicker
technology choices and filling scheme requirements, will be needed to finalise the requirements and converge on
the technology choices. Despite the reduced beam intensity in the booster, such beams remain extremely critical
and potentially destructive. Additional measures must be considered to ensure the safety and integrity of all
machine components in case of failure during the extraction and transfer processes. It is necessary to develop
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a dedicated system to monitor the position of the beam in the extraction and dump regions, to evaluate the
required reaction time to detect anomalies and safely dispose of the beam, and to have interlocks to avoid drifts
beyond well-defined limits.

e According to studies carried out so far, collective instabilities will not be a imitation with nominal beams in
the HEB with the foreseen larger Cu coated chamber and a transverse damper for TCBI. Nevertheless, the
studies have to be refined by taking all impedance sources into account, and the instability thresholds need to be
confirmed by self-consistent simulations, which include possibly compounding effects, like intrabeam scattering
and synchrotron radiation.

e To further validate the booster dipole design, the next step is to produce and test a short prototype. The
optimisation of the magnets will be pursued in order to include in the process: (1) the yoke thickness of the
dipole to provide additional radiation shielding, (2) the operational temperature of the magnets to improve the
efficiency of waste heat recovery, (3) the industrialisation and design for manufacture and assembly, and (4)
detailed integration with the other technical systems.

e The results presented demonstrate that the contribution of the booster to the overall dose levels in the tunnel
must be studied in conjunction with the collider shielding. In the next steps, it will be necessary to perform
further investigations in order to optimise the overall shielding strategy.

Chapter 5

FCC-ee booster operation concept
5.1 Operation and performance

5.1.1 Filling scheme

Following the 2023 mid-term review of the FCC Feasibility Study, a revised proposal for the injectors introduces
a Linac that produces and accelerates four pulses with a 25 ns spacing. The repetition frequency is set to 100 Hz
for the Z and WW operation modes, and 50 Hz for the ZH and tt modes. The damping ring now operates at
2.86 GeV and accommodates both electrons and positrons. The evolution of the damping ring (DR) bunch pattern
is sketched in Fig. 5.1 for the old (left) and new (right) injector scheme.

This revised approach is now the new baseline, with the updated collider filling scheme fully detailed in
Sect. 2.3.7. The booster-filling scheme has been adapted to follow this new collider-filling pattern.

For the Z mode, the new scheme implies that each booster cycle provides beam to only one tenth of the collider
bunch positions. The smaller number of bunches in each booster cycle has several advantages:

o Machine protection considerations only allow for about 1/10th of all bunches, i.e., 1120 (each with max. 1/10th
of nominal collider bunch intensity) injected into collider at once at Z energy.

e The shorter booster injection plateau relaxes the vacuum quality required for tolerable emittance growth from
rest gas collisions and reduces the impact of intra-beam scattering (IBS) and, thus, emittance growth on early
injected bunches.
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Fig. 5.1 Pulse structure in the damping ring before injection into the linac of 20 GeV for an operating frequency of 200 Hz
(left) or 100 Hz (right)

@ Springer



Eur. Phys. J. Spec. Top. (2025) 234:5713-6197 5915

Fig. 5.2 Effective cycle time ¥ pole
as a funCtion Of the ramping E — 1711 = al manches per =mger aywie L
time and the number of ; 178 ol &l bsfa' ek Gand' Disa il © i > i
bunches transferred per E 1% of all buscies per beaster Cydie -
booster cycle. The brown dot = — L of all bunches per baoster Cyche et

] L' ol all burg s per Bonutes oyl o
corresponds to the scheme = 1 k™

. . - mll Bretea pEr bosaler cycle e

presented in the mid-term g e
review and the blue dot is for ;: - _. -
the new scheme i T I .. ST i

1'Eu:- o g _.-'- —

g > —

§ - e P

-:_‘LJ*:- 1~ i ____---"'

3 R —

B S

10 In 1.0 10
cyrling swma ini
Table 5.1 Filling parameters
Z WW ZH tt

Linac repetition rate [Hz] 100 100 50 50
Bunches per Linac pulse 4 4 2 2
Linac bunch spacing [ns] 25 25 25 25
Booster accumulation time [s] 2.8 2.32 3.0 0.64
Booster total ramping time [s] 1.0 1.6 2.6 4.3
Booster cycle length [s] 3.8 3.92 5.6 4.94
Bunches per booster cycle 1120 928 300 64
Number of bunches in collider 11,200 1856 300 64
Max. bunch intensity injected in collider 10'° 2.725 1.268 1.268 1.268
Nominal bunch intensity in collider 10%° 21.5 13.8 16.9 14.8
Allowable charge imbalance (%] 5 3 3 3
Beam lifetime: lumi 4 IPs, (q, BS, lattice)/4 [s] 916 517 428 497

o It allows the bunches to be distributed around the booster circumference. This relaxes the fast beam ion insta-
bility and tune shifts for the electron beam, as well as the RF power required for beam loading compensation.
This distribution can also be exploited to optimise the filling of the collider to mitigate e-cloud for positrons.

However, the main drawback is the increase in the number of ramps, which in turn affects the time required for
the top-up of all bunches (the effective cycle length), as illustrated in Fig. 5.2. In the new scheme, the goal is to
inject up to 1/10th of all collider bunches per booster cycle. ¢ A consequence of the new scheme that either the
accelerating ramp in the booster must be shortened (for operational margin), as assumed in Table 5.1, or the full
collider top-up duration length be slightly increased (e.g., the total ramping time in the Z mode rising from 1.0 s
to 1.14 s).

An example of the filling pattern in the booster is shown in Fig. 5.3. It is worth noting that for Z operation, it
is possible to choose which subset of bunches is injected from the booster to the collider. Such a scheme provides
flexibility in the accumulation phase of the collider for the creation of gaps in the bunch train and possibly mitigates
the electron cloud effect.

The three operation modes run with a smaller number of bunches and lower bunch intensity compared to Z. The
low bunch intensity needed from the injector (< 1 x 10'?) resolves transverse coupled mode instabilities (TMCI)
limitations in the booster (see Sect. 4.2). The three operation modes allow longer abort gaps, partly occupied by
non-colliding bunches for energy calibration. There is still a margin for reducing the injection rate (i.e., pausing
between cycles) for energy saving in top-up mode or increased booster cycle length (e.g., if beam injection in the
collider needs to be done piecemeal). For WW operation, the transfer of half of the bunches at each injection is
considered to limit the length of the injection plateau. For the ZH and tt operation, one requirement for the filling
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Fig. 5.3 Filling pattern for the different operation modes (from top to bottom): Z, WW, ZH, and tt. For the Z mode, 4 bunch
batches are separated by longer gaps, which is not visible on this scale

scheme is to always have only one beam present in the common RF section at a time. The number of bunches is
small enough to run the injector complex at 50 Hz with two bunches.

5.1.2 Emittance evolution

The transverse damping time is respectively 9 s, 0.763 s, 0.141 s, 0.0419 s and 0.0119 s at the injection energy of
20 GeV and at the extraction energy of the 4 operating modes, respectively. The direct consequence is that the
damping time at Z operation is of the same order of magnitude as the total ramping time given in Table 5.1 whereas
the damping time is small for the other modes. Therefore, the emittance and energy spread at the extraction at
the Z mode will depend on the initial injection parameters, whereas the equilibrium emittance will be reached
for the other modes. For this reason, only the Z mode has been considered for assessing whether the extracted
emittance remains within the collider injection tolerances. This study examines two injection scenarios:

Case 1 (Linac alone for 20 GeV electrons) &, = 10 pm, £, = 10 pm, o5 =1 x 1073,
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Fig. 5.4 Evolution of the beam energy (first line), radiated power and RF voltage required (second line), the horizontal RMS
emittance (third line), vertical RMS emittance (fourth line), and RMS energy spread (last line) as a function of time for Z
mode operation

Case 2 (Baseline: Damping ring) e, =20 pm, e, =2 pm, o5 =1 x 1073

The equilibrium emittance in the collider for Z operation, €, rms, is 0.71 nm X €, rms = 1.9 pm X 05 = 1.09 x 1073,
A first study on the injection into the collider suggests that the collider can accept up to 5 times larger vertical
emittance. That is why the target for the emittance at extraction, €, target, is 0.71 nm X €, targes = 9.4 pm. However,
since the equilibrium horizontal emittance in the booster is lower than in the collider for the Z and WW modes,
the expected horizontal emittance at extraction is about 0.12 pm (see Fig. 5.4).

The baseline energy ramp has a parabolic increase from 0-80 GeVs™!, a linear ramp up to a maximum energy
higher than the extraction one (to speed up the radiation damping), a decrease back to the extraction energy, a
flat-top, and finally a ramp-down of the magnets. The current total time of the booster ramp is 1.14 s, near the
target of 1 s and can be shared between a ramp-up of 0.706 s, a flat-top of 0.1 s, and a ramp-down of 0.334 s. It
is worth noting that the maximum slope for the magnetic field in the dipole in the ramp-up is the same as in the
ramp-down. However, it is likely that it will be possible to have a faster ramp-down since no beam is circulating
during this time. The stability constraints and beam loading in the RF cavities are not a concern during the
ramp-down. Under these conditions, it is possible to reach a total ramp time of 1 s with a ramp-down of 0.194 s.

The evolutions of the beam energy, the radiated power, the minimum RF voltage, the horizontal and vertical
RMS emittance of the energy spread are given in Fig. 5.4 for the baseline. The maximum energy delivered by the
cavities is 90.6 MeV /turn. In case 1, the final RMS vertical emittance is 30 pm, well above the target of 9.4 pm.
In case 2, the final vertical RMS emittance is 6.12 pm, which is above the equilibrium emittance in the collider
but within the injection acceptance.

If the ramp does not include an energy overshoot but maintains the same up-ramp, flat-top, and down-ramp
durations with a parabolic profile, the maximum energy delivered by the cavities is reduced to 51.7 MeV /turn. In
this scenario, the final RMS vertical emittance reaches 55.4 pm and 11.2 pm in both cases—significantly exceeding
the target value of 9.4 pm. This highlights the clear advantage of increasing the energy to accelerate damping
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and achieve lower emittance values. Several mitigation strategies have been evaluated to enhance damping during
the ramp and achieve a smaller vertical emittance while maintaining a total ramping time of 1.14 s. In all cases,
accelerating damping requires an increase in radiated power, which in turn necessitates a higher cavity voltage.

Three solutions are proposed to achieve a final smaller vertical emittance. The first possibility is to increase the
time allocated to the ramp-up by decreasing the time of the ramp-down. For instance, if the ramp-down time is
reduced by 170 ms, the ramp-up time increases to 876 ms. This also enables reaching a higher maximum energy,
thereby accelerating damping due to increased power consumption. The maximum energy delivered by the cavities
is then 130.0 MeV /turn. The final vertical RMS emittance is 9.27 pm and 1.99 pm for the two cases, respectively.

The second possibility is to achieve a higher energy by increasing the slope of the magnetic field from
80-100 GeVs~!, for instance. In this case, the maximum energy delivered by the cavities is 158.5 MeV /turn.
The final vertical RMS emittance is 9.1 pm and 1.96 pm for the two cases, respectively. The third proposal is to
insert a wiggler in one of the straight sections.

For these studies, the following parameters were assumed: a number of wigglers, ny = 2, each 4.925 m long,
with np =43 poles, each Lp =95 mm long, a magnetic field in the gap of By =1 T, and a gap between the poles
of 20 mm. The wiggler parameters are preliminary and require further refinement. The aim in the framework of
this study was to obtain an order-of-magnitude estimate of what is needed.

The parameters of the wiggler were calculated to go from Zy = 0.59 mm~! to Z, = 2.36 mm~! and from Z3 =
0.057 mm~2 to Z3 = 27 mm~2 at an injection energy of 20 GeV. The evolution of the beam energy, voltage, and
beam emittance with an additional wiggler is given in Fig. 5.4. The emittance evolution takes into account that Zs
and Z3 vary in time since it is assumed that there is a constant magnetic field in the wiggler. The maximum energy
delivered by the cavities is then 122.5 MeV /turn. The final RMS vertical emittance for the baseline case is 1.84 pm.
Having a larger I3 significantly enlarges the final energy spread to 1.9 x 1072, which is above the requirements.
An optimisation of the wiggler parameters should enable a smaller final energy spread to be achieved.

In summary, achieving the required final vertical emittance is only possible with the baseline scenario if two
conditions are met: using a high-energy damping ring and maintaining a normalised vertical emittance of 2 pm
throughout the linac. However, at the price of more RF power, it is possible to reach the target vertical emittance
with a ramp of 1 s if it is possible to combine a shorter ramp-down with a wiggler. Increasing the acceleration rate
to reach higher energies more quickly can be beneficial, but caution is needed to avoid excessively high energies,
where the radiated power will increase significantly, leading to high power consumption.

5.1.3 Ramping strategy

Following an accumulation time, the booster will ramp the beam energy from the injection energy (20 GeV) up to
extraction energy (45.6 GeV for Z, up to 182.5 GeV for tt). The optimisation strategy has to ensure beam stability
and reach the target emittances.

e The start of the ramp shall be adiabatic to avoid shaking the bunches.

e The energy gain per turn is limited by eddy currents in the magnets. A conservative maximum ramp rate of
80 GeV /s is considered.

e When approaching high energies, the energy gain is dominated by the energy provided to compensate for losses
due to synchrotron radiation. The extraction energy needs to be reached adiabatically.

The tracking simulation suite BLOND [336] was used to design the energy and RF voltage ramps for all four
modes. The next sections give details of the energy ramps of the two extreme modes (the high current mode Z
and the high energy mode tt).

Z mode ramp To achieve the target emittances required by the collider (see Sect. 5.1.2), the ramping strategy
includes an energy overshoot up to 53 GeV. Since energy loss due to synchrotron radiation scales with the fourth
power of the energy, the 8 GeV excess must be compensated by a high RF voltage. Figure 5.5 shows the evolution
of the beam energy and various parameters for operation with a wiggler installed in one of the straight sections.

For designing the voltage ramp, the phase-space longitudinal stability regions are considered at three key points:
the flat bottom, the overshoot maximum, and the flat top, as shown in Fig. 5.6. To maintain a sufficiently small
filling fraction (the ratio of bunch emittance to stability area), an RF voltage of at least 85 MV is required.

A doubly parabolic voltage ramp up to 85 MV is proposed, see Fig. 5.7. The first 1% voltage increase is parabolic
to avoid shaking the beam; then there is a steep linear part, and finally a parabolic curve for the remaining 20%
of the voltage increase. From 85 MV, the voltage is ramped down to 57.2 MV with a similar strategy, parabolic
for the initial 20%, then linear, then parabolic for the remaining 40%, before a 0.1 s flat top. The proposed ramp,
based on considerations of longitudinal dynamics, will be fine-tuned according to hardware considerations.
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Fig. 5.5 Evolution of the beam energy (first line), the radiated power and required RF voltage (second line), the horizontal
RMS emittance (third line), vertical RMS emittance (fourth line), RMS energy spread (fifth line), and synchrotron integrals
Zc and 75 as a function of time, for Z mode operation with a wiggler installed in one of the straight sections

tt mode ramp The tt mode ramp lasts 2.03 s, corresponding to 6713 turns in the booster ring, followed by a 0.1 s
flat top. The energy increases nine-fold, from 20 GeV to 182.5 GeV. At flat top, the energy loss due to synchrotron
radiation is substantial (over 10 GeV /turn). The top energy has to be reached as slowly as possible. The proposed
energy and voltage ramps are shown in Fig. 5.8. A preliminary solution with a linear voltage increase from 50.1 MV
up to 11.533 GV is proposed.

5.2 Requirements

5.2.1 Magnets

The magnet design is based on the FODO lattice described in Sect. 4.1.3. The main cell of the arcs uses 1 dipole
family, 6 quadrupoles circuits (to tune the phase advances between the sextupoles and also the global tune of the
cell), and 2 sextupoles families (to correct the chromaticity in both planes).

Each quadrupole is combined with one dipole corrector. The correction plane is directly linked to the polarity
of the quadrupole (horizontal if positive and vertical if negative). More details on the correction scheme in the
booster are given in Sect. 5.2.6. The requirements for the main magnets of the booster are summarised in Table 5.2.
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Fig. 5.8 Left: Energy and voltage ramping strategies for the tt mode. The total energy gain is plotted as a full green line;
it is the sum of the energy gain needed for acceleration (light-blue dashed line) and the energy required to compensate for
synchrotron radiation losses (dark blue dashed line). The voltage is shown as a full orange line. Right: Synchronous phase,
theoretical (full blue line) against simulated bunch position (dotted orange line)
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Table 5.2 Main magnet requirements for the booster

Dipole Quadrupole Sextupole Corrector
Focusing Defocusing

Total number in lattice ... 6164 3346 576 560 3346

... of which in arcs 5536 2768 576 560 2768
Aperture [mm)] 65 65 65 65 65
Length [m] 11 1.3 0.7 1.4 <0.3
Max strength, arc at tt 58.9 mT 28.7 Tm™* 1147 Tm™2 1219 Tm™2 20 mTm
Min strength, arc at 20 GeV 6.45 mT 2.8Tm™! 126 Tm™2 134 Tm™2 20 mTm

Fig. 5.9 6-D dynamic
aperture, in units of rms
beam size (0), at injection
into the booster for 1000
turns as a function of the
initial time delay and
relative energy difference.
The injection emittances are 3
20 pm X 2 pm. The red line
gives the contour for a
dynamic aperture of 150

]

-3 Lo

] i 200
Time [ps]

5.2.2 Injection

To assess the injection requirements for the booster, the 6-D dynamic aperture was calculated at injection over
1000 turns. The calculation was performed by tracking a grid of macro-particles with initial actions ranging from
1-500 in 1o steps, considering four different angles in the z-y plane: 0°, 30°, 60° and 90°.

Macro-particles were injected at the injection kicker with an initial time offset between —250-250 ps and a
relative energy spread between —2% and +2%. The maximum action for which a macro-particle remains unlost
after 1000 turns is shown in Fig. 5.9, with the 150 limit indicated in red.

If the RMS energy spread at injection is 1072 and the RMS bunch size is 4 mm, the corresponding requirements
are a maximum time jitter of 50 ps and a relative energy spread tolerance of 5 x 1073, It is worth noting that the
injection transfer line to the booster requires a relative energy difference error of 3 x 1073, To summarise, the time
jitter for the injection complex should be 50 ps and the relative energy error should be less than 3 x 1073,

5.2.3 RF staging

The high-energy booster aims to accumulate and accelerate the bunches before injection into the two collider rings.
The RF system will be installed in point PL.

In the first stage, the RF system must operate at the Z, WW or ZH operating points without any hardware
modification, allowing fast switching between the three different modes as is done in the collider. This is achieved
by installing 112 cavities which corresponds to 28 cryomodules with 4 cavities per cryomodule. Due to the large
range in RF voltage between injection and extraction energy, reverse phase operation (RPO) [244] is planned
(more details are given in Sects. 3.4.3 and 6.3).

The second step will consist of adding 332 cavities (84 cryomodules) to have a total of 448 cavities to run at
the tt energy, corresponding to a total of 112 cryomodules. This important installation sequence will be performed
during a year of shutdown after the last run at the Z, WW, ZH operating points and before the start of the tt run.

The same 6-cell 800 MHz elliptical cavities as designed for the collider tt mode will be used. As a baseline,
the cavity manufacturing technology is the standard bulk niobium technology which has a limitation restricting
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the usable accelerating gradient to 20 MV/m in operation, assuming that the cavities are qualified in a vertical
cryostat at a 20% higher gradient and Qg (see Table 3.11).

5.2.4 Vacuum

Collective effects arising from the accumulation of oppositely charged particles in the beam can lead to various
undesirable consequences. As these effects are highly sensitive to bunch spacing, they are a primary concern at
the Z operating point, where the collider will run with a large number of closely spaced bunches.

In particular, electron cloud build-up and photoelectron emission during operation with positrons and ion accu-
mulation during operation with electrons may lead to beam instabilities, emittance growth and other detrimental
effects in the high-energy booster. These effects can most effectively be mitigated by limiting the production of
electrons and ions in the beam chamber environment, which sets requirements on the properties of the vacuum
chamber surface as well as the vacuum level in the machine.

Ton accumulation and instabilities Beam-induced gas ionisation gives rise to electrons and ions along the beam
path. The positive ions are attracted by the electron beam field and may be trapped in oscillation along the bunch
train. Trapped ions accumulate over the passage of a bunch train and can seed a coupled-bunch instability known
as the fast beam-ion instability [337, 338]. Tons are trapped between bunches if their molecular mass number, A,
exceeds a critical mass number, A., which in the linear approximation can be defined as [99]

Nprpc Atgep

A. =
20y(05 + 0y)

7 (5.1)

where IV, is the bunch intensity, Ats, the bunch spacing and ), is the classical proton radius. Since the trapping
mass is inversely proportional to the beam size, the most critical conditions for ion trapping and instabilities occur
immediately after injection, when the beam sizes are at their largest, and relax as the emittance decreases during
the booster cycle.

The following parameters are assumed: a bunch spacing of 25 ns, as in the collider filling scheme, the critical
mass number A.~ 1, the transverse beta functions 3, , ~ 40 m and the horizontal dispersion D, ~0.125 m. In
this case, even hydrogen gas, Hy (A =2), would be trapped around the bunch train and avoiding instabilities
in such conditions would set unrealistic constraints on the acceptable vacuum levels, especially for an unbaked
vacuum without active pumping from a NEG or similar surface. Following the recent updates after the mid-term
review, the proposed strategy for Z mode involves transferring only one-tenth of the total number of bunches at a
time from the booster to the collider. This allows the bunches to be distributed around the booster circumference,
thereby increasing the bunch spacing.

If each group of four bunches from the linac is separated by the maximum possible distance of approximately 1 ps,
the ion trapping mass between successive 4-bunch trains can reach A, = 35, significantly mitigating constraints.
In this scenario, ions from the lightest and most abundant gases would be trapped along the 4-bunch trains but
would dissipate during the gaps before the next group, making them unlikely to cause detrimental effects. However,
heavier gas species such as COs could still be trapped from train to train, and their potential impact on vacuum
level requirements will need to be studied further.

Electron cloud Electron clouds can be created by secondary electron emission through a beam-induced multi-
pacting process, an accumulation of photoelectrons, or a combination thereof. Electron cloud formation through
multipacting depends strongly on the secondary electron yield (SEY) of the beam chamber surface, defined as the
ratio between the emitted and the impinging electron currents. The risk of electron cloud build-up for different
values of the SEY has been assessed by simulating the process of electron cloud formation in the beam chamber
at injection and extraction energy using the PYECLOUD code [73]. Assuming the nominal collider filling pattern
with uniform trains of bunches spaced by 25 ns, electron cloud build-up in drift spaces, as well as in the main
dipolar, quadrupolar and sextupolar fields is suppressed if the SEY is kept at the value of 1.5 or below. Here, the
strongest constraints come from the sextupole magnets at extraction energy, whereas the requirement in other
elements is more relaxed. Such values of the SEY are expected to be readily achievable after beam-induced con-
ditioning for warm copper surfaces [339]. In addition, these requirements can be significantly further alleviated if
the flexibility available in the booster filling pattern for spacing the bunches over the entire ring, is employed.
Photoelectrons, produced through photoemission from the chamber walls due to the synchrotron radiation
emitted by the circulating beam, can enhance the electron cloud build-up process, and in very large quantities can
induce electron cloud effects even in the absence of beam-induced multipacting. The amount of photoelectrons
emitted is determined by the photoelectron yield (PY) of the beam chamber surface, defined as the ratio between
the emitted photoelectrons and the number of impinging photons, along with the number and distribution of
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synchrotron radiation photons in the beam chamber. While build-up studies for the different photoemission levels
have not been finalised for the booster, studies for the collider can be used (see Sect. 1.4.4) for a first estimate
of the acceptable level in the booster. For the collider, build-up and ray-tracing studies imply that the photon
absorbers need an efficiency well above 90% to ensure beam stability. Since the beam current in the booster is
around a factor 100 lower than in the collider, the photon flux is lower by a similar factor and therefore effectively
fulfils the collider constraint. In addition, since electron multipacting is expected to be well suppressed in the
booster, the risk of photoelectrons enhancing the multipacting to a worrying degree is low. Therefore, the effect
of the photoemission is not expected to have a major impact on the beam quality. Detailed studies are pending.

5.2.5 Machine protection systems

Beam intensity limitations for beam transfers Ensuring robust machine protection is a key priority when operating
with the high-intensity and small-emittance beams of the Z mode. While the stored beam intensity in the booster
is lower than in the collider, uncontrolled beam losses could still pose a risk to equipment. In particular, beam loss
incidents may occur during the beam transfer process due to potential kicker failures or timing errors.

Given the large number of booster-to-collider transfers required for top-up injection, the reliability of the
hardware systems involved is paramount. To further enhance safety, protection absorbers will be strategically
placed in critical areas, including the booster extraction region, the transfer lines, and the collider injection region.
These absorbers will ensure that any mis-steered beams are safely intercepted, preventing damage to the accelerator
systems.

Similar protection measures are successfully implemented in other high-intensity accelerators, such as the SPS
and LHC at CERN, providing a well-established foundation for ensuring safe operation.

The maximum acceptable load on protection absorbers poses a limitation for the beam intensity, which can
be safely transferred from the booster to the FCC-ee collider. Some of the most robust absorber materials for
protection absorbers used nowadays at CERN include isotropic graphite and Carbon/Carbon composites. Material
tests with 440 GeV proton beams in the CERN HiRadMat facility showed that such materials can resist energy
deposition densities as high as 5 kJ/g without sustaining any damage (5 kJ/g corresponds to a peak temperature
of roughly 3000°C). The maximum acceptable energy density may even be higher, but firm limits can only be
established once higher-intensity beams become available in HiRadMat or other facilities.

In order to provide a first order estimate of the expected intensity limitation for booster-to-collider beam
transfers in the Z mode, a generic beam loss scenario is considered, where a mis-steered 45.6 GeV bunch train
is intercepted by a graphite or Carbon/Carbon absorber with a density of 1.8 g/cm3. The energy deposition
in the absorber block is calculated with the FLUKA radiation transport code. It is assumed that all bunches
impact on the same spot and have an emittance of €; target = 0.71 nm in the horizontal plane and €y target =
9.4 pm in the vertical plane; these values are the target emittances for booster extraction defined in Sect. 5.1.2.
Assuming the bunch train corresponds to around 1% of collider intensity (1200 bunches with a bunch intensity
of 2.14 x 10'9-2.68 x 1010e’/+), the simulations suggest that the maximum energy density in the block can
reach 5-6 kJ/g if 8;, =500 m at the absorber location, and 3-4 kJ/g if 5, , =1 km (in both cases the possible
contribution of the dispersion to the beam spot size was neglected). These results show that a transfer of 1% of the
collider intensity might be acceptable in the Z mode if large S-functions can be achieved at protection absorbers.
On the other hand, transferring a train equivalent to 10% of the collider intensity, as originally envisaged in the
mid-term report, is considered too high and poses a non-negligible risk for machine protection.

The presented numbers provide an initial estimate of intensity limitations, but a more comprehensive assessment
will be necessary through detailed thermo-mechanical studies. These studies will enable a thorough evaluation of
material response to energy deposition and temperature gradients induced by particle showers.

Additionally, refining the acceptable load on absorber materials will require dedicated beam impact tests to
ensure their resilience under operational conditions. The final intensity limits will also be influenced by the beam’s
emittance and optics.

Furthermore, a systematic analysis of potential failure scenarios during beam transfer will be essential. This
will allow more precise estimates of energy deposition in protection absorbers, ensuring their effectiveness in
safeguarding machine components.

Other machine protection aspects for the booster Accidental beam losses can occur not only during the transfer
from the booster to the collider but also within the booster ring itself, due to factors such as beam instabilities,
interactions with dust particles, or hardware failures. A thorough assessment of potential failure modes and their
associated time scales is essential for defining the machine protection architecture of the booster.

Given the destructive potential of the booster beams at Z mode—even at just 1% of the collider’s intensity—it
is likely that a minimal collimation system will be required to protect the machine throughout the booster cycle.
At top energy in Z mode operation (45.6 GeV), the stored beam energy in the booster is comparable to that of
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SuperKEKB, where collimator jaws suffered damage from the beams. This underscores the importance of machine
protection in the booster, with the robustness of collimators being a key area of study, similar to the protection
absorbers discussed previously.

For safe operation, a beam monitoring and loss detection system will also likely be necessary in the booster.
The specific requirements for booster beam instrumentation, such as beam loss monitors, beam position monitors,
and beam current monitors, will be determined based on the failure modes identified. In cases of excessive beam
loss, a rapid extraction system must be in place to remove the beam in a single turn. As outlined in Sect. 4.4, the
current extraction system design assumes that the booster shares a beam dump with the collider. The required
reaction time for triggering a beam abort remains to be defined but is expected to be within a few turns.

Beyond beam losses, the impact of synchrotron radiation-induced heating must also be carefully assessed. While
the synchrotron power emitted in the booster ring is significantly lower than in the collider (see Sect. 4.3), power
deposition on equipment remains non-negligible. Detailed energy deposition studies will be necessary to ensure
that sensitive components are adequately protected from heat generated by synchrotron photons.

5.2.6 Correction strategy

The schematic workflow of the correction strategy is shown in Fig. 5.10 and is presented here for the FODO lattice
described in Sect. 4.1.3. The emittance tuning is divided in two parts: one with the sextupoles turned off (or
very low strength) and the other with the sextupoles ramped to full strength in 3 steps. The momentum aperture
of the nominal lattice without errors reduces to +0.3% when sextupoles are switched off. For the moment, 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 are required in the next phase, including the errors in the
momentum aperture evaluation. It is assumed that all the orbit correctors of the booster are individually powered,
and they are placed at each quadrupole together with the BPM (i.e., 1400 dipole correctors per plane as given in
Table 5.2). Firstly, the sextupoles are off. The orbit correction is applied segment-by-segment (SbS), i.e., in this
case, arc by arc, which is similar to the LHC commissioning [340]. After the SbS, two iterations of orbit correction
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Table 5.3 Summary of the

different error types and Error type (Gaussian RMS ) Value Unit
their values
MB relative field error 1073
MB main dipole roll error 300 prad
MQ offset (with respect to the girder) 50 pm
MQ roll 100 prad
MS offset (with respect to the girder) 50 pm
BPM offset (with respect to the girder) 50 pm
Girder-to-girder offset 200 pm
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Fig. 5.11 RMS values of the residual orbit (left) and of the corresponding corrector strengths (right) for the different error
configurations described in the text

(using the singular value decompositions method) are made on all arcs and in line in order to reduce the residual
orbit.

This is sufficient to reduce the orbit enough to locate the closed orbit. Following this step, multiple iterations
of orbit correction in the ring are performed until the residual RMS orbit falls below the analytical value [341].
Finally, the sextupoles are set to 33% of their nominal strength, and a final iteration of orbit correction in the ring
is carried out.

Four iterations of orbit correction, coupling resonant driving terms (RDTs), horizontal and vertical dispersion
correction, phase advance adjustments, and tune corrections are performed at this stage.

A total of 560 normal quadrupole correctors are distributed within the F2D2 main quadrupole family along the
eight arcs. In comparison, 568 skew quadrupole correctors are positioned at the sextupoles in the eight arcs.

This procedure is then repeated with the sextupoles set to 66%, of their nominal strength before being performed
at full sextupole strength.

Various case scenarios were studied for 100 seeds. The alignment and field errors used are reported in Table 5.3.
Assuming 200 pm misalignment from one girder to the other (about 25 m distance) and 50 pm misalignment for
the elements placed on top of the same girder (BPM, Quadrupole, and Sextupole).

It is worth noting that all the errors applied on the elements are randomly Gaussian distributed within +3
RMS.

5.2.7 Residual orbit and corrector strength required

Figure 5.11 shows the RMS values of the residual orbit for the 100 configurations of errors studied with the
correction procedure described in the previous section. The dashed red lines on the distributions represent +3
times the RMS calculated analytically. The right panel of Fig. 5.11 shows the distribution of the RMS orbit
corrector strength for the same 100 machine configurations.

The RMS values of the correctors’ strength for the same 100 different configurations are shown in Fig. 5.12.
As for the residual orbit both optics have similar RMS corrector strength values. The average values of the RMS
residual orbit and of the maximum corrector strength are presented in Table 5.4.
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Fig. 5.12 RMS values of the
normal and skew quadrupole
correctors strength for the
100 configurations of errors,
as described in the text

Table 5.4 Average RMS
residual orbit and maximum
RMS corrector strength
values after correction for
the 100 configurations based
on Table 5.3

Fig. 5.13 Distribution of the
equilibrium emittance in the
horizontal (top) and vertical
(bottom) planes at Z energy
before (ante) and after (post)
the four iterations of orbit
and emittance correction
described in Sect. 5.2.6

5.2.8 Emittance evaluation
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The final equilibrium emittance for the 100 converging machine configurations is evaluated at a beam energy of
45.6 GeV. The distribution of the equilibrium emittance after orbit correction and before the correction of the
coupling RDTs, dispersions, phase advances and tunes are shown in orange in Fig. 5.13. After the four iterations
of orbit, coupling RDTs, dispersions, phase advances and tunes corrections the equilibrium emittance distributions
are centred around the target values at Z energy.
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5.2.9 Perspectives

Future studies can focus on reducing the number of independent correctors to simplify the correction process and
enhance computational efficiency.

To achieve this, the autocorrelation of the trim (resp. skew) correctors, as well as the linear and non-linear
correlations between correctors around the ring, will be analysed.

Finally, chromaticity correction will be implemented, and the dynamic aperture will be evaluated while ac-
counting for various errors and their associated corrections.

5.3 Availability

This section details results from the enhanced Monte Carlo simulation environment for FCC-ee availability de-
scribed in Sect. 2.4, focusing on systems specific to the booster ring.

5.3.1 Contributing systems

The same general framework for availability approximation was applied as per the collider systems, described in
Sect. 2.4.1. The specifics of this process used for each booster system are described below. Only faults leading to
downtime in the representative system were considered, thereby assuming a similar degree of redundancy for each
basic component family as exists currently in the working accelerator. Details of subsystems, scaling numbers,
and any additional system-level redundancy implemented are provided in Table 5.5. Fault data was taken from
CERN'’s Accelerator Fault Tracking (AFT) database [234] and is specific to the LHC physics operation 2015-2024,
unless otherwise stated.

1. Beam Instrumentation: Beam instrumentation faults are given beam position monitor (BPM), beam loss mon-
itor (BLM) and “other” categories. These were scaled according to the relative number of monitors in the
booster compared to the LHC.

2. Beam Losses: Downtime due to Unidentified Falling Objects (UFOs) and beam instabilities. Dumps in the
former category were scaled with the length of the beam pipe, assuming similar amounts of dust and beam
interaction as in the LHC. Dumps due to beam instabilities were applied without scaling. The LHC sees
relatively long downtimes due to beam loss effects that cause quenches in nearby superconducting magnets,
which is not representative of FCC-ee. Therefore, downtime due to quench recovery was subtracted to calculate
the MTTR. FCC-ee dumps due to beam losses then appear frequently, with a short recovery time.

3. Extraction: Describes systems required for beam abort. These include controls and kicker hardware to divert the
beam into the dump block. They appear twice in the LHC (one for each circulating beam), as for the booster,
so they are applied without scaling. The dump blocks are excluded as these are shared with the collider rings.

4. Injection Systems: This includes kickers, septa, and control systems needed to inject and extract the beam
under regular operation. The LHC has two injection systems (one for each beam). The booster has two injection
systems from the injector complex and two extraction systems for the collider.

5. Machine Protection & Interlocks: Scaling for LHC subcategories is approximated from the relative number of
hardware instances foreseen in the FCC-ee.

6. Magnets: Failure data from 3532 normal-conducting magnets around the CERN complex was applied to 12,500
magnets in the booster.

7. Power Converters: Failure data was taken from two families of power converters, each grouped according to
similar MTBF, to represent powering hardware for various magnet types. Only faults leading to downtime in
the LHC were considered, thereby assuming a similar degree of redundancy for each magnet group as currently
exists in the LHC. Due to the large number of corrector magnets in the latest optics configuration, an MTBF
of 9 days is observed in some categories.

8. Radio Frequency (RF): The LHC has 16 accelerating superconducting RF cavities. The number in FCC-ee
varies with energy mode. All cavities are horizontally tested to a margin 10% above their nominal voltage so,
theoretically, nominal beam energy can be preserved if no more than 10% of the cavities are unavailable. The
effect of losing cavities on beam stability and hardware protection has only been modelled in the collider so
far, where it was determined that redundancy is severely limited in Z and W modes due to beam loading. In
the booster, the transients required due to energy ramping complicate beam stability calculations, and it is
presently unclear whether the beam could be preserved in the event of cavity loss. Pending further study, no
redundancy was assumed in the lower energy (higher beam current) modes for the booster. In ZH and tt, 10%
is given as per the collider cavity circuits.

9. Transverse Damper: The booster will have one transverse damper system. The failure rate is scaled down from
the two dampers in the LHC.

10. Vacuum: LHC vacuum faults are categorised according to the failed component (pump, gauge, valve, con-
troller). These are then scaled according to the relative number of components in the booster vacuum system.
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Table 5.5 Parameters used to simulate availability of systems and subsystems in the FCC-ee Booster

Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

System Subsystem Representative FCCee Redundancy® Location Unit Group
System MTBF MTBF
Machine # # # (%) AP days days
BPM LHC 1000 3369 0 (0) all 20,671 6.1
Beam Instruments ~ BLM 3600 200 0 (0) all 36,632 183.3
Other 1 1 0 (0) all 24.5
Beamn Losses UFOs LHC 54 91 0 (0) all 2.4
Beam Instability 1 1 0 (0) all 4.3
Controls LHC 0 (0) PB 36 18.2
Extraction Hardware 0 (0) PB 65 32.7
Other 0 (0) PB 71 35.6
. MKI LHC 2 4 0 (0) PB 20 5
Injection Systems
TDI 2 4 0 (0) PB 71 17.8
FMCM LHC 1 10 0 (0) all 39.2
BIS 1 2 0 (0) all 32.7
Machine Protection SMP 1 1 0 (0) all 87.1
PIC 1 0.2 0 (0) all 261.4
WIC 1 6 0 (0) all 21.8
Magnets Normal-conducting CERN 3532 12,500 0 (0) all 71x10° 5681
Dipole LHC 194 16 0 (0) all 3672 229.5
Quadrupole 194 32 0 (0) all 3672 114.8
Sextupole Focusing 194 32 0 (0) all 3672 114.8
Sextupole Defocusing 194 32 0 (0) all 3672 114.8
Power Converters Dipole Tapering 1032 346 0 (0) all 15,485 44.8
Quadrupole Tapering 1032 346 0 (0) all 15,485 44.8
Horizontal Corrector 1032 1672 0 (0) all 15,485 9.3
Vertical Corrector 1032 1672 0 (0) all 15,485 9.3
Quadrupole Corrector 1032 1384 0 (0) all 15,485 11.2
Skew Quadrupole 1032 1384 0 (0) all 15,485 11.2
Cavity Circuit Z LHC 16 112 0 (0) PL 1462 0.54
. Cavity Circuit W 16 112 0 (0) PL 1462 0.54
Radio Frequency
Cavity Circuit ZH 16 112 11 (10) PL 1462 314.6
Cavity Circuit tt 16 600 60 (10) PL 1462 465.2
Transverse Damper LHC 2 1 0 (0) PL 65.4 65.4
Pumps LHC 891 8360  0(0) all 340,448  41.8
Vacuum Gauges 1052 904 0 (0) all 274,997  304.2
Valves 323 226 0 (0) all 84,434 373.6
Controllers 789 2328 0 (0) all 55,915 20.8

* System-level redundancy in addition to that already implemented in the component family of the representative system.
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Fig. 5.14 Unavailability and lost luminosity contribution of each system in the booster. Systems are ordered according to Z
mode lost luminosity contribution

5.3.2 Inherent resilience to shorter fault types

In the event of an outage in the booster and injector complex, stable beams can be maintained in the main collider
rings for a lifetime of 10-15 minutes, depending on energy mode (see Table 2.2). If top-up injection can be restored
at this time, normal physics can resume. This significantly reduces the FCC-ee’s sensitivity to short-duration fault
types in the booster and injector complex and leads to an inherent advantage for availability.

5.3.3 Simulation results

The breakdown of unavailability and lost luminosity contribution from each booster system is shown in Fig. 5.14.
Contributions from the injector complex are also provided for illustration. For comparison with collider and
technical infrastructure systems, see Fig. 2.22.

The RF is the largest contributor to unavailability and lost luminosity in Z and WW modes, largely because it
does not benefit from redundancy as it does in the collider. Power converters suffer from the same challenges as
identified for the collider in Sect. 2.4.1. Beam losses, although occurring at the same rate per metre of beam pipe
as the collider, are much less significant for lost luminosity as their recovery time is relatively short.

5.3.4 R&D opportunities
Several R&D opportunities are identified to improve availability in the booster ring:

Radio frequency Presently, it is unclear whether redundancy could be implemented in the booster RF cavities as
the transients due to ramping lead to additional complications. However, the beam current within the booster is
significantly lower than in the collider, suggesting beam loading effects should be less problematic. Implementation
of redundancy in this system could significantly benefit the achieved integrated luminosity.

Power converters Proposed solutions are treated in Sect. 2.4.4. Collaboration with the optics working group is
required to consider how to preserve the beam if combinations of magnets fail. A system-level redundancy approach
could make significant gains in this case, besides reducing the number of families for the corrector magnets.

Exploiting resilience to short faults Additional opportunities exist to exploit the booster’s natural resilience to
shorter fault types. A lengthy turnaround time may be avoided if a failed component can be brought back online
before the beams in the main collider expire. To this end, there are two parallel approaches:
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1. If the collider beam lifetime without top-up injection can be made longer, systems will have a better opportunity
to recover before a beam abort is necessary. This requires intricate optimisation of the beam optics under various
possible failure mechanisms; however, this could greatly alleviate the design task on the collider technical
systems.

2. Measures to bring the recovery time of failed systems to below 10 minutes could be extremely powerful for the
booster. For example, the automatic reset of recurring RF trips or the installation of redundant or back-up
modules that can quickly be brought online to replace failed components.

5.4 Conclusion

The results presented in this section demonstrate the feasibility of the Future Circular Collider (FCC) design,
outlining the operational strategies, technical requirements, and performance benchmarks necessary for its suc-
cessful implementation. Through detailed analysis, the revised filling scheme, ramping strategy, and emittance
evolution have been optimised to enhance collider efficiency while addressing challenges related to beam stability
and machine protection. The study has also highlighted key advances in magnet technology, RF staging, vacuum
control, and correction strategies to mitigate instabilities and improve overall reliability. Furthermore, availability
assessments and R&D opportunities underscore the importance of system redundancy and resilience to minimise
downtime and maximise integrated luminosity. Moving forward, continued refinements and targeted technological
developments will be essential to ensuring the FCC meets its scientific and operational goals, paving the way for
groundbreaking discoveries in high-energy physics.

Chapter 6

FCC-ee booster technical systems

6.1 Main magnets

The proposed booster magnet system meets the requirements of the booster FODO lattice V24 described in
Sect. 4.1.3. The regular FODO lattice of the booster ring contains 2768 arc half-cells composed of a short straight
section (SSS) and two dipoles. There are three lengths of arc half-cell depending on the composition of the short
straight section (SSS): one quadrupole and either no sextupole, or a focusing sextupole, or a defocusing sextupole.
The arc-half cells are organised into a periodic structure of 5 cells every 260.554 m, matching the collider. The
positrons and electrons circulate in opposite directions in the booster so the magnet polarity is the same for both
filling cycles.

In this version, all arc dipoles are identical. The dipoles in the dispersion suppressors are slightly longer and
require different field levels but share a common cross-section with the arc dipoles. There are six main quadrupole
circuits in the arcs, with strengths ranging from 24.9-26.6 Tm™!. Since the strengths of the arc quadrupoles
are similar, a single magnet design is proposed for all quadrupoles, with slight variations in powering. In the
dispersion suppressors, strengths of up to 28.7 Tm ™! are required. The current proposal is to use similar magnets,
with additional magnetomotive force provided by trim circuits.

For the sextupoles, the dispersion in the defocusing sextupoles is half that of the focusing sextupoles. Conse-
quently, the defocusing sextupoles require twice the integrated gradient. This has been achieved by using a common
cross-section for both sextupoles while making the defocusing sextupoles twice as long. The sextupole strengths
in the dispersion suppressor region are lower than those in the main arcs. The current proposal is to use the same
magnets with a current bypass.

The requirements of the arc magnets are summarised in Table 6.1. A summary of the magnet cycles is given
in Table 4.1. The relative field error dipole-to-dipole is required to be less than 1 x 1073, The relative harmonic
field error is required to be better than 1 x 10~* on a reference radius of 10 mm for all magnets. The following
section describes the technical solutions and performance of the main magnets of the arcs: dipoles, quadrupoles,
and sextupoles.

6.1.1 Dipoles

The cross section of the proposed booster dipole is shown in Fig. 6.1, and its key parameters are summarised
in Table 6.2. The proposed dipole is an H topology with a laminated steel yoke and directly cooled aluminium
busbars, the following paragraphs will discuss each of these key design aspects.
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Table 6.1 Magnet requirements for the booster FODO lattice V24

5931

Dipole Quadrupole” Sextupole
Focus Defocus

Total number in lattice. .. 6146 3346 576 560
... of which in arcs 5536 2728 528 528
Aperture [mm] 65 65 65 65
Length, arc [m] 11 1.3 0.7 1.4
Max strength', arc at tt ext. 58.9 mT 26.6 Tm™* 1147 Tm™2 1219 Tm™2
Min strength’, arc at 20 GeV in. 6.45 mT 2.7Tm™! 126 Tm™? 134 Tm™?

* The ratio of min:max quadrupole strength does not match the beam rigidity as there are multiple families.

T Sextupole strength given as B”, B" = 28S.

Fig. 6.1 Field map of the booster dipole at tt energy =1
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Table 6.2 General
parameters of the arc dipole

magnets

Parameter Unit Value
Strength, B, 20-182.5 GeV mT 6.5-58.9
Aperture (horizontal x vertical) mm 2 130 x 65
Magnetic length m 11

Outer envelope mm? 246 x 165
Peak current A 3065
Magnet resistance mQ2 0.70
Magnet inductance pH 44

Peak voltage, magnet \% 2.2
Conductor (Aluminium) mm? 12 x 79, &7
Turns 1

RMS current density, tt Amm™2 1.4
Magnet active mass kg 2452
Busbar active mass (Al) kg 54

Yoke active mass kg 2398

Three topologies were initially considered: C, O, and H. A C topology is attractive from an integration perspec-
tive as it gives easy access to vacuum components. However, early studies showed that a C topology was not able to
effectively shield the earth’s magnetic field and led to relative field errors of 3 x 10~* at injection energy (6.5 mT,
20 GeV) and therefore an O or H topology is necessary. It should be noted that the beam may be impacted by
the Earth’s field in areas not shielded by the magnets. An H topology is advantageous over an O topology as the
poles can be used to optimise the field quality across the full cycle. The H topology was further optimised for field
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Fig. 6.2 The short prototype
booster dipole built and
tested to demonstrate the
feasibility of low field levels.
In this prototype, the
busbars are substituted with
a coil for compatibility with
test facilities

quality across the full range of operations. This optimisation led to a back leg that is wider than strictly necessary
for magnetic return, 40 mm with a peak field around 150 mT. A lower back leg peak field reduces the remanent
magnetisation of the steel, yielding a magnetic performance benefit. Additionally, the extra material removes the
need for dedicated synchrotron radiation shielding and, therefore, represents a holistic design optimum. The yoke
is laminated to reduce the eddy current during the ramp. The material chosen for the prototype is M270-50A, a
0.5 mm thick electrical steel with low coercivity that is readily available due to its prevalence in industrial ap-
plications. The lamination thickness is conservative, 1/15 of the skin depth, mitigating problems from yoke eddy
currents.

Busbars have been used instead of coils for two key reasons: they allow end-to-end magnet interconnection,
reducing transmission losses, and they simplify magnet construction. Aluminium is preferred over copper as it is
cheaper for a given resistance per unit length. This choice is facilitated by the low field requirement, the magnet
envelope is still reasonable even with the larger busbar section. The ground insulation will be an air gap set by
3 mm thick ceramic spacers. This solution is radiation hard and withstands voltages well in excess of the required
1 kV to ground. The root mean squared (RMS) current density is low, 1.4 Amm~2 for the tt cycle. This current
density has been shown to optimise the combined total lifetime cost of the magnets and technical infrastructure.
While a lower current density would allow an air-cooled solution, it is preferable to dissipate heat from the tunnel
using water rather than air. Therefore, the magnets will be water-cooled.

Other water-cooled systems in the tunnel are made of copper. To avoid the risk of galvanic corrosion or the
need for multiple cooling circuits, the inner surface of the cooling tubes will be made of either stainless steel or
copper. The baseline proposal is to use a mechanical assembly of a tube and a busbar; however, co-extrusion and
electroplating are also being considered. This will be studied in detail during the next phase.

Test of short prototype dipole magnet The main field of the booster dipole at injection is lower than previous
machines at CERN, less than half of both the LEP (22 mT) and the SPS as LEP injector (15.7 mT). Additionally,
hysteresis effects are complex to model as they depend on material characteristics and previous magnetic states.
Therefore, a 0.5 m long prototype booster magnet has been built to demonstrate the feasibility of the low field
levels with respect to the remanent effect in the iron yoke. The short prototype produced is shown in Fig. 6.2.

The allowed field harmonics measured during magnetic cycles from 6.5-58.9 mT are presented in Fig. 6.3. The
total field harmonics are below 1 x 10~ relative field error up to a radius of 17 mm. The results show that the
magnet stabilises quickly after only a few pre-cycles, with only minor, non-systematic field distortions observed
throughout the cycle.

For practical reasons, testing has so far been conducted in a quasi-static manner, meaning it does not account
for eddy fields from either the copper vacuum chamber or the magnet itself. Since the vacuum pipe is circular, the
eddy fields have been calculated using analytical formulae and cross-checked with numerical modelling, showing
good agreement. The eddy currents in the vacuum tube will generate a sextupole component of 15 mT/m?,
corresponding to 0.15% of the total sextupole strength of the machine at injection. Due to the relatively long
ramp times, the modelled eddy field harmonics from the magnet itself are 0.1 x 10~* relative to the main field at
injection.

The transfer function of the short prototype booster dipole is shown in Fig. 6.4. The remanent magnetisation
of the yoke contributes around 60 pT, or 1%, of the main field at injection. From validated models, it can be
seen that the remanent magnetisation is locally linear with material coercivity. It is therefore readily concluded
that the coercivity of the yoke must be controlled to at least 10% between magnets to be within the currently
allowed dipole-to-dipole relative field error of 1 x 1073. This consistency can be readily achieved by the use of a
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simple control on the steel supply® and, potentially, shuffling. It seems likely that a magnetic length correction
with end shims will be needed. However, this is not a foregone conclusion and remains to be studied in detail. The
transfer function is inversely proportional to the aperture, so a tolerance of 1 x 1073 in the main field implies a
65 pm aperture tolerance within range for a stamped and stacked yoke. Material controls, shuffling, and length
correction were successfully implemented with the SPS dipoles, which have a similar total weight of steel as the
booster dipoles, though they are less numerous.

6.1.2 Quadrupoles

The parameters of the proposed quadrupole magnet are summarised in Table 6.3. The field map for the quadrupole
magnet at tt energy is given in Fig. 6.5. To minimise the length of the short straight sections, thereby increasing
the dipole filling factor and reducing the synchrotron radiation losses, the quadrupole has been designed with a
relatively high gradient and a pole tip field around 0.9 T. As the requirements are more typical, the quadrupole
design is correspondingly more conventional than that of the dipole. The coils will be simple racetrack-shaped
windings made from hollow conductors, with copper used for compactness. The yoke will be laminated, as the
booster operates in a cycled mode. The vacuum chamber diameter is constrained by impedance requirements,
resulting in an aperture that is large relative to the good field region. Consequently, a relative harmonic distortion
below 1 x 10~ is achievable.

The cross section of the quadrupole has been optimised to minimise the total lifetime cost of both the magnet
itself and the technical infrastructure. This optimisation began with a parametric cross-section, which was then
refined in two stages. First, the geometry inboard of the coil was adjusted to maximise the gradient delivered
per ampere-turn. Next, a global optimisation was performed to determine the number of turns, current density,
and back leg thickness (see Sect. 3.8.1). These three parameters—number of turns, current density, and back
leg thickness—are key trade-offs between capital expenditure (CapEx), operational expenditure (OpEx), and
infrastructure requirements and costs.

To facilitate such a complex optimisation, a parametric code was used to generate design space maps, allowing
for rapid interpolation during function calls. These maps plotted stored magnetic energy, magnetic efficiency, and

5The value of 10% is an upper bound of the variation seen even between completely different suppliers for a given electrical
steel grade.
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Table 6.3 General

Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

parameters for the Parameter Unit Value

quadrupole magnet B
Strength, main arc at tt ext. Tm™* 26.6
Ultimate strength, disp. sup. at tt ext. Tm™! 28.7
Aperture diameter mm 65
Length m 1.3
Outer envelope mm @584
Current, arc at tt ext. A 939
Additional MMTF for disp. sup. at tt ext. A 1350
Magnet resistance mS) 11.4
Magnet inductance mH 13.3
Peak voltage magnet \ 15.5
Conductor (copper) mm? 14.3 x 18.25, @2.8
Turns 13
RMS current density, main arc at tt A mm 1.5
Temperature rise at 6 bar °C 11.2
Magnet active mass kg 2070
Coil active mass kg 368
Yoke active mass kg 1702
Coil overhang mm 140

Fig. 6.5 Field map of the
booster quadrupole magnet
at 26.6 Tm™~!, main arc at tt
extraction

yoke cross-section as functions of current density and pole width. A design could then be specified based on three
interpolated variables and the number of turns. The required ampere-turns were determined from efficiency and
bulk current density, while the cooling hole diameter was solved using Newton-Raphson for a given temperature
rise and pressure. The resistance was calculated based on the cooling hole diameter and filling factor, and the
inductance was derived from magnetic energy and the number of turns. Finally, the mass was determined from the
yoke cross-section and the coil. The recommended design was then manually reviewed to finalise the cross-section.

The magnet’s current density is relatively low, at 1.5 Amm~2 RMS in the main arcs during the tt cycle,
demonstrating that despite the fixed magnet lifetime, investing in larger coils remains beneficial to reduce power
consumption and electrical infrastructure requirements.
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Table 6.4 General

parameters for the sextupole Parameter Unit Sextupole

magnet Defocus Focus
Strength, B” Tm 2 1219 1147
Aperture diameter mm 65
Length m 1.4 0.7
Outer envelope mm @305
Peak current A 595 556
Magnet resistance m¢) 51 27
Magnet inductance mH 9.3 4.7
Peak voltage magnet \% 32 16
Conductor (copper) mm? 8.4 x 8.4, 2.5
Turns 10
RMS current density at tt Amm~? 3.7 3.5
Temperature rise (6 bar) °C 14 4.6
Magnet active mass kg 614 312
Coil active mass kg 105 57
Yoke active mass kg 509 255
Coil overhang mm 50

Fig. 6.6 Field map of the
booster sextupole magnet at
tt energy, B” =1219 Tm™2

Outer & 304 mm

There are 24 quadrupoles in the dispersion region that require ultimate strength. At this field level, the yoke
begins to saturate, causing efficiency to drop from 96% at nominal to 93% at ultimate. A bespoke solution for
these quadrupoles may be proposed at a later stage.

6.1.3 Sextupoles
The parameters of the proposed sextupole magnet are summarised in Table 6.4. The field map for the sextupole
magnet at tt energy is given in Fig. 6.6. The sextupole is again relatively strong with a pole tip field of 0.7 T, and

again a conventional design is proposed, with material and design choices similar to those for the quadrupole. The
total harmonic distortion is below 1 x 10~ relative to the main field.

6.1.4 Summary

In conclusion, the headline magnet requirements of v24 FODO optics are technically feasible including low dipole
field and lens strengths. For reference, the power consumption of the proposed magnets are summarised in Ta-
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ble 8.15. There is a large design space of feasible magnets, giving an opportunity for holistic design and a cost
optimised solution. Moving into the next phase the industrialisation, design for manufacture and assembly, and
detailed integration with the other technical systems will be performed.

6.2 Booster vacuum system

The booster chamber design is based on a round seamless tube in OFE copper. The inner diameter is 60 mm
and the thickness is 1.5 mm, see Fig. 6.7. A copper tube (size yet to be determined) is spot welded on it for
water cooling. No lump photon absorber is planned. There is no need for a bakeout thermal cycle, and therefore,
non-shielded bellows are used to compensate for mechanical and alignment tolerances. The chamber is neither
coated nor baked.

6.2.1 Input parameters

To determine the pressure levels in the FCC-ee booster, the end-of-2024 state of the design has been used as a
baseline, as summarised below: The vacuum chamber results in 26.6 1.m/s specific conductance (a value similar to
the two storage rings).

It is assumed that one pump is placed every 12.5 m around the ring. Consequently, a 12.5 m section with
periodic boundary corrections has been modelled (see Fig. 6.8). The section includes a single ion pump, which is
simulated to operate at a pumping speed of 40 1/s, accounting for the conductance limitation of the orifice, despite
its rated speed of 60 1/s.

In the following discussion, a distinction is made between static (background) gas, which is always present in the
system, and dynamic (time-dependent) gas, which arises during operation. Since their calculation methods differ,
they are addressed in separate sections. In both cases, the gas levels are estimated after 100 hours of conditioning.
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Fig. 6.9 Static (background)
pressure after 100 h of
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Fig. 6.10 Energy ramp-up &
from 20 to 45.6 GeV with an
overshoot

6.2.2 Static pressure

For unbaked metals, the dominant gas to desorb is water vapour. Empirical tests show [343] that the outgassing
rate is inversely proportional to the pumping time and can be estimated as:

3x107°

. (mbar.l/s/cm?) (6.1)

Qu,0 ~
which corresponds to a specific outgassing rate of 3 x 107! mbar.l/s/cm? after 100 hours.
A MoLFLow simulation was performed on the model of the representative section for this outgassing from the
walls and the 40 1/s pumping speed on the pumping port.
The resulting pressure profile, in Fig. 6.9, shows an average pressure in the 3 x 1078 mbar range, with the lowest
pressure at the pump location, as expected.

6.2.3 Dynamic vacuum

High-energy photons are created by synchrotron radiation (SR) when the booster is operating. Estimating the
dynamic vacuum requires calculating the amount of SR, calculating the resultant outgassing through photon-
stimulated desorption (PSD), and then performing a vacuum simulation. As the booster is a cyclic machine, all
quantities are time-dependent.

The SR photon flux scales linearly with the beam energy and current:

Flux [photons/sec] = 8.08 x 1017 X Epcam [GeV] X Tpeam [mA] (6.2)

The booster’s energy ramp up is depicted in Fig. 6.10 and the operation parameters in the Z mode are as
follows:

e 1120 bunches per cycle.

e 2.5x10'0 electrons per bunch.
Revolution frequency: 3.3 kHz.
Current: 14.8 mA.

e Operation cycle:
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Fig. 6.11 SYNRAD model
representing the four booster
dipoles creating SR, in a
periodic setup

Fig. 6.12 Part of SR
spectrum above 4 eV for — - ' + -
beam energies at 20, 26, 32, .
38 and 45.6 GeV
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— 0-2.8 s: Accumulation (linear increase from 0 to 14.8 mA at 20 GeV).
— 2.8-3.6 s: Ramp-up (energy increase from 20 GeV to 45.6 GeV).
— 3.6-3.8 s: Ramp-down (cycling magnets, no beam).

6.2.4 SYNRAD simulations

To estimate the SR, the formula can be made more precise by applying the so-called SR, factor, which specifies what
portion of the SR spectrum has an energy over 4 eV. The reason is that photons below that energy (equivalent to
the work function for photo-electron generation on most metal alloys) are not powerful enough to desorb molecules
from the surface.

The Monte Carlo simulation code SYNRAD was used to model and simulate four magnets in a periodic setup
(D1-D2-D3-D4, then D1 again, see Fig. 6.11). Each magnet is 11 m long, and the magnetic field scales linearly
with the energy, from 6.5 mT at 20 GeV.

SYNRAD does not support time-dependent beam parameters, however, it is possible to obtain the average SR
factor by simulating 26 distinct energies equally spaced from 20.6 GeV to 45.6 GeV and taking the average (see
Fig. 6.12).

Averaging the flux for the 26 energies at 14.83 mA, SYNRAD estimates the flux to be 2.24 x 107 photons/s.
Taking only the average SR factor of 88% from SYNRAD, and substituting in (6.2):

44
Flux = 8.08 x 107 x 32.8 x 14.83 x 0.88 x Giisg ~ 236 % 10'"photons/s (6.3)

where 32.8 GeV is the average energy during the ramp, and 64,486 m is the dipoles’ magnetic length. The SYNRAD
and the theoretical results are thus very close.

The results of the 44 m length modelled in SYNRAD (for calculating the SR) to the 12.5 m length in MOoLFLOW
(for calculating the vacuum). The booster comprises more than just dipoles. It is estimated that the total radiation
from the dipoles is distributed over a 90 km arc length:

12.5 m
Flux [12.5 m] =8.08 x 10! x ' x I x 0.88 x —— 4
ux [12.5 m] =8.08 x 10*" x E x ><088><90kn1 (6.4)
The following formula is used to convert the flux to outgassing:
Q[molecules/sec] = Flux x n (6.5)
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Fig. 6.13 Photon stimulated Snmpl
desorption yield of uncoated L incanicd mainless
stainless steel ol wamcuuarn e

Fig. 6.14 Dynamic

outgassing caused by PSD, _ ¥ in
over 6 booster cycles on a E-ia
12.5 m modelled region =

where 7, the molecular yield, describes how many photons on average are desorbed by an absorbed SR, photon. This
depends on the material and decreases over time as the surface is conditioned. The duration of this conditioning
is estimated to be 100 h, based on data from an experiment performed at KEK [344] where 1.2 m long uncoated
stainless steel vacuum chambers were irradiated with SR.

As shown in Fig. 6.13, the dominant gas species are typically Hy, CO, COy, CHy, ordered by fraction (plus
H5O, if unbaked, which can initially be the predominant gas species—but the sample in the figure was baked). In
this case, CO was considered because it has an atomic number much higher than that of hydrogen, and therefore
its effect in terms of beam bremsstrahlung (BS) is approximately 56 times bigger than for Hy. The dependence
for BS given by Zeg(Zer + 1), where Zog is the weighted effective atomic number for C and O.

Calculating with an average cycle current of 8 mA, 100 h of operation corresponds to a photon density of
1 x 10?! photons/m, resulting in a CO yield of 3 x 10~* mol/photon. As a result, the outgassing is:

12.5
90,000

Q=8.08x10'" x E x I x0.88 x x kgT x 10 (6.6)

where E is the energy in GeV, I is the beam current in mA, T the temperature in K and the kT term originates
from the ideal gas equation, allowing conversion from molecules/s to Pa- m?3 /s, and the factor of 10 is the conversion
from Pa- m3/s to mbar- 1/s. A temperature of 300 K was assumed.

Dynamic vacuum simulations The result of the equation (visualised in Fig. 6.14) was imported into MoLFLOW
as a time-dependent outgassing parameter and applied it to the side wall of the modelled region, as the location
of primary incidence of SR.

As the residence time of molecules in the booster is not negligible, the dynamic pressure builds up after ap-
proximately 3 cycles when starting the booster from a static state, as can be seen in Fig. 6.15.

The average pressure, after reaching a periodic state, cycles between 1.7 x 10~ mbar and 2.8 x 1078 mbar. The
peak pressure was chosen to have a conservative estimate in the following stages.
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Fig. 6.15 Dynamic pressure,

averaged over the 12.5 m - 4 ., .
modelled region, after ' I s i
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6.2.5 Comparison and conclusion

The pressures from the two sources, and their sum are plotted in Fig. 6.16. While the static pressure, due to
thermal outgassing, is higher after 100 h, it also conditions faster:

o Thermal outgassing decreases with ¢t=1 [343]
 Photon stimulated desorption of stainless-steel decreases with ¢=0-6 [344]

After 100 h, the total pressure at the peak of a booster cycle is in the order of 4 x 1078 mbar. The latest
beam-gas calculations estimate that the booster pressure needs to be below 30 nTorr [345], which is the expected
level.

It would be preferable to have an in-situ bakeout system installed, and consequently NEG-coating of the vacuum
chambers, as this would reduce the number of external pumps and their cabling by a factor of about 5. Additionally,
the NEG-coated solution would guarantee very fast reconditioning of any vacuum sector needing venting during
operation.

6.3 Radio frequency system layout, configurations, and parameters

6.3.1 Introduction

The high-energy booster SRF system accelerates the electron and positron bunches before injection into the two
collider rings. A booster transverse feedback system is required to cure coupled-bunch transverse instabilities, as
specified in Sect. 4.2.1 as well as damping injection oscillations. Both RF systems will be installed in point PL.

6.3.2 Parameter choices for the SRF system

The present baseline RF system requires flexibility for switching between Z, WW, and ZH operating points. Then
it needs to be upgraded for the highest energy tt operating point. The baseline solution assumes the same 6-cell
800 MHz elliptical cavities as in the collider. The main RF-related global parameters are summarised in Table 6.5
and Table 6.6. Note that the indicated maximum synchrotron radiation power includes the energy overshoot for
the Z operating point without wigglers. To avoid hardware modification in the first stage, a common quality
factor that minimises RF power requirements needs to be chosen. The RPO scheme must be deployed at the
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Table 6.5 RF-related parameters for FCC-ee high-energy booster

Operating point V/ WW ZH tt
Maximum beam current” [mA] 16.2 6.2 2.0 0.4
Extraction Energy loss / turn [MeV] 36.1 342 1730 9270
Injection RF voltage MV] 50.1

Extraction RF voltage MV] 57.2 402 1960 10,200
Maximum synchrotron radiation power [MW] 1.07 2.13 3.49 3.99

*Including 80% injection efficiency in the FCC-ee collider.

Table 6.6 Main RF _

parameters of the FCC Z w ZH t
booster
RPO at extraction yes yes no no
RF frequency [MHz] 801.58
Operating temperature [K] 2
Number of cells per cavity 6
Quality factor Qo 3 x 1010
Cavity voltage at extraction [MV] 5.6 13.5 17.5 22.8
Eqce [MV/m] 4.9 12.0 15.6 20.3
Max. RF power per cavity [kW] 42 8.9 /127
Coupling factor @, 1% 107 9.2 x 107 / 2.7 x 107
Number of cryomodules 28 112
Number of cavities 112 448
Fig. 6.17 RF power 6

requirements as a function of
the cavity quality factor.
Vertical lines indicate the
chosen quality factors for the
first (solid) and second
(dotted) stages of HEB SRF

Total RF power (MW)
w

21 H
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i —=- SRpower W —— W, Ntoc = Naefoc = 16, Veay = 13.5 MV
P tf, Veay =228 MV
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injection energy. At higher energies, it remains active for the Z and WW operating points, while the transition
to the normal phase operation mode has to be done for the ZH and tt ramps to achieve the maximum total RF
voltage. It is assumed that the first 112 cavities share a single RF power source per four cavities. Therefore, the
difference between the number of focusing and defocusing cavities, Ngoec — Ndefoc, can be changed in steps of eight
cavities. Several scenarios for the WW operating points and corresponding RF power requirements were analysed
(Fig. 6.17). Choosing Nfoc — Naofoc = 16 and Q7 = 107 (solid blue vertical line) seems to be a good compromise
that leads to a small RF power overshoot for both WW and ZH operating points and keeps the cavity bandwidth
(half-height full-width) Af = frr/Qr ~ 80 Hz. Switching to the tt operating point, Q1 needs to be changed to
reduce RF power requirement, which can be done by adjusting waveguide length as described in Sect. 3.4.10. The
optimal Qr = 9.2 x 107 results in an extremely small Af ~ 9 Hz which might be challenging to control in an
accelerator environment. Therefore, the Qr = 2.7 x 107 (Af = 30 Hz) is chosen with a drawback of 43% more RF
power than SR power at 182.5 GeV. The range @ = 4.2 x 105-2.7 x 107 assumed to be covered by the common
800 MHz FPC design for collider and booster.

RF power requirements at injection energy The RF power requirements during the injection process depend on
the LLRF system details and the beam loading compensation scheme in use. Extremely slow SR damping rate and
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very high impedance of the fundamental mode require a direct RF feedback system to suppress the longitudinal
coupled-bunch instability. The expected growth rate for the Z operating point at the end of the filling at the
injection energy is shown in Fig. 6.18. The stability can be improved by enhancement of the SR damping rate
using a wiggler as described in Sect. 5.1.2. The dynamic model, similar to the one of the collider (Sect. 3.4), was
applied to evaluate RF power transients during injection (Fig. 6.19, left). The peak RF power increases significantly
even after injection of the first four bunches due to the fast and strong reaction of the direct RF feedback, so its
gain must be reduced. This can be acceptable since the instability growth rates shown in Fig. 6.18 are computed
for the maximum beam current. The RF power can be kept acceptable at the 50 kW limit if cavities are gradually
detuned as the beam current increases (Fig. 6.19, right). At any moment the filling schemes should be maintained
as uniform as possible to reduce modulations of beam and RF cavity parameters.

The development of a frequency tuning system able to operate in a pulsed regime with a resolution at the
Hz level will be mandatory. It can be based on the elastic axial deformation of the cells by an electromechanical
system equipped with a stepping motor and a piezo-electric actuator. A new type of tuning technology can also
be considered, for example, a non-mechanical tuner using ferroelectric materials [346, 347].

6.3.3 Longitudinal coupled-bunch instabilities due to RF cavity HOMs

The low beam injection energy, combined with long longitudinal and transverse damping times, reduces the beam
stability limit at the booster injection phase. The simultaneous installation of all 112 cavities brings the total beam
impedance close to the stability threshold. To mitigate this, a transverse feedback system and wigglers can help
improve stability.

From a cavity design perspective, modifying one of the end cells can improve the damping of the mode with the
highest longitudinal impedance. Additionally, frequency spread in HOMs, caused by manufacturing imperfections,
leads to resonance at different frequencies, which helps distribute and reduce peak impedance. A perturbation
analysis, following the approach in Ref. [348], was conducted on the 6-cell cavity to assess its effect on the total
longitudinal impedance of the cavity chain.

Figure 6.20(a) shows the longitudinal impedance of the lower-order modes within the fundamental mode
(FM) passband for all 112 cavities, where the cavity geometries have been perturbed, and the total longitudi-
nal impedance has been calculated accounting for these perturbations. Since these five modes lie within or below
the FM passband, they couple primarily to the power coupler rather than the HOM couplers. Their coupling to the
fundamental power coupler (FPC) depends on the target @1, of the FM. However, for two different @, values, the
frequency spread of the eigenmodes ensures that the longitudinal impedance peak remains below the Z-booster
stability threshold. For the HOM with the highest longitudinal impedance, an alternative end-cell design (V2)
was investigated as a potential improvement over the current design (V1) to reduce mode trapping. Additionally,
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Fig. 6.20 (a) Longitudinal beam coupling impedance at the FM passband for 112 cavities under geometrical perturbations,
compared with the beam stability limit determined by synchrotron radiation. The impedance is calculated by considering the
average (R/Q) of the modes and the @1 of the modes through their coupling with the FPC. (b) Longitudinal impedance for
the 2.368 GHz mode, corresponding to the HOM with the highest longitudinal impedance. The impedance for 112 cavities,
with no HOM coupler and damping occurring only through the open boundary condition, is calculated under geometrical
uncertainties and compared to the stability limit (including a wiggler). Asymmetric end-cells and cell sorting during cavity
assembly can reduce the impedance by a small margin below the stability limit

implementing cell sorting during assembly, as described in Ref. [348], can help prevent HOMs from being trapped
at 2.37 GHz, as shown in Fig. 6.20(b). The combined effects of the transverse feedback system, increased beam
energy loss from wigglers, the asymmetric end-cell design and frequency spread due to manufacturing imperfections
should help keep the system below the stability limit, although with only a small safety margin.

6.4 Beam intercepting devices (halo collimators, beam dump)

As for any large accelerator, beam intercepting devices will be needed in the booster. At this stage the studies
are not mature enough to define the actual requirements; however, it is estimated that some collimators will be
needed, as well as extraction and injection protection devices, which will need to be able to withstand partial or
full impacts of the high energy beams operated in the booster. Even though the total energy potentially deposited
by the booster beams will be lower than that in the collider the materials used in the beam intercepting devices will
also be submitted to significant loads. In addition, the other requirements (e.g., UHV compatibility, low impedance)
will also make the design of these devices challenging. Another important device required by the booster is a beam
dump. As described in Sect. 1.8.1, the collider dumps will be designed also to absorb the beams extracted from
the booster. Additional requirements of beam intercepting devices, not foreseen at this stage, may be identified
during the functional studies of the booster.

6.5 Beam transfer systems
6.5.1 Septa

Injection As discussed in Sect. 4.4, the beam is transferred from the injector complex and injected into the booster
on either side of the PA experiment straight section. The hardware requirements for the present injection concept
are listed in Table 4.2. The operation mode of each system will see injection at up to 100 Hz for up to ~30 s,
followed by ~30 s without beam.

For injection into the booster, several septa topologies have been studied, and a Lambertson septum design has
also been selected for the present concept [177]. To keep the apparent septum thickness to a minimum, the coil is
located outside vacuum, but the second pole, including the septum, the magnet gap and the orbiting beam area
are all under vacuum, see Fig. 6.21.

Eztraction The septa used for extraction towards the collider will only extract one energy for each operation mode,
and the list of requirements from the extraction design is summarised in Table 4.3. The leak field of the septum
is less critical than for the collider injection septa since they only have to be powered at extraction and are not
required to track the beam energy like the booster dump septa. This opens the possibility of using a pulsed device,
which is less challenging with respect to thermal dissipation. Another option that was explored to achieve a more
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Fig. 6.21 Mechanical
drawing of the Lambertson
septum for booster injection
in a cross-section side view
(a) and isometric view (b)

Fig. 6.22 Mechanical
drawing of the booster dump
septum without its vacuum
chamber

sustainable solution was the use of a permanent magnet. This latter option, however, would lead to an apparent
septum thickness that exceeds the requirements.

The present baseline consists of 2 pulsed septa outside vacuum. The pulse length is chosen to be relatively long
to allow a flattop of >304 ps to allow extraction of the full circulating beam as well as to provide sufficient time
for eddy currents in the extraction vacuum chamber to decay, preventing the generation of a lower quality field. To
limit design effort and benefit from economies of scale, this magnet is chosen to be identical to the collider thick
injection septum, albeit operating at a different current. To optimise the cost, the two magnets of each system are
connected electrically in series.

Dump The booster dump septa shown in Fig. 6.22 are the same design as the collider dump septa described in
Sect. 4.4.2. However, the following operational differences have an impact on the final design of the booster dump
septa. First, the field of the dump septa in the booster must follow the energy of the particles in the booster during
the ramp, making it a ramped device rather than a purely DC-operated device. Second, the dynamic range of the
booster dump septa is larger, as the device will be used across the energy range from booster injection energy level
to top energy in the tt mode.

Due to the first reason, the system will include a link to the Beam Energy Tracking System. Because of the
further increased dynamic range with respect to the collider dump septa, further development of the proposed
low-power septa topology is needed to ensure the field homogeneity and leak field levels remain within specification
throughout the dynamic range. For both extractions, the two septa will be powered electrically in series, i.e., one
power converter per extraction.

6.5.2 Kickers

Injection A stripline design has been chosen for the injection kicker system to meet the requirements listed in
Table 4.2 and in particular the fast rise and fall times of 25 ns. Two systems are used, each consisting of a single
device.

To meet the field homogeneity requirements, the stripline must be carefully designed. Numerical field simulations
were carried out comparing several cross sections, finally resulting in a half-moon shaped electrode design offering
the best field homogeneity parameters. To minimise the stripline’s impact on the circulating beam, it is essential
to achieve the desired characteristic impedance in the even mode while maintaining the odd-mode characteristic
impedance as close as possible to 50 ) to ensure the required field quality.

@ Springer



Eur. Phys. J. Spec. Top. (2025) 234:5713-6197 5945

Further optimisation studies on impedance matching will be conducted, such as considering a termination
network on the load side of the stripline. This termination method also requires a resistor between the electrodes,
which presents some challenges. An in-vacuum design is difficult to implement due to concerns about power losses
and vacuum compatibility, whereas an outside-vacuum design would be prone to parasitic inductance. In addition,
mechanical design optimisation studies should commence soon to ensure the design is capable of withstanding
synchrotron radiation.

For the generator side, the short flattop duration of 80 ns allows the use of either an inductive adder or very
short pulse forming lines (PFL). Separate generators deliver both positive and negative driving pulses to the
stripline via 50 {2 coaxial cables.

FExtraction The extraction of electron and positron beams from the booster is achieved through two systems, each
consisting of 14 kicker magnets and following the extraction scheme requirements listed in Table 4.3. These systems
employ the same lumped inductance topology used for collider injection and dump kickers, leveraging the benefits
of economies of scale. Each magnet could either be driven by a pulse-forming network or a Marx generator and
is operated in short-circuit mode. The Marx generator consists of a main high-voltage stage and a low-voltage
stage. Both stages are composed of multiple units: the stages in the high-voltage section are triggered throughout
the entire pulse duration, while the low-voltage stages are triggered sequentially to compensate for voltage droop
along the pulse. A matching resistor can be included on the generator side to address the mismatch between the
magnet and the transfer cable. In order to provide the required flattop quality, the length of the cable connecting
the magnet to the generator is limited to 100 m.

The cable length between each extraction kicker and its generator is defined by the pulse requirements. Thus,
the location of the service galleries is affected by the required cable lengths. The required cable length is 100 m
which includes the bending radius (1 m) and the handling path (15 m).

Dump The booster beam dump system will be very similar to the collider dump (see Sect. 4.4.2), only requiring
adjustments for placement and control. The same magnet modules and generator topologies will be used. Compared
to the collider dump, which operates at a fixed energy, beam energy tracking is required. This feature can be
achieved using commercially available power supplies.

Controls An inductive adder (IA) pulse generator may be considered for some systems but would be a new
technology for CERN, requiring a thorough analysis of its impact on controls. The IA introduces challenges such
as managing the 100 Hz repetition rate, which limits the time for tasks like post-operational checks. Radiation
to electronics (R2E) factors, including high-energy hadron flux and accumulated radiation dose, also need careful
consideration to ensure the system’s robustness.

Similarly, the Marx generator, another novel technology, requires a detailed evaluation of the impact of its
control system and offers potential synergies with collider injection systems to enhance efficiency. A generator
based on the LBDS design is planned for the dump kickers, balancing reliability with R2E considerations. An
active or hybrid fail-safe retriggering architecture, akin to the SBDS system, is preferred to avoid complexities like
signal reflections associated with passive systems.

6.6 Beam instrumentation

In the course of the feasibility study, the type of beam diagnostics has been identified for the booster, with an
estimation of the number of instruments needed as outlined in Table 3.17. Similar to the collider ring, beam position
monitors (BPMs) and beam loss monitors (BLMs) form the vast majority of the installed systems. Presently, the
overall concept for such systems is that they will share the acquisition scheme adopted for the main ring BPMs
and BLMs, where signals will be acquired and digitised in shielded racks installed in the tunnel in each arc half
cell.

Current (DC and bunched) measurement, transverse and longitudinal profile measurement systems will also
be present and capable of measuring throughout the energy ramp. This will form one of the main challenges of
the next phase where a preliminary design for the booster BI systems will be produced, particularly for monitors
based on synchrotron radiation due to the changing spectrum as a function of the beam energy.

6.7 Powering system
6.7.1 Booster magnet powering systems

Global optimisation of the magnet powering systems Please see Sect. 3.8.1.
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Table 6.7 Booster magnet powering circuits quantities and parameters

Magnet Quantity Circuit Quantity Peak Current (A) Peak Voltage (V)
Dipole 5536 16 3065 851
Quadrupole (F and D) 2768 32 939 1998
Sextupole Focusing 576 16 525 1002
Sextupole Defocusing 560 16 595 1492
*Dipole Tapering 2768 346 10 396
* Quadrupole Tapering 2768 346 10 382
* Horizontal Corrector 1672 1672 20 68
*Vertical Corrector 1672 1672 20 69
* Quadrupole Corrector 1384 1384 20 65
*Skew Quadrupole 1384 1384 20 65
" Straight Section n/a 1033 n/a n/a
" Injection n/a n/a n/a n/a
Booster Subtotal 21,068 7917 - -
Collider subtotal 34,698 12,773 - -

55,766 20,690 . .

* Magnet specifications not yet fully defined or non-existent, values extrapolated.

Booster magnet circuits Magnet powering is performed by power converters in alcoves located either at the end of
the straight section or in the machine tunnel, called Big Electrical Alcove and Small Electrical Alcove, respectively
The installation of power converters in the Machine Tunnel is not possible due to space and radiation constraints.

The location of the power converters is dictated by several factors, including the granularity of control required,
the maximum voltage tolerance of the cable insulation and the resulting impact on expenditure for cables and
converters. The granularity of control is determined by the optics layout:

o Booster dipoles, as well as booster quadrupole focusing and defocusing magnets, can be powered in series within
their respective family.
e Focusing and defocusing booster sextupoles can be powered by half-octant.

The power converters for the booster dipoles, quadrupoles, and sextupoles are installed in the big alcoves at
the end of the straight section. All other converters are located in the small alcoves of the tunnel, as they power
fewer magnets in series. Table 6.7 presents the quantity of magnets and circuits and the powering parameters.

Magnet specifications and quantities for the tapering, correctors, dispersion suppressor, straight section and
injection are not yet defined and therefore estimations were made. A different powering scheme is needed for the
dispersion suppressor which uses the same magnets as in the arcs, see Sect. 6.1.

For the collider details, see Table 3.15 in Sect. 3.8.1.

Precision of power converters Please see Sect. 3.8.1.

Availability of power converters Please see Sect. 5.3.4.

6.8 Arc region: integration and supporting systems

This section complements Sect. 3.10, which describes the integration and development of supporting systems in the
collider arcs. Arcs are made of a sequence of FODO half-cells, about 3000 for the high-energy optics, and consist of a
short straight section (SSS) with quadrupole, sextupoles, beam diagnostics and correctors, followed by a long dipole
length that can be achieved with a series of 2 or 3 interconnected magnets. This section describes the optimisation
of the arc-supporting structures to maximise their performance, easing the installation and maintenance while also
minimising cost. This study is being conducted within the scope of the FCC-ee Arc Half Cell Mock-up Project,
and of the FCC-ee design study. It is planned to study elements of the arc cell in a full-scale mock-up (detailed in
Sect. 3.10.5).

The analysis of the relative placement between the collider and the booster is not detailed in this section, as it
has been covered in Sect. 3.10.1.
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Fig. 6.23 Arc cell configurations for the booster, for all the phases - optic V24-FODO

Fig. 6.24 CAD model of a
possible optimised version of
the booster SSS

6.8.1 Arc cell configurations of the booster

The configuration of the booster arc cell does not change from the low to the high energy mode. In fact, the length
of the arc half-cell remains 26 m for all the phases. As can be seen in Fig. 6.23, there are two configurations:
1136 half-cells with 1 quadrupole and 1 sextupole, and 1704 half-cells with 1 quadrupole. It should be noted that
in Fig. 6.23, the drift distances are not represented. In addition, for the booster, the focusing and defocusing
sextupoles are not of the same length: 1.4 m for the defocusing sextupole and 0.7 m for the focusing sextupole.

Among the different configurations, the FCC-ee Quad-Sext (defocusing) type has been studied in detail and
will be installed in the mock-up. This SSS configuration is the bulkiest and, therefore, the most challenging in
terms of integration. It is also the most complex in terms of static and dynamic stability.

6.8.2 Optimisation of the booster supporting structure - static and dynamic analyses

Overview and principles As discussed in Sect. 3.10.3, the goal is to optimise the design of the supporting structure
by finding a balance between static and dynamic structural stability, integration constraints, and cost, while
ensuring compliance with all safety requirements. This optimisation process is still ongoing, with alternative
geometries currently under evaluation.

The design of the booster supporting structures for the SSS, which is currently under study, is illustrated in
Fig. 6.24. This structure consists of two cantilever supports on which a girder is installed. Following the same
principle as the collider’s SSS, the use of girders to support the common elements in the SSS provides significant
practical advantages. The SSS elements, including magnets and vacuum chambers, can be pre-assembled and pre-
aligned on a girder in a clean room outside the tunnel, using the appropriate tools and environment. The module
can then be transported as a single unit to the tunnel, streamlining transport and maintenance operations (for
more details, see Sect. 3.10.3).

Specifications An initial estimation of the acceptable vibrations in the SSS was defined in 2022, and is reported
in Table 6.8. This specification did not distinguish between vertical and lateral motion, and between booster and
collider.

To consolidate the tolerance estimates, the sensitivity to vibrations of the GHC optics at the Z operating point
was evaluated assuming a tolerance on the beam oscillation amplitude at the collision point of less than 5% relative
to the collision point beam size [308]. Due to the small emittance ratio, vertical oscillations are more than an order
of magnitude more critical than horizontal oscillations. Assuming that an orbit feedback system will efficiently
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Table 6.8 Dynamic stability

requirements in the arcs Frequency range Tolerance Correlation
proposed in 2022%,
presented by T. 001 Hz < f<1Hz 1pm 10 km
Raubenheimer at FCC IS 001 Hz < f< 1Hz 100 nm none
workshop for the arcs [309] 1Hz < £ < 10 Hz 20 nm none

10 Hz < £ < 100 Hz 5 nm none

100 Hz < f 1 nm none

Table 6.9 Updated dynamic
stability requirements in the
arcs at the level of the

Tolerance at 1 Hz frequency

magnetic axis Collider vertical direction 20 nm
Collider lateral direction 200 nm
Booster vertical direction 40 nm
Booster lateral direction 400 nm

damp beam oscillations with frequencies below 1 Hz, the integrated RMS motion for frequencies higher than 1 Hz
is ideally around 10 (100) nm for the vertical (horizontal) plane. If the beam orbit feedback bandwidth can be
extended above 1 Hz, setting the targets for the vertical (horizontal) plane to 20 (200) nm, in line with Table 6.8
is possible. It must be noted that the sensitivity may evolve in the future with the optics and the machine layout.
For the low-beta regions, the tolerances are an order of magnitude tighter.

These considerations are summarised in Table 6.9. The key frequency of interest is 1 Hz, and in this frequency
range:

e The collider quadrupole acceptable vertical displacement is 20 nm.

o Laterally, the acceptable displacement of the collider quadrupole is higher by roughly one order of magnitude.
Currently, a value of 200 nm is tentatively assumed.

e It is very likely that the quadrupoles in the booster can accept larger displacements than in the collider. It is,
however, not evident to define how much the requirements can be relaxed. An increase of the tolerance by a
factor of two in vertical and lateral directions is currently tentatively assumed, resulting in values of 40 nm and
400 nm, respectively.

Historical background It is interesting to compare the current stability specifications with what was studied in
other projects or achieved in past CERN machines, such as the Large Hadron Collider (LHC/HL-LHC) and the
future Compact LInear Collider (CLIC). Concerning the LHC/HL-LHC quadrupoles:

o In standard operation the root mean square (RMS) value should be < 5 pm at 1 Hg;
e Beam instabilities can be provoked if the RMS is between 5 pm and 20 pm at 1 Hz;
e A beam dump is usually triggered for an RMS > 20 pm at 1 Hz.

On the other hand, the future Compact LInear Collider (CLIC) has significantly more stringent specifications:
given its very small beam sizes, even minor oscillations of one quadrupole reduce the luminosity. It has been
estimated that in the vertical direction, the RMS must be below 1 nm at 1 Hz and similarly, it must be below
5 nm at 1 Hz laterally to ensure sufficient performance [311]. A study has demonstrated that these specifications
can be achieved, albeit using active stabilisation based on piezo-actuators combined with a stiff and optimised
design of the quadrupole support [312].

Hence, the FCC arc specifications are closer to those of a linear accelerator (CLIC) than those of existing
circular accelerators (LHC/HL-LHC), which illustrates their challenging nature.

Numerical methodology As explained and detailed in Sect. 3.10.3, the supporting structures of the collider and
the booster are being optimised in terms of static and dynamic stability. For this scope, a finite element method
(FEM) procedure has been defined (see Sect. 3.10.3).

An example of a transfer function comparison for different geometries of the booster supports is shown in
Fig. 6.25. Two graphs are presented: the first displays the transfer functions obtained vertically, and the second
the transfer function obtained laterally. The transfer functions provide insight on how the system behaves and
reacts over a range of frequencies. The greater the natural vibrational and rigid body frequencies, the more rigid
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Fig. 6.25 Transfer function comparison for different supporting structure geometries in the vertical and lateral directions

the system is considered to be. Comparative studies can be carried out to analyse the impact on stability of the
geometry, materials, position, rigidity and number of feet, etc. and to determine the most suitable geometry.

Knowing the spectrum of the ground motion over the relevant range of frequencies, as well as the transfer
function of the supporting structure between the ground and the centre of the magnet, it is possible to estimate
the displacement of the magnet mechanical axis in response to the ground motion. Since the values of the estimated
movement of the ground in the FCC tunnel are not yet available, the power spectral density (PSD) of the ground
motion measured in the LHC tunnel [314] has been used as an initial input instead. When performing a random
vibration analysis of the system with such ground PSD as an input for the calculation, the PSD of the magnetic
axis is obtained as an output, and then the integrated root mean square (RMS) displacements at the level of the
axis can be computed. The methodology is explained in Fig. 3.76.

Ezperimental benchmarking It is important to note that the method described above is sensitive to several pa-
rameters that cannot be precisely estimated at this stage of the project. Similarly, the simulations involve certain
approximations, such as simplified representations of magnets and interfaces (e.g., ground-support and support-
magnet interactions). Therefore, it is crucial to experimentally benchmark and refine the simulations to build
confidence in the numerical model.

To better understand how the different elements of the SSS influence system stability, a simple 2.5 m long short
straight section demonstrator was assembled (see Sect. 3.10.3). The design of this demonstrator closely resembles
what will be installed in the collider. However, during the next phase, the plan is to extend these measurements
to the booster’s SSS as well.

6.9 Machine protection

Machine protection hardware and software will be required. These protection elements are very similar to those
described for the collider and are described in more detail in Sect. 3.11. As there are no superconducting magnets
foreseen in the booster, there will be no such protection systems.
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Chapter 7

FCC-ee injector complex

7.1 Injector overview

The FCC-ee injector complex must provide the electron and positron bunch trains for alternating bootstrapping
injection during both top-up and filling-from-scratch operations. Given the charge per bucket and lifetime for this
operational mode, an alternating injection of a train of positrons and electrons, approximately every few tens of
seconds, is required to ensure the correct balance between positron and electron bunch charges during collider
operation. It includes separate linacs for electrons and positrons up to a beam energy of 2.86 GeV — the electron
linac (e-Linac) and the positron linac (p-Linac), respectively. Figure 7.1 shows the basic layout of the injector
complex schematically. Following the positron and electron linacs, both species are injected into the damping ring
(DR) for emittance reduction. The layout also includes the high-energy (HE) linac, which boosts the beam energy
from 2.86 GeV up to 20 GeV in order to inject beams directly into the booster ring (BR). The baseline for the
positron source is based on a conventional scheme, where electrons from the e-Linac impinge on a tungsten target.
This approach allows all linacs to operate at 100 Hz with 4 bunches per pulse to meet the collider ring filling
specification for the most demanding Z running mode.

Operating at a 100 Hz repetition rate with four bunches per RF pulse, the linac system incorporates beam-
loading compensation and long-range wakefield suppression for enhanced stability. Although the injector complex
is now longer, this new layout improves reliability, featuring a damping ring at a higher energy of 2.86 GeV and
eliminates the need for a common linac, which would otherwise require doubling the repetition rate. This revised
concept offers a more efficient and sustainable solution that aligns with performance and operational goals.

Table 7.1 lists the collider and booster parameters used as specifications for the injector design. It is worth
emphasising that the injector must operate continuously due to the short beam lifetime and the strict requirement
that the charge imbalance between the electron and positron beams in the collider remains within a narrow
range of 3-5%. This constraint requires a precise and uninterrupted injection process to maintain beam-beam
stability. For example, assuming a beam duration of about 1000 seconds, the injector must alternate between
injecting electrons and positrons at intervals of about 50 seconds. This requirement imposes a significant operational
challenge, particularly in the Z-mode, where any interruption in injector functionality could severely impact the
collider’s performance. Consequently, the reliability and availability of the injector are of critical importance, as
any downtime could compromise the overall efficiency of the collider. This issue represents a critical limitation
presented in more detail in Sect. 7.9, where potential risks and mitigation strategies associated with injector failures
are discussed in more detail.

The top-up operation for each operating mode requires the charge of the individual bunch in the train to vary
from a few tens of pC to about 4 nC per injection, depending on the charge imbalance of electrons and positrons
of the individual bucket in the collider. This requirement results from the different lifetimes of the individual
bunches in the collider rings, which will also determine the filling pattern for each injection. Regarding emittance,
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Fig. 7.1 Baseline layout of the pre-injector complex, including the high-energy (HE) linac

@ Springer



Eur. Phys. J. Spec. Top. (2025) 234:5713-6197 5951

Table 7.1 Collider and —

booster parameters used as Running mode Z w Z tt Unit
specifications for the injector
design. Bunch charge is the Number bunches in collider 11,200 1856 300 64
maximum bunch charge to Nominal bunch charge in collider 34.40 22.08 27.04 23.68 nC
b_e 1nJect?d into the collider Allowable charge imbalance 5 3 3 3 %
ring. Emittance, bunch o ) .
length and energy spread are Beam lifetime, lumi 4 IPs (q, BS, lattice)/4 916 517 428 497 s
the specifications at the Trains/Bunches per booster cycle 40x280 8x232 2x150 2x32
ir}jection into the booster Max injected bunch charge 3.43 3.43 1.60 1.60 nC
e Number of bunches 4 4 2 2
Linac rep. rate 100 100 50 50 Hz
Bunch spacing 25 ns
Beam energy at BR 20 GeV
Norm. emittance (x, y) (rms) (BR) <20,2 mm mrad
Bunch length (rms) (BR) ~4 mm
Energy spread (rms) (BR) ~0.1 %

the specifications for injection into the BR require a beam with a flat normalised emittance of 20 mm-mrad and
2 mm-mrad in the horizontal and vertical planes, respectively, to ensure a shorter cycle in the booster itself. This
specification has an impact on both the electron source and the DR parameters. In particular, the electron source
must guarantee this emittance even during the required charge variation for top-up operation, and this question
has an impact on the optimisation of the photo-cathode RF gun.

In order to achieve independent design specifications for the linacs in the injector from those of the BR, an
energy compressor in the transfer line from the HE linac to the BR is planned. This arrangement is depicted in the
left part of Fig. 7.1. By adopting this approach, the design of the linacs can converge towards a solution for the
beam length and energy spread at the linac end specified in Table 7.1, without considering more complex layouts
that include compression and/or decompression of the beam along the different linacs.

Table 7.2 provides a comprehensive summary of the key parameters of the electron and positron beams as
they progress through the injector and booster up to the point of injection into the collider in Z-mode. This
table serves as a crucial reference, consolidating the relevant beam characteristics at each stage of the acceleration
and manipulation processes. By collecting these parameters in a structured manner, Table 7.2 played a key role in
coordinating the various simulation studies conducted on the different injector subsystems. It allowed the results to
be systematically compared and validated, ensuring consistency between simulations. Furthermore, this collection
was crucial to verify that the beam parameters remain within the specifications required for successful injection
in both the booster and the collider.

The findings from the injector study have also been documented in four detailed scientific reports submitted
to CHART [349-352]. These reports serve as a comprehensive record of the research conducted, encompassing
various aspects of the injector’s design, performance, and operational constraints. Additionally, these reports
include an extensive list of references that provide further context and background to the study. This bibliography
features a wide range of scientific publications, including peer-reviewed journal articles, conference proceedings,
and contributions presented at workshops and international conferences.

The following sections provide a summary of the key findings and achievements resulting from the efforts
to address the recommendations outlined in the mid-term review. These results highlight the progress made
in optimising the injector’s design, performance, and integration within the overall system. Additionally, this
discussion includes an overview of the proposed location of the injector on the CERN site. The positioning of
the injector is a critical aspect, as it directly influences factors such as beam transport efficiency, infrastructure
requirements, and operational feasibility.

7.2 Electron source

The baseline configuration of the injector complex, illustrated in Fig. 7.2, includes a single electron source for
producing both the nominal electron beam and the driver electron beam for positron production. The electron
source is composed of a photo-cathode 2.6 cell RF photo gun followed by three RF accelerating structures reaching
the beam energy of approximately 200 MeV. The main requirement for the electron source is to generate four
bunches with a charge of 5 nC each, keeping the normalised emittance below 4 mm-mrad in order to have a
margin in any emittance growth along the linacs and transfer lines between linacs.
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Table 7.2 Electron and positron bunch parameters along the injector and booster up to the injection into the collider for the
Z-mode. Some parameters still have to be calculated (tbc). LE = Low-energy, HE = High energy, DR = Damping ring

Beam Bunch Transm. Bunch length Rel. energy Norm. emit.
Energy charge (rms) spread (rms) (rms) H/V
[GeV] nC] (%) [mm)] 1E-3 [mm mrad]
LE Linac injection 0.2 3.79 1 5 3/3
LE Linac exit 2.86 3.75 0.99 1 6 3.3/3/3
Positron source target 0.045 26.53 7.07 1.34 >100 21,000,/20,000
Positron capture exit 0.185 14.81 0.56 9 >100 13,000/12,000
Positron linac injection 0.263 12.06 0.81 8 140 13,000/12,000
Positron linac exit 2.86 10.73 0.89 2.8 8.7 13,000/12,000
Energy Compressor 2.86 10.09 0.94 2.8 8.7 13,000/12,000
DR injection 2.86 5.04 0.5 the tbe 13,000/12,000
DR extraction 2.86 4.99 0.99 4.8 0.72 10/1
LE Linac injection 0.2 5.20 1 5 3/3
LE Linac exit 2.86 5.15 0.99 1 6 3.3/3.3
Transfer line 2.86 5.09 0.99 1 6 3.3/3.3
DR injection 2.86 5.04 0.99 1 7 5/5
DR exit 2.86 4.99 0.99 4.8 0.72 10/1
Bunch Compressor 2.86 4.94 0.99 1 7 10/1
HE Linac injection 2.86 4.89 0.99 1 7 12/1
HE Linac exit 20 4.84 0.99 1 6.1 16/1.6
Energy Compressor 20 4.80 0.99 4 16/1.6
Transfer line 20 4.56 0.95 4 1 16/1.6
Booster injection 20 4.33 0.95 4 1 20/2
Booster extraction 45.6 4.29 0.99 2.43 0.38 10.71/0.89
Collider injection 45.6 3.43 0.8 2.43 the 10.71/0.89
Table 7.3 Electron source - . - .
Parameter Uniform distribution Gaussian distribution

beam parameters at 200 MeV
with a bunch charge of 5 nC

Transverse Emittance [mm-mrad] 2 3
Energy Spread rms [%] 0.4 0.25
Bunch Length rms (mm) 0.98 1.3

Extensive simulations have been conducted on the electron source and downstream linacs. Uniform and trun-
cated Gaussian initial distributions have been studied, and Table 7.3 lists the optimised beam parameters that
were achieved at the end of the electron source. These parameters and the simulated distributions have been
used as input for the design and simulations of the subsequent linacs. In particular, investigations into the yield
of positron production indicate that 5 nC electron bunches are sufficient to achieve the desired positron bunch
charge.

One of the most challenging aspects of the electron source is the top-up mode for the collider. In this operational
mode, the bunches circulating in the collider rings will be topped up with charge, compensating for the charge
decrease during collisions. Therefore, the injector has to deliver varying bunch charges in the range of 10-100% for
each bunch. Nominal operation consists of a four bunch per RF pulse scheme, with a spacing of 25 ns. In theory, a
single laser pulse could be split in 4 and then individually manipulated, but using up to 4 lasers would allow more
flexibility to change the charge independently of a few hundred pC up to 5 nC. Several lasers may also be needed
to achieve the required availability (see Sect. 7.9). The source and the linac will work with a 100 Hz repetition
rate, leaving only 10 ms between pulses to adjust laser, RF or magnet parameters. A detailed beam dynamics
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Fig. 7.3 Beam parameter variation as a function of bunch charge simulating the top-up operation of the electron source and
pre-injector

study has been started to determine which parameters need to be changed for different bunch charges to deliver
beams as similar as possible. The best option would be to leave RF and magnet parameters constant and only
change the laser spot size and intensity on the cathode so that the charge density stays as similar as possible. The
spot size could be manipulated fast enough using a controllable mirror array. Simulations show that, in this case,
the beam parameter variation at the exit of the electron source is not too big (see Fig. 7.3). More details on the
electron source study can be found in Ref. [353].

7.3 Electron linac

The electron linac accelerates electron beam of up to 4 bunches of 5 nC each from the energy of about 200 MeV
to 2.86 GeV at the repetition rate of 100 Hz for Z-mode, which presents the most critical case for the linacs. The
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electron linac is located right after the electron source, as shown in Fig. 7.1. In the electron production mode, the
beam goes to the DR, and in the positron production mode, it goes to the target.

Beam dynamics simulations have been done to study both longitudinal and transverse beam dynamics in the
electron linac using the tracking code RF-TRACK [354]. The main purpose was to define the specifications for
RF structures in terms of iris aperture, working frequency, structure length, gradient, and lattice parameters,
like quadrupole separation, kind of lattice, and phase advance. The following beam parameters were used in the
simulations: bunch length 1 mm, relative energy spread 0.25% and emittance 3.2 mm-mrad at the start of the
electron linac for the case of the 5 nC electron bunch.

The linac comprises a FODO lattice with 90 degrees phase advance per cell with one quadrupole and one BPM
per RF structure, with a total cell length of 7.5 m. The RF structures are operated on-crest. This allows the
accelerating efficiency to be maximised, and the beam quality degradation to be minimised.

Tracking simulations were conducted in terms of emittance growth to evaluate the robustness of the linac design
against static misalignments. Gaussian-distributed misalignments were assumed for the RF accelerating structures,
quadrupoles, and BPMs; the corresponding rms values are summarised in Table 7.4. A BPM resolution of 10 pm
was also included in the computation of some of the steering corrections applied.

Based on these simulations, an RF structure aperture corresponding to a/A = 0.15 was determined. To mitigate
the effects of misalignments, a combination of one-to-one correction and dispersion-free steering (DFS) was applied
sequentially, incorporating the randomly distributed errors. The minimum RF aperture corresponding to < a >
/A =0.15 was determined by compromising the growth of transverse emittance from static effects with the efficiency
of the RF structure. Finally, a maximum emittance growth of 0.3 mm-mrad was obtained at the end of the linac
for 98% or more of the simulation seeds assuming the optimised RF parameters (on-crest operating phase and
aperture corresponding to a/A = 0.15).

Dynamic effects were also investigated, focusing specifically on the amplification of the incoming beam transverse
jitter, whether in position, angle or a combination of both. To simulate transverse beam jitter, the transverse phase
space was painted following a circular path at the entrance of the linac. The jitter amplification (JA) was then
calculated as the square root of the ratio between the areas of the transverse phase space at the entrance and at the
exit of the section. The final jitter, in either position or angle, was determined by multiplying the incoming jitter
by the computed amplification. This method provides a quantitative measure of the robustness of the linac design
to incoming beam transverse jitter and enables optimisation of parameters such as the RF structure aperture, the
lattice phase advance per cell, and the spacing between quadrupoles linked in this design to the length of the RF
structure. Both single- and multi-bunch effects were analysed following a different procedure. In the case of the
single-bunch the JA was computed all along the linac varying the above-mentioned parameters. As an example,
Fig. 7.4 shows the dependence of the JA on the RF structure aperture. The aperture corresponding to a/A =0.15
produces a maximum final JA of approximately 1.2. Assuming an initial orbit jitter of 0.12 o (where o is the
transverse beam size), like, for example, that measured in AWAKE for similar beam parameters, results in a jitter
of 0.14 o.

The JA was also used to study multi-bunch dynamic effects, but assuming a variable kick imparted by the
first bunch on the second bunch. Given the amount of jitter that can be accepted, the maximum tolerable kick
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Table 7.5 Summary of the
optimised RF and lattice Parameter Value
parameters based on the
beam dynamics studies Mean RF structure aperture (mm) 16.1 (a/A =0.15)
RF structure length (m) 3
RF structure operating phase on-crest
Phase advance/cell (degrees) 90
Number of BPM/RF structure 1
Number of quadrupoles/RF structure 1
Distance between the quadrupoles (m) 3.75

was determined and used to determine the specification for the HOM dipole suppression in the RF structure. The
results are shown in Fig. 7.5, demonstrating that the kick on the following bunch of 0.1 V/pC/mm/m corresponds
to a JA of 1.02 at the exit of the linac, which is significantly smaller than the single-bunch JA. From these
simulations, the total JA, calculated as a product of single- and multi-bunch JAs, is 1.22. The corresponding total
jitter is smaller than 0.15 o, assuming 0.12 ¢ as the incoming jitter. This value has a negligible impact on the
positron production, and is expected to be in the acceptance of the DR. The parameters obtained from the beam
dynamics studies are summarised in Table 7.5 for convenience.

7.4 Positron source and linac

The production of positrons is always an extremely important topic for any electron-positron collider, especially
for future colliders like the FCC-ee, which are designed to operate at extreme parameters. For the FCC-ee, a high-
yield positron source is essential to provide the low-emittance positron beam with sufficient intensity to reduce
the injection time into the collider. Specifically, at Z-pole operation, a positron bunch intensity of 2.14 x 10'°
particles is required at injection into the collider rings. The positron rate for the FCC-ee is twice that achieved
at the SLC at SLAC, while remaining an order of magnitude lower than the values typically proposed for linear
collider projects [355]. At the injector level, the primary requirement for the positron source is to deliver a positron
bunch charge of 5 nC, which must be accepted into the damping ring (DR), as indicated in Table 7.2. Based on
the available experience of designing and operating previous or current positron sources, a safety margin of 2.56
has been applied to the FCC-ee positron source design, requiring the delivery of a total positron bunch intensity
of 12.8 nC at the injection into the DR.

7.4.1 Positron production and capture system

A conventional positron source using 2.86 GeV electrons impinging on a 15 mm thick tungsten target is the basis
for FCC-ee positron production. The bremsstrahlung radiation of the electrons in the field of the target nuclei is
converted in ete™ pairs. The target thickness has been optimised to maximise the number of positrons produced
at the target exit. This conventional production method has been successfully employed in all the eTe™ colliders
(ADA, ACO, DCI, SPEAR, ADONE, LEP, and also for the first linear collider SLC).

The capture section includes an Adiabatic Matching Device (AMD) [356], followed by a capture linac embedded
in a DC solenoidal magnetic field to accelerate the positron beam to about 170 MeV. At the end of the capture
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Fig. 7.6 Magnetic field
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linac, positron and electron bunches are separated using a chicane at 170 MeV and the solenoid focusing is used
up to a positron energy of 930 MeV. After the matching section at 930 MeV, the positron beam passes through
quadrupole focusing and is accelerated up to the DR energy 2.86 GeV. An energy compressor system (ECS) is used
before the DR to increase the number of positrons within the DR energy acceptance. The DR is an important part
of the positron source design as its dynamic aperture, longitudinal and transverse acceptance parameters define
the final performance of the positron source. The baseline design of the DR is described in Sect. 7.5.

Two AMD designs were investigated during the Feasibility Study: one employing a flux concentrator (FC) based
on pulsed magnet technology (currently used in the SuperKEKB collider [357]) and another using a superconduct-
ing (SC) solenoid based on high-temperature superconducting (HTS) materials. The latter, an innovative approach
for positron sources, will also be tested in the PSI Positron Production (P?) experiment at SwissFEL [358], which
has been designed as a demonstrator for the FCC-ee positron source technologies (see Sect. 7.4.6).

For the classical FC-based approach, several models were evaluated for the FCC-ee positron source design. These
included the one designed by BINP for the FCC-ee and ILC projects, the FC developed by KEK for the ILC project,
and the FC currently used in the SuperKEKB collider. Due to the conceptual and mechanical constraints of the
FC, the peak of the magnetic field is located downstream the target and as a result, the available field on the target
is reduced to ~3.5 T/~1.1 T (for the BINP/SuperKEKB designs respectively) manifesting a significant drop in
capture efficiency. Moreover, the presence of a high transverse magnetic field component (with strong domination
of dipole harmonic) makes the trajectories of positrons strongly distorted. As a result, the positron beam receives
an offset in the vertical and horizontal planes. This must be mitigated for the positron beam transport in the
capture line. Compared to the FC systems used in the SuperKEKB or BINP designs, the FCC-ee requires a higher
repetition rate (up to 100 Hz), ideally with stronger magnetic fields and larger apertures. These requirements pose
substantial technological and engineering challenges, particularly for high-power sources.

To address these challenges, an SC solenoid based on HTS technology was proposed for positron capture. The
HTS solenoid offers several advantages over the FC design. It provides a significantly higher magnetic field at the
target exit surface, a larger aperture and greater flexibility in target positioning, as the target can be placed inside
the magnet bore. The axial symmetry of the solenoid ensures zero transverse magnetic fields at the magnet axis,
eliminating beam distortion issues encountered with the FC option. The comparison of the field profiles for the
FC and HTS solenoid designs, as used in the FCC-ee positron source studies, is shown in Fig. 7.6. Based on these
considerations and simulation results, the AMD employing the HTS solenoid was selected as the baseline for the
FCC-ee positron source.

The capture linac consists of six 3 m long, travelling wave (TW) 2 GHz RF structures with large iris apertures
(2a = 60 mm), designed to provide enhanced transverse acceptance for positrons. The baseline design assumes an
average RF gradient of 13.3 MV /m. Each accelerating structure is embedded within ten solenoid magnets, forming
a solenoidal magnetic channel with a field strength of approximately 0.5 T, which efficiently guides the positron
beam through the capture linac aperture. An additional solenoid magnet, referred to as the tuning solenoid, is
placed between the AMD and the first accelerating structure. This solenoid increases the magnetic field experienced
by the positron beam prior to entering the capture linac, further improving beam focusing and capture efficiency.
The RF phases of the capture linac were optimised using the Xopt package [359] to maximise the final positron
yield accepted by the DR.
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Figure 7.7 presents the key simulation results for the capture section, including the separator chicane and the
first two accelerating structures of the positron linac. At the beginning of the capture section, a 33% drop in
capture efficiency is observed, primarily due to the transverse acceptance of the accelerating structures. This is
followed by a smaller 9% reduction in efficiency after the separator chicane.

7.4.2 Radiation load studies for target and capture system

The interaction of the electron drive beam with the positron production target gives rise to an intense flux of
secondary particles. Only a fraction of the original drive beam energy contributes to the final positron yield, while
most of the power is dissipated in the target, the AMD and the downstream capture linac. The resulting thermal
load and cumulative radiation damage in the different components require a careful assessment in the engineering
design process. This concerns in particular, the design of the production target and the optimisation of shielding
components, which protect sensitive components like the SC coils of the AMD.

In order to quantify the impact of secondary radiation fields, radiation transport studies were carried out with
the FLUKA Monte Carlo code. The FLUKA geometry model is illustrated in Fig. 7.8. The target was modelled as
a stationary tungsten disk with a thickness of 15 mm. The target is surrounded by cylindrical tungsten shielding
(13 c¢cm long and 2 cm thick walls), which reduces the heat load and radiation damage in the AMD. The inner
radius of the HT'S coils of the AMD, placed in a cryostat, was 6.1 cm. A second tungsten shielding with a tapered
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aperture was assumed to be located between the AMD and the tuning solenoid, and a third between the tuning
solenoid and the first RF structure of the capture linac.

The radiation load studies assumed a 2.86 GeV electron drive beam with four bunches, a bunch charge of
2.37 x 101 e~ and a repetition frequency of 100 Hz, which results in an average drive beam power of 4.3 kW (Z-
pole). The simulated power density distribution in the target, shielding, AMD and the first linac cells is illustrated
in Fig. 7.9.

With such electron beam parameters, the target and surrounding shielding absorb around 1.3 kW, which poses
a challenge for the target design; possible engineering solutions and cooling options are discussed in the next
section. Another issue is the atomic dislocations in the target, which are mostly concentrated along the beam axis.
Assuming 185 days of operation per year and a duty factor of around 80%, the radiation transport simulations
show that the displacement damage in the target can reach a peak value of 1-2 DPA /year for FCC-ee operation
at the Z-pole. Possible mitigation measures need to be determined, e.g., the design of a remote handling system,
which would enable regular replacement of the target assembly.

The power deposition in the AMD, including cryostat, HTS solenoid and support structures, is only about 10 W,
which demonstrates the effectiveness of the shielding. In particular, the power density in the HTS coils remains
below 10 mW /cm?, which is considered acceptable and is safely below the quench level of the solenoid. The
simulations also show that the cumulative displacement damage in the HTS tapes is less than 1 x 10~* DPA /year
(Z-pole), which is not expected to degrade their properties. Furthermore, the total radiation dose to the coils
reaches about 6 MGy /year. Since no organic insulation materials are used in the coils, such dose values should not
pose a problem for the HTS solenoid, but require further assessment. If needed, a slight increase in the shielding
thickness can reduce the dose further.

The capture linac is assumed to consist of six RF structures with 44 cells, which are surrounded by solenoids.
About 0.6 kW are deposited in the shielding between the AMD and the capture linac. At the same time, most of
the remaining power, i.e., about half of the power originally carried by the electron drive beam, is lost in the linac,
mainly in the first structure. The tungsten shielding between the AMD and the linac protects the front face of
the linac, but cannot intercept the most energetic secondary particles near the beam axis, which are then lost on
the cavity walls. The highest radiation-induced power deposition in a single RF cell is about 70 W, but decreases
to about 15 W at the end of the first RF structure. The thermal load due to RF wall losses is estimated to reach
similar (or even higher) values as the average radiation-induced power deposition per cell. With an adequate cooling
design, the radiation load in the linac is expected to be manageable. The solenoids around the RF structure are
assumed to be normal conducting. The integrated dose in the solenoids is estimated to be about 1 MGy/year for
operation at the Z-pole, which is considered acceptable. However, the peak dose in the upstream tuning solenoid
reaches 5 MGy/year, which must be considered when choosing insulation materials. A better shielding of the
tuning solenoid might be needed.

7.4.3 Design and integration of the positron source target

The current baseline design is based on a fixed target made of polycrystalline tungsten (W) with a thickness of
15 mm. The selection of tungsten as a material for the target is due to its high atomic number and its remarkable
thermo-mechanical properties at high temperatures. However, to properly dissipate the thermal power produced by
the beam impact, a thermal management strategy must be included in the design. For this purpose, a pressurised
water cooling circuit is added in the target, as shown in Fig. 7.10a. This consists of a pair of embedded tantalum
pipes that transport water from an upstream source and circulate through a 180° elbow inside the tungsten core.
This setup will allow the beam-impacted region to properly transfer the 1.26 kW deposited on the target and its
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Fig. 7.11 Steady-state thermo-mechanical results: temperature (left) and equivalent stress (right) distributions for the baseline
W target. Maximum temperature and stress points are marked with a circle and triangle, respectively

shielding and avoid the direct contact of water with bare tungsten. The power density distribution obtained from
Monte Carlo simulations is shown in Fig. 7.10b, where the peak value is 10.4 kW /cm? and it takes place along the
primary beam axis (z-axis), close to the exit face of the target.

Figure 7.11 shows the steady-state thermo-mechanical results. Note that the location of maximum temperature
(P1) is not coincident with the position of maximum equivalent thermal stresses (P2). While P1 is along the beam
axis beneath the exit surface, P2 is located at the exit surface at a height above P1. The maximum temperature at
P1 is 284 °C. This means that the target is working below the ductile-to-brittle transition temperature (DBTT)
for tungsten.” In terms of stresses at P1, the 99 MPa registered on the design are due to the constrained material
surrounding the target. On the other hand, P2 reaches 166 °C with a maximum equivalent stress of 138 MPa
located at the surface level and produced due to the strong thermal gradient. The resulting stress values are below
the yield stress at the associated temperatures. The thermal fatigue analysis performed using the Universal Slope
method [361] showed that the target is capable of withstanding the extreme service conditions and coping with
the expected lifetime of the device, set to 155.4 days/year, which corresponds to 1.34x10? thermal cycles® with a
duty factor of 0.84 [362]. Then, the number of thermal cycles is obtained by including the primary beam frequency
of 100 Hz.

From the integration standpoint, the positron source target is a subsystem and its interaction with the required
infrastructure is based on the mechanical layout of the P? experiment. The current configuration is being used to
study the space requirements during the injector complex design. Figure 7.12 shows the tunnel cross section with
dimensions of 4x4 m to host the expected services around the beam intercepting device. With the aim of allowing
the installation and replacement of the target inside the HTS solenoid, a drift space of around 1.5 m is included. In

"For the results presented in this document, the DBTT was set to 400 °C, based on the behaviour of tungsten at high strain-rate

loading conditions reported in [360].
8The target lifetime is estimated assuming an operation cycle of 185 days/year [13].
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Fig. 7.12 Current layout of the FCC-ee injector complex cavern: tunnel overview (left) and expected utilities around the
positron source target (right)
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Fig. 7.13 Separator chicane design. (a) Schematic layout of the chicane and collimator used to stop the electron and pho-
ton beams. Sol. refers to Solenoid magnet; Dip. refers to Dipole magnet (laip = 180 mm) and Col. refers to Collimator
(leot = 120 mm) with do = di =125 mm and dz = 350 mm. (b) On-axis magnetic field of the chicane, including three neigh-
bouring solenoids on each side

addition, an overhead travelling crane with a capacity of 500 kg to handle the target and the surrounding shielding
is under consideration. In parallel, a more detailed study of radiation protection where the use of mobile shielding
is an option is being carried out. At the same time, an evaluation of the utilities required (e.g., cooling, cabling,
handling equipment) needs to be developed. Further integration studies are ongoing to define the requirements
in terms of civil engineering. The results of these studies will be incorporated into the model for the general
integration of the injector complex.

7.4.4 Positron linac

The positron linac (p-Linac) begins with a chicane equipped with a collimator (beam stopper) at its centre to
remove electrons and photons co-propagating with the positron beam. The p-Linac is divided into two sections,
each with distinct layouts. In Sect. 1, the layout is the same as that of the capture linac, where the accelerating
structures are surrounded by solenoids. In contrast, Sect. 2 employs a simple FODO lattice, with each FODO cell
containing two accelerating structures and a phase advance of 76.35°, optimised for minimum positron beam size.
The accelerating structures and solenoids used in both sections are identical to those in the capture linac. The
separator chicane is situated between the capture linac and Sect. 1, featuring a symmetric layout of four dipole
magnets with identical designs but different current settings. A schematic diagram of the chicane, along with the
collimator/beam stopper, is presented in Fig. 7.13a.

The dipole yoke in the chicane has a length of 180 mm and a vertical aperture of 70 mm. The beam pipe within
the dipoles assumes a rectangular aperture of Az =150 mm and Ay = 50 mm. The collimator is horizontally offset
by —35 mm. To account for field crosstalk between the chicane and the upstream and downstream solenoids, a 3D
magnetic field simulation was performed using MAXWELL3D. This simulation includes three solenoids upstream
and three downstream of the chicane. The resulting on-axis magnetic field is shown in Fig. 7.13b.
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Section 1 of the p-Linac contains 20 accelerating structures, with an average RF gradient of 13.3 MV /m. The
RF phase is set to —10° off peak, optimised to maximise the final positron yield. At the end of this section, the
average energy of the positron beam around the bunch core is approximately 932 MeV. Section 2 contains 52
accelerating structures, with an average RF gradient of 12.8 MV /m. Here, the RF phase is adjusted to 5° off crest
for optimal positron yield.

Beam tracking throughout the p-Linac was simulated using RF-TRACK, including short-range wakefield and
space charge effects. To estimate the effective positron yield accepted by the DR, particle selection was applied
using energy and time cuts. For all results presented here, an energy window of £2% around 2.86 GeV (i.e.,
2.86 GeV £57.2 MeV) and a time window of + 10 mm/c were used. In the next phase of the FCC, positron
tracking simulations in the positron linac followed by the injection in the DR should be carried out to have a more
realistic estimate of the positron yield accepted.

7.4.5 Simulation results and final performance

Comprehensive start-to-end tracking simulations were conducted to evaluate the performance of the FCC-ee
positron source. The final longitudinal phase space of positrons at the end of the p-Linac is shown in Fig. 7.14.
Approximately 99% of the positrons reaching the end of the p-Linac are accelerated in the first main RF bucket.
Furthermore, about 88% of these positrons fall within the assumed DR acceptance window, demonstrating the
effectiveness of the positron source and linac design. The evolution of the positron yield along the longitudinal
axis, from the target exit to the end of the p-Linac, is depicted in Fig. 7.15.

Table 7.6 summarises the key parameters and simulation results for the baseline design of the positron source and
linac. Beam dynamics simulations confirm that the proposed design ensures reliable positron production, achieving
a final accepted yield of 3 N+ /N,-. This meets the requirements set by the FCC-ee (Z-pole) with a safety margin
of 2.56. To date, no critical issues have been identified that would prevent the use of a superconducting solenoid as
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Table 7.6 Parameters and
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simulation results for the Parameter Value Unit
baseline design of the
positron source and linac, e” Drive Beam
delivering a positron bunch Beam energy 2.86 GeV
o o1 o i s
safety margins. CS (capture Number of bunches per pulse 4
system), CL (capture linac), = Bunch charge 3.8 nC
p-Linac (positron linac), DR gunch length (rms) 1 mm
(damping ring) .
Beam size (rms) 1 mm
Beam power 4.3 kW
Target
Thickness 15 mm
Production rate 7.07 N4 /N, -
Deposited power 1 kW
PEDD 5.8 /g
Capture System
AMD peak field (@Target) 15 (12) T
Solenoid strength 0.5 T
AMD/CS aperture 60 mm
Average energy QCL 173 MeV
Positron yield @CS (before chicane) 4.2 N+ /N,
Positron Linac
Positron yield @p-Linac 3.4 N4+ /N,
Positron yield accepted @DR, 3.0 N+ /N, -
Average energy 2.87 GeV
Bunch length (rms) 2.84 mm
Energy spread (rms) 0.87 %
Spot size x/y (rms) 5.28 / 2.78 mm
Normalized emittance x/y (rms) 13.1 / 13.0 mm-rad
Geometric emittance x/y (rms) 2.36 / 2.32 mm-rad

the AMD, along with the proposed capture system and positron linac, in the baseline design. For comparison, in a
similar layout using an FC-based capture system (SuperKEKB model), the accepted positron yield is approximately
1.5 Ny4 /N, . This lower yield would likely result in use of a thermionic gun to deliver the required electron drive
beam bunch charge (> 5 nC), significantly increasing the target power load.

Simulations incorporating imperfections in the positron source systems were also conducted. The imperfections
considered, from the target to the end of the p-Linac, are summarised in Table 7.7, with RMS values reported. The
impact of these imperfections is found to be negligible. The average positron yield accepted by the DR decreases
by only 1.3%, while the average transverse emittances increase by 0.4% horizontally and 0.8% vertically. These
results indicate the robustness of the proposed design.

7.4.6 PSI positron production (P?) project

The PSI Positron Production (P3) experiment is a demonstrator for the positron source and the goal is to design
and install such a demonstrator in the SwissFEL facility, and experimentally validate a range of novel techniques
that, according to simulations, have proven potential to increase the positron yield by one order of magnitude with
respect to the state of the art [358]. The P? project is driven by the high luminosity requirements of the FCC-ee
collider ring and its results will be one of the key outcomes of the feasibility study concerning the injector. The
remarkable positron capture capabilities of P3 are enabled to a great extent, by the usage of a high-temperature
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