Eur. Phys. J. Spec. Top. (2025) 234:5713-6197 6033

Fig. 8.71 High Voltage DC PA
network used as an 400 kv PA PB
alternative to conventional 20kV 20kV
AC distribution along the E ‘
accelerator ring RTE
400 kv n, n, v
PA — L= — PB PD
HVDC 4{:JL1- HVDC 20 kV
] PD
b 4 4-B sp || HVPC
PL T =
20 kV PL n, PD
HVDC 225KV
= e
= FCC HVDC | [— 2
Transmission ny
. J-L Ring D-F RTE
225 kV
N PJ PF =
< 3 E_ — HVDC HVDC n _3
PF
F-G 20kV
H-J G-H
PH | PG
PH HVDC HVDC
400 kv —
B B0 g
= Y
RTE
400 kV
% PG 20 kV
% PH20kV

from network dynamics. This configuration enables the local generation or absorption of reactive power as required
by the loads, protecting them from network perturbations. To implement these features, the network configuration
shown in Fig. 8.71 is proposed.

It consists of eleven power converters: three operating as rectifiers and eight as inverters. A key feature of this
configuration is the closed-loop operation of the transmission ring, which guarantees precise control of power flows.
This operational mode enables adjustments to the power drawn from the main connection points, optimising flow
and ensuring resilience in the event of a feeder outage. In such scenarios, any point on the accelerator can still be
supplied by at least two feeders located on opposite sides of the ring.

8.4.6 Energy storage systems

The use of energy storage systems (ESS) is being evaluated for the FCCee and FCChh. The primary objectives of
ESS are:

o Providing energy to critical systems (e.g., safety or cryogenics) during electrical outages lasting from minutes
to hours (some of these systems currently rely on diesel generators).

o Storing lower-cost energy from renewable sources (local or otherwise) for later use.

o Temporarily storing the energy of FCC-hh magnets during the deceleration phase of the acceleration cycle and
returning it during the next cycle.

Technologies such as batteries, supercapacitors, flywheels, electrolysers, fuel cells (hydrogen-based), and gravita-
tional energy storage systems have been preliminarily analysed and compared for the above-mentioned applications.

A collaboration has been established to explore the integration of hydrogen as an energy storage system (ESS)
vector to support one or more functions within the accelerator complex. Hydrogen-based systems are particularly
well-suited for both short and long-term energy storage, offering the advantage of decoupling energy storage
capacity - determined by the hydrogen mass - from charging speed, defined by electrolyser capacity, and power
output, which is set by the fuel cell capacity.

The heat generated by electrolysers and fuel cells is available at high temperatures, which can enhance the
usability of waste heat. For instance, this heat can be used to increase the temperature of water used for cooling
various equipment, thereby improving the efficiency and transportability of waste heat over longer distances.
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Additionally, the heat recovered can be leveraged to drive absorption cooling cycles, contributing to the cooling
needs of magnets, power converters, tunnels, and other infrastructure.

In principle, hydrogen-based ESS technology offers high flexibility and adaptability across a wide range of
applications. However, it has some drawbacks, including relatively low conversion efficiency and the requirement
for robust hydrogen storage systems. Nevertheless, the co-generation of usable heat and cooling can partially offset
these efficiency limitations, making hydrogen a promising candidate for integration into the FCC infrastructure.
Studies on the feasibility and implementation of hydrogen ESS within the FCC are ongoing and will be further
intensified in the future.

For the FCC-hh superconducting magnets, preliminary assessments suggest that batteries appear to be the
most suitable ESS technology for recovering energy during the ramp-down phase of the cycle and re-injecting it
into the magnets during the next acceleration cycle.

8.5 Cryogenic systems

Cryogenic infrastructure is essential for various components of the accelerator. The experiment points PA, PD,
PG, and PJ will each be equipped with two cryoplants: one dedicated to the detector magnet (detector cryoplant)
and another to the machine detector interface (MDI) region magnets (interaction region (IR) cryoplant). These
systems ensure the required low-temperature environments for the sensitive components in the experiment regions.

While the technical points PB and PF do not require cryogenic refrigeration, the technical points PH and PL
are associated with the radiofrequency (RF) system, which necessitates operation at 2 K and 4.5 K to efficiently
accelerate particles to the required energies. Each technical point features a long straight section (LSS) of 2032 m,
symmetrically distributed around the interaction point (IP). The RF system, composed of a string of supercon-
ducting cavities and klystrons, is housed within these LSS regions and requires dedicated cryogenic refrigeration
to maintain the necessary low-temperature conditions for efficient operation.

Installation of the cryogenics for the cooling of the superconducting RF systems will follow the same strategy
defined for the cryomodules to be operated in the technical points PH and PL.

A new RF layout was proposed in June 2024 with the aim of simplifying the overall installation of the SRF
system. As described in Sect. 3.4.3, it consists of installing and, from the beginning, operating all the 2-cell 400 MHz
cavities for the Z, WW and H mode, with each cavity powered at 500 kW in continuous wave (CW) mode. In
other words, all the cryomodules necessary for the operation of FCC-ee at the energies of Z, WW and H levels
will be installed at once and operated with the heat loads corresponding to the Z energy. This is valid for both
400 MHz and 800 MHz cryomodules.

This new layout significantly simplifies the design and staging of the cryogenic system. There will only be two
stages: one for the Z, WW and H operation, with cryoplants operated to cover heat loads at H energy, and another
one for tt operation (Fig. 8.72, with the same cryogenics scenario. This major modification drove the update of the
cryogenic system with respect to the CDR, and the corresponding results can be found in the following sections.

8.5.1 Cryogenics for superconducting RF systems

Layout and architecture The general cryogenic layout of the FCC-ee RF system is shown in Fig. 8.73. Cryoplant
locations are indicated using small circles near the experiment and technical points.

Aiming to optimise the integration of the machine, the RF systems of the collider and the booster have been split
between two points. Point PH contains the collider RF, while point PL contains the booster’s. This separation
is also optimised from the cryogenic point of view as the booster and the collider present different heat load
profiles. The booster ramps up the energy of the particles from injection energy to collider energy while the
collider maintains a constant energy. Both the dynamic and static loads vary greatly. Moreover, the booster is
composed solely of bulk Niobium 800 MHz cavities operating at 2 K, whilst the collider is mainly composed of
coated elliptical 400 MHz cavities operating at 4.5 K. For the collider at point PH, there is an exception at the tt
stage, where 800 MHz cavities are installed to further increase the accelerating gradient achieved with the 400 MHz
cavities.

Figures 8.74 and 8.75 show the cryogenic plant architectures for point PH and PL respectively. For certain
stages that contain two cryoplants, the cryogenic plant architecture includes an interconnection box (QUI) that
couples the refrigeration equipment to the cryogenic distribution line. The interconnection box facilitates a level of
redundancy amongst the refrigeration plants and eases maintenance procedures. The other elements that are shown
in the figures are the warm compressor station (WCS) and the upper cold box (UCB), located on the surface. Also
included is the lower cold box (LCB), located in the cavern. This split box architecture has a temperature cut of
40 K between the two cold boxes, which reduces the hydrostatic losses incurred due to the depth of the tunnel.
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Temperature levels In view of the high thermodynamic cost of refrigeration at 2 K and 4.5 K, the thermal design
of cryogenic components aims to intercept the largest fraction of heat loads at higher temperatures, hence the use
of multiple staged temperature levels. These are:

e 50 K — 75 K for thermal shield as the first major heat intercept, sheltering the cavity cold mass from the bulk
of heat inleaks from the environment.

e 4.5 K normal saturated helium for cooling 400 MHz superconducting cavities.

e 2 K saturated superfluid helium for cooling the 800 MHz superconducting cavities.

The cryomodules (CM) and cryogenic distribution line (QRL) combine several low temperature insulation and
heat interception techniques which will have to be implemented on an industrial scale. These techniques include
low-conduction support systems made of non-metallic fibreglass/epoxy composite, low-impedance thermal contacts
under vacuum for heat intercepts, and multi-layer reflective insulation for wrapping the cold surface.

Heat loads Inward static heat leaks (inleaks) arise from the ambient temperature environment and depend on
the cryomodule design. The current design adopts a fully segmented architecture for both the booster and the
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Table 8.26 Collider heat loads at point PH (as of October’24)

FCC-PH (collider) Z, WW, & H tt

Freq [MHz] 400 400 800
Temperature [ K] 4.5 4.5 2.0
No. of cryomodules 66 66 102
No. of cavities (x4) 264 264 408
Static losses to the thermal shield / CM (no margins) [W] 218 218 120
Static losses to the helium bath / CM (no margin) [W] 131 131 37.3
Dynamic losses / cavity (no margins) [W] 128 129 27.1
Dynamic losses / CM (no margins) [W] 512 516 108.5
Total static losses to the thermal shield (with uncertainty factor) [kW] 21.6 21.6 18.4
Total static losses to the helium bath (with uncertainty factor) kW] 13 13 5.7
Total dynamic losses (with overcapacity factor) [kW] 50.7 51.1 16.6

Table 8.27 Booster heat loads at point PL with an assumed duty cycle of 15% (as of October’24)

FCC-PL (Booster) Z, WW, & H tt
Freq [MHz| 800 800
Temperature [K] 2.0 2.0
No. of cryomodules 28 112
No. of cavities (x4) 112 448
Static losses to the thermal shield / CM (no margins) [W] 103 103
Static losses to the helium bath / CM (no margin) [W] 37 37
Dynamic losses / cavity (no margins) [W] 3 3
Dynamic losses / CM (no margins) [W] 12 12
Total static losses to the thermal shield (with uncertainty factor) [kW] 4.3 17.3
Total static losses to the helium bath (with uncertainty factor) [kW] 1.6 6.2
Total dynamic losses (with overcapacity factor) [kW] 0.5 2.0

collider, where each cryomodule has an independent connection to the cryogenic distribution line. Additionally,
this distribution line is positioned externally to the cryomodule. The thermal calculations for the cryomodules are
based on the thermal performance data of similar cryogenic assemblies.

The heat loads in the RF cryomodules are dissipated in the cavity baths at 4.5 K and 2 K. These heat loads are
determined by both the thermo-mechanical design of the cryomodule and the heat dissipation from the cavities
during operation.

Table 8.26 presents the heat load values for point PH, while Table 8.27 provides the corresponding values for
point PL. The reported values (excluding margins) originate directly from the SRF group. For the booster, these
values are expected to increase, as the final RF cavity voltage and duty cycle have not yet been determined. The
heat loads given in Table 8.27 for the booster assume a duty cycle of 15%. However, duty cycle values across
different working points will range between 15% and 90% and still require finalisation.

Additionally, the reported heat loads do not account for all margins or the dynamic heat loads resulting from
dissipation in the fundamental power coupler and higher-order modes (HOMs). These values are valid for an
installed quality factor of 3.0 x 1019 for the 800 MHz cavities and 2.7 x 10° for the 400 MHz cavities.

Notably, at the tt stage for both point PH (collider) and point PL (booster) there will be 800 MHz / 2 K
cavities. These 800 MHz cavities have different heat loads at the different points. While the static heat loads are
similar, the dynamic losses are very different with 27.1 W/caveonider and 3 W/cavpooster- The dynamic losses are
very different since the collider operates in continuous waves with 27.1 W/caveonider while the booster dynamic
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losses are dependent on the duty cycle. This value is likely to increase following the expected increase of the booster
duty cycle.

Dimensioning the cryoplants requires adding margins to the raw heat loads, by defining and applying two
factors, the uncertainty and the overcapacity. The uncertainty, evolving during the project lifetime, is set to 50%
for the feasibility study and covers the design uncertainties of the cryo facility. It is applied to the static heat
loads. The overcapacity, stable during the project lifetime, is also set to 50% for the feasibility study, and ensures
nominal performance of the cryo facility by covering specific risks such as reduced performance induced by ageing
and operational flexibility. The overcapacity is applied to both the dynamic heat loads and the static heat loads
after the uncertainty factor. Figure 8.76 shows a visual representation of how the margins were applied.

8.5.2 Cooling scheme and cryogenic distribution

The cooling scheme for the cryomodules is represented in Fig. 8.77. The 4.5 K cavity cold masses are immersed
in saturated helium baths, which are supplied by line C. The saturation pressure is maintained by line D, which
recovers the evaporated vapour. The 2 K cavity cold masses are immersed in saturated helium baths, which are
supplied by line A. The low saturation pressure is maintained by pumping the vapour through line B. Each
cryomodule has a dedicated thermal shield and heat intercept circuit cooled in parallel between line E and F.

Table 8.28 gives the size of the main cryogenic distribution system components. The cryogenic distribution line
(QRL) was designed for the final tt stage, making it oversized for the Z, W, and H stages. This design choice was
made to lower installation complexity and costs. A visual cross-sectional view of the QRL can be seen in Fig. 8.78.
A front view of the lengths of the QRL along with other connecting components in the service cavern and LSS
sections can be seen in Fig. 8.80 and Fig. 8.79.

2 K system optimisation Refrigeration of the RF cavities in a 2 K saturated bath involves low-density helium (He)
with process pressures in the 30 mbar range. A series of compressors are required to achieve these pressure levels.
Whenever high mass flow rates of helium need to be treated, performing a large fraction of the compression at
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Table 8.28 Dimensions of the main cryogenic distribution line components

6039

Component Diameter [mm)] Diameter [mm)]
Point PH Point PL
Line A: 1.3 bar, 2.2 K 80 60
Line B: 30 mbar, 2.0 K 345 265
Line C: 3 bar, 4.6 K 120 20
Line D: 1.3 bar, 4.5 K 200 20
Line E: 20 bar, 50 K 80 60
Line F: 18 bar, 75 K 80 60
Vacuum jacket (400 MHz) 550* -
Vacuum jacket (800 MHz) 830%* 600%*
* +100 mm for bellows and flanges.
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Fig. 8.78 Cross sections of point PL (left) and point PH (right) cryogenic distribution line. a) for the cooling of 800 MHz

cryomodules. b) for the cooling of 400 MHz cryomodules
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Fig. 8.79 Collider (point PH) cryogenic plant distribution architecture at the tt stage
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Fig. 8.81 FCC-ee 2 K system distribution architecture options studied, a) and b). CCS being the Cold Compressor System,
RM the Return Module, C-HEX the Centralised Heat Exchanger and D-HEX the Distributed Heat Exchanger

low temperatures allows operating with a higher density, effectively limiting the size of the compressors. During
tt operation of FCC-ee, about 550 g/s or 250 g/s [384] per train will need to be pumped at points PH and PL,
respectively. In both cases, a cold compressor system (CCS), composed of a series of centrifugal compressors, will
be required to provide the compression back to semi-atmospheric levels (=~ 400 mbar). From previous studies, it
is considered that a CCS of 12 kW at 1.8 K is feasible [385, 386]. This translates into a mass flow rate of about
500 g/s with one train of four compressors at a suction pressure of 16 mbar. Addressing FCC-ee needs, the suction
pressure of such a CCS can be increased as the saturation temperature desired is 2 K. This leads to slightly higher
densities and, hence, allows operation with slightly more than 500 g/s mass flow rates.

The lower the design suction pressure of a CCS is, the more compression stages may be required to reach
semi-atmospheric levels, further increasing the system’s complexity. Since the cavities are cooled by a saturated
He-II bath [387], the furthermost 2 K cryomodule will need to be at the saturation pressure of helium at 2 K,
that is, at 31 mbar. The pressure drop along the distribution line to that cryomodule needs to account for this
and must be minimised so that the suction pressure at the inlet of the CCS is kept as high as possible. The design
goal is to limit the total pressure losses such that the suction pressure of the CCS stays above 22 mbar. Out of the
9 mbar of available pressure drop, 7 mbar is left as a margin for heat exchangers, elbows and valves, and 2 mbar
is set as a design criterion for sizing the very low pressure (VLP) return line or line B in Fig. 8.81. The choice of
2 mbar provides a good compromise for the CCS suction pressure and the overall size of the VLP line. Limiting the
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Fig. 8.82 FCC-ee proposed helium recovery system (HRS) concept

pressure drop further could hinder the already difficult distribution line integration in the 5.5 m diameter tunnel,
where the space is very limited due to the presence of both booster and collider machines.

Ensuring a thermodynamically well-adapted architecture is essential to reduce the high cost associated with
such a system. Several architectures have been assessed and compared so far, with the goal of finding the optimum
choice when considering both energy and integration constraints. Figure 8.81 shows the two main options that are
being considered.

The current calculations for the cryoplants and QRL are based on the preliminary architecture choice of the
C-HEX design. An energetic optimisation was performed [388] to justify the preliminary architecture choice. The
conclusions of the study showed that choosing a D-HEX based architecture means only a 1.3% increase in total
cryoplant size and energy consumption of FCC-ee. The main gain of the C-HEX option is the smaller size of the
VLP return line, as well as the central location of one single HEX, reducing the number of components in the
tunnel and easing the overall integration. This conclusion is subject to achieving high-efficiency on a C-HEX twice
as big as the current state of the art. The current calculations for the cryoplants and QRL are based on the C-HEX
design.

Helium recovery system The latest available cryomodule inventory values are 55 kg of He at 2 K per 800 MHz
cryomodule, and 116 kg of He at 4.5 K per 450 MHz cryomodule [387]. Because the SRF cavities are low-pressure
rated devices, the risk of inventory loss in a non-nominal scenario is high. Without a recovery system the pressure
inside the helium tank of the cryomodules would start building up, in the case of non-nominal operation, eventually
reaching the set pressure of the pressure relief valve first, then ultimately the burst disc. The latter is the main
safety component, preventing the cavity from sustaining any mechanical damage. The scenarios that could lead to
such a situation are:

 Scenario 1: Isolated cryomodule(s) from the cryoplant due to a malfunctioning valve.
o Scenario 2: Loss of the full sector cooling capacity (e.g., due to a power outage).

e Scenario 3: Beam vacuum break.

e Scenario 4: Insulation vacuum break.

Scenarios 3 and 4 generate very high mass flow rates due to the large heat load that appears after a vacuum
break. Therefore, these are to be addressed with the pressure relief devices alone. The helium recovery system
(HRS) will cover Scenario 1 and 2, which consist of only inherent static heat loads. The concept proposed for such
a system is depicted in Fig. 8.82 and has been presented in detail in [388].
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Table 8.29 Point PH

cryoplants and their staging, Z, WW, & H tt
including an overcapacity
margin factor of 1.5 Type C1 C1+ (Upgrade of C1)
Schema See Fig. 8.83 (a) See Fig. 8.83 (b)
50-75 K, kW per cryoplant 23.7 37.5
4.5 K, kW per cryoplant 36.4 36.6
2.0 K, kW per cryoplant - 13.0
Nominal equivalent cooling capacity at 39.4 82.0
4.5 K per cryoplant [kWeq]
Number of cryoplants required 2 2
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Fig. 8.83 Point PH cryoplant architecture at Z, WW and H (a), and tt (b)
Table 8.30 Point PL -
Cryoplants and their staging, Z, WW, & H tt
including an overcapacity
margin factor of 1.5 Type B1 B2
Schema See Fig. 8.84 (a) See Fig. 8.84 (b)
50-75 K, kW per cryoplant 14.4 16.9
4.5 K, kW per cryoplant - -
2.0 K, kW per cryoplant 3.6 6.1
Nominal equivalent cooling capacity at 13.3 22.0
4.5 K per cryoplant [kWeq]
Number of cryoplants required 1 2

8.5.3 Cryogenic plants

Table 8.29 and Table 8.30 give the nominal cooling capacity per cryogenic plant required at the various temperature
levels for the technical points, including an overcapacity margin factor of 1.5.

8.5.4 Cryogen inventory and storage

The cryogenics system for the RF points will require helium and nitrogen. Nitrogen will only be needed for the
regeneration of absorbers and dryer beds. Consequently, one standard 50 m? liquid nitrogen (LN3) reservoir is
planned for each point PH and point PL. The helium inventory is mainly driven by the cryomodule cold mass
baths and the cryogenic distribution system. The combined helium inventory of point PH (collider) and point PL
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Table 8.31 Inventory of
helium and its storage for
the FCC-ee RF points

Table 8.32 Static and
dynamic heat load sharing
for the different FCC-ee
phases
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Machine Z, WW & H tt
Cryomodules (t) 9.2 19.4
Distribution (t) 5.0 6.0
Cryoplant (t) 3.2 7.2
Total (t) 17.4 32.7
No. of 250 m* MP storage tanks at point PH (collider) 21 34
No. of 250 m* MP storage tanks at point PL (booster) 4 12
Total No. of storage tanks (41 auxiliary tank) 26 47
FCC-ee Machine 7Z, WW & H tt
Point PH PL PH PL
Static heat loads at 4.5 K [kWeq] 24.8 10.4 54.8 32.5
Dynamic heat loads at 4.5 K [kWeq] 54.0 2.9 109.2 11.6
Total heat loads at 4.5 K [kWeq] 78.8 13.3 164.0 44.1
Dynamic heat load percentage 68% 22% 67% 26%

(booster) is 17.4 tons for the Z, WW, and H stage and 32.7 tons for the tt stage. The storage will be provided
using 250 m® medium-pressure (MP, 18 bar) storage tanks, the total number of storage tanks required can be

found in Table 8.31.

8.5.5 Economic mode for energy savings

One of the particularities of the FCC-ee is the large difference between the static and the dynamic heat loads that
the cryogenic system must handle. The dynamic heat loads represent between 22% and 68% of the total heat loads
depending on the machine stage and RF point. See Table 8.32, where details are given.

Due to the proportion of large dynamic heat loads and the requirement to maintain the RF cavities at cryogenic
temperatures (<5 K) throughout the years between the long shutdowns (LS), the cryogenic systems must be
designed in such a way that the electrical and water consumptions are optimised throughout the year.
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Table 8.33 Cryogenic

system electrical energy PL and PH plants Z, WW & H t
consumption per year
Full power [MW elec] 20.3 45.8
Eco power [MW elec] 7.6 12.9
Elec energy/year [GWh] no eco mode 177.4 401.0
Elec energy/year [GWh] with eco mode 138.1 298.3
Electrical energy savings per year 22% 26%

The cryogenic system must deliver full power during the physics, commissioning, and machine development
(MD) periods. During these periods the RF cavities need to be fully operational at top energy. During the end-
of-year technical stops (YETS) and the technical stops (TS), all RF cavities (including the 800 MHz cavities at
2 K) will be switched off and maintained at 4.5 K using an economic mode of the cryogenic plant. During this
economic mode, there will be only static heat loads from the RF cavities. In the current evaluation of the FCC-ee
yearly operation [4], around 36% of the time could be operated with such a cryogenic economic mode as depicted
in Fig. 8.85.

To allow these energy savings, the cryoplants must be designed taking into account these different operation
modes. The coefficients of performance (COP) of the cryoplants must be optimised for the full power mode and the
economic mode, where a reduced cryogenic power will be delivered. To achieve this objective in partnership with
the cryoplant manufacturers, different solutions will be studied and developed. For instance, specific piping and
some additional cryogenic equipment will be needed, such as smaller warm compressors with variable frequency
drives and specific turbines that could be operated efficiently during this economic mode. A COP-1 of 220 Wjee /W
at 4.5 K for the full power mode and a COP-1 of 250 Wi /W at 4.5 K for the economic mode were considered
for this report.

Because of the economic mode, the cryogenic system will consume less power during the YETS and TS periods.
The energy consumption per year for the FCC-ee cryogenic system is shown in Table 8.33. The table includes
both scenarios with and without the implementation of an economic mode. By using the economic mode, electrical
energy savings of up to 26% can be achieved. Note that the cooling water system dedicated to cryogenics will also
be alleviated in about the same proportion.

8.5.6 Cryogenics for experiments and MDI region

Concept The experiment points PA, PD, PG and PJ each have a detector cryoplant that covers the needs of the
detector magnet, as well as a second IR cryoplant for the machine detector interface (MDI) region magnets.

Figure 8.86 shows the loads expected for the detector and IR cryoplants. In yellow is the 2 T detector solenoid,
which will be cooled by a dedicated detector cryoplant. The other loads, represented in blue, will be covered by
the IR cryoplant. These loads remain under study, but could include the MDI magnets, which contain focusing
quadrupoles (QC**), compensating and screening solenoids, as well as the crab sextupoles (SY**). One of the
detectors will also include a liquid argon calorimeter and its associated liquid nitrogen cryoplant.
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Basic parameters The current working scenario has the following cryoplants:

o Four cryoplants for the detector solenoids. CMS-like 1.5 kW¢q at 4.5 K plants are considered as an envelope
case following the latest FCC experiment sites civil engineering and technical infrastructure review

e Four cryoplants for the IR area magnets. Further details on heat loads and the mechanical design of the cryostat
will define the cryoplant size and architecture.

¢ One nitrogen liquefier for the detector containing the liquid argon calorimeter. An ATLAS-like 20 kW at 80 K
plant is considered at this stage.

8.5.7 Cryogenics for alternative solutions

An alternative solution currently under study aims to exchange all the short straight section (SSS) warm magnets
(arc quadrupoles, arc sextupoles and correctors) with superconducting ones based on ReBCO HTS tapes. The main
goal of this alternative solution is power reduction. It also envisages nesting the quadrupoles and the sextupoles.
Saving space and relaxing the RF system requirements and costs. The proposal involves 2900 distributed cryostats,
each being 3.5 m long, affecting some 11% of the entire machine. The operating temperature is currently defined at
40 K [389]. The adoption of this solution would have a large impact on the amount of cryoplants and distribution
lines that would be needed.

8.6 Transport

8.6.1 Equipment transport requirements

The transport of equipment within the underground facilities is a key activity during the installation phase. Given
the current stage of the study, some of the data collected remains partial. Therefore, assumptions have been made
based on similar existing projects. The identified requirements have been consolidated in the document Transport
Requirements [390].

The types of items considered in the preliminary transport study include:

o Accelerator components (magnets, supports, beamstrahlung dump system);
e Power converters;

e Electrical equipment;

e Cryogenic equipment;

e Cooling and ventilation equipment.

Among these, the collider and booster ring components have the greatest impact on the design of the transport
vehicles. To keep underground installation time as short as possible, certain components, such as quadrupoles and
sextupoles, will be pre-assembled on a supporting structure at the surface and then transported as a single unit
(QSS unit), as illustrated in Fig. 8.87.

The weight of the QSS unit is expected to be close to 14.5 t for a length of 7 m, which represents the maximum
load that the vehicle will lift. The dipoles will be transported stacked in groups of three, with an overall weight
close to 16 t and a length of approximately 12 m. The beamstrahlung dump system is also significant in terms of
weight and dimensions, a specific preliminary study has been conducted on this topic and is summarised in the
present report Sect. 8.6.1. The other elements considered are more standard (mainly pipes, racks and cable reels)
and will be transported by electric tractors and trailers as is usual for CERN accelerators.

Overhead cranes and shafts Overhead cranes will be installed in almost every surface building and within the
service caverns to facilitate handling operations during both the installation and operation phases.
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Fig. 8.87 Quadrupole with
two sextupoles and the i
supporting girder (QSS unit) ;

Table 8.34 List of overhead cranes

Building Location Capacity [t]
Assembly hall SXT 120
Head-Shaft building SD' 75
Head-Shaft building SD* 25

Tunnel and service areas ventilation building SU Surface 7.5
Experiment ventilation building SUX' 7.5

Cooling plant SF 3.5

Power converters building SR 5
Compression station SHY 20

Service cavern Underground 20

T Only in the experiment points

% Only in the technical points

This type of equipment is generally preferred over floor-based handling machines, such as forklifts or telehandlers,
as it offers several advantages. In terms of safety, the suspension point is located above the object being handled,
reducing the risk of accidental collisions or tipping. From an operational perspective, overhead cranes provide
greater positioning precision, ensuring more controlled and efficient handling. The use of overhead cranes eliminates
the need for wide aisles for manoeuvring and high floor load capacities, leading to potential cost savings in
infrastructure design and implementation.

Table 8.34 contains the list of the overhead cranes foreseen to be installed in the facilities of the experiment
and technical points.

The overhead cranes will comply with the relevant European Directives (currently the Directives 2006/42/EC
[391], 2014/30/EU [392] and 2014/35/EU [393]) and the CERN Safety Rules. According to the expected frequency
of use (intensive during the installation phase, very low during the operation phase) and the load spectra (the
maximum load will rarely be lifted), they will be considered as light /medium duty overhead cranes and classified
as A4-M4 according to the FEM (European Materials Handling Federation) guide 1.001.

The hoist design will incorporate specific features to ensure that the crane is suitable for handling fragile
components with high precision in positioning. The hoist will be equipped with two ropes, ensuring that the hook
is lifted and lowered without horizontal drift, thereby minimising the risk of unintended movement. Additionally,
all motors will be driven by inverters, allowing for smooth acceleration and precise control during lifting and
lowering operations.

The speed values will be set in the following ranges:

o Lifting speed: 8 to 10 m/min;
o Cross-travel speed: 12 to 15 m/min;
o Long-travel speed: 15 to 20 m/min.
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Table 8.35 Characteristics

of shaft cranes Overhead crane Sites Capacity [t] Lifting height [m]
Assembly hall crane PA, PD, PG, PJ 120 253
Head-shaft building crane type A PB, PH, PL 25 253
Head-shaft building crane type B PF 25 400
Head-shaft building crane type C PA, PD, PG, PJ 75 253
Fig. 8.88 Concept of shaft
crane
Tk I -l T
o - LY . k] W -
tha ' % L ;) 5
I rll ) I.T -
.J— i i 1:1:'

Each building layout will ensure safe access to the cranes during preventive and corrective maintenance (e.g., a
walkway at the side of the railway). Access to any position where the crane may stop in the event of a breakdown
will be possible.

Shaft cranes The overhead cranes installed in the assembly halls and in the shaft-head buildings will require a
bespoke design due to their particular lifting heights, as shown in Table 8.35. The overhead cranes in the SD
buildings of the experiment points have a capacity of 75 t in order to allow the handling of the FCC-hh magnets in
the future. This will avoid expensive modifications of the cranes and buildings arising from increasing the capacity
from 25 t to 75 t.

To minimise the overall dimensions of the hoist while accommodating the required rope length, the cranes
will be equipped with two trolleys, each capable of lifting approximately 55% of the crane’s total capacity. When
handling a full-capacity load, both trolleys will operate together, using a spreader beam (see Fig. 8.88).

Each trolley will house two independent hoisting units (motor — gearbox — rope drum) that support the hook
block. Under normal operating conditions, both hoists will function simultaneously, with the rope winding evenly
across both drums.

This configuration provides mechanical redundancy in the event of a hoist component failure. If any component
of one hoist malfunctions and prevents normal operation, the other hoist will still be able to complete the lifting
operation. In such a scenario, the rope will be wound on the functioning drum in a double-layer configuration,
ensuring continued operation and safety.

The design of the shaft cranes will also include the following specific features:

e Emergency brake on each rope drum to avoid dropping the load should any element of the hoisting drive chain
fail;

e FEM classification of the hoist gearboxes: M8

» Hoisting speed at full load: 15 m/min - hoisting speed without load: 30 m/min

« Laser sensors, encoders and a programmable logic controller (PLC) to control the hook position at any moment.

The cranes will also be equipped with a dedicated monorail, installed below one girder, hosting a traversing
trolley on which a platform is suspended. The platform allows personnel access inside the shaft in both the
construction and operation phases to install or maintain the technical infrastructure (e.g., ventilation ducts).
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Fig. 8.89 Transport and
installation of a QSS unit

(b)

In the coming five years, CERN will also test a new technology for the lifting ropes, based on textile ropes
instead of steel ropes, which reduces the overall weight suspended from the structure of the crane and, therefore,
optimising the overall crane design and cost.

Underground transport vehicles The diversity of magnets to be transported creates a number of different require-
ments for the transport and handling technology in the tunnel. The basic principle will consist of two types of
trailers, which are specially equipped with the technology required for the particular magnet transport and magnet
handling. A detailed study is accessible in Ref. [394], based on QSS units of 11 t and dipoles of 3.7 t. In 2024 the
design of the magnet has been updated with QSS units of 14.5 t and dipoles of 5 t, however, this change does
not have a significant influence on the design of the vehicle, the main outcome being that the outer width may
increase by 200 mm maximum, which still fits inside the transport volume.

The underground transport vehicles will be composed of convoys, each consisting of two tractors that can move
in both directions and a specialised trailer designed for transporting and handling magnets within the regular arcs.
There are two main categories of magnets and assemblies to be transported, both for the collider and the booster,
each with specific weight distribution characteristics requiring adapted trailers. The dipole magnets are long and
relatively light, with a unit weight of 5 t and 12 m long, whereas the QSS units are shorter and heavier, weighing
up to 14.5 t and 7 m long.

The tractors and all actuators on the trailers will be fully electric, eliminating exhaust gas emissions and reducing
noise in the tunnel during magnet assembly. The tractors and trailers will be powered by battery systems, requiring
the installation of charging stations in the service caverns to allow recharging during vehicle downtime periods,
such as magnet loading and maintenance. The battery-powered approach is preferred compared to a conductor
rail system, as it provides greater flexibility, requires no additional tunnel infrastructure, and enhances safety by
eliminating exposed live electrical components. Additionally, battery technology is expected to improve in capacity
and reliability in the coming years, further strengthening this choice.

The specialised trailers will be loaded with magnets at the base of the service cavern shafts, which will be
equipped with the necessary infrastructure for lowering them into the tunnel. Autonomous driving will be imple-
mented for the journey from the shaft/loading area to the installation points in the tunnel, minimising personnel
requirements and improving operational efficiency.

To accommodate vehicle movements, enlargements are planned at every alcove, following a fixed pattern de-
termined by the alcove locations. These enlargements will allow vehicles to pass or overtake when necessary, and
can also serve as evacuation points in case of an emergency. However, the baseline approach for magnet transport
is to operate overnight without personnel present in the tunnel, thereby avoiding co-activity with workers. While
interventions by personnel during magnet transport have not been entirely ruled out, additional compensatory
safety measures would need to be implemented to ensure proper evacuation procedures in such cases.

The handling technique relies on three-axis movement. First, the components are lifted vertically from the
trailer. Once at the required height, a movable arm equipped with gripping technology places the components onto
jacks. Finally, a fine longitudinal adjustment can be made using the gripper, ensuring precise positioning of the
magnets.

Transport of quadrupoles and sextupoles The QSS unit represents the biggest weight requirement for the equipment.
The special trailer (shown in Fig. 8.89) which has the capability to carry the QSS unit is equipped with a damping
system that protects the load from small bumps in the surface of the carriageway during travel through the tunnel.
Hydraulic cylinders (alternatively electric cylinders) will be used by the handling system to generate the necessary
force to move the load to its final destination. The hydraulic cylinders perform the main movements while placing
the steel girder on top of alignment blocks.

Motors on the gripping system will allow the final fine adjustment longitudinally, due to the limitation in
accuracy of the positioning of the whole convoy (as shown in Fig. 8.90).
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Fig. 8.90 Detail of the gripping system ...-—‘ /v—‘
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Fig. 8.91 Transport and installation of 3 dipoles

Transport of dipoles The dipoles are nearly 12 m long and are the longest items to be transported; they require
dedicated equipment for their transport and handling. The trailer which is planned for carrying the dipoles has
the capability to carry three dipoles at one time, thereby increasing transport efficiency (see Fig. 8.91).

To enable the transport of three dipoles as a single load, the dipoles will be stored in a specially designed rack.
The rack can be raised and lowered by the spindle lifting gear so that the handling system can always pick up the
dipoles and place them in their final destination from one position.

Transport of booster ring components The components of the booster ring are mounted above the collider ring.
The trailers for the dipoles can install magnets on both the collider and the booster, the same strategy applies for
trailers dedicated to the QSS units.

Lifts The lifts will comply with the relevant European Directives (currently 2014/33/EU [395]) as well as CERN
Safety Rules and EN standards. The lifts will use state-of-the-art technologies like those used in high-rise buildings,
which already cover heights of up to 450 m. Two lifts will be installed at the technical points in each of the four
shaft-head buildings, while four lifts will be installed at the experiment points within the service shafts in each of
the four shaft-head buildings. Lifts are the only authorised means of personnel access to and from the underground
areas, making their reliability and safety critical. To enhance safety, the lift shaft concrete modules will be over-
pressurised, preventing the ingress of contaminants or smoke in the event of an emergency.

The lifts will be powered by the secure power network, ensuring they remain fully operational even in the event
of a failure of the standard electrical network. To further improve safety, operational efficiency, and maintenance
availability, each lift shaft module will be equipped with two lifts, providing redundancy and easing access and
maintenance operations.

The lift capacity and speed have been determined based on the results of evacuation simulations [396]. A
maximum cycle time of 4 minutes has been defined, covering the entire process from people entering the lift,
travelling from underground to the surface, and exiting the lift. This calculation assumes a shaft depth of 400 m
and a lift speed of 4 m/s.

During the LHC programme, approximately 80% of the non-machine components were transported using lifts,
suggesting that a similar proportion will apply to FCC. After evaluating different options, lifts with a 3 t capacity
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Fig. 8.92 FCC-ee Layout including machine tunnel widening areas

were chosen as the baseline solution, as they offer the best cost-to-capacity ratio while meeting the project’s
operational and logistic requirements.
The main characteristics of a lift are:

o Speed: 4 m/s;

o Capacity: 3000 kg/38 persons;

o Shaft height: (up to) 400 m;

o Car (length x width x height): 2700 mm x 1900 mm X 2700 mm;
o Door (width x height): 1900 mm x 2700 mm;

e Shaft width: 2750 mm;

e Shaft length: 3750 mm,;

e Headroom: 7700 mm;

e Pit depth: 5900 mm.

Preliminary detailed handling studies in LSS sections in PA and PB The underground areas, identified as ‘Ma-
chine tunnel widening’ areas in Fig. 8.92, are zones where handling processes will be studied in detail since the
configuration of the machine elements is different from the regular arcs. The input from the beam optics induces
tunnels with specific configuration and handling challenges.

Studies based on the preliminary design of the beamstrahlung dump system, located 500 m away from the
interaction point on each side of each experiment cavern, have been performed to determine the possible handling
process and equipment to install it. The same conceptual study was performed for PB, hosting the beam dump
system of the collider and the booster. Details can be found in Ref. [397]. The handling and installation of the
beamstrahlung dump system is feasible using a mobile crane and a standard electric tractor pulling a trailer.
This avoids the installation of an overhead crane above each system, allows the reuse of the mobile crane for the
installation of several systems, and helps reduce the size of the cavern required to install this system (see Fig. 8.93).

Due to the limited space between beam lines in the area, the handling and installation of components in PB
will be done by overhead cranes above the beam lines and beam dumps. Specific overhead cranes with a capacity
of 20 t will be installed above each beam dump system to allow their installation and maintenance, as their weight
is significantly higher than the elements of the beam lines estimated to be up to 5 t (see Fig. 8.94).

Once the final design of the machine components in this area is available, a detailed handling study will be
performed in order to determine the most optimised handling strategy both for the installation and operation
phase.
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Fig. 8.93 Handling study for
the beamstrahlung dump
system

Fig. 8.94 Handling study in
point PB, beam lines are
highlighted in green

8.6.2 Logistics

Material flow simulation Logistics is of great importance for the construction, assembly, and operation of the FCC.
An event-discrete material flow simulation study has been conducted to integrate all the dynamic interdependencies
to create a robust schedule, identify bottlenecks and potential improvements, and estimate the resources required.
Figure 8.95 shows the tunnel model which was developed. In addition, the corresponding necessary process flows and
dependencies were defined and abstracted so that they could be integrated into the digital model. The simulation
was run using Tecnomatix Plant Simulation®.

The underlying input parameters and handling strategy are described in Ref. [394]. Several sets of simulations
were developed, allowing the identification of the optimised scenario: the dipole magnets will be handled through
the experiments point service shafts, the QSS units will be handled through the technical points service shafts.
This allows the workload of the shaft cranes to be balanced and optimisation of the overall arc transport time.

The main final outcome is that the effort required to handle the dipole magnets from experiment points to their
final location in the arcs is 1200 man-hours or 75 days working in two shifts. The effort required to handle the QSS
assemblies from the technical points is 1392 man-hours or 87 days working in two shifts. This result is compatible
with the original assumption of 100 days duration and provides contingency in case of failure or logistic chain
discontinuity. The workload of the shaft cranes allows the installation of two arcs from the same surface point to
be performed in parallel, if the final schedule requires doing so. At the beginning of the simulation, it is assumed
that the tunnel civil engineering has been completed and the general services technical infrastructure (cooling and
ventilation, cabling, supporting jacks etc.) is installed so that the tunnel is ready for magnet transport. The logical
flow of the programmed process is illustrated in Fig. 8.96.

The quadrupoles and sextupoles are pre-aligned on the girder and assembled into transport units. As described
earlier, three dipoles can be grouped and transported simultaneously as a dipole pack. The magnet transport
vehicle is designed to carry one QSS unit or one dipole pack at a time. During magnet transport operations, no
other traffic will be present in the tunnel to ensure safety and efficiency.
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Fig. 8.95 Tunnel model developed for logistics studies

Fig. 8.96 Programmed logistic process

To enable continuous transport operations, a variable number of magnets can be stored underground at the
bottom of the shafts. Simulations indicate that a buffer of three QSS units or three dipole packs in the underground
service cavern allow smooth operation. Expanding this buffer to 16 dipole packs and 8 QSS units would provide
a one-day operational margin, mitigating potential disruptions in the surface logistics chain.

Magnet transports will not be scheduled to pass through areas where installation teams are actively aligning and
connecting the magnets, as this approach optimises transport times. While co-activity of simultaneous transport
and installation could be possible by reducing convoy speed to enhance safety, it is not included in the baseline
plan due to its impact on efficiency.

The collider ring and booster ring can be installed simultaneously during the same installation phase, thanks
to the flexibility of the trailers. On the surface sites, storage areas are planned near each shaft, with a capacity of
two days (equivalent to 32 dipole packs or 16 QSS units) to facilitate direct crane loading.

It is important to note that the time required for aligning and connecting the magnets remains an estimate at
this stage. As a result, any conclusions drawn based on this parameter should be interpreted with caution.

Magnet production flow simulations As detailed in Ref. [398], the anticipated manufacturing timelines for dipoles,

quadrupoles, and sextupoles are aligned with the current FCC-ee installation schedule. By targeting an average
production throughput of 18 magnets per day, manufacturing and installation can proceed in parallel, ensuring
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timely deliveries while allowing sufficient time for R&D and procurement activities prior to full-scale production.
This assessment confirms that the planned manufacturing rates are adequate to support the on-time installation
phase, demonstrating the overall feasibility of the FCC-ee magnet production strategy.

Surface transport of 240 t transformers and 60 t magnets The transport of equipment exceeding 24 t in a single
unit requires an exceptional convoy and, in some cases, modifications to public roads to ensure feasibility. The
heaviest piece of equipment identified in the project is the high-voltage transformers to be installed at sites PA,
PD, and PH. A study [399] has confirmed that these transformers can be transported to site PH via four different
routes with exceptional convoy procedures and limited modifications to public roads.

The second heaviest equipment in the project consists of the cryo-dipoles for the FCC-hh machine, which have
according to today’s estimates a unit weight of approximately 60 t and a length of 15 m. A separate study [400]
demonstrated the feasibility of transporting these magnets to their final destination along the last kilometres
leading to sites PA, PD, PG, and PJ, where service shafts are sufficiently wide to accommodate the handling of
15 m-long magnets.

Overall surface road transport volumes for FCC-ee installation The scenario involves logistical planning for the
transport of equipment on public roads. A key consideration is limiting the potential impact of daily transport
operations. The most transport-intensive phase will be the magnet installation, during which the daily traffic per
site is expected to remain below 10 trucks per day under the current schedule. This corresponds to an average of
approximately one truck per hour, ensuring a steady, manageable flow of transport. Further details on transport
logistics and planning can be found in Ref. [401].

Handling for experiments Handling activities in the experiment caverns will be conceptually similar to those
currently carried out for the LHC Experiments. Detector components will be lowered to the cavern from the
assembly hall through the shaft directly connecting the two facilities; this will be done with the overhead cranes
installed in the surface hall. The components will then be handled with two overhead cranes installed inside
the experiment cavern; each of them will have a capacity of 20 t. These overhead cranes will have the same
characteristics as described in Sect. 8.6.1 plus the additional features listed below:

e the hoist gearbox will include a differential unit which allows the installation of a second hoist motor; this
motor will be used for operations at very low speed (of the order of 0.3 m/min) which is usually requested for
the precise assembly of detector components;

e an emergency brake on the rope drum to avoid dropping the load if any element of the hoisting drive chain
fails.

Personnel access to the various parts of the detectors will be facilitated by mobile elevating working platforms
(scissor and boom lifts).

8.6.3 Personnel transport

Requirements for personnel transport vehicle Throughout all stages of the life cycle, personnel will need to be
transported from the vertical shafts to their designated workplaces. Following the handover of the shafts and
tunnel from civil engineering, the installation of general infrastructure, such as electrical cabling, cooling, and
ventilation, will take place, followed by the placement and connection of magnets. Various specialists will be
required for these installation tasks, with the number of personnel varying depending on the specific phase of the
project.

Once the collider is in operation, there will be technical and unplanned stops during which maintenance teams
will enter the tunnel for repairs, inspections, and system upgrades. The safety requirements for personnel transport
are outlined in Sect. 9.4.1, and further details can be found in Ref. [394].

The maximum distance between two shafts is 11 km, meaning that when some shafts are closed for access, the
longest round-trip distance for personnel transport could be 22 km. To ensure efficient transport and minimise
travel time, vehicles should be capable of speeds up to 30 km/h.

Fire doors installed in the tunnel define the maximum permissible vehicle size. Personnel transport vehicles
should be able to pass each other to avoid blockages during evacuations and provide operational flexibility. The
maximum driveway width is 2.2 m, and the maximum allowable vehicle height is 2.25 m. This allows vehicles to
have a maximum width of 0.8 m, ensuring a 0.2 m clearance between vehicles as they pass, as well as between the
vehicles and tunnel walls or machine equipment (see Fig. 8.97).

Based on these requirements, a design of a vehicle for four people has been established (see Fig. 8.98), the other
constraint being the length of the vehicle to ensure maneuverability inside the tunnel (see Fig. 8.99).

The vehicles should be capable of autonomous driving using contour navigation, minimising the need for ad-
ditional infrastructure. However, manual steering should remain an option for emergencies, maintenance, and
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Fig. 8.97 Concepts of vehicle circulation in the regular arc
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Fig. 8.98 Dimensions of the

conceptual design of the

personnel transport vehicle = R —

Fig. 8.99 Illustration of manoeuvre of personnel transport vehicles in and out parking place

operational flexibility. The vehicles will be battery-powered, with an estimated range of approximately 200 km
based on an available volume of 216 L. This autonomy is sufficient, allowing for over six hours of continuous
operation at full speed or nine round trips along the maximum distance of 22 km. During peak times, up to 200
people may be present in a single sector, requiring 50 vehicles per arc, with designated parking positions in each
alcove (see Fig. 8.99).
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Fig. 8.100 Obstacle
detection systems

Operation concept The concept of operation requires a distinction between the installation and operation phases
of the accelerator, as each has distinct conditions. During installation, large quantities of materials must be
transported to specific work sites, following a clear workflow. In contrast, the operation phase involves maintenance
and other tasks distributed throughout the entire tunnel.

The main challenge during the installation phase is the simultaneous transport of materials and personnel
within the tunnel. To minimise interference, the most effective approach is to prevent intersections of material
flow. The baseline strategy for the magnet installation phase - the most transport-intensive phase - is to schedule
material transport operations overnight while installation work takes place during the day. This method ensures
better coordination and reduces congestion in the tunnel.

This night-time transport strategy can also be selectively applied to other phases where material movement
is expected to be significant, such as the delivery of cables and pipes before their installation. However, in some
cases, the presence of personnel near moving vehicles will be unavoidable during installation activities.

To enhance safety, personnel transport vehicles will be equipped with collision avoidance systems to detect
and prevent accidents involving workers and obstacles within the transport zone. These systems will account for
potential hazards, including toolboxes, materials, or personnel, ensuring safe and efficient tunnel operations (see
Fig. 8.100).

The speed of the vehicles will be reduced in zones where activity is detected, ensuring safe coexistence of
movement and ongoing work. For both the installation and operation phases, two scenarios for personnel transport
can be defined:

e Groups of people use a vehicle assigned to them, after drop-off the vehicle will park in the closest alcove during
the whole stay in the tunnel,

e Groups of people use a vehicle to get to their place of work, the vehicle then moves somewhere else to pick up
the next team.

The two scenarios will be used depending on the type of work to be performed. The first scenario will be
typically the one used for punctual work in several locations, the second being more dedicated to teams working
in a fixed place.

Evacuation concept The personnel transport vehicles will be parked in the lay-by zones of the alcoves. The maxi-
mum number of workers per arc is limited to 200, meaning that up to 50 vehicles may be required per arc, ensuring
that each worker always has an assigned seat in a vehicle for evacuation purposes. Figure 8.99 illustrates how seven
vehicles can be parked in the small lay-by zones, providing a storage capacity of 49 vehicles per arc. Additionally,
20 vehicles can be parked in the service caverns at each point, offering contingency parking spaces to support
traffic management.

The current installation schedule foresees work being carried out simultaneously in all eight arcs, requiring a
maximum of 400 personnel transport vehicles across the entire accelerator. However, further studies on detailed
installation scenarios may help optimise this number, particularly if it is possible to reduce the number of personnel
present in a single arc during certain phases. Such an optimisation would require a real-time personnel and vehicle
tracking system, ensuring that each worker always has a seat available in an evacuation scenario.
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Current state of investigation Ongoing studies have led to the design of a vehicle that meets all dimensional,
manoeuvrability, and autonomy requirements. The main challenges associated with these vehicles are their au-
tonomous driving capabilities and the management of the fleet, both for daily operations and emergency evacua-
tions.

CERN has prior experience with autonomous driving technologies. In addition, the industry has made signifi-
cant advances in autonomous vehicle technology, with some manufacturers offering autonomous forklifts capable
of operating safely alongside personnel. Modern factories, such as for example car manufacturing plants, are to-
day typically deploying autonomous vehicles alongside human personnel. The challenge will be to integrate this
autonomous functionality into a custom-designed personnel transport vehicle.

Fleet management presents another key challenge, as it requires integrating data from multiple systems, includ-
ing safety systems, personnel tracking, and vehicle localisation. This integration will allow a centralised system to
issue real-time instructions to each vehicle, ensuring efficient operations under normal conditions and coordinated
response in case of evacuation. The development of this system will be addressed in a later phase.

8.7 Communications, computing and data services

The following sections outline the key components required for the computing infrastructure of the FCC, based
on the Future Circular Collider Conceptual Design Report, Volume 3 [10]. These sections detail the equipment
and infrastructure necessary to support data, voice, and radio communications, as well as the broader computing
infrastructure. The document has been developed drawing on experience from previous colliders, particularly the
LHC, to ensure a robust and efficient design.

The set of services and users was introduced in Ref. [10]. For completeness, it is depicted in Fig. 8.101.

8.7.1 Communication services

The FCC will require the same communication services portfolio as provided at the LHC. These services include:

e The site-wide campus network, including Wi-Fi coverage,

e The high-performance data centre network,

e The dedicated technical network supporting accelerator operations and control networks for experiments,
e CERN'’s fixed and mobile telephony services,

e« The TETRA digital radio service for the Fire Brigade and site guards, and

e Support for IoT devices, including a LoRaWAN infrastructure.

o WhiteRabbit network for timing distribution and synchronisation of all accelerator machines.

e Access control and video surveillance systems

o CERN Safety Alarms Monitoring (CSAM) system

To support the diverse services and technologies required for communications, three independent infrastructures
will be deployed within the FCC facilities to enable data, telephony, and radio networks. While these three
communication systems operate on separate network equipment, they will all rely on a shared fibre infrastructure
that will interconnect the FCC’s surface and underground facilities with the rest of CERN.

It is important to note that the choice of fibre infrastructure will have a significant impact on the equipment
and associated costs required to implement data, telephony, and radio services.

The following sections present the fibre infrastructure solutions currently under consideration for the FCC,
along with the requirements for data, telephony, and radio networks.

8.7.2 Fibre network deployment

Three different possibilities are being evaluated:
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e Deploy the cables on the surface. This might be very complicated, given the size of the FCC and the distances
between the points. Laying the cable on the surface will require agreements with multiple entities.

e Deploy the cables underground using the tunnel. The main issue with this approach is the level of radiation that
will affect the cable. Presently, there are two types of fibre optic channels: the standard one and a more radiation
tolerant version. The price difference is very significant; therefore, placing standard cables and shielding them
behind concrete might be more economical.

e Rely on existing telecommunication operators. This approach has issues regarding the management of the
network. The planning of interventions will also be more cumbersome. Moreover, there is the risk of locking in
with a single operator.

Another key aspect under study is the network topology. In the LHC, a star topology is used, where each point
has direct and redundant access to the CERN Computer Centre. This design provides a resilient and efficient
architecture, simplifying traffic exchange at the data centre, which serves as the central hub for all infrastructures,
including the internet, WLCG, experiments, and GPN. While this star topology remains the preferred design for
the FCC, the final decision will depend on the optical fibre deployment strategy and whether the fibre infrastructure
will be owned by CERN or an external entity.

Additionally, the connections between the alcoves and access points are being carefully designed. In the LHC,
each alcove is directly connected to the two access points of its sector. However, in the FCC, with seven alcoves per
sector, an alternative approach is being considered: a daisy-chain topology, where each alcove is connected only to
its two nearest alcoves or access points. This solution would significantly reduce the number of fibres required but
would come at the cost of reduced resilience in case of network failures.

8.7.3 Telephony and radio networks

This section covers the voice and radio communication services requirements for FCC’s facilities and experiments.
The ‘red phones’ currently installed in the LHC are required, and a radiation resistance study should be carried out.
The fixed telephony [402] is currently based on IP phones on the surface and the CERNPhone application [403].

In the LHC, CERN IT provides a mobile voice and data services [404], a TETRA [405] radio network for the
fire brigade, and a LoRaWAN network [406] for battery-powered wireless sensors to the accelerator chain and
the experiments via a radiating cable. WiFi is only available on the surface, the alcoves and certain areas of the
experiments, such as the WiFi access points, are not radiation-free, and the WiFi frequencies are too high to be
injected in the radiating cable.

The deployment of the radiating cable is essential to ensure the availability of mobile and TETRA services
in the accelerators and experiment areas. Since the FCC environment may expose the cables to higher radiation
levels than those currently supported, a study is underway to assess their long-term durability. The cable must be
installed in a way that provides a direct line-of-sight for service users—such as personnel, robots, and sensors—
while also optimising its placement to extend its lifespan.

By the time the FCC could become operational, telecommunications technologies will have evolved further.
Current trends suggest a convergence of mobile telephony, TETRA, and IoT services into future mobile network
generations (5G and beyond). While the specific technologies may change, the core services - including mobile
data, voice communication, IoT connectivity, and safety functions - will remain fundamental.

From a deployment point of view, there are three points to be assessed:

e Interconnection:
— Fibres between one or several central points, today Meyrin and Prévessin, and all the FCC access points.
— Fibres between each FCC access point and its adjacent alcoves.
e Radio equipment:
— Mobile/TETRA/LoRaWAN radio emitters: 1 rack per access point, 1 per alcove and probably 1 extra for
each large experiment.
— If safety is a concern for these services (as is the case today for TETRA), the racks should have a secure
supply with backup from diesel generator sets and/or UPS.
e Antennae to emit the radio signals:
— Radiating cable in all the tunnels and experiments.

8.7.4 Data network

The data network design of the FCC will follow the same approach as the LHC, as described in the LHC Computing
TDR [407]. Tt is based on a tiered structure, with CERN being the Tier-0, several remote sites, or Tier-1s, connect
directly to CERN and store, analyse and redistribute the data to other Tier-2 institutes. Connectivity from CERN
to Tier-1’s and other WLCG members is established through the national research and education networks, and
the FCC will not impact its structure, apart from the foreseeable increase in capacity and members.
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The networks at CERN are composed of several independent infrastructures. Following today’s LHC design,
the FCC network will need to offer user connectivity to:

o General Purpose Network (GPN): CERN’s Campus Network offering Internet access, wired and wireless con-
nectivity to users.

o Technical Network (TN): Control network critical for the management and operation of the accelerators.

o FCC Computing Grid (equivalent to today’s LCG): High-bandwidth network connecting the server farms in
the FCC experiments to the datacentres for data storage at the Tier-0 and communication with the Tier-1 and
Tier-2 centres.

The FCC network will be composed of passive and active equipment. The passive equipment, providing the
physical media to support data communication (mostly fibre and UTP), will include around 260 starpoints with
racks, patch panels, patches, and the fibre infrastructure to connect each starpoint to the upper element in the
topology, either FCC points or the datacentres. The starpoints will also house the active network equipment.

The active equipment, enabling data communication, will mainly include switches, wireless access points and
routers. Based on today’s LHC scale and user density, 300 and 280 switches will be needed for TN and GPN
respectively. Around 600 access points will be needed to provide wireless coverage in the surface buildings, under-
ground facilities and alcoves. To interconnect all FCC facilities to both TN and GPN networks, 34 routers will
be required. While today the GPN and TN infrastructures are completely separated and use different passive and
active equipment, some economies could be made in the future by sharing the equipment and using virtualisation
to implement the separation.

As mentioned in Sect. 8.7.2, the fibre network deployment will have an important impact on the way the network
topology is built and how alcoves, buildings and FCC points will be interconnected.

e Starpoints in the alcoves should, ideally, be connected to their closest FCC points to provide redundant TN
and GPN access. Fibres could be direct to the points or patched between alcoves.

e Starpoints in the surface buildings and underground facilities will use internal fibres to connect the wired and
wireless network to GPN and TN.

e FCC points will need redundant fibre connectivity to the datacentres to have access to GPN, TN and, in the
case of experiments, to LCG.

To ensure redundancy and fault tolerance of the FCC network, the backbone equipment interconnecting all
FCC points will be distributed between the datacentres in Building 513 (Meyrin) and Building 775 (Prévessin).
The Second Network Hub (Building 773) in Prévessin will also offer possibilities for increased resiliency.

8.7.5 IT infrastructure

As described in the previous section, the FCC will combine computing resources distributed all over the world.
CERN will be the Tier-0. By the time the FCC starts, CERN will have two datacentres: one in Meyrin and a
second one in Prévessin. This redundancy will help with business continuity and disaster recovery. The Prévessin
datacentre is currently being built [408]. During 2025, it will provide 12 megawatts of computing resources. It will
use the latest cooling technologies, and it will recuperate heat for other buildings. The power usage effectiveness
(PUE) is expected to be 1.1. For comparison, the current PUE of the Meyrin datacentre is 1.5.

The LHC experiments follow the CERN Open Data Policy [409], which ensures a consistent approach towards
the openness and preservation of experiment data. The experiments at the FCC will continue in this direction,
ensuring the use cases of re-interpretation and re-analysis of physics results are available to the public. The Data
Preservation and Long Term Analysis in High Energy Physics Project (DPHEP) [410] identified four levels of
data (published results, outreach and education, reconstructed and raw data). This goes in the direction of Open
Science, which applies to multiple areas of the FCC and this Feasibility Study.

Given the distributed nature of the collaboration, cyber-security plays a critical role in the whole infrastructure.
It is of vital importance that all the components are secured from the first day and that they can withstand the
constant cyber attacks that target scientific infrastructures. Ensuring security, data resilience and protection, and
long-term data accessibility requires dedicated organisation from the beginning of the project.

8.8 Robotics

The fourth industrial revolution drives automation and data interconnection across industries, including space,
warehouses, and harsh environments. Industry 4.0’s pillars are IoT, Wireless Sensors, Cloud Computing, AIl, ML,
and Robotics. Robots are vital for tasks humans avoid due to danger, size constraints, or extreme environments.
CERN has developed robots for accelerator maintenance, reducing risk and enhancing uptime. Envisioning ad-
vances over two decades, robots could revolutionise FCC tunnel interventions, replacing manual work or risky
interventions.
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8.8.1 Robotic impact

Robotics can enhance machine availability by improving maintainability through both corrective and preventive
maintenance, as well as by increasing reliability with predictive maintenance. Additionally, robotics improves
operational safety by reducing the need for workers to perform hazardous tasks and improves emergency safety
with fast interventions by readily available robotic systems in the underground facilities, able to provide situational
awareness and support rescue teams [411].

The potential impact of robotics on the availability can be demonstrated by looking at the luminosity of the
particle accelerator, a metric that can be approximated as the volume of physics data it generates within a given
time frame. To reach the luminosity targets [13] of the FCC, the machine availability must reach a minimum of
80%, see Sect. 8.10. Recent studies, based on expert interviews and historical LHC data, have shown that this
target can only be achieved by a 15-fold increase of the mean time between failures of certain critical systems.
Introducing a readily available robotic system in the accelerator and thus reducing the drive time to intervention
locations, allows to relax this constraint by a 10-fold, see Sect. 8.10.

As part of the safety concept for the FCC, robotics will enhance infrastructure and personnel safety during
emergency scenarios within the 91 km long FCC tunnel. A three step emergency response strategy including
robotics has been proposed by the CFRS [412]:

1. Response by trained workers on site
2. Emergency response robots
(a) Situation awareness
(b) First intervention (fire fighting, search and rescue)
3. Professional human responders
(a) Verify situation
(b) Second intervention (finalise situation awareness and fire fighting, specific damage control)

8.8.2 Level of robotic automation

Automation has the potential to be a primary driver of cost reduction across all stages of the accelerator’s lifecycle,
particularly in sustaining high availability throughout years of operation - directly influencing the organisation’s
data output and, consequently, its value and profit. It is therefore essential to determine the optimal level of
automation that maximises benefits, while identifying the point beyond which additional automation leads to
diminishing economic returns. The level of automation throughout the accelerator life cycle has to be identified in
upcoming studies.

8.8.3 Standards, conventions, and guidelines towards efficient robotic automation

It is essential to emphasise that effective and economical robotics depends on incorporating automation require-
ments from the earliest design stages. Hardware and software components must adhere to well-defined standards,
norms, and conventions, ensuring seamless integration of robotic automation. In the near future, a central point
of contact or service needs to provide guidance, support, and oversight on implementing the conventions and
guidelines for infrastructure and intervention procedures.

8.8.4 Robotic R&D required

The initial focus of the robotic development will be on a system with the greatest potential to enhance availability
and safety, targeting the largest area of the FCC complex—the main tunnel. Previous studies [413] have identified
a rail-based robotic system installed on the ceiling as the most efficient and robust solution for the accelerator
tunnel. However, robotic systems covering other areas are expected to further enhance machine availability and
safety. The necessary developments for a rail-based robotic system for the FCC tunnel area can be split into four
phases:

1. Definition of procedures and conventions
(a) Defining required tasks and intervention procedures
(b) Defining remote maintenance code of practice
2. Integration
(a) Define rail placement in regular tunnel cross section and parking locations
(b) Design radiation safe spaces for parking and robot maintenance
(¢) Tool manager
(d) Design of automated hatches in fire doors
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3. Technology R&D
(a) Infrastructure (Energy management, logistics)
(b) Locomotion
(¢) Manipulator
(d) Control (Motion, grasping)
(e) Human-robot interfaces (Tele-operation, proprioception, haptics, collaboration)
f) Recovery scenarios and emergency interventions
(g) Tool manager
(h) Localisation, mapping & perception
(i) Cognition
4. Proof of concept
a) Inspection and measurements in full autonomous mode
b) Teleoperation mode
¢) Collaborative mode
d) Dipole alignment
e) Vacuum leak detection
(f) Reconnaissance

(
(
(
(
(

The plan establishes progressive levels of capability:

BASIC: Full operation with limitations in automation and safety, requiring substantial tele-operation.
BASIC+: Emergency intervention capabilities added.

MEDIUM: Tool Manager, improved Human-Robot Interface, and higher efficiency.

ADVANCED: Semi-autonomy achieved, enabling collision avoidance and human-robot collaboration.
ADVANCED+: Full autonomy attained, introducing cognition and unforeseeable interventions.

G o=

This roadmap outlines the journey towards a comprehensive robotic solution for FCC. It addresses various technical
challenges while highlighting the potential for enhanced safety, efficiency, and required innovation in maintenance
operations.

8.8.5 Development status

The study on a rail-based robotic system for the FCC tunnel area departed from the first phase of the implemen-
tation plan outlined in the previous section. This rail-based robotic system, referred to as FCC robotic system,
consists of two subsystems: the Remote Maintenance and Inspection System (RMIS) and the Surveillance and
Emergency Shuttle (SES). The RMIS is designed to enhance machine availability and operational safety, while the
SES focuses on improving emergency safety.

In Phase 1, requirements were gathered from stakeholders to enhance machine availability and operational
safety [414], as well as emergency safety [415]. The requirements for emergency safety have reached a high level of
maturity, while those for machine availability and operational safety are still in progress, as they are closely tied
to the infrastructure design. Additionally, a draft for a Remote Maintenance Code of Practice has been developed,
outlining conventions for infrastructure design and guidelines for intervention procedures [416].

In Phase 2, the integration of the rails beneath the ceiling of the accelerator has been finalised. A designated
area within the tunnel’s cross-section has been allocated for the robotic system, and radiation-shielded parking
locations in the service caverns have been identified.

In Phase 3, a prototype of the 11-degree-of-freedom Remote Maintenance and Inspection System (RMIS) has
been developed for proof-of-concept experiments in the FCC tunnel mock-up, with installation scheduled for 2025.
The design of the Surveillance and Emergency Shuttle (SES) remains at the conceptual stage. The current baseline
designs for both the RMIS and SES are illustrated in Fig. 8.102.

Phase 4, which begins in end of 2025, will focus on tests with functional infrastructure in the FCC tunnel
mock-up.

8.9 Geodesy

Since the FCC-ee will extend well beyond the current CERN site, spanning both Switzerland and France across
areas with diverse topographical and geological characteristics, an enhanced and extended geodetic infrastructure
will be required. This will include an evolution of existing reference frames and an updated gravity field model to
ensure precise positioning throughout the project.

A robust geodetic foundation will support the planning, construction, alignment, and operation of the FCC-ee,
accommodating different levels of accuracy. These range from the initial large-scale placement studies to the final
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Fig. 8.102 The current
baseline of the rail-based
FCC robotic system with one
RMIS and two SES systems

sub-millimetric precision alignment, which will continue to be refined throughout the accelerator’s lifetime. The
geodetic infrastructure will be adaptable to meet the needs of each project phase.

During the preparatory phase, a primary geodetic network will be established as early as possible to provide
a stable reference frame for all subsequent activities, including civil engineering. Once the FCC-ee layout is fi-
nalised and construction begins, the geodetic network will be extended underground through the shafts, forming
a dedicated underground geodetic network to ensure precise alignment of the infrastructure.

This section describes the core components of the geodetic infrastructure, while the alignment strategy for the
accelerator components and detectors is detailed in Sect. 3.5.

8.9.1 Geodesy

Definition of the coordinate reference systems for the FCC-ee A key component of the geodetic infrastructure
will be a static coordinate reference system, established through the CERN Terrestrial Reference Frame (CTRF),
along with a kinematic model (CKM) that represents the temporal evolution of the CTRF’s reference points.
This system will enable connections between CERN’s existing reference frames and international, national, and
local reference frames, ensuring compatibility and long-term stability. Additionally, it will serve as a foundation
for analysing crustal deformations in the region.

For civil engineering works, a compound Coordinate Reference System (CRS) will be used, consisting of a pro-
jected CRS for horizontal positioning and a vertical CRS for gravity-related height determination. The horizontal
coordinates will be defined through a CERN Projected Frame (CPF), while the Vertical Reference Frame (CVF)
will provide height information consistent with the gravitational field.

For alignment purposes, the CERN Coordinate System (CCS) - which is currently used for all CERN machines
- will remain in use. This will ensure a consistent and reliable link between the FCC infrastructure and the existing
CERN facilities.

Since the FCC is a cross-border project, existing geo-referenced data such as geological maps, digital terrain
models, and aerial imagery are expressed in different geodetic horizontal and vertical datums. To ensure com-
patibility, these datasets will be harmonised and transformed into the CTRF. Transformation models and their
associated uncertainties will be carefully computed to maintain consistency across all datasets. Additionally, dedi-
cated geodetic transformation software will be developed and made available to stakeholders to facilitate seamless
integration.

Figure 8.103 shows the connection amongst the different parts of the reference system infrastructures. A detailed
description of the coordinate reference systems is provided in Ref. [417].

Implementation of the surface geodetic network Since it will be the reference for all survey and civil engineering
work, a primary surface geodetic network (P-SGN) will have to be created as soon as possible to implement the
CTRF (see [418]). During the period of the FCC Feasibility Study, IGN and Swisstopo increased the density of
their national geodetic network (Réseau de Base Frangais and Points fixes planimétriques, respectively) over the
FCC area and built new geodetic pillars and installed a new continuously operating global navigation satellite
system (GNSS) reference station at locations suitable for the FCC-ee (see Fig. 8.104). The coordinates of the
P-SGN will be determined and tied in the latest implementation of the European Terrestrial Reference Frame
using simultaneous GNSS observations, ensuring absolute accuracy of 3 to 5 mm.

During the tunnel construction, the P-SGN would increase its density with auxiliary points, and a portal
network would be created at each shaft to define the orientation of the tunnel. A surface levelling network will
also be created, linking the eight surface sites and access shafts.
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Fig. 8.103 Graphical outline of the coordinate reference systems for the FCC-ee

Gravity field model To meet the vertical alignment accuracy requirements and to overcome the differences between
the French and the Swiss altimetric systems, the local variations of the gravity field must be known or modelled
with high accuracy and resolution (i.e., at a very short wavelength).

A centimetric (1 cm) accuracy could be achieved for the civil engineering and tunnelling work and as a basis for
computing the gravity field model at the tunnel level. The latter is required to align the machine in an Euclidean
plane. The computation of these models will require additional R&D.

A control profile, composed of GNSS-levelling and astrogeodetic observations, has already been determined to
control the different geoid solutions that will be computed [419].

Underground geodetic network Once the tunnel shafts have been excavated, the coordinate reference system will
be transferred underground. At this stage, the coordinates of reference markers regularly spaced on the floor and
on the wall of the tunnel will be computed (see Fig. 8.105).

The underground geodetic network will be the reference for all automatic or manual alignment activities.
Systems and instruments detecting the movements of the reference markers will be developed and installed to
permanently or periodically monitor the stability of the reference network.

The development of the optimum methodology for the determination and monitoring of the underground geode-
tic network will require additional R&D efforts.

A geodetic reference frame that includes the nominal beamline must be established for each of the FCC-ee
experiment caverns. To achieve this, geodetic reference points will be installed within the experiment caverns,
typically implemented using wall brackets, nests, permanent tripods, or ground inserts equipped with CERN
standard survey reference sockets. The entire geodetic network will be defined within the CERN Coordinate
System (CCS) as part of the broader underground geodetic network. The network will be measured using high-
precision instrumentation, including laser trackers, total stations, and direct levelling techniques. To maintain
accuracy and stability, the geodetic networks of the experiment caverns will be regularly updated, ensuring that
alignment remains consistent throughout the lifetime of the FCC-ee.

Calibration, checking and testing of the geodetic instruments To meet surveying and alignment requirements,
geodetic instruments, sensors, and tools used during the construction, installation and operation of the FCC must
be regularly tested. A concept for calibration, checking, and testing (CCT) of geodetic instruments for the FCC
has been developed (see Ref. [420]). A mix of in-house activities and facilities as well as outsourcing to external
service providers would cover the needs. Dedicated spaces must be allocated at strategic locations for checking
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Fig. 8.104 Primary Surface Geodetic Network for the Future Circular Collider

instruments like total stations, levels, laser trackers, 3D scanners prior usage. External service providers can be in
charge of yearly maintenance and fixing identified defects.

8.10 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 Technical Infrastructure serving the collider and booster.
Infrastructure serving the injector complex is detailed in Sect. 7.9.

8.10.1 Contributing systems

The same general framework for availability approximation was applied to the collider systems, described in
Sect. 2.4.1. Specifics of this process used for each technical infrastructure system are described in the following
paragraphs. Only faults leading to downtime in the representative system were considered, thereby assuming
a similar degree of redundancy for each basic component family as currently exists in the working accelerator.

@ Springer



6064 Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

Fig. 8.105 Schematic [ R
representation of the B
coordinate transfer L = i Tl
Surface Notwork ]
glde yhag

T i Y o oy A

Surface-Tunnsl
transfer Alignmant
-  topview |
S ———
| B e e t=t.4d
Lr Undarground Mateork

Details of subsystems and scaling numbers are provided in Tables 8.36 and 8.37. 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. Cooling & Ventilation: Fault rate was scaled using the number of critical circuits at each access point, which
is similar to the LHC (160 in LHC, 168 in FCC-ee). This does not consider the overall volume served by these
critical circuits, which is significantly larger in the FCC-ee.

2. Electrical Network: The FCC-ee is connected to the PA, PD and PH external grid. The distribution between PA
and PD is connected such that one can power the other in the event of failure with approximately 15 minutes
of changeover time following beam dump. At PH, there is no backup reconfiguration option due to the high
power demand in the collider RF system. Any electrical network failure at PH will, therefore, block the beam
until failed hardware is restored. Two types of faults are categorised:

(a) External network perturbations are a high contributor to downtime in the LHC, as they can trigger child
faults in sensitive hardware across the complex. Failure rate and downtime from this category are applied
without scaling to each of the three access points, assuming the same resilience to glitches as the LHC.

(b) Internal network faults occur due to hardware failure in the electrical distribution designed and managed
by CERN. This is scaled according to the number of substations at each location (PA: 4, PD: 3, PH: 1).
This excludes the parallel power line feeding the collider RF at PH, which has not yet been modelled. A
study to optimise the reliability of this parallel line against cost factors will take place in the pre-TDR
phase.

3. Cryogenics: The FCC-ee requires only two cryoplants to serve the collider and booster superconducting RF
systems at PH and PL, respectively. In the absence of a detailed design to indicate the number of components,
the failure rate at each point is assumed to scale with the reference 4.5 K power level relative to one LHC
cropland at 144 kW. This is constant for lower energy modes (Z, W, ZH) at 80 kW (collider) and 9 kW
(booster). During the long shutdown prior to tt operation, each cryoplant is upgraded to 168 kW and 53 kW,
respectively.

8.10.2 Simulation results

The breakdown of unavailability and lost luminosity contribution from each technical infrastructure system is
shown in Fig. 8.106. The electrical network has the largest contribution to lost luminosity in Z, WW, and ZH
operation due to its more frequent and shorter duration fault types. Cryogenics is the most significant contributor
to unavailability and lost luminosity in tt mode due to the energy upgrade required for additional cavities in the
superconducting RF system.

8.10.3 R&D opportunities
Several areas for improvement are identified:

Internal electrical network faults The internal electrical network significantly contributes to lost luminosity despite
a 15-minute changeover redundancy between PA and PD. Designs must incorporate a more robust redundant
connection between these two points. An automatic switch could significantly reduce the changeover time. However,
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Table 8.36 Parameters used to simulate the availability of systems and subsystems in the collider Technical Infrastructure

System Subsystem LHC FCCee Location Group MTBF
Z, WW, ZH / tt Z, WW, ZH / tt
# # days
Cooling & Ventilation Critical circuits:
PA 200 30 PA 111.3
PB 200 20 PB 166.9
PD 200 30 PD 111.3
PF 200 20 PF 166.9
PG 200 30 PG 111.3
PH 200 25 PH 133.6
PJ 200 30 PJ 111.3
PL 200 25 PL 133.6
Electrical Network Internal Network:
PA 1 4 PA 3.6
PD 1 3 PD 4.8
PH 1 1 PH 14.3
External Glitch 1 3 PA, PD, PH 7.7
Cryogenics (collider) Tunnel:
Instrumentation 144 80 / 168 PH 70.6 / 33.6
PLC 144 80 / 168 PH 352.9 / 168.1
Production:
Temperature 144 80 / 168 PH 471 /224
Controls 144 80 / 168 PH 470.6 / 224.1
Instrumentation 144 80 / 168 PH 74.3 / 354
PLC 144 80 / 168 PH 235.3 / 112.0
Vacuum 144 80 / 168 PH 352.9 / 168.1
Operation:
PNO-SAM 144 80 / 168 PH 352.9 / 168.1
PNO-BSCR 144 80 / 168 PH 235.3 / 112.0
PNO-REF 144 80 / 168 PH 282.3 /134.5
PNO-DFB 144 80 / 168 PH 17.9 /8.5
PNO-HF 144 80 / 168 PH 282.3 / 134.5
Other 144 80 / 168 PH 117.6 / 56.0
Specific Operation 144 80 / 168 PH 176.5 / 84.0
Users 144 80 / 168 PH 282.3 /134.5

the largest gains would be made by avoiding beam dumps altogether, as this eliminates lost luminosity due to
turnaround time in the initial operation phases (see Sect. 2.3.2).

Reliability must get particular attention at PH, as this cannot be reconfigured to draw power from another
access point. Further, this means the parallel power line feeding the collider RF must be designed to a particularly
high-reliability target.

FEaxternal electrical perturbations The simulation assumes that the same resilience to external network perturbations
will occur in the FCC-ee as currently appears in the LHC. This is a coarse assumption, as the resulting downtime
is most commonly due to child faults in sensitive accelerator systems, e.g., high-precision power converters, RF,
etc.; the number of which could be significantly higher in FCC-ee. Learning from LHC experience, all FCC-ee
systems must be designed according to an established standard for resilience to electrical glitches.
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Table 8.37 Parameters used to simulate availability of systems and subsystems in the booster

System Subsystem LHC FCCee Location Group MTBF
Z, WW, ZH / tt Z, WW, ZH / tt
# # days
Cryogenics (booster) Tunnel:
Instrumentation 144 9 /53 PL 627.4/ 106.5
PLC 144 9/53 PL 3137 / 532.7
Production:
Temperature 144 9 /53 PL 418.3/ 71.0
Controls 144 9/53 PL 4183 / 710.3
Instrumentation 144 9 /53 PL 660.5 / 112.2
PLC 144 9/53 PL 2091 / 355.2
Vacuum 144 9 /53 PL 3137 / 532.7
Operation:
PNO-SAM 144 9/53 PL 3137 / 532.7
PNO-BSCR 144 9 /53 PL 2091 / 355.2
PNO-REF 144 9/53 PL 2510 / 426.2
PNO-DFB 144 9/53 PL 158.8/ 27.0
PNO-HF 144 9 /53 PL 2510 / 426.2
Other 144 9/53 PL 1046/ 177.6
Specific Operation 144 9/53 PL 1569/ 266.4
Users 144 9 /53 PL 2510 / 426.2
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Fig. 8.106 Contribution of technical infrastructure subsystems to unavailability and lost luminosity. Systems are ordered
according to Z mode lost luminosity contribution

Cryogenics Despite the significantly smaller cryogenic load compared to LHC, this is the highest contributor to
downtime from the technical infrastructure systems. As designs develop, special consideration must be given to
ensure availability.

8.10.4 Outlook

Technical infrastructure availability is of particular importance in the next phase as many of these systems have
significant footprints on the civil engineering layout, e.g., the size of alcoves and caverns, routing and location of ca-
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bles and equipment, radiation protection, access, etc. The coming years must see a thorough reliability /availability
analysis of these high-priority systems to ensure performance ahead of civil engineering procurements.

Chapter 9

FCC safety concepts

9.1 Introduction

This chapter outlines the safety concept for FCC. Given the intricate nature of particle accelerators, which involve
high-energy beams, radio frequency cavities, cryogenic systems, and sophisticated electromagnetic equipment, a
comprehensive safety strategy is essential to ensure operational integrity.

Key safety considerations include identifying the scope of the concept, its objectives, as well as the underlying
impact of domains such as deep underground siting, radiation protection, structural integrity, fire and oxygen
deficiency, and emergency response protocols. Integrating safety measures into the FCC design has an impact on
the layout of the facilities. This chapter underlines the specific strategies and technologies employed, demonstrating
our commitment to creating a safe and efficient research environment.

9.1.1 Safety considerations

The geographical distribution of surface sites and the time required to reach each site by road, the challenges
linked to the underground working conditions, and the diverse composition of technical equipment at surface sites
require the systematic development of an integrated safety concept.

The results presented in this chapter are based on work that assumes the baseline layout and parameters
outlined in this report. If future phases of the study introduce deviations from the baseline, their impact on
the safety concept will have to be assessed. Certain safety systems form the foundation of the safety concept;
therefore, any modifications to these systems may necessitate the development of an entirely new safety concept
(see Sect. 9.3.4).

9.2 Safety goals & objectives

9.2.1 Regulatory framework

CERN, an intergovernmental organisation established under international law by its Convention (1 July 1953,
amended 16 June 1972), is headquartered in Geneva and operates across the Franco-Swiss border.

Under its regulatory framework, CERN establishes safety rules as necessary for its functioning. The CERN
Safety Policy [421] defines the overarching principles governing safety at CERN and is complemented by CERN-
specific rules tailored to its operational requirements. Where specific rules are not established, national laws apply
within their respective territories. This framework ensures that the rules are uniform throughout the site and
adapted to the specific (particularly technical) requirements of the organisation.

CERN collaborates with the Host States under domain-specific treaties and tripartite agreements, e.g., in
efforts to minimise environmental impact and uphold best practices in radiation protection. While the Host States
facilitate its operations, CERN remains committed to limiting its impact on their territories and ensuring its
activities do not compromise their security.

This regulatory framework reflects the current perspective and serves as the foundation for developing this
safety concept.

9.2.2 CERN safety policy

CERN has a safety policy [421] in place that defines the safety objectives for every project and activity in order
of priority:

1. Life safety: ensure the best possible protection according to CERN’s Safety Rules in health and safety matters
of all persons, irrespective of their status, participating in the organisation’s activities or presence on its site,
as well as of the population living in the vicinity of its installations.

2. Environment protection: limit the impact of the organisation’s activities on the environment.
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3. Asset protection and business continuity: guarantee the use of best practices in matters of safety.

The FCC feasibility study covers all these objectives, although the scope of the safety concept, developed at
this stage, focuses on the life safety objective. The environmental protection aspects are covered in a dedicated
stand-alone document, which is equally referenced in the third volume of the Feasibility Study Report.

Although the safety concept described focuses on the FCC-ee accelerators (injector, booster, and collider),
possible incompatibilities with the civil engineering layout for FCC-hh are highlighted and integrated based on
the requirements for the feasibility study. Modifications to the technical infrastructure needed for FCC-hh but
which are not yet included in the design will be integrated in the safety concept when the infrastructure is being
designed.

The transfer tunnels from the injector chain are not included in this concept, since safety aspects can only be
studied for those elements once a design baseline is developed. The impact on safety of this part of the infrastructure
would therefore be analysed in the next phase of the project.

9.2.3 Lifecycle phases

The Safety concept covers the following lifecycle phases:

e Construction phase.
o Installation phase.
e Operation phase, including maintenance periods and repair activities.

Each phase is characterised by different safety aspects, associated with the safety systems deployed and available,
and with the time occupants are exposed to those conditions. The development of the safety concept described in
this section is based on analysis of the operation phase of the FCC.

9.2.4 Safety organisation & management plan

A safety management plan is required to ensure the safe operation of such a large research infrastructure. This
plan will not be limited to the respect of safety objectives but also safeguard the long-term viability of the facility
by fostering a culture of safety, compliance, and continuous improvement. Through risk assessment, planning, and
the establishment of clear procedures, a management plan ensures that safety is prioritised in all phases of the
infrastructure.

The safety regulation on the ‘Responsibilities and organisational structure in matters of safety at CERN’ (SR~
SO) [422] is based on the CERN Safety Policy [421].

Current practice at CERN foresees that the appointed project leader (PL) is responsible for safety within the
project [422]. The PL may decide to appoint a project safety officer (PSO) with the mandate to support the project
leader in meeting the obligations in matters of safety [423]. At the end of the project phase, safety responsibilities
are transferred from the project leader to the organic units in charge of the operation.

9.3 Planning for safety
9.3.1 Hazard register

A hazard register is the result of systematic identification of activities, equipment, and substances with their asso-
ciated hazards for workers, the public, or the environment. A systematic inventory of hazards serves as a support
not to overlook any danger and unifies the terminology among different assessors. Such lists are available from dif-
ferent occupational safety organisms (see for example Ref. [424]). As they target manufacturing and services, they
must be modified for particle accelerators and for research infrastructures in general to include hazards unique to
these environments. Table 9.1 shows the headlines of a hazard register for particle accelerators. Ref. [425] provides
a hazard list, tailored to particle accelerators. The adaptation of the hazard list to the local workplace by adding
or suppressing hazardous equipment, activities, or substances precedes establishing the register.

The focus of the hazard register depends on the phase of the lifecycle. In the planning stage, it identifies
hazards which can be controlled by design, for example, by adopting standards. In this early stage, organisational
and psychosocial hazards and risks have not yet been assessed. In the installation and operational phase, workplace
hazards become more important, for example, related to the organisation of work or physiological constraints.

The equipment, activities, and substances are identified by location (surface site and building or underground
areas) and lifecycle phase. The hazards emerging from each equipment, activity, and substance are identified with
a specific list of hazards based on Ref. [424], modified and complemented for accelerator facilities, and published
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Table 9.1 Hazard domains

for a hazard register, with Hazard Domain Examples

examples
External Earthquake, climate, malicious action, cyber criminality
Physical Temperature, noise, electromagnetic fields
Tonising Radiation Particle beam, stray radiation, activation
Non-ionising radiation Static magnetic fields, UV light, microwaves, lasers, RF
Noxious substances Chemically or biologically harmful substances
Fire Ignition sources, lammable materials
Mechanical Cutting, crushing, collision, fall of object
Electrical Electrical shock, electrical arc
Working conditions Temperature, lighting
Physiological Working posture, vibration, manual handling
Unexpected events Loss of control, loss of power
Organisation Constraining schedule, lack of information
Psycho-social Incomplete and monotonous activities

in Ref. [425]. The hazard description links to relevant sources of standard practice (see Sect. 9.3.2) at the time of
the Feasibility Study. These sources must be updated regularly during the project life cycle.

In a large particle accelerator, most equipment, activity, and substance and their associated hazards occur
repetitively at various locations and in different phases. To avoid tedious and error-prone updates of a written
document, the hazard register is kept in a relational database where every piece of information needs to be updated
only at a single location and is automatically propagated. Different types of database reports produce documents
and reports summarising the hazards for a specific location and phase or the recommended sources of appropriate
standard practice (Sect. 9.3.2). Hazards for which no standard practice exists (or where standard practice from
conventional industry is not applicable) require a detailed risk assessment and identification of mitigation measures
(see Sect. 9.3.3).

9.3.2 Standard practices

Standard practices are based on hazard identification, risk descriptions, and mitigating measures applying to
technologies and related activities in industry that are similar to those encountered in an accelerator. Examples
are electrical distribution of standard current and voltage and transport.

Suitable sources of standard practice are national and international legislation on hazardous equipment, activ-
ities, and substances. These documents are prescriptive, and their application is usually mandatory. A hazard is
often considered under control when such mandatory regulations are implemented and applied.

CERN’s safety policy [421] is to apply European Directives and associated standards where available. Numerous
types of consumer and industrial products are subject to European Directives, which include chapters on Essential
Health- and Safety Requirements (EHSR). Their purpose is to guarantee equal safety standards for workers and
for consumers (who purchase and use products) throughout the member states of the European Union. Ouly
under this condition can goods be freely traded within the European Economic Area (EEA). Suppliers from third
countries must also apply the European safety standards to introduce their products into the common market.

Another source of standard practice is the publications by occupational health and safety organisations, e.g.,
SUVA,'? INRS,'®> HSE UK,'* CTPI-AEAI CH,' and of industrial associations e.g., BG ETEM.' Their recom-
mendations provide the practical elements required to meet the legal prescriptions at the workplace. They are
often borne from common sense and may be easy to apply, effectively eliminating the hazard and making further
risk assessment superfluous.

Product documentation by manufacturers is another source of standard practice. The manufacturer, having
designed the equipment so that it meets legal requirements, gives the necessary information for safe use in the

2https://www.suva.ch/.
Bhttps://www.inrs.fr/.
Mhttps://www.hse.gov.uk/.
15 www.bsvonline.ch /fr/publications/det.

https://www.bgetem.de/.
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form of user manuals, video tutorials, and other training materials. Over time, CERN has accumulated a wealth
of knowledge about safety, based on the experience gained from operating the existing infrastructure. The source
material defining standard practices is assembled and classified in the hazard register.

9.3.3 Performance-based design

For hazards for which standard practices are not available or are not fully applicable to the particularities of an
underground accelerator complex, the study follows a performance-based design (PBD) approach.

PBD is a state-of-the-art risk assessment approach, which is used in areas such as fire safety and introduced in
national legislation in several countries, including Switzerland [426]. It is a process of defining alternative design
options iteratively and assessing their impact against a predefined set of safety objectives. For this study, a PBD
methodology introduced by the Society of Fire Protection Engineers (SFPE) [427] was adopted. According to
SFPE, the PBD process can be divided into 6 steps (see Fig. 9.1) after having defined the scope of the assessment:

. Identify the safety goals (see Sect. 9.2.2).

. Define the design objectives and develop the performance criteria (i.e., safety requirements).
. Develop the accident scenarios based on the system-level risk assessment.

. Develop the trial design with the proposed safety systems.

. Evaluate the trial design against the performance criteria.

. Create new trial designs until they meet the criteria - (iterative process).

O U= W N+~

The process ends when a trial design that meets the safety objectives is retained as the baseline solution.

Different methodologies can be used for the evaluation of trial designs, ranging from simple assessments to highly
complex algorithms [428] and numerical simulations. A qualitative analysis was performed during the conceptual
study phase (2014 to 2018). For the feasibility study, a more in-depth evaluation was performed using quantitative
(i.e., worst credible scenarios) and probabilistic approaches.

9.3.4 Safety systems

For the safety concept described in this document, a safety system refers to a set of engineering controls aimed
primarily at ensuring life safety by incorporating both preventive and protective measures during normal and
accident scenarios. A system that is used primarily for technical purposes but also performs safety functions can
be considered a safety system, provided that it adheres to the required safety standards.

The following Sections 9.4 and 9.5 provide a brief summary of the safety systems proposed as a result of the
study. Additional details are provided as references to reports, notes, etc.
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9.4 Safety concept for the operation phase

As mentioned in Sect. 9.2.1, the strategy is to cover conventional hazards with standard practices and integrate
accelerator-specific hazards in a performance-based design approach. The outcome is an integrated approach
towards safety for the project.

9.4.1 Safety systems supporting the concept

The combination of the safety systems described hereafter constitutes the present safety concept. The suppression
and/or major modification of any given safety system will have an impact on the global safety concept, which
might require partial or total redesign of the concept.

The Safety concept is built on the following main pillars:

e Static confinement.

e Air management & dynamic confinement.
e Personnel transport.

e Emergency response.

e Secure power network.

e Access control.

In addition to these pillar systems, several high-integrity safety systems complement the safety concept. They
permanently monitor the safety conditions and trigger appropriate safety actions from other systems or personnel.

e Access Safety System.
o Hazard detection.

o Emergency call.

o Evacuation alarm.

The particle accelerators have the following modes:

e Run mode: the beam is circulating or could be circulating; personnel can only be present in very limited areas
of the facility.

o Access mode: beam cannot circulate. Personnel are authorised to access the facility. There are different types
of access periods:
— Short access: for interventions over a period of typically one hour or more and less than a day.
— Technical stop: for planned interventions over a period of several days up to a few months.
— Long shutdown: for planned interventions lasting several years for major consolidation and upgrade works.

Compared to other phases, the operation phase constitutes the longest part of the project’s lifetime and during
which the majority of occupational hazards (see Sect. 9.3.1) are present simultaneously. Depending on the state of
the accelerators, the occupants may be exposed to different hazards. The average occupancy density in underground
facilities is low, although occupancy during technical stops and long shutdowns can be comparable to that of the
installation phase.

Static confinement (compartmentalisation) The fire safety concept relies on passive fire compartments as the
principal strategy to sectorise the fire load and prevent fire and smoke propagation across the facility whilst
enabling safe evacuation of occupants and intervention of the emergency teams.

The concept has partitions along the main tunnel and in all areas with a specific fire risk (e.g., electrical
alcoves), using a dedicated fire-resistant partition. Moreover, protected areas for evacuation (e.g., safe areas'”)
will also be compartmentalised. Doors, dampers, and hatches installed in the compartment must also be fire-
resistant and match the same resistance level as the fixed partition. For services penetration of those partitions
(e.g., pipes, cable trays), the openings must be effectively sealed, following safety standards, to match the fire
resistance required.

As a fundamental part of the fire safety concept, the fire rating of the compartments must guarantee that the
fire and smoke are contained for the time needed to enable safe evacuation and intervention. Moreover, to limit
property losses and recovery time, the integrity of the compartments must withstand all foreseeable fire scenarios.
For this, the rating will be based on various factors: the fire load, the possibility of reaching flashover conditions in
the affected compartments, and the time needed to ensure safe evacuation and emergency teams intervention. The

17 Areas free from smoke and hazardous gases as a buffer for occupants to wait for the lift, not to be confused with a temporary
refuge shelter or equivalent.
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Table 9.2 Overview of distances between emergency exits in transport, technical, and accelerator tunnels. EU Regulation
1303/2014/EC and Directive 2004/54/EC apply to EU network of rail and road tunnels, respectively. XFEL compartments
are made of solid fire-proof walls with a triple water mist enclosing system instead of a fire door

Source Length [m] Comment

EU road tunnels [431] 500 Between emergency exits (if required)

EU railway tunnels [432] 500 Between connections to adjacent tube

OLT4 [433] 500 Between access shafts in non-frequented technical galleries
NFPA 520 [434] 610 To reach a safe exit, refuge, or portal

XFEL [435] 600 Between two compartments (wall + water curtain)

ILC [436] 500 Passage connecting the two galleries

fire rating must also be consistent with the minimum structural fire resistance requirements assigned by standard
practices and Host State regulations (see Table 9.6).

The following fire-resistance rating is proposed as a baseline for the feasibility study of the underground infras-
tructure. The resistance stated below is based on ISO 834 curves [429] for design purposes as defined in EN-13501-2
[430]. Section 9.4.3 provides more information on the difference between standard and natural curve-based fire
resistance.

o Accelerator tunnel (arc and straight sections): EI90 partition (every 400 m) with interlocked door normally
open.

e RF sector - connection between klystron gallery and accelerator tunnel: EI90 partition at the bottom and top
of connection staircases.

o Service caverns - safe area (lift shaft): EI120 partition.

o Connection tunnels - connections between experiment and service caverns: EI120.

e Alcoves - connection to the accelerator tunnel: EI120 partition.

o Other underground spaces with specific risks (UPS, transformers): EI120.

In the accelerator tunnel, fire compartments also serve as an important element of the evacuation strategy by
limiting the distances travelled within the affected compartment, and they allow occupants to quickly move into
an adjacent (non-affected) compartment which serves as a safe area (free from smoke, gas and fire consequences)
to continue the evacuation until reaching the safe area joined to the pressurised lift shaft and, ultimately, the
assembly point at the surface.

Different requirements in terms of evacuation distances exist for tunnels. Table 9.2 provides references for railway
and road infrastructures in Europe, as well as for other particle accelerator infrastructures.

These requirements are understood to be the distance to reach an area of relative safety where the occupants
are no longer exposed to untenable conditions. Moreover, once the occupants reach the adjacent (unaffected)
compartments, the remaining length needed to evacuate using motorised means is not considered in the maximum
distance requirement. This is the case of the Gotthard and Lyon-Turin base tunnels [437] where evacuation is
guaranteed through the adjacent (non-affected) double-tube concept.

The distance between two compartments must consider the maximum acceptable length (Table 9.2), as well as
the layout constraints and practical aspects of the facility. For the FCC, this can be summarised as:

{d§500 m

d = distance between alcoves = integer number of compartments between two alcoves

Solving the system with 1600 m between two alcoves results in 4 compartments, hence one every 400 m. With
this layout, each alcove will house safety-related systems for two compartments to the left and two to the right. The
final implementation of each individual compartment will depend on the exact location of the beamline elements of
both the collider and the booster. For example, one should avoid the installation of a compartment in the middle
of a quadrupole girder, or close to a radiation absorber. A compartment assembly is planned to be included in the
arc half-cell mockup to test and identify the best location. Figure 9.2 shows a possible integration layout of such a
partition. The challenges emerging from integrating such a compartment around different services, including the
hatches for overhead robots, need to be considered. A subsequent design phase has to develop detailed plans.

Air management & dynamic confinement (ventilation) Due to the nature of underground facilities, adequate
indoor air quality is required for both the occupants and the equipment. A robust ventilation system ensures the
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(a) 2D view (b) 3D view

Fig. 9.2 Illustration of the integration of a fire compartment in the cross-section of the FCC tunnel. Light red: fixed partition
walls; Purple: frames with grey fill: movable parts - fire door, robot hatch, installation hatch

appropriate temperature and humidity conditions in the tunnel during operation and when people are present.
During access mode, it provides a supply of fresh air for occupants with an appropriate air exchange rate.

Five different working modes for the tunnel ventilation are envisaged:

Run mode: the accelerators are in operation and most electrical systems are powered; a heat load is transferred
to the air in this mode; radiation protection aspects are taken into account for the air flow. No personnel are
present in the main tunnel, the alcoves, and the experiment caverns.

Access mode: the accelerators are not operational. Personnel can access and work in the tunnels. Occupational
health & safety requirements must be considered.

Flushing mode: Completely renew the air underground when moving from the Run to Access mode. Personnel
are not present in underground structures.

Economy mode: Reduced airflow for energy-saving reasons in situations other than Access mode, reducing the
air exchange to a minimum. The presence of personnel is not foreseen in any underground structures.
Emergency mode: activated in the event of a fire or gas release to guarantee dynamic confinement between the
affected and adjacent compartments.

Tunnel arcs For tunnel arcs, two technical solutions were studied [438]:

1.

Semi-transverse ventilation scheme where the air is supplied to each sector from both endpoints via a specific
duct throughout the sector below the transport zone, supplied to each compartment transversely by air diffusers,
and extracted either through the tunnel itself or by an emergency extraction duct on the ceiling of the tunnel;

. Longitudinal ventilation scheme where the air is supplied at one end of the sector and extracted at the other

end.

In addition to air management during nominal situations, an emergency extraction system is proposed for the

main underground areas. This system will be activated in case of fire or cryogenic gas leak to:

Allow safe evacuation from the affected compartment while providing enough safety margin (Sect. 9.4.3).
Create a dynamic confinement to prevent smoke from spreading to adjacent compartments.

Remove heat and smoke in the affected compartment, reducing the risk of structural damage and reinforcing
property protection.

Allow for a safe and efficient intervention from the emergency teams, allowing emergency responders the ability
to manipulate and control the system to their advantage.

Since there are still two concepts for the ventilation system being considered, there are also two different concepts

for the emergency extraction system under consideration, one for each ventilation scenario (semi-transverse &
longitudinal).
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Fig. 9.3 Semi-transversal ventilation mode (top) and emergency mode (bottom). The + and — signs illustrate the pressure
cascade in the affected compartment and the adjacent ones

In the semi-transverse ventilation concept, the sector between the two shafts is considered to be split in the
middle. Air is supplied to the tunnel through four wall-mounted air diffusers in each compartment. During access
mode 54,000 m3h~! (2 x 27,000 m3h_1) of fresh air is supplied to both halves of the sector. In the event of a fire,
the smoke and hot air are extracted from both ends of the sector and exhausted to the outside. In such emergency
mode, the extraction dampers located under the ceiling of the tunnel are open in all three compartments (affected
+ two adjacent). The air in the affected compartment will be extracted at a flow rate of 10,000 m?h~! and
3500 m*h ™! in the adjacent compartments, which yields a total extraction flow rate of 17,000 m*h~'. In the event
of an emergency (e.g., fire), the fire doors of the affected compartment and the two adjacent ones are closed.
Hence, to compensate for the extracted volume, an equal amount of fresh air (make-up air) is ensured via the
nominal supply diffusers connected to the slab duct (Fig. 9.3). This concept creates a pressure difference between
the different compartments, ensuring that smoke and gas are confined, providing enough time for the occupants
to evacuate (see Sect. 9.4.3).

In the case of longitudinal ventilation (Fig. 9.4), under nominal conditions 54,000 m®h ™! of fresh air is supplied
to the tunnel from one end of the sector and extracted at the other. In the event of an emergency, the same
extraction flow rates as per the semi-transverse are used in the affected and adjacent compartments. The fire
doors of the affected compartment and the two adjacent ones are also closed, but in this case, the make-up
air is supplied from both ends of the sector towards the adjacent compartments (2 x 8500 m?’hfl)7 ensured via
bidirectional dampers installed on the walls of the compartment. These dampers allow make-up air to enter the
affected compartment, sweeping the smoke towards open extraction dampers located under the vault, providing the
necessary compensation. The isolation of the compartments creates a pressure difference, ensuring the confinement
of smoke/gas and providing enough time for the occupants to evacuate.

Regardless of the ventilation concept adopted, it is important to consider the full operability of the fire compart-
ment doors at all times. The risk of overpressure due to nominal, emergency or degraded modes will be carefully
studied to ensure that the evacuation concept is not compromised if these doors cannot be opened normally by
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Fig. 9.4 Longitudinal ventilation mode (top) and emergency mode (bottom). The 4+ and — signs illustrate the pressure cascade
in the affected compartment and the adjacent ones

applying a force less than 70 N. Compensatory measures, such as installing pressure-breaking systems, sliding fire
doors, etc., must be considered if such a risk is non-negligible.

A comparison of smoke extraction system performance with respect to life safety of occupants is discussed in
Sect. 9.4.3.

Alcoves The electrical alcoves are ventilated through dedicated ducts, utilising the same system as the main tunnel.
Emergency extraction is also available in these areas to support evacuation and intervention. However, due to the
reduced evacuation distance inside the alcove, this system is not deemed necessary for the life safety of occupants;
hence, it is not expected to be triggered automatically. However, in case of a fire, the smoke dampers must isolate
the normal ventilation to prevent any propagation outside the compartment.

Ezperiment caverns The experiment caverns are ventilated by a dedicated system that also ensures dynamic
confinement between the experiments and the accelerator tunnel, as well as providing the necessary airflow to
ensure hygienic conditions and proper indoor air quality.

Several Computational Fluid Dynamics (CFD) analyses of CMS and ATLAS [439, 440], experiment detectors
at the present LHC, have proven that the evacuation in experiment caverns can be safely performed without any
active smoke extraction system due to their large volumes and relatively short evacuation distances. The FCC
experiment caverns will be even larger, hence an active emergency extraction system for smoke is not required for
life safety. However, the ventilation system should be able to support the extraction of cold smoke. In the case of
particle (sub)detectors that require non-negligible amounts of cryogenic fluids, a risk assessment will be performed
to determine if a dedicated gas extraction system is needed to cope with the Oxygen Deficiency Hazard (ODH).

Service caverns Service caverns are ventilated with a dedicated system that ensures dynamic confinement between
the experiment cavern and the accelerator tunnel, as well as providing the necessary airflow to ensure hygienic

@ Springer



6076 Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

Fig. 9.5 Personnel transport aran
system [444] B

1150

(b) Cross-section layout with the two vehicles passing
(a) Transport vehicle with 4 seats. each other within the 2.20 m transport zone.

conditions. Like the experiment caverns, a smoke extraction solution is required to support intervention and
recovery time after a fire, but it is not deemed necessary for the occupants’ life safety.

Safe areas & protected staircases As a basis for the safety concept, certain areas must be kept smoke-free. Con-
sequently, safe areas, protected lift shafts, klystron gallery staircases, and personnel tunnels connecting service
and experiment caverns will benefit from independent dynamic confinement. This over-pressurising system will, in
general,'® be fed fresh air and designed to guarantee its performance throughout the duration of the worst credible
intervention case. Among other requirements, this implies that such a system must be supplied by a safety power
network with fire-rated cables and redundant fans.

Surface buildings The surface buildings are ventilated by dedicated air handling units designed according to state-
of-the-art best practices. Smoke extraction systems will be required for rooms with a floor area exceeding 300 m?
(in France according to the ‘Code de Travail’ [441]) or 600 m? (in Switzerland according to AEAI DPI 21-15 [442]),

in application of prescriptive design standards.

Personnel transport Due to the distances between the access shafts (11.4 km), occupants need to rely on a dedicated
transport system to commute and evacuate the tunnel in an emergency. At any given time, the capacity of the
personnel transport system available underground must ensure the evacuation of all occupants. The same transport
system can be used during normal conditions for safe and efficient transport from the service caverns to workplaces
along the arcs, with the possibility of parking the vehicles at the entrance of the alcoves and in the service caverns.
In some situations, autonomous vehicles can go directly to the location of the workplace, drop-off the occupants
(and material) before driving to the nearest alcove where it will stay parked until the end of the shift/activity.
In contrast to the nominal scenario, during an emergency (i.e., evacuation alarm), the occupants are requested to
walk towards the nearest safe alcove and take a seat in one of the parked vehicles.

The parking capacity for these vehicles will be ensured by the lay-by zones at the entrance of the alcoves. The
baseline layout has parking spaces for up to 7 vehicles per alcove.

The simultaneous circulation of pedestrians and vehicles in the transport zone requires robust detection systems
(e.g., stop in case of an obstacle or reduce speed near people or other vehicles) and a centralised communication
system to ensure full autonomous driving.

The study included the feasibility assessment of an autonomous vehicle (Fig. 9.5) with a bi-directional drive. It
is narrow enough to allow meeting traffic and bypassing of other vehicles within the 2.20 m wide transport zone
of the cross-section [443].

The space on either side of a vehicle in the transport zone is & 70 cm left and right. However, when two vehicles
overtake or pass, the margin reduces to ~ 20 cm [444].

18 Alternative solutions might be studied case-by-case, such as using air from adjacent areas.
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Personnel transport to and from the surface is ensured by at least two independent lifts situated in an over-
pressured elevator and stair compartment of the shafts. In the experiment points, two sets of two lifts are planned
to provide the necessary reliability and ensure safe evacuation (see Sects. 9.4.1 and 9.4.4). As requested by the
European Lift Directive and the associated harmonised standard [445], access hatches connecting a staircase to
the lift shaft must be installed every 11 m for rescue purposes. The lifts must also conform with ISO 8100-1 [446].

Means of emergency response A simple scale-up of the current emergency response strategy in place for the LHC
is not feasible due to the size of the infrastructure. A dedicated emergency preparedness and intervention concept
will need to be developed in a subsequent design phase as well as a further extension of the existing Mutual
Assistance Agreements with the Host States [447]. The feasibility study provided the basis and carried out an
initial analysis of the concept. It consists of the following approach (see also Sect. 9.4.5):

1. A central emergency response coordination team.

2. First response from trained personnel.

3. Robotic intervention with firefighting capabilities.

4. On-site support from local emergency services, particularly for surface incidents.

5. Intervention from CERN Fire & Rescue Service (CFRS) and if relevant, other appropriately trained emergency
services.

A dedicated approach is proposed for the installation and construction phases (see Sects. 9.5.2 and 9.5.3).

Secure power network Safety systems must maintain their functions at all times. A loss of the general electrical
network, e.g., due to a power cut, would lead to a loss of electrically powered safety systems, hence the need for a
secured power network to ensure the availability of safety systems at all times.

The secured power network is part of the global electrical network powered with backup sources in case the main
power supply is lost, to allow the critical and safety-related loads to be powered at all times. To avoid duplicating
medium voltage (MV) lines in the tunnel, it is proposed to optimise the infrastructure using the same MV link
in the tunnel for powering general services and the secured network, applying a logic of load shedding in case of
a power outage. The aim is to minimise the impact in the tightly integrated area and to avoid distributing the
power at Low Voltage (LV), dedicated to safety systems, from the surface to the middle of the tunnel, due to the
large cable distances that can induce high power losses and critical voltage drops [448].

Two backup sources are planned for the secured power network:

e A connection to an alternative public electrical utility.
e Emergency power supplies on each surface site.

In case of a failure, maintenance, or any other unavailability of the general service network, the electrical
network is supplied using the backup power sources mentioned above. In this case, the couplings between the
secured network and the general services network are automatically disconnected when the voltage from the main
sources is no longer available. This logic of load shedding is used on the surface and underground, all the way
down to the electrical alcoves, providing power only to the safety systems, leaving the other loads de-energised.

All active and passive components involved in the load shedding must be properly designed, maintained, in-
spected, and tested regularly to ensure a level of reliability which is consistent with that of the safety systems it
serves. A description of the network and the single-line diagram is available in Ref. [448].

Access control Control of access to the installations at CERN today is based on several layers of protection, each
one only allowing a more restricted number of people to enter. On-site access is permitted for identified affiliated
personnel; entering a surface building housing an accelerator access point requires special authorisations, and
finally, entering a beam facility is subject to the most rigorous control.

Before granting access to a beam facility, and once a user is identified, several database verifications are per-
formed, which include:

e Authorisation is granted by the facility responsible to a person recognised by the organisation and with a
professional need to access this facility.

e All mandatory and specific Safety training for the facility is valid.

e The activity has been declared and approved; the organisational unit in charge of works’ coordination keeps a
detailed list of planned and approved activities together with the assigned personnel, as well as a list of on-call
personnel likely to intervene at short notice.

Access control, therefore, constitutes the first element in the chain of personnel safety systems, installed to
protect the personnel and guarantee that only identified, trained, and authorised personnel enter the underground
premises.
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Access control is also used to ensure that the number of persons accessing the facility does not exceed the
maximum number that has been set for safety or operational reasons. For example, the pressurised safe zones
at the bottom of the shafts can only host a limited number of people in case of emergency. Therefore, once this
number is reached, further access is blocked until some personnel leave the facility. Similarly, the limited capacity
of the underground vehicle fleet limits the number of people allowed to enter, and this limit is also ensured by the
access control system.

Access control is formed by two sets of access points; one at the surface and one underground.

Surface access points The access points at the surface, installed just before reaching the pressurised lifts, give
access to the underground areas that are accessible in both beam and access modes, i.e., the service caverns and
the klystron galleries.

These access points are composed of one or several personnel access devices (PAD) and a material access
device (MAD). The devices are linked with commercial access control products, such as access rights and biometry
databases, using computer networks and state-of-the-art human-computer interfaces.

A personnel access device (PAD) performs all the checks in one place. It is an inviolable barrier that guarantees
that only one identified person can enter at a time. The user’s identity is confirmed by a biometric check, relevant
access authorisations are verified, and equipment checks (for example, possession of passive or active dosimeters)
are performed. All these actions take place while the user is inside the PAD.

The PADs are built using commercial-off-the-shelf components, integrated to form one system, following the
same principles that have been applied throughout the CERN accelerator complex for almost 20 years. Future
PADs, although conceptually similar to the PADs of existing CERN accelerators, will leverage technological ad-
vances that can be seen, for example, in the domain of border control, with similar airlock-like booths installed in
recent years at major international airports.

In addition to the PAD(s), each access point is equipped with at least one MAD. This device allows a safe way
to bring bulky material in and out of the accelerator premises. The current concept uses a booth of the same size
as the lift in the shaft. Its doors can only be operated from outside. After opening the doors on one side, the
material is placed inside the device, the doors are closed and locked, and a scanning process ensures that no one
is present within the device. Once scanning is completed successfully, the door on the other side of the MAD can
be opened and the material removed. The MADs at existing CERN facilities are equipped with a combination
of standard volumetric detectors and custom image processing algorithms. The MADs for a future project will
certainly also benefit from technological advances, especially in the field of image processing.

Underground access points The service caverns are sufficiently shielded from radiation emitted, while the collider is
operated with beams. However, access to the accelerator tunnels and experiment caverns requires passing through
additional access points, which are interlocked with the presence of beams and other specific hazards. Constructed
with the same components as their surface counterparts, the underground access points leading to areas subject
to the presence of beams will thus form part of the Access Safety system.

Given the size of the FCC and the distance between two adjacent sites, the granularity of the access control
system needs further enhancements. Having a detailed count of people inside the facility, as well as a good vision of
their location within the facility, is important for safety. Individual tracking devices will be worn by all personnel
entering the underground premises. Antennas distributed at regular intervals (in each alcove and throughout the
access tunnels and service caverns) will allow the emergency response team to locate people within the underground
complex.

Access safety system The Access Safety System is an interlock mechanism that acquires the status of and acts
on elements important for safety (EIS) of two types: EIS-access and EIS-beam. It prevents the beam from being
present at the same time as personnel. The EIS-access consists of the personnel and material access devices (access
control components), emergency exit doors, movable shielding walls etc. The EIS-beam consists of accelerator
components that can stop the circulation and the injection of beams. These components will include the beam
dumps of the collider and the booster. Additional EIS-beam devices will allow redundancy for each interlock
chain with technological diversity (e.g., a bending magnet or a moving stopper obstructing the beam aperture). A
functional safety approach, e.g., following the IEC 61511 [449] standard, will be used throughout the lifecycle of
the system.

The main functions of the Access Safety System include the following:

Search mechanism. After a prolonged operation with access, the machine volumes must be visually inspected
for the absence of human presence. To facilitate this task, each site is divided with doors into smaller, more
manageable units called access sectors. Once the patrol is completed, the search memory of each access sector is
armed. The division of the FCC into access sectors takes into account the civil engineering constraints, accessibility
of equipment, etc. Short accesses are thereafter permitted as long as personnel members are in possession of a safety
token. Should an intrusion occur or unauthorised access take place without a token, the search of the corresponding
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access sector is disarmed, and a new patrol is required. Unlike the preceding accelerators, the patrol will be largely
automated, with the long portions of the tunnel swept by a robot equipped with a camera. Algorithms to detect
the presence of humans, combined with remote supervision, allow unambiguous confirmation of the absence of
personnel.

Monitoring of safe for beam conditions. Whenever equipment is powered and there is ongoing or imminent
injection or circulation of beams, the system monitors the state of all EIS-access. The moment the EIS-access quit
their safe state, or there is a detected failure of the EIS-access equipment, the EIS-beam of the corresponding
interlock chain is systematically and automatically activated to stop the beam.

Establishing safe for access conditions. Prior to permitting access to the FCC, the accelerator equipment is
stopped using its conventional control system. The role of the access safety system is then to inhibit the possibility
of starting the beam by interlocking the EIS-beam. Access can begin only when the interlock actions have been
confirmed.

Monitoring of safe for access conditions. When access to the FCC is allowed, the safety system continuously
monitors the state of the EIS-beam. Degradation of the protection barriers results in actions ranging from blocking
access to launching evacuation and requesting the stoppage of an upstream accelerator that could potentially inject
a beam in a downstream accelerator.

Establishing safe for beam conditions. In order to permit the operation of the FCC with beam, it must be empty
of personnel and its search memories armed. To further secure the transition from access to beam operation, an
audible warning signal will sound to announce the imminent injection of beams. The personnel are trained to
press emergency power cut buttons if there is an audible beam imminent warning signal. Only once the warning
has correctly sounded and no abnormal presence in the facility is detected will the conditions for removing the
inhibition from EIS-beam be established.

Hazard detection The access safety system prevents any human entry into certain zones in case of radiation and
electrical hazards by blocking access while the accelerators are operated or are about to be operated with beam.
Access is only allowed when the beam is not present and when the pre-conditions for access are met. In addition,
the access safety system monitors its own elements and launches evacuation alarms should a hazardous situation
occurs.

However, even with a complete stop of beam operation, it is important to monitor the situation for other
hazards. The principal ones identified for the FCC accelerator are fire, oxygen deficiency, and ionising radiation.

Fire detection system The Fire Detection (FD) system must satisfy the requirements resulting from fire risk studies.
These imply generalised early fire detection. Several fire detection technologies meet this requirement, e.g., smoke
detection with opacimeters or with laser beams. However, not all are well suited to be deployed in the FCC tunnel
(low height, material obstructing lines of sight, electronics sensitive to ionising radiation). The baseline solution
consists of equipping each alcove with aspirating smoke detectors (ASD). A variant — long range ASD (L-ASD) -
which is suitable for the FCC, has been put in service at CERN in the SPS ring. It is capable of detecting aspirated
smoke with a 100 m long sampling segment that can be extended by up to 700 m of non-sampling tube.

With the proposal of having alcoves every ~1600 m, it is possible to install 16 L-ASDs in each alcove and aspirate
air samples from the 800 m left and right of the alcove. Additional ASDs will be installed for detection within the
alcoves themselves, as well as within the service and experiment caverns. Control and monitoring equipment racks,
interconnected with optical fibres, will be installed in each alcove. All components of the fire detection system
must meet the requirements of the applicable European standard, EN 54 [450].

It should be noted that this solution requires about 400 km of aluminium aspirating tubes. Should further
analysis prove that having thermal detection is sufficient in terms of performance, newer technologies, more suited
for long tunnels, will be considered. The thermal detection method most adapted to the accelerator environment
consists of using distributed temperature sensing (DTS). It is based on optical fibre line-type temperature variation
detection. This solution is particularly well-suited for long tunnel sections, where an integrator unit connected to an
optical fibre pulled inside the 11.4 km tunnel segment can be installed in each service area. The spatial resolution of
the detection is of the order of a few metres and the algorithms can trigger an alarm both in case of a temperature
rise (fire) or a temperature drop (e.g., due to cryogenic leak) of a few degrees. However, the suitability of the
technology in an environment with high levels of ionising radiation must first be proven.

Ozygen deficiency hazard The two technical sites PH and PL, where the superconducting RF cavities are located,
require particular attention due to the presence of cryogenic coolants. Commercial oxygen deficiency hazard (ODH)
detectors that are installed today in the LHC complex can be used to monitor the oxygen level in the vicinity of
cryogenic installations at the two RF points of the FCC. They are based on electrochemical cell sensors installed
inside the tunnel, connected to detector electronics which can be housed up to 900 m away. Signals from several
detectors are then fed to the control and monitoring equipment rack.

Alternative detection techniques can be used (aspirating detector, fibre sensors etc.). In addition to oxygen level
monitoring in precise locations, larger parts of the FCC could be monitored for a sudden temperature drop using
the fibre-based distributed temperature sensing.
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Radiation monitoring system A radiation monitoring system will be installed to measure prompt radiation levels
at the interfaces to the accelerator tunnel, the experiment caverns, and the injector complex. These detectors are
equipped with alarm functions that will signal any increased ambient dose equivalent rates. Radiation detectors
will be installed at strategic locations in the tunnel and experiments to continuously measure residual ambient
dose equivalent rates after beam stop.

Detectors will be installed to monitor the activation levels in the air of the tunnel. The radioactivity in the
water circuits is expected to be negligible and will be checked during regular sampling campaigns. Air and water
releases, radioactivity in the environment, and levels of stray radiation on surface sites will be surveyed by an
environmental monitoring system with real-time monitoring where required.

FEmergency call points

Manual call points Manual call points (break-the-glass devices) are installed throughout the facility. They will
be on each side of an alcove entry door, as well as on each side of the fire partition doors in the tunnel. In addition,
CERN best practices require placing manual call points at regular intervals in the tunnels, grouped with other
safety equipment: emergency lights, evacuation loudspeakers, etc., fixed on easily identifiable modular panels.

Emergency communication system In the past, the CERN underground facilities have been equipped with emer-
gency telephone sets (known as red-telephones). Based on analogue technology, the devices contain no active
electronic components and could, therefore, be even placed permanently in areas possibly exposed to high lev-
els of ionising radiation. Mobile phones come with more functions, for instance, precise localisation and video
transmission, but they rely on a communication infrastructure that comprises electronic equipment, which is not
radiation-hard.

Although the need for reliable, safe communication is clear throughout the complex, no decision has been
made as to which specific technology is the most appropriate. The installation of fixed red-telephones could
be one of the solutions. Having a leaky feeder cable with a fire-resistant jacket and circuit integrity properties
(P.,90-PHI0, [451]), and fed by a secure power network, would allow emergency communication with mobile
telephony services throughout the subsurface infrastructure. Today, this seems to be the most viable option. Such
an approach could benefit from the developments required to provide secure data communication means to control
autonomous vehicles as well as emergency surveillance robots. Moreover, this might also respond to the need for
safe communication for interventions. In this case, its performance and reliability must be compatible with the
intervention time (see Sect. 9.4.1), and some adaptations would be necessary (double loop, additional fire rating,
etc.).

Evacuation alarms Whenever a hazardous situation (fire, oxygen deficiency, possible problem with access safety
system) is detected, the concerned zones of FCC are evacuated. To this end, the FCC tunnel will be equipped
with loudspeakers placed every ~25 m connected to amplifier racks of a voice alarm system located in the alcoves.

The choice of voice alarm system is dictated by the added possibilities for emergency response teams to play
pre-recorded messages or directly address the personnel underground with ad hoc instructions. An alternative
solution, based on using more sparsely installed sirens, exists. Although less versatile, allowing only an evacuation
siren with no accompanying voice messages, this solution is more suited to very large (e.g., experiment caverns)
or noisy (e.g., compressor room) locations.

The system control and monitoring equipment racks, installed at regular intervals, acquire evacuation requests
from the detection systems. The racks are connected by optical fibre and configured with appropriate evacuation
matrices. Thus, in case of a hazardous event, evacuation is launched not only in the same location but also at
other sites, as required by the evacuation matrices. This is possible as the control racks communicate between
themselves. The components of the evacuation system must be compliant with the appropriate European standard
EN 54 [450].

Due to the circular shape of the underground structure, most locations can be evacuated in two directions.
However, in emergency situations, evacuating personnel can often use only one of the two possible escape routes.
Despite the fact that most personnel movements (including evacuation) will be made using autonomous vehicles,
all alcoves and fire compartment doors will be equipped with adaptable direction signage. It must clearly indicate
the direction in which to go to escape a detected danger.

Emergency lighting and route guidance All of the underground facility is equipped with emergency lighting as
defined in the corresponding CERN safety guideline [452]. This includes:

o A general ambient safety lighting, ensuring at least 5 lux (Im/m?) at floor level,

o Marked evacuation routes (exit ways, doors, direction) with illuminated and luminescent signs. This wayfinding
(guidance) system will also be dynamic and inform occupants if an evacuation way is no longer safe (for example,
smoke presents in adjacent compartment).
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Table 9.3 Synopsis of the

work area classification at Classification Ambient dose equivalent rate limit Annual effective
CERN [456] Permanent workplaces Low-occupancy areas dose limit
Non-designated 0.5 pSv/h 2.5 pSv/h 1 mSv
Supervised 3uSv/h 15 pSv/h 6 mSv
Simple controlled 10 pSv/h 50 pSv/h 20 mSv
Limited stay not permitted 2 mSv/h 20 mSv
High radiation not permitted 100 mSv/h 20 mSv
Prohibited not permitted - 20 mSv

All these systems need to be connected to the secure power network (see Sect. 9.4.1) or have an autonomy of
at least 120 minutes to guarantee the life safety of occupants. They also need to be designed to ensure an overall
system fire-rated integrity of at least 90 minutes (F90).

Moreover, robotic systems can be deployed to guide the occupants in their evacuation, by providing an indication
of the safe direction to evacuate (projecting arrows on the floor of the transport zone) [453] and providing audio
assistance to the emergency response team. Evacuation signs will also be visible on the compartment doors.

9.4.2 Occupational hazards during nominal conditions

While the facility is in operation, the occupants are exposed to the hazards that are present under nominal con-
ditions. The hazards and safety requirements during nominal operation are mentioned here, whereas the accident
scenarios are discussed in Sect. 9.4.3.

Tonising radiation For mitigating risks associated with ionising radiation, the standard prescriptive methods out-
lined in the existing CERN radiation protection rules and procedures are employed. However, optimisation of the
design of civil engineering infrastructure is more assimilated in a performance-based approach, where the proposed
design has to be evaluated to see whether it will comply with the radiation protection objectives.

Radiological hazards High-energy particle beams interact with each other in the experiments or with beamline
components in the accelerator, creating secondary particles that may pose radiological risks during operation
(prompt radiation). This interaction also produces residual radioactivity that will present a potential hazard
during maintenance (residual radiation). Workers may be exposed to ionising radiation from activated equipment,
gases, or fluids by external exposure. The radioactive contamination hazards and the resulting internal exposure
from incorporation are expected to be negligible.

The FCC-ee will operate in four phases, with beam energies rising from 45 GeV in Z mode to 182.5 GeV in tt
mode, and beam currents dropping from 1.27 A to 4.9 mA. Thus, radiological risks vary with the phase and the
most conservative scenarios have been used for their assessments.

At the stage of the feasibility study, detailed integration, such as routing ventilation ducts and water pipes, has
not yet been completed. Infrastructure integration will be optimised in later design phases. The same is valid for the
material moved from the accelerator to storage areas or workshops for maintenance and repair or for elimination.
As in other industrial facilities, radioactive sources and X-ray generators may be used for various purposes. These
activities will follow standard prescriptive methods, as already commonly applied at CERN or in industry.

All results of the radiation transport simulations presented here were obtained using the FLUKA code [330]
with FLAIR [454].

Radiation area classification Dose constraints for the design of the infrastructure as well as active radiation mon-
itoring will ensure that radiation doses received by personnel working on site remain below the regulatory limits
[455] under nominal and accident operating conditions.

The radiation area classification scheme [456] allows radiation risks to be managed and ensures that optimisation
processes, training, access control, and collective and personal protection means for personnel intervening in the
respective areas are adequate for the expected risks. A summary of the radiological area classification adopted at
CERN is provided in Table 9.3.

Protection objectives The risks resulting from ionising radiation are analysed very early in the design phase among
others, with the objective of developing mitigation approaches that ensure that accessibility requirements are met
for each area.
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Areas with unacceptably high radiation levels from prompt radiation (high radiation and prohibited radiation
areas) are inaccessible during operation, and essential risk control measures are employed as described above. The
access control system prevents entry to such hazardous areas, whereas an interlock system halts beam operation
if unauthorised access occurs. An emergency stop system ensures the rapid and controlled termination of beam
operation if necessary.

Where feasible, areas accessible during beam operation will generally be designed to allow a classification as a
non-designated area, avoiding any radiation protection restrictions. The planned civil engineering infrastructure
complies with the radiation protection requirements for the operation of FCC-ee. However, the present infrastruc-
ture may not necessarily be ready in all parts for FCC-hh, especially where compliance can only be reached by
significant costs at the current stage or where infrastructure is only required for FCC-hh. The required infrastruc-
ture modifications or additions will need to be implemented after the operation of FCC-ee. One example is the
dedicated beam dump caverns that will be only needed for FCC-hh and would not be used by the FCC-ee.

Residual dose rates in the accelerator tunnel have been estimated for several areas, and these will allow a
first evaluation of potential constraints on the operation of the facility and maintainability, as well as the related
optimisation of the design of beamline components.

Injector complexr The injector complex injects electron and positron beams alternately into the booster. Radiolog-
ical hazards during nominal operation come mainly from prompt radiation from the positron source, beam dumps,
and loss locations in the linear accelerators and the damping ring. It is necessary to determine the minimum soil
thickness needed to contain the prompt radiation, aiming to keep the klystron hall above the accelerators as a
non-designated area.

An initial set of beam parameters and assumed loss terms has been used to estimate the shielding thickness
required above the injector complex. Figure 9.6 shows the ambient dose equivalent rates at 90° through shielding
from a beam loss on a thin long target, indicating the thickness required to achieve the dose rate objectives.
Approximately 6 m of soil cover is deemed adequate for the specified loss term.

A conventional fixed target, where 2.86 GeV electrons interact in a tungsten rod, is used to produce the positrons.
The target station will have specific shielding. Activation of the target and downstream accelerator elements also
generates sources of radiation which have an impact on workers during maintenance work. These residual radiation
levels are reduced by local shielding and optimisation of the elements concerned during the technical design phase.

The highest levels of activation in the injector complex will occur at the positron production target, and initial
studies show that these levels will impose strict restrictions on access and maintenance, with extended cool-down
times. Remote handling and shielding are indicated, aligned with intervention and maintenance protocols.

Underground infrastructure The collider will be housed in the tunnel with a limited number of access points and
connection tunnels, minimising the interfaces between accessible and inaccessible areas that need to be studied and
adapted in the design to meet radiation protection objectives. The lateral shielding of 10 m rock effectively contains
stray radiation during nominal operation and accident events for both FCC-ee and FCC-hh. More penetrating
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radiation from loss points in the forward direction is effectively shielded by hundreds of metres of rock, ensuring
protection for other potential underground infrastructures.
The general design assumptions taken for the underground infrastructure are as follows.

e The accelerator tunnel and experiment caverns are not accessible during beam operation.

e The service caverns and klystron galleries must be accessible during beam operation for both FCC-ee and FCC-

hh. The minimum shielding between the accelerator tunnel and accessible areas is about 10 m, as required by

FCC-hh and also driven by stability considerations from civil engineering. Connection tunnels should be long

(~ hundreds of metres) or, if short (~ tens of metres), include chicanes and/or shielded doors. Chicanes are

preferred over shielded doors which have a risk of failure and because chicanes have fewer maintenance issues.

Service caverns should be non-designated areas (see Table 9.3) for unrestricted access.

Klystron galleries will be classified as non-designated areas or supervised radiation areas.

Access to the arcs must be possible without requiring passage through high-radiation areas.

Alcoves, i.e., technical areas attached to the accelerator tunnel, must be shielded to prevent activation of the

installed equipment and are inaccessible during beam operation.

e Areas with high radiation and activation levels must be separated from low activation areas in terms of venti-
lation and cooling systems (compartments) and personnel access (bypass routes, local shielding).

e The FCC-ee booster will be located on top of the collider ring. As it will operate at about only 10% of the
collider current and at varying energies, the studies conducted so far were limited to the collider itself.

The items identified in the collider that will likely show higher activation levels and hence higher residual dose
rates are:

e The beamstrahlung dumps next to the interaction points; two dumps on each side of each experiment in points
PA, PD, PG, and PJ;

e collimators and absorbers installed in a dedicated insertion region in point PF and next to the interaction
points;

e the matching regions next to the interaction points impacted by scattered radiation from the beam collisions
in the experiments;

e the main beam dumps in point PB;

e the inner detectors in the interaction points;

o the EM separators installed at point PH.

The following sections highlight some results of the radiation protection studies conducted during the feasibility
study phase.

Are sections The arc sections make up the largest part of the accelerator. Activation and average residual dose
rate levels can have a potential impact on personnel, depending on the time it takes in the tunnel to reach a
particular workplace.

The main relevant source terms are beam interactions with the residual gas molecules in the vacuum chamber and
the synchrotron radiation. The latter contributes only significantly to activation in the tt mode, where synchrotron
radiation is energetic enough to produce relevant photoneutron fluence and, thus, induced activity.

Figure 9.7 illustrates the expected residual dose rates after tt operation. The dose rate levels induced by the
other modes are two to three orders of magnitude lower. In the tt mode, some waiting time may be required before
performing interventions in the tunnel to reduce the dose to personnel. However, the decay is relatively fast, and
within a few days, it is down to very low levels acceptable for long interventions. These figures show dose rates
without any shielding installed around the photon absorbers. It is now planned to install this shielding. It will
have an important mitigating effect so that dose rates will be considerably lower in the tt phase.

The ventilation system is designed to recycle air, limiting the release of short-lived radioisotopes during oper-
ation. Inhalation and immersion doses were calculated for interventions immediately after the beam stop without
air renewal (worst case), with insignificant doses in all modes, except for tt, where a few pSv per hour of stay
could be expected. However, flushing is always required for safety before entering the tunnel.

In conclusion, the FCC-ee arcs will exhibit some activation, but the low dose rates should not lead to significant
doses to individuals passing or intervening in the arc sections.

Connection tunnels between experiment and service caverns Colliding beams at interaction points create secondary
particles that spread throughout the experiment cavern. Although the detector absorbs much of this radiation,
some can reach areas such as the service cavern, which must remain accessible during operation. It has been
assessed whether accessing the service cavern is feasible during operation with measures such as shielding and
chicanes in the connection tunnels.

This study is for FCC-hh, as proton-proton collisions produce higher dose rates than the electron-positron
collisions in FCC-ee. A layout compatible with FCC-hh will, therefore, be compliant with FCC-ee. This approach
is justified because the caverns and connection tunnels will not change between the two colliders.
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Fig. 9.7 The graphs represent the distribution of the ambient dose equivalent rate (nSv/h) in the arcs after the tt operation

phase, averaged over the y-axis from -50 cm to 450 cm, approximately 1 m above the floor. (a): with a decay time of 1 hour,

(b): Average values after various decay times: 1 hour, 4 hours, 1 day, and 1 week. The irradiation profile considers all years of
tt operation phase, taking into account shutdown periods
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Fig. 9.8 The plot shows the ambient dose equivalent rate averaged over 3 m in height at the FCC experiment points from pp
collisions along the transport tunnel between the service and experiment caverns. At the tunnel-experiment cavern interface,
a 1 m shielding wall and a two-legged chicane for personnel passage are implemented

Radiation transport simulations were performed for the entire geometry, including the experiment cavern, the
connection tunnels, and the service cavern. The assessment considered the most conservative operational FCC-hh
scenario (‘ultimate’), with a collision rate of 3.24 x 1019 p/s.1?

The spatial distribution of the dose rate through the service tunnel and within the service gallery is shown
in Fig. 9.8. The results demonstrate that the proposed design will meet the target ambient dose equivalent rate
limit, i.e., <0.5 pSv/h inside the service cavern, allowing access during operation with permanent occupancy
(non-designated area classification).

The feasibility of designing and building the following mitigation measures was confirmed by integration and
civil engineering: (1) mobile shielded doors with a thickness of 1 m at the entrance of the transport tunnel and (2)

19Based on a peak luminosity of 30 x 103* cm~2s7!.
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a two-legged chicane for the access tunnels for personnel. Additionally, the current design includes a three-legged
chicane (not included in the simulation studies shown here), for connecting the main accelerator tunnel with the
experiment service area, to minimise the dose rate contribution from the accelerator tunnel. The schematic layout
proposed by civil engineering and integration includes chicanes for direct access tunnels. This will ensure that the
radiation protection objectives for the service cavern are met.

Bypass tunnels Bypass tunnels allow access from the service cavern to the accelerator tunnel, bypassing the
experiment caverns. Bypass tunnels can be designed to allow access to areas with low activation levels while
avoiding passing through areas of increased residual radiation risk. The bypass tunnels must reduce prompt
radiation streaming towards the service cavern down to acceptable levels, ideally without the need for additional
mobile shielding walls for easier access.

Two bypass tunnels are planned at each experiment point to connect the service cavern with the accelerator
tunnel. FCC-ee and FCC-hh feature different radiation sources near the interaction regions, with radiological haz-
ards that must be considered when designing the layout of bypass tunnels and their junctions with the accelerator
tunnel. The constraints must be assessed for both accelerators:

o FCC-ee. Beamstrahlung, synchrotron radiation (SR), and radiative Bhabha (RBB) electrons increase the resid-
ual radiation levels in the straight sections next to the interaction points. Residual dose rate levels in the
personnel and transport passage are in the range between 0.1 and 100 pSv /h after decay times of 1 to 4 days, as
determined in some preliminary simulation studies (see Fig. 9.9). The integration of SR and RBB shielding on
the outgoing beamline, which is still pending, will further help to reduce residual dose rates. The beamstrahlung
dump must be shielded so that the impact on the personnel and transport passage is reduced to sufficiently low
levels in the passageway, located on the opposite side of the tunnel.

e FCC-hh. Residual radiation levels are increased in the straight sections next to the IPs, from collision debris in
the IP. The ambient dose equivalent rate levels in the personnel and transport passage range between 0.1 and
10 mSv/h after decay times of 1 day to 1 week (see Fig. 9.10). The area has to be considered as a high radiation
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area. Given the enlarged tunnel cross section, it seems feasible to integrate additional shielding along the
beam line, effectively reducing residual dose rates to acceptable levels in the personnel and transport passage.
Alternatively, the bypass tunnels could be extended before the operation of the FCC-hh.

Beam dump The beam dumps will receive a rather small fraction of the accelerated particles, considering the
top-op operation mode and approximately only one dump per day, and will therefore become radioactive to a level
that will likely not require a compartmentalisation of the area for separate ventilation. The dumps are shielded
and placed in a section where the tunnel cross-section is increased. The passage for transport and personnel in the
straight section is sufficiently far from the dumps to achieve acceptable dose rate levels at the passage. Dedicated
dump caverns and extraction beam lines will need to be added for FCC-hh.

The radiological study of the beam dumps examines the residual radiation levels next to the beam dumps and
is based on a preliminary dump proposal that still lacks a detailed technical design. The study was done for the
Z pole scenario, which is considered to be the most conservative. Each beam dump is composed of a cylindrical
graphite structure of a length of 600 cm. The structure consists of three layers of graphite with varying densities of
1.1 g/ecm?® and 1.8 g/cm?®. An additional layer consisting of a high-density absorber made of CuCrZr is integrated
at the end of the structure. The dump is encapsulated with a 1 cm thick layer of titanium alloy. The extraction
line is equipped with three successive cylindrical spoilers made of graphite (with densities ranging from 1.7 to
1.8 g/cm?) and 3 cm thick. A first dump shielding was implemented, consisting of a first layer of iron (20 cm) and
a second layer of concrete (40 cm). Although this is still a conceptual shielding design, it illustrates the expected
effects of potential shielding.

FLUKA Monte Carlo simulations were performed in order to assess the residual dose rate after one year of
operation (185 days), considering one beam dump per day, where all particles stored in the collider are discharged.
The number of particles dumped annually is 4.44 x 10'7p/y (Z pole). The results show that the residual dose rate
reaches values around 45-50 pSv /h, at a distance of 1-2 m from the shielded dump, after 185 days of operation (one
dump per day) and 1 hour of cool-down; after 1 day, it reduces to 15 pSv/h. The dose rate values are relatively
low, indicating that even a minimal shielding around the dumps effectively reduces residual radiation to almost
acceptable levels.

Beamstrahlung dump The radiological impact of the beamstrahlung dump using liquid lead as an absorber was
assessed. FLUKA Monte Carlo simulations were performed for the Z pole operation mode, as it generates the high-
est beamstrahlung power among all operational modes. Initial simulations at tt mode indicate as well considerable
dose rates and more important activation due to the higher energetic beamstrahlung spectrum.

The model considered an inclined beam dump with a layer of liquid lead. An initial shielding design was tested
to mitigate the risks associated with residual radiation. The shielding is 1 m thick in all directions and extends
5 m upstream around the vacuum chamber to mitigate backscattering.

Figure 9.11 shows the average dose rate values in the transverse plane across the tunnel, at the level of the
beamstrahlung dump, considering an irradiation profile of 1 year at Z pole operation (185 days). Residual dose
rate values, after 1 hour of cool-down time, may reach 7 Sv/h inside the shielding. Approximately 3 m away from
the shielding, the dose rates decrease to below 100 pSv/h.
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Fig. 9.11 Residual ambient dose equivalent rate profile at the FCC-ee beamstrahlung dump, after 185 days of Z pole operation,
for different cool-down times. The profiles are averaged in the volume enclosed by the two dashed lines, which extends 1 m on
Y-axis and Z-axis

At these very high dose rates, optimised shielding is mandatory to contain the residual dose rate at an acceptable
level outside the dump. The current shielding must be enlarged and optimised to reduce the dose rate to 1—10 pSv/h
in the passage area after 4 hours of cool-down time. Appropriate shielding will certainly be more massive, but can
be integrated. The dose rate from activated lead in the pumping circuit and reservoir will be further assessed and
included inside a shielded casing. Waiting times before manual interventions on the dump will be considerable
(days/weeks), and remote operation will be used to minimise doses to personnel while handling components and
performing maintenance. The activation of the lead absorber will require particular attention and a dedicated study
during the technical design phase to assess the radiological risks and implications for handling and elimination.

Collimation FLUKA Monte Carlo simulations were conducted to evaluate residual radiation in the collimation
section (PF) and the potential impact on the design, integration, civil engineering and cooling/ventilation. The
model encompasses the positron betatron collimation section, including 12 quadrupole magnets, 6 collimators
(both primary / secondary and horizontal / vertical) and 2 shower absorbers. A standard tunnel cross section is
used without detailed integration of additional infrastructure, such as ducts, cables, and piping.

The Z pole is considered the operational mode with the highest loss rate of 8.5x10! p/s, based on a beam
lifetime of 30 minutes.

Figure 9.12 presents the residual dose rate profiles along the straight section of the positron betatron collimation
after 185 days at Z pole operation, evaluated for different cool-down times (ranging from 1 hour to 1 year). The
results indicate the highest peak occurring in front of the secondary horizontal collimator. The high dose rates
span several tens to hundreds of metres, with maximum residual dose rate values reaching 1 mSv/h after one week
of cool-down.

Based on the parameters provided, the collimation section exhibits very high dose rates, making immediate
hands-on maintenance in this part of the tunnel impossible. Evaluating and improving collimator shielding could
help reduce activation levels in the surrounding infrastructure. With further optimisation of design parameters,
the implementation of appropriate bypass tunnels, and a hybrid maintenance approach (combining personnel and
robotics), it appears feasible to allow access after one day of cool-down. This time frame is also essential to ensure
the decay of short-lived radioactive isotopes in the air, enabling safe ventilation and the controlled release of air
into the environment through flushing.

Surface sites Radiological hazards at surface sites during nominal beam operation are potentially induced by
prompt radiation that can propagate from the experiment cavern up through the shaft.

The same parameters and radiation sources used to calculate the prompt radiation in the connection tunnels,
described above, are applied to calculate the propagation of the prompt radiation from the experiment cavern to
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the surface along the shaft. The study considers FCC-hh, where proton-proton collisions (‘ultimate’ scenario, with
a collision rate of 3.24 x 10'° p/s) produce a dose rate higher than that of electron-positron collisions in FCC-ee.

The results are shown in Fig. 9.13. The colour map on the right displays the values of the ambient dose equivalent
rate along the shaft using a colour gradient (in pSv/h). The left graph depicts the profile of the ambient dose
equivalent rate, with values averaged over the volume defined by the two dashed lines in the colour map on the
right. The two horizontal red dashed lines represent the minimum and maximum depths of the shafts for the four
experimental points. This allows visualisation of the range of ambient dose equivalent rates at the different surface
sites.

The plot shows surface dose rates ranging from 10 to 70 puSv/h. Shielding installed at the machine-detector
interface, and a 1-metre thick concrete shielding at the top of the shaft are adequate mitigation measures.

Other radiological hazards at the surface site may arise from the handling of activated material that has been
removed from the tunnel. Standard prescriptive methods are used to limit the radiological risk to personnel by
having dedicated areas to store and work on radioactive items. Buffer zones are established at the border between
areas where activation can occur and non-activation areas to control the flow of material and to guarantee the
correct classification of items removed from the accelerator areas.

The release of radioactive air and water from the accelerator tunnel and the experiment cavern poses a negligible
risk. This is mitigated by recycling the air during operation and having dedicated water handling installations to
avoid any potential contamination or uncontrolled releases.
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Fig. 9.14 Simulation of stray
field envelope at 0.5 mT for
the FCC-ee collider arc. a)
Dipole: (X1, Y1) = (1070,
980) mm; b) Quadrupole:
(X2, Y2) = (2690, 2720) mm

The use of radioactive sources and X-ray-generating devices in surface facilities may occasionally occur during
the construction and operation phases. These common practices are covered by standard prescriptive methods and
rigorous regulations that have been widely applied at CERN and in industry.

Non-ionising radiation (NIR) Risk of non-ionising radiation includes exposure to static magnetic fields, time-
varying electromagnetic fields (e.g., RF), lasers and non-coherent light sources (e.g., UV & Infrared, light, LED).
These risks are currently addressed by standard practices, namely by European Directives [457, 458]. It is possible,
at this stage, to conclude that the design of NIR-generating accelerator and detector components will respect the
exposure limit values of the directives.

For static magnetic fields (e.g., from permanent or electro-magnets), the exposure limit values (ELV) and action
levels (AL) are given by CERN’s General Safety Instruction GSI-NIR-1 [459].

Stray magnetic field from experiment detectors A study was performed simulating typical fringe fields from the
experiment cavern housing an FCC-hh detector representing a worst-case scenario and concluded that the residual
magnetic field at the surface of experiment points is well below current limits. At a distance of 200 m above the
detector, the stray field is of the order of 0.1 mT, whereas the limit for wearers of active medical devices is 0.5 mT
[460].

Stray magnetic field from the collider A study was performed simulating the extent of stray fields for evaluation
against the ELVs and ALs. All stray field envelopes at the ELVs stay within 1 m from the magnet’s centre,
except for the quadrupole, which emits a stray field envelope at 0.5 mT to most of the cross-section of the tunnel
(Fig. 9.14). This is due to the fact that the quadrupole has substantial field strength (=~ 0.45 T at the aperture)
and an open iron yoke. In comparison, the dipole yoke is also open but with low field in the aperture (60 mT),
while the sextupole also has a relatively high field (0.5 T) but confined within a closed iron yoke. Since quadrupoles
will be spread throughout the arc, people with active implantable medical devices (AIMD) would not be able to
access the tunnel, without a valid medical certificate [459]. Even when the magnets are not powered, there is still a
residual risk of remanent fields stemming from magnetised metal in the surroundings. Occasional access in specific
areas may be granted, based on a risk assessment and fenced off from any individual 0.5 mT sources.

Access is possible for the public and workers without any particular risk?® (B < 40 mT). Any work near the
dipoles and quadrupoles when the magnetic source is on would require a specific workplace risk assessment and
training.

Lasers for beam polarisation Fixed laser installations are planned in some alcoves for beam polarisation and energy
calibration. The laser installation will be installed within a dedicated laser area (DLA), with interlocks to cut off
the source in case of unauthorised access. The classification of the laser systems, as well as the engineering control
measures, will follow the applicable International Standards, i.e., IEC 60825 series [461].

Optical fibre network The infrastructure will deploy an optical fibre network (OFN) for internal communication
and data transmission. Depending on the maximum output power of the transmitter (dBm), the OFN will be

classified within a given hazard level in accordance with TEC 60825 [461]. For any given hazard level, a set of
engineering control measures are required.

29Such as wearers of passive metal implants and pregnant workers.
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Electrical safety The electrical infrastructure will cover everything from low voltages (e.g., lighting) to high voltages
(e.g., power transmission). Despite this wide range, electrical safety may still be covered by standard practices.
Most of the electrical equipment will be housed in surface buildings, in the service caverns, and the alcoves. The
FCC accelerator and experiment detectors are expected to be designed according to the appropriate international
standards (IEC) where they obey the safety by design principle, i.e., ensuring a proper degree of inherent protection
(e.g., IPx rating according to the IEC 60529 standard [462]) preventing live parts being accessible. Any non-
standard equipment will be subject to a rigorous risk assessment design process to ensure conformity with the
applicable legislation. The electrical network will be designed according to national and international standards
for all voltage levels (low, medium, and high). A secure power network is foreseen as mentioned in Sect. 9.4.1. The
location of cable trays in the tunnel arc and the alcoves is chosen to minimise interference with the occupants.

Occupants and emergency teams will be authorised and required to activate an emergency stop in case of an
unsafe situation or incident, cutting off the electrical power to the general (non-safety-related) services. In the
LHC, this is achieved by a spatial distribution of general emergency stop (AUG) buttons along the tunnels and
caverns. The exact technical solution for the FCC will be studied in the next phases, during the detailed design
of the electrical network.

For works or activities in which the protection elements are temporally removed, there are a set of technical
and administrative procedures to ensure the safe execution of such activities. For example, lock-out, tag-out and
electrical work permits to ensure safety during interventions on electrical equipment. A safety-by-design approach
is enforced, considerably reducing the technical and administrative burden of specific safety prescriptions.

Chemical safety Only a few chemicals are required for the operation of the FCC infrastructure. Most of them will
be used in the closed circuits of the cooling water network:

e Biocides - chlorine dioxide, produced from hydrochloric acid and sodium chloride.
e Corrosion inhibitors - mainly sulphuric acid.

Significant quantities of synthetic lubricants (e.g., BREOX) are expected on the surface sites for the cryogenic
compressors. Cooling refrigerants (coolants) are also needed for the fan coils in the tunnels and chillers on the
surface. Some traces of oil are expected underground, but these will be in minimal quantities (e.g., vacuum pumps,
motors, and other machinery).

At this stage, only standard chemicals are intended to be used, hence standard practices and regulations are
applicable when handling these chemicals. For each chemical product, the supplier must deliver a safety data sheet
(SDS) or an extended safety data sheet (eSDS) and a technical data sheet (TDS) with information on product
usage, on hazards during use and during emergency procedures.

Mechanical safety The feasibility study focused on the technical infrastructure at large and its possible impact on
the civil engineering layout. The mechanical design of the beamlines and equipment inside the infrastructure will
be detailed in the next phases of the project. The necessary safety studies and assessments will be performed in
parallel.

The use of robotics (both overhead and floor-driven) will be widely present in the FCC infrastructure. The
cohabitation of robots and personnel poses a safety hazard that will be dealt with during the design phase,
where the robotic systems are designed and manufactured according to the EU Regulation 2023/1230/EU on
machinery [463] and associated harmonised standards.

Indoor air quality The indoor air quality in the underground infrastructure is guaranteed by the ventilation system
described in Sect. 9.4.1. During access mode, the air renewal for hygienic purposes is guaranteed by the air exchange
in the concerned sector. The values of the flow rates and air velocities in the tunnel are shown in Table 9.4. In the
technical points (PB and PF), the supply flow rate for the service caverns and connection tunnels is 20,000 m? ht.
For the experiment points (PA, PD, PG and PJ), the supply flow rate for the service caverns and connection tunnels
is also 20,000 m® h™', whereas the experiment caverns are supplied with 50,000 to 70,000 m® h™'. The RF points
(L and H), are supplied with 20,000 m® h™" in the service areas (cavern and connections) and 30,000 m® h™" in
the RF sector in the tunnel [438].

The ventilation of the underground infrastructure is a pre-condition for access. Hence the correct functioning
of the ventilation system must be ensured before granting access to personnel.

Noise As far as reasonably possible, the owners of noise-generating equipment installed both in the underground
areas or surface sites must apply technical solutions to achieve a daily exposure level below 80 dB(A) [464]. These
limits are considered state-of-the-art and would avoid the mandatory use of personal protective equipment (e.g.,
earplugs). In the case of specific equipment emitting higher sound levels (e.g., cryogenic compressor building at
the surface), specific engineering and personal protective measures must be put in place.
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Table 9.4 Metrics of the ventilation system in the accelerator tunnel during access mode [438]

Scheme Flow rate [m®*h™"] Velocity [ms™?] ACH® [h™Y]
. 27,000 (per half arc) 0.25 0.3
Semi-transverse
(54,000 per sector) from 0 (midpoint) to 0.5 in a sector
Longitudinal 54,000 per sector 1 0.3

¢ Air changes per hour

Workplace ergonomics Despite the fact that there are no permanent workplaces in the underground infrastructure,
occupants may be requested to spend considerable amounts of time performing repetitive tasks therein. The inte-
gration of the tunnel arc, as well as the experiment and services caverns, must take into account the requirements
to ensure proper workplace ergonomics.

In the tunnel arc, the passage from the transport area towards the opposite side of the accelerator(s), i.e., the
external side, passes underneath the beamline in between two beam elements (e.g., dipoles, corrector magnets,
etc.). Such a passage must take into account the ergonomics of occupants crossing from one side to the other
several times a day. Standard practices as used in industrial installations are available in EN 547 [465] to cover this
occupational hazard. If passage underneath the beamline remains the baseline approach, the minimum vertical
clearance from the floor to the vertical obstacle (i.e., the beam pipe) is 1123 mm.?!

9.4.3 Occupational hazards during accident scenarios

During the feasibility study phase, only some selected accident scenarios were analysed, mainly those deemed to
have an impact on the layout and civil engineering structure of the underground infrastructure. Additional accident
scenarios will be assessed during the next phases of the study.

Ionising radiation Accident scenarios that may be relevant in terms of radiological protection will not produce
different hazards from those described for nominal operation, i.e., external exposure from prompt or residual radi-
ation or internal exposure from the incorporation of radioactive contamination. The relevant scenarios considered
are the following.

o Beam losses: refers to the inadvertent deviation or depletion of particle beams from their intended trajectory
within the accelerator, leading to secondary radiation from interactions with accelerator components. A machine
protection system must ensure that such events are detected and the beam will be directed either to the beam
dumps or absorbed by the collimation system or protection devices.

o Fire: fire can release radioactivity from combustible activated materials, with smoke that carries radioactive
isotopes. As it spreads and settles, contamination may occur. The radioactivity content in combustible materials
is low and will not lead to a relevant exposure of the intervening personnel. The radiological risk to workers
or emergency responders is negligible, given the greater risks that such emergency situations present, such as
oxygen deficiency, smoke toxicity, and fire.

o Leakages: leaks from water circuits can release large amounts of water that may contain radioactive isotopes.
The radioactive concentration of the water circuits is low and will not lead to any relevant exposure scenarios.

The main accident scenario considered is an accidental beam loss, where the civil engineering infrastructure is
critical to contain prompt radiation and protect workers in adjacent areas. Although unlikely and mitigated by
the machine protection system, such scenarios are considered in the design. Beam loss scenarios are assessed at
critical locations, that are, the injector complex, bypass tunnels, and RF klystron galleries. The dose objective of
1 mSv per incident?? is respected in the following loss cases studied.

Injector complex Dose equivalents from secondary radiation during full beam loss scenarios of one-hour duration
remain largely inferior to those of the continuous loss scenario with a limited loss rate, as described above.

The doses behind 6 m of soil will be less than 100 pSv as shown in Fig. 9.15. Therefore, the constraining scenario
is determined by a sustained, limited beam loss rate.

21Based on the tallest population in CERN’s members states, with a wrist to shoulder blade distance of 823 mm (95th
percentile) and an additional 300 mm allowance covering the helmet, and head movement clearances.

22Design target values for a non-designated area. It refers to the maximum effective dose per event with a probability <0.01
per year.
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Klystron gallery During the operation of the collider and booster, the klystron galleries remain accessible. Given
that radiation can propagate through waveguide ducts and emergency exit staircases, prompt radiation propagation
was assessed in the event of an accident scenario, i.e., beam loss.

In the absence of well-defined beam loss scenarios, the study considers the most conservative case, which is the
complete beam loss, where all the particles stored in the ring (both electrons and positrons) impinge on a single
cryomodule located below the waveguide duct. Although this scenario is highly improbable, it can serve as an
upper limit for the analysis of a catastrophic event. Radiation transport simulations were performed to determine
the ambient dose equivalent in the klystron gallery.

The beam loss scenario is analysed for the Z mode (beam energy 45 GeV) as it has the highest beam intensity
of all operational modes, which is not compensated for by the higher energy at tt mode. The resulting dose was
normalised using the total number of particles stored in the ring, that is, 15,800 bunches of 1.51 x 10! particles
per bunch, for 2 beams giving 4.8 x10'® particles in total.

The results, shown in Fig. 9.16 and Fig. 9.17, include two types of plots: a 2D colour map illustrating the dose
distribution within a specific tunnel subcell, highlighting the transverse cut used in the simulation model, and a
1D profile averaging the values from the colour map along the waveguide duct profile.

The results show that, during a full beam loss scenario in Z mode, the dose in the klystron gallery is of the
order of 10 nSv. This value is well below the annual dose limit of 1 mSv for a non-designated area, as indicated in
Table 9.3.

The access requirement to the klystron gallery during FCC-hh operation still needs to be decided. If the gallery
remains accessible, the radiological conditions must be compatible with the radiation source presented by the
FCC-hh.

Bypass tunnels The S-shaped bypass tunnels at the experiment points, approximately 100 m in length, were
evaluated for their compatibility to ensure low doses in the service cavern during catastrophic beam losses in the
accelerator tunnel. In the absence of defined beam loss scenarios, the study assumes the most conservative case: a
full beam loss of all stored particles of both beams impinging on an accelerator component in front of the junction
with the bypass tunnels. Figure 9.18 shows the results of the radiation transport simulations, where the service
cavern is connected to the bottom left, and the accelerator tunnel is running at the top of the plot. Ambient dose
equivalents remain below 1 pSv for FCC-ee in Z mode and at about 10 pSv for FCC-hh for a catastrophic full
beam loss in the collider. The results demonstrate compliance with the design objectives.

Fire and smoke Fire and smoke propagation pose a significant risk to the FCC infrastructure, particularly in
underground areas. The likelihood of a fire can vary based on factors such as location, activity, layout, fire load,
and occupancy levels. However, fires in confined spaces are especially dangerous due to the accelerated growth
caused by thermal radiation feedback and the rapid spread of smoke.

As an outcome of the initial hazard registry analysis, the following list describes possible ignition sources or
fire-specific hazards across FCC areas:
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Fig. 9.16 The ambient dose
equivalent is calculated for a
catastrophic accident
scenario, considering that all
particles stored in the
FCC-ee collider are lost
against an RF cryomodule in
a single event. The colour
map illustrates that the
estimated ambient dose
equivalent inside the
klystron gallery is
approximately 10 nSv

Fig. 9.17 The plot presents
the dose projected along the
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1. High and low voltage installation, including cables and power wet/dry transformers (overheat, short-circuit,
arc) (For LHC, the frequency of an electrical fire was estimated as ~ 4 x 1072 /year [466])

Hot works (welding, grinding)

. Glowing cigarette
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. Transport vehicles (accident, battery malfunction)
Cryogenic systems (oxygen enrichment of air, condensed air dripping on combustible materials)
Pumps and mechanical devices (overheat)

. Flammable and explosive atmospheres (in surface building only)

. Arsonist (considered as unlikely for underground areas due to access control and active surveillance)

These hazards are mitigated by means of a fire safety concept that describes the coordinated set of civil-
engineering, technical and organisational measures to reduce fire risk to the level that meets safety objectives (see

Sect. 9.2.2).

The fire safety concept follows two strategies:

e prescriptive approaches based on Host States laws: this deem-to-satisfy solution ensures that at least life safety
criteria are met, and safety measures are commensurate with standard industrial fire risks. This will be the

default strategy for surface buildings.
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o performance-based design: as explained in Sect. 9.3.3, whenever the technical prescriptions cannot be imple-
mented, are not appropriate or simply out of scope, the safety objectives need to be ensured by guaranteeing
the safety performance of the facility in case of accidental scenarios.

The following subsections summarise the safety studies to characterise fire hazards in FCC and describe the
prevention and mitigation measures included in the main areas of the infrastructure. Fire resistance, reaction to
fire and organisational measures to ensure fire safety are discussed at the end of the chapter. The proposed fire
safety concept will be refined in the subsequent phases of the study and updated to reflect any future changes to
the baseline used in the feasibility study.

Tunnel arcs The accelerator tunnel represents the largest volume and floor area of the entire facility. Thus, specific
attention has been devoted to studying how a fire will impact the evacuation and the life safety of the occupants.
The entire analysis is available in a technical report [467], with a summary of the main assumptions and outcomes
below.

To verify that the proposed compartmentalisation and smoke extraction strategies ensure life safety objectives,
computational fluid dynamics (CFD) simulations using the NIST’s Fire Dynamics Simulator (FDS) (v6.8.0) [468]
have been performed for a complete 400 m long compartment.

The tenability limits below (based on ISO 13571 [469]) define the performance criteria used throughout the
study:

o Visibility of the evacuation path (at 2 m height) < 10 m
 Fractional Effective Dose (FED) > 0.3
e Temperature > 60 °C

Additional criteria are analysed for further comparison among trial designs such as: FED> 0.1, hot smoke layer
temperature of 200 °C, smoke layer spread velocity and heat flux > 2.5 kW m™2.

The time to reach these untenable conditions constitutes the ‘Available Safe Egress Time’ (ASET). The ‘Re-
quired Safe Egress Time’ (RSET) is defined as the time required for the occupants to leave the compartment. The
comparison of both times provides the safety margin used for the analysis of life safety criteria, as illustrated in
Fig. 9.19. The ASET > RSET condition is a safety requirement for all scenarios studied.

The baseline pre-movement time and walking speed are taken from BS PD 7974-6 [470] and set as 30 s and
1.2 ms™!, respectively. The 90" (pre-movement) and 10" (walking) percentiles of the standard distribution
associated to those values (i.e., 120 s and 0.8 ms~!, respectively) have also been used to explore slower responses.
Table 9.5 summarises the list of input parameters required to perform the evaluation.

Several design fire scenarios were developed during the conceptual study phase, during brainstorming sessions
conducted with accelerator safety experts and using reference data from the literature [471]. Among these, a fire
developing from a transport vehicle loaded with pallets was shown to be the worst-credible scenario with respect
to life safety in the tunnel. The heat release rate (HRR) curve obtained shows a medium-fast growing phase that
reaches a first peak of 4 MW in 8 min. After a short dip, the HRR continues to grow up to a 8 MW peak reached
after 17 min, as shown in Fig. 9.20.

The study also investigated the two main ventilation strategies proposed above as well as the impact on the
final available safety margin time (ASET — RSET) of several different design criteria such as: smoke extraction
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Table 9.5 Input values to perform the ASET-RSET analysis. Occupants are considered to be awake and familiar with the
premises - Cat. A, and assumed to be trained to a high level of safety management - level M1 (ensured by appropriate training
before access to underground facilities is granted (see Sect. 9.4.5). Whilst the complexity of the building is considerable, having
a wayfinding system (see Sect. 9.4.1) and only two possible routes (left or right) allow the selection of a building level B2. Level
A1 is considered since a robust detection system is to be installed across underground premises. The occupants’ location is
relative to the location of the fire

Parameter Value Justification
Detection time 120 s Performance requirement for such fire
Pre-movement time 30s (120 s) BS PD 7974-6 [470]
Ventilation ramp up 0-60s Ventilation design [438]
Walking speed 1.2ms™! (0.8 ms™!) BS PD 7974-6 [470]
Occupant’s location —100m /0m / +150 m Credible scenarios
Fig. 9.20 Fire scenario of mCamE Fing o By @ Moedirm o« Fast o« Liimalas!
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flow, fresh air supply, door behaviour, delay times, background initial flow. All the cases (nominal and degraded)
are described in a specific technical report [467].

The performance criteria are examined using time-position plots for all scenarios studied, as illustrated in
Figs. 9.21 and 9.22. The evacuation time-position profiles (extensively used in tunnel fire safety [473, 474]) allow
the ASET > RSET condition to be verified as well as quantifying the safety margin when the occupants reach the
end of the compartment.

The analysis of all scenarios confirmed that both of the proposed smoke extraction concepts allow enough
time to safely evacuate the compartment under nominal conditions. Some degraded modes (i.e., no detection, and
therefore no automatic activation of any action) do not meet ASET > RSET condition.
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Fig. 9.21 Visibility time-position plot for semi-transverse (ST) and longitudinal ventilation (LT) strategies. The 10 m visibility
threshold is clearly depicted as well as different possible evacuation pathways (shown as dashed lines) for reduced and nominal
human behavioural cases. Ventilation vector: left-to-right. Both strategies ensure that occupants can evacuate before reaching
untenable visibility conditions; ST is the most performant option, namely downstream the seat of the fire
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Fig. 9.22 Fractional effective dose (FED) plot for semi-transverse (ST)and longitudinal (LT) ventilation strategies. Ventilation
vector: left-to-right. The FED 0.1 and 0.3 thresholds are clearly depicted, as well as evacuation lines for reduced and nominal
human behavioural cases

Finally, the safety margin for nominal and reduced speed evacuees provided by nominal conditions (no degraded
modes) of cross-sectional and longitudinal smoke extraction strategies are compared in Fig. 9.23. Several extraction
capacities from 0 to 25,000 m®/h are also explored. The semi-transverse solution shows better smoke-sweeping
capacity, providing a better margin for the same extracted flow. The comparison also demonstrates that the absence
of smoke extraction induces a negative safety margin, i.e., the occupants are unable to reach the compartment due
to the lack of visibility.

In conclusion, from a safety point of view, the dynamic confinement offered by the semi-transverse scheme is
found to be more efficient and robust (including degraded modes) for the safe evacuation of occupants in case of
an incident. Thus, for this feasibility study phase, the semi-transverse option is considered as the baseline for the
FCC tunnel.

Shafts and safe areas Within the shaft and their waiting areas (see Sect. 9.4.4), the fire risk will be limited to fire
loads stemming from the safety systems themselves. These areas are critical for safe evacuation and must not be
compromised; hence, no storage of combustibles is allowed. As mentioned above, the pressurised volume and an
EI120 compartment ensure that these areas are free of smoke at all times.
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Conversely, the transport zone of the vertical shaft poses a significant fire risk. Due to its chimney-type configu-
ration, a fire at the bottom of the shaft will quickly propagate upwards, making it difficult to reach and extinguish.
To mitigate this, additional fire safety measures should be considered, such as cable enclosures, fire protective bar-
riers at regular intervals, etc. Although this scenario does not pose a major threat to life safety (since the transport
zone is separated from the lift shaft), it is important to consider how safety systems are protected at the surface.
In a later stage of the study, the impact on property protection and continuity of operation of such scenarios will
be considered in a cost-benefit analysis to identify the most appropriate measures.

Ezxperiment caverns Fire risk in experiment caverns is primarily associated with the large quantity of data and
power cables feeding the detector and the ignition sources and combustibles integrated within its sub-systems.

The reaction to the fire of cables will be controlled to limit the energy, smoke, and acidity production and
all the cable trays exiting in the experiment caverns (via the connection galleries) must be sealed and covered
with intumescent paint to prevent propagation. In localised areas with vertical dense cable tray arrangements,
automatic extinguishing systems (e.g., water mist) will be considered as a compensatory measure for property
protection and business continuity.

Regarding the detector, a dedicated risk assessment will be conducted for each detector sub-system, identifying
the most appropriate compensatory measures to maintain the fire risk within acceptable limits. The LHC detectors
currently employ several effective safety measures to mitigate the fire risks, including;:

o Inert nitrogen atmosphere: the inner detector volumes are filled with nitrogen to eliminate ignition sources in
combustible areas.

o Inert gas extinguishing systems: flooding systems are in place to suppress potential fires in outer layers, with
manual activation available from the control room.

e Dedicated detection systems: localised detection systems monitor for anomalies and can trigger power cuts to
prevent malfunctions. These systems utilise inner temperature monitoring and multi-parameter gas sampling
to ensure precise oversight within the detector.

¢ Over flooding foam system: a water-based foam system allows flooding of the cavern in case of extensive fire.
This system is not aimed at life safety and might be destructive to the detector electronics. Technical and
cost-benefit analyses are required to evaluate the appropriateness for the FCC detectors.

From a life safety standpoint, the lower-level safe-passage connections to protected areas in the service cavern
(purple galleries in Fig. 9.24) allow quick evacuation in case of fire. Due to the volume of the FCC-ee detector
compared to the large dimensions of the cavern and its shaft (Fig. 9.24), smoke extraction is not required for
life safety. This was closely studied for ATLAS and CMS in the LHC [439, 440] and remains valid for the FCC
experiment caverns at this stage. A smoke extraction system is still necessary to ensure safe and efficient fire-
fighting intervention, as well as to reduce potential property loss in case of fire.

Service caverns The service caverns house the majority of the technical infrastructure to feed the underground
facilities. They are areas with significant fire loads and ignition sources, such as power transformers, electrical
racks, and computing rooms, which must be enclosed within equipment-specific EI120-rated fire compartments.
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(a) FCC-ee (b) FCC-hh

Fig. 9.24 Illustration of the FCC detectors at the experiment point PG

The proximity to pressurised safe areas and the efficient vertical means of evacuation (shafts) ensure the life safety
of the occupants, as verified by the studies performed for the LHC [439, 440].

The evacuation passages from the experiment area and the main tunnel are also completely enclosed within an
EI120 fire-rated over-pressurised compartment and will not be impacted by any fire in the service cavern.

A cost-benefit analysis will determine if dedicated extinguishing systems, such as inert gases or water mist, will
be needed to protect property in critical areas such as computing rooms or power transformer zones.

Klystron galleries The klystron galleries concentrate high electrical energy and combustible loads comprising
power cables and the klystrons themselves. While dry technologies exist, the infrastructure is being designed
for the possibility of hosting oil-filled klystrons. These galleries are equipped with a ceiling-mounted emergency
extraction system, similar to the main tunnel, and evacuation distances are limited < 200 m (i.e., 400 m in between
two exits). Several pressurised connection staircases to the main tunnel, are distributed along the gallery, ensuring
the evacuation of occupants in case of fire (see below).

Alcoves Alcoves will contain large amounts of active equipment needed for the operation of the accelerator in
a small volume: transformers, control and power racks, electrical components, etc. They are considered as high
fire risk areas due to the combination of fire load with multiple electrical ignition sources. Hence, they must be
compartmentalised with respect to the accelerator tunnel, with a fire door, fire dampers and sealing of all services
which cross.

The maximum combustion time of a 1 MW fire in the alcoves is &1 h 30 min. This is considering the relatively
small and enclosed volume (<40 m?) and the fact that fire cannot be sustained below 13%23 O4 concentration [475].
Hence, the fire rating for the alcove compartments is EI120, considering that flashover conditions cannot be
discarded at this stage.

The racks and services feeding the safety systems of the tunnel arc will be installed in the alcoves. This equipment
will be contained in separate volumes within the alcoves, protected with a dedicated fire compartment. This limits
the risk of compromising those safety systems in case of a fire inside the alcove.

The evacuation distance to reach the fire door at the entrance of the alcove remains limited (below 40 m), so
the occupants can quickly reach the adjacent compartment in the main tunnel.

The smoke extraction ducts installed in the alcoves are connected to the tunnel smoke extraction system with
fire-rated dampers. As mentioned above, smoke extraction from the alcoves is deemed not necessary for life safety
but is important for the emergency intervention teams, property protection and business continuity in case of a
fire.

In some specific alcoves, oil-filled transformers might be installed. In these cases, localised extinguishing systems
(e.g., COq, inert gas, automatic powder extinguisher, water mist) will be considered case by case to mitigate the
impact on property protection and continuity of operations to an acceptable level. Moreover, the rail-mounted
robotic intervention solution that is planned for the tunnel areas might not be suited to the alcove geometry and
justifies further study for automatic extinguishing of high-fire risk-specific equipment.

Surface buildings The surface buildings will house most of the underground technical systems. The fire load is
considered to be present in the form of electrical cables, racks, power transformers, and other industrial equipment
(oil compressors, pumps, fans, etc.). Prescriptive approaches for industrial facilities as per Swiss AEAT [442]
and French Code du Travail [441] provide the design requirements to ensure life safety goals. In addition to the
minimum host state requirements, areas considered as high-risk (with high fuel load density or ignition sources)
will be equipped with automatic fire detection systems, enabling the prompt detection and activation of first
responders. In such cases, the evacuation alarms will also be automatically triggered.

2 Conservative value to account for hydrocarbon fuels.
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Reaction to fire The underground inner lining will be made of non-combustible materials (A1/A2 as per EN 13501-
1 [476]) and will not increase the fire load in the facility. Partitions must also be non-combustible (including
sandwich panels, false ceilings/floors, and finishing). This is in line with the requirements for underground transport
tunnels [432, 477, 478].

The combustibility of material contained in the premises will be strictly controlled to limit combustibility
and the consequences of any ignition. CERN Safety Instruction IS 41 [479] limits the spread of flames, droplets
behaviour and smoke production of all materials to a minimum or low contribution to fire (i.e., A, B and C
Euroclasses [476]) and prevents the use of halogenated materials. Whenever these provisions cannot be met, a
dedicated risk analysis is performed to determine compensatory measures to limit such materials.

Specific attention is to be paid to the reaction to fire of cables. CERN Specific Safety Instruction SSI-FS-2-
1 [480] already requires the installation of cables that are certified to, at least, Cca-s1,a2,d1 class or equivalent.
Cca-s1,a2,d1 [451] must be retained as the minimum class for cables in the FCC, as it implies:

o Limited self-propagation.

e Low thermal energy released.

e Low smoke production.

e Limited fire growth rate.

o Non-acidity of gases (i.e., halogen-free).
o No sustained flaming droplets (>10 s).

Fire resistance In the event of fire, the integrity of the underground structure must be maintained for the period
of time required to:

e Ensure self-rescue and complete evacuation of occupants.
o Allow safe intervention of emergency responders.
e Limit tunnel damage and recovery time.

This fire-resistant requirement must be applied to the civil structures as well as to the technical systems that
need to operate in case of fire (e.g., cables, cables trays, ventilation ducts). It will be evaluated using natural
curves?? and engineering methods. Natural curves will be developed with the worst possible scenarios impacting
the infrastructure (localised and distributed fires) and will consider all phases (growth, developed fire and decay).
It is important to note that these natural curves might not be the same as used in Sect. 9.4.3 for life safety
assessment due to the main safety objective being assessed: a critical scenario for evacuation (a rapid growing fire)
is not necessarily the most critical scenario for structural resistance (long-lasting fire). The resistance assessment
must consider the serviceability limits for the load bearing and spalling requirements to ensure that the above-
mentioned objectives are met, despite the absence of extended collapse of the structure. For convenience, the final
resistance can be expressed as per ISO 834 [429] using a time-temperature equivalent method as available in [481]
and [482].

Table 9.6 highlights the minimum prescriptive requirements for fire resistance used in the Host States, as well as
in other particle accelerator infrastructures. The risk levels N1, N2, and N3 for French road tunnels are determined
by the potential impact of structural collapse on both the infrastructure and its surroundings [483]. In particular,
risk level N3 is indicated for immersed tunnels and when the risk of local collapse can represent a major risk
of flooding. While the corresponding prescriptive fire resistance (R240 + HCM120) appears disproportionate for
FCC due to the lack of comparable fire loads, the risk of water intake as a consequence in case of local collapse
will be studied in the next phases of the project.

As indicated above, the proposed fire resistance for underground infrastructure expressed as per ISO 834 is:

e R90 for tunnel and experiment caverns.
e R120 for alcoves, service caverns and areas with specific fire load.
e R120 for safe areas and protected shafts.

The different fire scenarios studied in the tunnel areas show that even in degraded mode, temperatures remain
below 300 °C for a large part of the tunnel (Fig. 9.25b). Close to the seat of the fire, the maximum recorded
air temperatures for most unfavourable scenarios remain below 600 °C. This is substantially below the ISO 834
curve (Fig. 9.25b), demonstrating that the proposed fire resistance ensures the life safety of occupants during the
evacuation phase. The next phase of the study will evaluate whether greater resistance is needed to ensure the
objective of property protection and business continuity.

4 Temperature-time curve that describes the behaviour of a fire in an uncontrolled or natural environment, without external
intervention or standardised conditions. This curve is derived from real fire scenarios and reflects the actual growth, peak and
decay phases of a fire.
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Table 9.6 Overview of minimum fire resistance prescribed in underground tunnels. R refers to fire resistance as per ISO 834
curve and EN 13501-2 [430]. RWS/HCM refer to the normalised hydrocarbon time-temperature curves with faster growth and
higher temperatures than the ISO-834 curve as depicted in Fig. 9.25a. g stands for fire load density. Clearance is the maximum
allowable height of the tunnel

Source Fire Resistance [m] Comment
R60 If clearance < 3.5 m for all risk levels
FR road tunnels [477] R120 If clearance > 3.5 m for risk levels N1
HCM120 If clearance > 3.5 m for risk levels N2
R240 + HCM120 If clearance > 3.5 m for risk level N3
FR railway urban tunnels [484] R120 for public transportation
R60 (R90 Height > 11 30 if 1200 M.J/m?
CH Industrial Building [485] (R90) eight > 11 m <30 m (if ¢> /m )2
R90 (R120) Height > 30 m < 100 m (if ¢ > 1200 MJ/m?)
For lightweight vehicl
CH road tunnels [486] RGO oF shitwelg b vereies
RWS/HCM 120 If heavy goods
HCM 120 If submerged or below water tables
CH railway tunnels [487] R120 (RWS/HCM 120) For unstable tunnel (if >trains/day)
R120 For stable ground
XFEL [435] R90 For shaft and underground infrastructure
HI-LHC [488] R60 tunnel
R120 safe areas and protected shaft

Organisational measures for fire prevention The following general requirements to prevent fires and limit their
consequences will be implemented:

e All hot works are to be conducted under a fire permit approval stipulating preventive and compensatory
measures to be put in place (most of them are already implemented in the current CERN safety policy);

e Smoking will be strictly forbidden in all buildings at CERN, including underground areas.

e Fire safety awareness must be part of the access training ranks. This shall include instructions on prompt
manual alarm triggering, behavioural reflex, and first response training.

o Maintenance and control. Patrol (automated) will check for unusual cues (hot spots, improperly placed mate-
rial).

e Regular tests and fire drills. Fire safety systems must be permanently monitored and checked. Unplanned
evacuation drills will regularly verify that the global safety concept is successfully implemented and if there are
discrepancies, propose actions and update the concept.

Oxygen deficiency hazard (ODH) The SRF cryomodules of the FCC-ee rely on liquid helium to reach their super-
conducting state. The 400 MHz cavity cryomodule will be cooled using 115 kg of helium at 4.5 K (He-I), whereas
the 800 MHz cryomodule will use 55 kg of superfluid helium (He-II) at 2 K. Following a risk assessment [489], a
few accident scenarios were identified as potential sources of helium release in the FCC tunnel. Such a release poses
considerable risks for people working underground. The helium gas released into the environment would displace
the air (i.e., the oxygen) and lead to a possible asphyxiation of occupants underground; this is referred to as an
Oxygen Deficiency Hazard (ODH). Moreover, low-temperature helium flow can also cause severe internal/external
cold burns. A performance-based design approach, using numerical simulations in the form of computational fluid
dynamics (CFD), provided an analysis of the ODH in the RF section of the FCC-ee accelerators. The outcome of
the safety studies is summarised below, based on a series of reports that contain the full details [490, 491].

For simulations, a full fire compartment (400 m) in the RF sector at point PH was selected as the control volume.
The CFD simulations were performed in two dedicated batches, corresponding to the two accident scenarios chosen
for the analysis: 1) sustained RF quench and 2) loss of beamline vacuum. The FCC-ee SRF system will be designed
to avoid a sustained RF quench, leaving the loss of beamline vacuum to be considered as the most credible incident
(MCI) at this stage, with a mass flow rate of 20 kgs~! [489]. The scenarios studied are summarised in Table 9.7.
The case and mesh settings for the CFD solver are detailed in [490, 491].
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(a) Temperature evolution for transport vehicle fire with three different ventilation condi-
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(b) Temperature time-position plot for case 18A [468]. Ventilation vector: left-to-right.
Air/smoke temperature is measured at 2.6 m from the ground. This case represents a failure
of the smoke extraction system and maximises the thermal impact to the tunnel for the vehi-
cle fire design. The black line corresponds to the 200 °C threshold. The red and green
dashed/dotted lines are evacuation trajectories for worst and nominal human behaviour
cases.

The simulations were run on CERN’s HPC cluster and post-processed, focussing on analysing the following
results:

e Comparison between input scenarios.

e Dynamic behaviour of the oxygen levels in the cross-section of the tunnel.
e Time needed to reach ODH conditions in the evacuation path.

e Propagation speed of the Helium cloud front.

« Propagation speed of the Helium Plug.?”

25 Area of the tunnel that is completely filled with helium gas.
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Table 9.7 List of simulation scenarios and the main input parameters

Ref. Scenario Relief points Burst disc Mass flow Pressure & temperature Sim time
[per CM] ¢ [mm] [kgs™'] [bar(a)]/[K] [s]
SC1 . od RE 1 100
SC2 ustaine 9 100 2.9 57
quench
SC3 4 50 2.0 / 5.32
SRF01 Loss of Beamline 1 100
20 26
SRF02  Vacuum 2 100
Table 9.8 Results of the Time to reach -
CFD simulations with the Ref. 18% O Propagation speed [m/s] He plug
scenarios described in ] 2 Cloud He plug He plug size [m)]
Table 9.7 front (mue #0) (mme =0)
SC1 7 1.52 0.66 0.58 32
SC2 10 1.33 0.57 0.7 29
SC3 15 1.66 0.63 0.81 35
SRF01 4 3.3 5.3 3.3 73
SRF02 2 2.57 3.8 2.57 53

o Longitudinal size of the Helium Plug.

The findings are summarised in Table 9.8, showing the time at which untenable conditions are reached in the
transport/evacuation zone (i.e., Oz < 18%), the propagation speed of the helium cloud front, and the behaviour
of the helium plug formed in the tunnel. This includes scenarios where gas is still being relieved from the burst
disk (mpge #0) and when the inventory is empty (g = 0), along with the size of the corresponding plug at the
end of the simulation. Figure 9.26 illustrates the results of the cross-section and longitudinal propagation of the
helium cloud.

The simulations confirm the turbulent flow effects observed in real-life scenarios [492]. Untenable conditions
are reached as soon as 2 seconds after the opening of the pressure relief device, and after an additional 4 seconds
the cloud has propagated another 12 m downstream. The turbulent flow leads to the creation of a helium plug,
which was observed in all 5 scenarios, right next to the release point and extending up to 70 m in length within
26 seconds (Table 9.8). The plug can obstruct the entirety of the transport zone, posing a heavy constraint for the
evacuation of the occupants towards the adjacent compartment where they would retrieve the transport vehicle
to evacuate from the underground area.

Given these observations, with the cryomodules at nominal conditions (i.e., maximum inventory), access to the
RF section of the tunnel must be blocked when the risk of such accident events is present. Access to the klystron
gallery is allowed, however, the bore holes for the wave guides need to be leak tight. Additional future studies
may determine if there is a minimum inventory where access to the RF sector would be possible. In this case,
occasional access may be granted with prior approval (i.e., through established procedures) and by requesting the
use of personal protective equipment (PPE), such as self-rescue masks. It is intended to extend these studies, for
the further design of the FCC study to include the use of the emergency (smoke) extraction duct and measure the
impact on the extent of the helium plug and cloud propagation, in view of iterating on the access conditions to
the RF sector.

It is also preferable to have a cryomodule design with multiple release points, although a single release point
might still be studied in more detail to improve the outcome compared to SRFO1.

The ODH assessment for the experiment caverns will be performed in the next phase of the study, when the
detector technologies are chosen and which cryogenic gas will be utilised (if any).

Seismic hazard The region is characterised by a moderate seismic level. With 11 earthquakes of magnitude > 5
estimated to have occurred within a radius of 100 km around Geneva in the last 500 years the hazard is considered
and analysed. At least two seismically active faults stretch about 10 and 30 km southwest of Geneva, within the
area of the current reference implementation scenario. In order to provide suitable seismic safety requirements
for the design of the civil and mechanical structures, equipment, and installations foreseen in the underground
facilities, subsequent preparatory phases need to assess seismic hazards at the depths concerned. To do so, a
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(e) He plug propagation at t = 6, 10, 26 s
Fig. 9.26 Results for of the CFD simulations of scenario SRF02 at a time ¢, following the opening of the burst disk. a) - d):

Cross-section view just 1 m away from the burst disk. e): longitudinal view of the helium propagation. Colour scale shows the
oxygen content in the 2D plane (passage from red to orange: the transition to 18% and below). Ventilation flows right-to-left
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collaboration with the Swiss Seismological Service (SED), hosted by the Swiss Federal Institute of Technology
Zurich (ETHZ), the University of Geneva (UNIGE), and the French Université Grenoble Alpes (UGA) is proposed
for further studies. So far, a simplified approach based on the adaptation of the legal seismic safety requirements
for ordinary surface buildings on French territory was used to design and assess new mechanical structures and
equipment in the Large Hadron Collider (LHC) and Super Proton Synchrotron (SPS) complexes, meaning that
the structural elements could be over- or under-sized to resist the required earthquake loads. This proposal will
build upon a project to draw a probabilistic-seismic-hazard-oriented and tailor-made assessment for the proposed
underground facilities. The main products of the projects are:

e Seismic Hazard Curves: a family of seismic hazard curves that represent the annual frequency of exceeding
different levels of ground motion, essential for designing earthquake-resistant structures and assessing the safety
of existing facilities.

« Site Response Analyses: uniform hazard spectra (UHS) and scenario earthquakes, including acceleration time-
histories, for seismic design and safety evaluations of the civil infrastructure and the equipment structures
hosted there.

The overall study is planned for a 3-year period (2025 - 2028).%°

9.4.4 Evacuation
A series of evacuation studies were undertaken for the underground infrastructure.

General requirements and considerations The following list summarises the minimal requirements for all FCC
areas, in line with the prescriptive requirements in France’s Code du Travail [441] and Switzerland’s Norme de
Protection Incendie [442] used for standard facilities:

o At any given point, occupants must be able to choose at least two distinct evacuation paths. The maximum
dead-end evacuation distance is < 40 m (e.g., in alcoves).

e The width of any evacuation doors must be > 0.9 m.

e The maximum evacuation distance:
— for surface buildings: in accordance with [441, 442];
— for underground installations: in accordance with performance-based design and inline with best practices in

other underground tunnel infrastructures.

o Emergency shelters (refuges) without safe escape routes connecting to the surface are not considered in the
safety concept for the operation phase. This is in line with the provisions of Directive 2004/54/EC for road
tunnels [431].

Tunnel arc: evacuation modelling The evacuation from the underground infrastructure will rely on both horizontal
and vertical means. Personal transport vehicles will ensure the horizontal evacuation from the nearest alcove to the
safe area at the bottom of the access shaft. Vertical evacuation will be ensured via pressurised lift shafts equipped
with a secured set of lifts (composed of 2 lifts for redundancy and availability), to bring occupants to the assembly
points at the surface.

At the bottom of every lift shaft a fire-, smoke- and gas-proof safe area is needed to ensure that occupants can
safely wait for the arrival of the lift. Defining the size (surface area) of the safe area and its impact on tunnel
occupancy is crucial to verify the safety concept during evacuation processes, ultimately defining the maximum
number of occupants allowed underground at the same time. For a safe evacuation, maximum admissible crowding
in safe areas should be under 3 occupants/m? [495].

Many conditions with different probabilities (e.g., occupancy distribution in the tunnel, walking speed or trans-
portation speed) need to be evaluated in order to define the required surface area and reserve enough space near
the shaft in the integration drawings. At this phase of the study these parameters are not exhaustively known;
hence a stochastic approach with random variables (in a given set ranges) is more suitable. Therefore, to determine
the size of the safe area, an evacuation model was developed using plain Monte Carlo simulations.

Depending on the location of the fire, one or more sectors of the tunnel arc will need to be evacuated. A worst-
case scenario is assumed where the fire is just next to the connection to a service cavern, blocking access from
one sector only, which means that all occupants of an entire sector must evacuate via the other access shaft (10
— 11 km away). In addition, it is a common practice to also evacuate the adjacent sectors that are not affected
by the fire (as in the LHC scenario). To summarise, occupants from one and a half sector (1.5 sectors) will be
evacuating through a single shaft (Fig. 9.27).

Z6Note that the French and Swiss seismic hazard model currently in force for surface buildings will be superseded by the
new European Seismic Hazard Model (ESHM 2020) [493] that will be incorporated in the second generation of the Eurocode
8 [494].
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Fig. 9.27 Simplified schematic of the evacuation model e
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Table 9.9 Evacuation scenario parameters
Scenario Vehicle Occupancy N. of alcoves Vehicle Parking Occupants / Occupants /
Number occupant distribution (per Sector) Capacity 1.5 Sector Sector
capacity (Alcove/Shaft)
1 2 Binomial 7 10/20 260 174
2 3 Binomial 7 10/20 390 260
3 4 Uniform 7 4/4 192 128
4 4 Uniform 9 4/4 240 160

In this model, the number and location of the alcoves are important, indicating the total parking capacity.
For the feasibility study, the baseline number of alcoves is 7 per sector, but alternative studies were carried out
assuming 9 alcoves.

It is assumed that all occupants inside the tunnel will have access to a transport vehicle. Therefore, the maximum
number of occupants allowed inside the sector is limited depending on the capacity of the transport vehicles and
the parking space in the sector. A total of 4 different simulation scenarios were created (see Table 9.9) with 2
different distribution methods for the occupancy distribution in the tunnel. The number of occupants per sector
is comparable to a scale-up (factor 3) of the maximum number of occupants seen during Long-Shutdown 2 (LS2)
in the LHC [496].

The distribution of occupants in the tunnel is an important variable in determining the size of the safe area.
Since lone working is not allowed by default, it is assumed that occupants are working in groups. The number of
occupants per group and their position is treated as random. They are placed either in between two adjacent alcoves
or between the service cavern (Shaft A) and the nearest alcove. After the evacuation alarm, both the occupants
between Shaft A and Shaft B and the occupants in the half sector on the other side of Shaft A start to evacuate
to the safe area in Shaft A (Fig. 9.27). To do this, occupants between the two alcoves must first walk to the alcove
where they parked their vehicles and then travel to the safe area of Shaft A with their vehicles. Occupants in the
area between Shaft A and the nearest alcove will walk directly. Two different occupancy distributions (Fig. 9.28)
were used to indicate the initial positions of groups.

The simulations consist of 50 different random occupancy distribution scenarios, each run with Monte-Carlo
(1000 samples). The results are shown in Fig. 9.29, with an occupant walking velocity as a normal distribution
(mean(SD) of 1.2(0.3) ms™!) and a transport velocity as a uniform distribution ([20 — 30] kmh~!). The maximum
number of occupants that reached the safe area at the end of each simulation (50,000 in total) is recorded and is
also shown in Fig. 9.29. Scenarios 3 and 4 require the smallest safe area size. This is mainly due to the uniform
distribution of the occupant groups in the tunnel, meaning that they will all arrive at the safe area in a distributed
fashion, thus crowding is limited by the travel time of the lift. Scenarios 1 and 2 have a binomial distribution
with an agglomeration of occupants in the middle of the arc (this could be the case during a major repair or
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Fig. 9.28 Example of occupant group distribution along 1.5 sectors. Shaft A location at position 0 m. a) Binomial distribution,
restricted to 2 and 10 occupants per group; b) Uniform random distribution, restricted to groups of 4 occupants

maintenance in a particular arc cell). This would lead to a higher crowding at the safe area once these occupants
reach the lift, hence a larger safe area is required to maintain a density below 3 occupants/m?. The results show
that having a minimum safe area of 50 m? would be suitable safety. It is feasible to implement such an area near
the lifts of all eight service caverns. Additional details are available in the technical report [396].

Technical points: service caverns The service caverns at the technical points are connected to the accelerator tunnel
via compartmentalised passages that will be used as emergency escape routes. In some points (such as PF), the
service shaft is not directly connected to the service cavern. Therefore, an additional horizontal connection tunnel
is required. It will also be used as a safe evacuation path.

The service shafts at the technical points are equipped with one set of lifts to ensure the vertical evacuation
to the surface. Each set consists of two lifts for redundancy and increased availability. Lifts have a dedicated
pressurised fire-resistant compartment (lift shaft), separating the air volume from the surrounding environment
(i.e., service cavern) to protect the integrity of the evacuation to the surface in case of emergency. The pressurised
compartment is extended to the safe area, with its size as determined above.

Ezxperiment points: experiment and service caverns The experiment points will enable independent dedicated flows
of occupants up to the surface, separating those evacuating from the experiment and service caverns from those
evacuating from the accelerator tunnel.

The experiment cavern is connected to the service cavern through three separate personnel passages that can
be used as emergency escape routes: two at the level of the beamline and one at the ground floor. These personnel
passages will contain little or no combustible material. Additional bypass chicanes are integrated whenever a
personnel passage requires heavy mobile shielding for radiation protection purposes. A second connection tunnel
on the ground floor is only for the passage of material and will not be considered a safe evacuation path.

The main tunnel is connected to the service cavern by two bypass tunnels about 100 m from the interaction
point and two connection tunnels at the end of the long straight section close to the experiment cavern (Fig. 9.30).

Airlocks are planned in the connections between the tunnel/experiment cavern and the bypass tunnels/service
cavern, separating and isolating the ventilation volumes to prevent the mixing of radioactive air with accessible
areas.

Similar to the other points, the occupants rely on lifts for vertical evacuation to the surface site, which will be
done by a single shaft located in the service cavern. This is a new concept, different from the experiment points
at LEP/LHC, which profited from more than one shaft. However, the separation of the flow from the accelerator
tunnel and the experiment cavern is still ensured by having two sets of two lifts (four in total), in the shaft: one set
to house the occupants evacuating from the experiment and one set for occupants evacuating from the accelerator
(Fig. 9.30). Each set is composed of 2 lifts for redundancy and availability. Each set of lifts has a pressurised
fire-resistant compartment, separating the air volume from the surrounding environment (i.e., shaft and service
cavern) to protect the integrity of evacuation to the surface. The pressurised compartment is extended to the
dedicated experiment and accelerator (machine) safe areas (Fig. 9.30). The safe area is where the occupants wait
for the lift to evacuate to the surface. The size of the accelerator safe area, as previously mentioned, is a minimum
of 50 m?, while the exact footprint of the experiment safe area is yet to be integrated and will dictate the maximum
occupancy allowed in the experiment cavern (3 occupants / m?).
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(b) Result of 50 000 simulation runs for each scenario.

Klystron galleries The superconducting RF (SRF) cavities in the RF sections will be fed by waveguides coming
from klystron galleries located above the main tunnel. The length of these klystron galleries is roughly 2010 m in
point PH and 1445 m in point PL. A series of connections to the main accelerator tunnel via staircases are available
at regular intervals and at both extremities, providing the necessary means of evacuation from the klystron galleries
in case of emergency (e.g., fire in the modulators) and thus avoiding dead ends. These connections are shown on
Fig. 9.31 and are distributed as follows:

e At PH, there are a total of 6 tunnel connection staircases, one every 341 m.
e At PL, there are a total of 4 tunnel connections, one every 354 m.
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(b) Point PL- 354 m in between staircases

The frequency of these connections helps to minimise the distance that any occupant would need to walk to
reach another fire compartment in the main tunnel. Each staircase will be equipped with fire doors at both ends
(tunnel and gallery). In addition to the static confinement properties, each connection will also be pressurised,
ensuring a dynamic confinement between the main tunnel and the gallery. A more in-depth risk analysis will be
conducted for this area during ta subsequent design phase to assess if the distance and number of staircases are
sufficient.

In addition to the staircases, at the two ends of each klystron gallery, lifts are available for transporting personnel
and material, avoiding having to pass through the RF section to work in the arc. These lifts will not be used in
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an emergency (e.g., fire). Access to the Klystron gallery is also possible from the service cavern in the middle of
the RF sector.

Alcoves Alcoves will be spread along the accelerator tunnel (minimum 7 alcoves per sector): two big alcoves and
five small alcoves. These alcoves house electrical racks and equipment and will form a dedicated EI120 fire-rated
compartment, separated from the main tunnel. They will have a single access (in and out), through a fire door
connecting to the main tunnel, creating a dead-end in terms of evacuation. The maximum allowable distance from
the end of the alcove to the fire door must not exceed 40 m. This is based on the maximum evacuation distance
to reach a protected staircase in France [441], ensuring that the adjacent fire compartment (i.e., the main tunnel,
relatively free from smoke) can be reached safely in time.

In the baseline layout, all the alcoves comply with this maximum distance. The layout also includes two mezza-
nines, one on each side of the alcove. Staircase connections from the mezzanine to the ground floor will be installed
at both extremities of the alcove to ensure that the evacuation length is not doubled and to avoid being trapped
on the mezzanine.

Surface buildings The surface buildings will rely on applicable national and international standard practices for
the evacuation requirements applicable to industrial infrastructures within the Host States. For PB the Swiss
AEAI Directives 15-15 [485] and 16-15 [497] will apply. For all the other sites, the French Labour codes are
applicable [498].

9.4.5 Emergency preparedness and intervention concept

An underground particle accelerator of 91 km in circumference presents unique challenges in terms of emergency
response. The threefold size increase compared to the LHC presents challenges, including much larger distances
between access points (11 km) and surface distance between shafts. Hence, a new emergency preparedness and
intervention concept is required.

The emergency response concept proposed is divided into four distinct phases, starting from a confirmed accident
event (e.g., fire) [499]:

o First Response: trained personnel or contractors at the accident site are responsible to raise an alarm, provide
first aid, deliver first response (e.g., fire extinguishers) and initiate evacuation procedures.

e Robotic Intervention: remote-operated robotic vehicles gather situational data and conduct preliminary fire-
fighting actions before human intervention. Ceiling-mounted and floor-based robots can fulfil these tasks, for
example.

e Local Fire Services: on-site support from local emergency services, primarily for surface-level interventions.

o CERN Fire & Rescue Service (CFRS): CFRS to coordinate emergency interventions, if relevant with other
emergency services, with the use of equipment stored both in surface and underground locations. This includes
for instance foam-based firefighting systems and compressed air foam (CAFS) units. Rapid-deployment solutions
are required to ensure a quick intervention to all eight surface sites.

Support infrastructure for emergency response The concept will also rely on a robust support infrastructure for
an efficient emergency response:

e Surface site: landing zone in the vicinity for airborne emergency intervention, a command post, a casualty room,
and a logistical hub for storing specialised intervention vehicles, firefighting robots, and extinguishing agents.

e Underground: compartments with designated safe waiting areas, compartmentalisation, smoke extraction (with
CFRS override and remote control), priority intervention vehicles and robotic assistance units. A reliable com-
munication system, vertical dry risers connecting the surface and service cavern, and underground water reser-
voirs will ensure adequate firefighting resupply.

Unlike current baseline practice in the LHC, the use of robots will play a critical role in the emergency response
for the FCC by enabling the possibility of quick fire response within the underground infrastructure, where human
access may be restricted during accelerator operations.

Training and implementation strategy To fulfill the concept, all underground personnel will be trained in emergency
response and first aid. A structured transition plan will be developed to align with this new approach. CERN has
already begun testing robotic solutions to validate their potential in real emergency scenarios. Further technical
details will be made available in the relevant reports [499].

Given the critical partnership with the local fire services in fulfilling the concept, we emphasize the importance
of CFRS being actively involved in the joint work with these key partners. This includes the establishment of joint
training programmes, workshops, and drills building on the current practices.

By implementing these measures, the FCC will enhance its ability to manage emergency situations efficiently
while prioritising the safety of personnel and infrastructure.

@ Springer



6110 Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

9.5 Safety during the construction and installation phases
9.5.1 Safety coordination

The baseline concept for safety coordination is based on French legislation, as 7 out of the 8 surface sites are
located within French territory. For the surface site PB in Switzerland, Swiss legislation applies. The detailed
design will include a proposal to harmonise processes across all worksites to increase efficiency.

In accordance with French law [500], the project owner is responsible for safety coordination throughout all
phases of the project [422].

Specialised external service providers (i.e., safety coordinators) will assist the project owner in this safety
coordination mission.

Safety coordinators are responsible for preparing coordination plans and the PGCSPS (Plan Général de Coor-
dination en matiére de Sécurité et de Protection de la Santé) for the relevant worksite(s). These plans must be
provided to contractors during the tendering phase to clearly outline their safety obligations and expectations, as
well as to specify the applicable laws and regulations governing the project. All worksite-related safety documents,
procedures, and methods must be written in French to ensure compliance with national regulations. Each contrac-
tor remains responsible for the safety of their own employees, according to their operating methods. Any accident
or incident occurring within the worksites must be reported by the contractors using a form-based system. Today,
at CERN, this reporting is governed by CERN’s safety rule SR-SIM [501].

9.5.2 Construction phase

During the construction phase, civil engineering works on the surface and underground are executed by specialised
firms under contract with CERN. It ends with the handover of the buildings and underground structures to CERN
from the contractor.

The evacuation plan and emergency procedures in the event of incidents within the worksite(s), will be included
in the PGCSPS. Such procedures are developed in consultation with CERN, the contractor and the local emer-
gency services. It indicates, among others, the assembly points for emergency services, access conditions to the
various zones means to evacuate victims and the need for specific firefighting / response equipment. Joint training,
reconnaissance and drills should be organised with the CFRS to ensure a tailored response and strengthen the
collaboration with the local services.

9.5.3 Installation phase

The installation phase begins with the handover of the surface buildings and underground structures from the civil
engineering contractor to CERN.

This will happen at different moments for each access point and the associated tunnel sectors: in the underground
area of an access point, the installation phase can start after the total or partial release of the adjacent tunnel
sectors leading to the neighbouring access point with lift facilities. In a tunnel sector, installation activities are
allowed as long as there are two adjacent access points from which the occupants can reach safely to evacuate.
These rules will guarantee a two-way evacuation possibility, with secured horizontal and vertical means of escape
at all times. The technical and organisational details of safety during the installation phase will be engineered in
the project preparatory phase.

Two sub-phases of installation can be distinguished: the service installation (electricity, lighting, ventilation,
cooling, detection and alarm systems, and transport system) and the accelerator installation (beamline elements,
magnets, RF cavities, cryogenic systems, power converters, and control systems).

Service installation Service installation begins after the release (handover) of the civil engineering (CE) structures
from the contractor to CERN. The temporary lighting, ventilation, lifts and other services installed by the civil
engineering contractor could potentially be taken over and used by CERN for the initial phases of the service
installation. Obviously, no work can be executed by CERN and its contractors without these essential services.
It is therefore advisable to foresee the transfer of these assets to CERN at the time of handover, saving the time
and cost of CERN installing essential services in a provisional manner. The transfer should include the assets, as
well as the technical documentation and maintenance procedures. Similarly, robust construction site access control
devices (e.g., turnstiles) could be transferred from the contractor and connected to the CERN access control
system. This would allow verification of CERN imposed training, etc., access control and the enforcement of work
coordination.
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Safety organisation during service installation The services mentioned above are largely installed by contractors
mandated by CERN. In order to coordinate work and occupational safety coherently, experience from the High
Luminosity LHC shows that the work of a pairing (binome) consisting of an activity coordinator employed by
CERN and an independent safety coordinator (see Sect. 9.5.1) is very effective. The FCC project should adopt
the same approach. Given the geographical span of the facility and the unavailability of most of the safety and
automation systems in this early phase of the installation works, each of the access point sites will be permanently
manned by guards. Their primary role will be to ensure smooth material entry without compromising access control
procedures. In addition, during working hours, a site supervisor will ensure the respect of safety procedures and
act as a liaison with service and equipment groups at CERN in case behavioural or technical anomalies are
observed.

Installation order during service installation The underground ventilation system is essential for the well-being
and safety of workers, especially in the 11.4 km long tunnel sectors. The definitive ventilation system will be
installed with priority. This includes cooling water, which is required for the air-handling units along the tunnel.
Once the smoke extraction duct is equipped, the dampers and extractors are powered and commissioned, local
control of smoke development is possible. At the same time, while avoiding co-activities, the definitive electrical
supply and lighting will be installed. This includes the installation of detection systems’ control and indicating
equipment (CIE) racks in the alcoves, high-voltage cables to the alcoves and transformers. Cable trays will be
installed to guide the numerous cables in an orderly manner.

The installation of definitive detection systems can proceed with lower priority. If smoke detection is performed
by aspiration tubes, then this system can only be made operational after the accelerator installation, because of
its sensitivity to dust and welding fumes, which would raise numerous false alarms. Manual call points distribution
and a dedicated procedure will ensure prompt alarm activation during this degraded phase.

For the FCC, the transport system has a safety role during evacuation, it is also indispensable for the next phase
in which the accelerator is installed. As described in Sect. 9.4.1, the transport system is based on autonomous
vehicles, both for the transport of personnel and for large and heavy loads. All infrastructure to allow autonomous
movement of the vehicles must be available at the end of the service installation phase.

Emergency response during service installation During the service installation, a provisional alarm system is re-
quired since the automatic fire detection would not yet be available. Manual call points (break-the-glass devices)
and provisional evacuation sirens will be installed and cabled to the CIE racks. Provisional communication infras-
tructure is necessary to transmit the alarms to the central emergency coordination team.

Due to the large distances in the tunnel, and on the surface between the surface sites and a CERN site, where
the emergency coordination takes place, the possibility for timely intervention of trained emergency services has to
be implemented before the installation phase starts. Consequently, early development of the integrated emergency
concept is needed.

Occupational safety during service installation During service installation the safety systems may not be installed
or not be fully operational, and strict measures for occupational safety must be implemented. According to pre-
liminary estimates, up to 200 occupants per sector are expected during the installation phase. This is significant
but less than in the worst-case scenario during the operation phase that was studied (Sect. 9.4.4).

The focus is on the self-protection of the workers:

e Access is only granted to trained personnel.

o All workers must be trained in the use of the self-rescue mask (for use in case of fire or smoke), and the use of
the transport vehicles for evacuation.

o A sufficient number of certified first-aiders at the workplace?” must be trained.

o All workers must also be trained in raising an alarm by pressing the alarm button if there is a fire or smoke
development and to react correctly to the evacuation sirens.

e The installation schedule and planning must have shifts dedicated to high-risk activities where the human
presence is limited to the absolute minimum. For example, using night shifts for heavy transport activities,
such as cable drums or other bulky loads, where the access to the sector concerned is restricted to the transport
team only.

o The underground worksites must be kept clear of combustible materials at all times. Any such material (pack-
aging, cable drums) must be evacuated to the surface immediately after its use.

e The transport zone of about 2.5 m width must be kept free of stored material throughout the tunnel to permit
evacuation.

2T A first-aid qualification with a focus on the most frequent types of personal accidents at industrial workplaces. The training
lasts two days and is concluded by a proficiency test.
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Accelerator installation Once the basic services - ventilation, lighting, electricity, smoke extraction, detection, and
alarm systems and transport - are commissioned, the sub-phase of accelerator installation may begin.

Safety organisation during accelerator installation The same concept as the previous phase is assumed, with an
update of the existing PGCSPS, if necessary.

Installation order during accelerator installation Drawing on experience from LHC, the accelerator will be installed
in a sequence of

o Transporting the magnets and other beamline elements like collimators, and RF cavities to their designated
location.

o Making provisional geometrical alignment.

e Connecting the beamlines with each other.

e Connecting the electrical supply and the controls to the magnets.

e Concluding with a final geometrical alignment.

The partition walls separating the tunnel into 400 m long fire compartments can be installed as soon as the
magnets are placed. A phased approach, where only certain partitions are initially installed or where the partitions
leave openings for the installation of further cables and services, allows the flexibility needed during installation
while improving the safety of degraded modes. Passive protections in the form of partition walls are the most
reliable system for this phase. Finally, the automatic detection and alarm system can be commissioned.

Similar to the service installation sub-phase, the planning will include shifts dedicated to high-risk activities,
such as magnet transport, and avoid co-activity by restricting access to only the teams concerned.

Transport during accelerator installation Magnets will be lowered underground with overhead cranes through the
large shafts of the service caverns at sites PA, PD, PG and PJ. Then, a magnet transport vehicle will move
them past the already installed magnets to their final location. During this journey, the magnet transport vehicle
effectively blocks the transport zone of 2.20 m width, thus blocking the evacuation exit. Access during transport
to a sector will be restricted to the transport team, reducing the number of occupants underground during this
period. Once the magnet transport has passed the midpoint of the sector, a returning vehicle can pass an arriving
one in the extended lay-by area at the central alcove. The same rule applies to the transport of other large items
which are wider than 80 cm and thus cannot be bypassed by a personnel vehicle.

From the moment when all magnets are positioned in a sector, the transport, and evacuation rules applicable
during normal operation become valid, because only the transport zone is available. In particular, special, narrow
personnel transport vehicles must be used for personnel and light loads.

Emergency response during accelerator installation The provisional alarm system with break-glass push buttons
installed during the service installation sub-phase remains active until the automatic detection and alarm system
has been commissioned. If the detection technology chosen is aspiration smoke detectors, this can only be done
after all dust and fume generating works are concluded. The alarm system must be configured to trigger the
evacuation alarm (sirens or voice messages) and alert the central emergency coordination team, which will analyse
the situation and engage the most appropriate emergency response with the different emergency services.

Occupational safety during accelerator installation The type of work during accelerator installation is mostly of
a mechanical and electro-mechanical nature. This includes hot work (grinding, welding and brazing), which is a
potential ignition source. The compartment walls, installed after magnet placement, may have a higher leakage
rate for smoke than in their final configuration because some openings for cables and other services cannot be
tightened before all installation work is finished. The mitigating measures personnel have to apply to take account
of this are identical to those in the service installation sub-phase: minimisation of combustible material, rigorous
training of workers performing hot work in extinguishing and alarm procedures, self-rescue mask and evacuation
training for all workers.

9.6 Conclusion

The safety concept outlined in this report emphasises a comprehensive and integrated approach to safety through-
out all phases of the proposed facility. From the initial construction and installation phases to the long-term
operation of the collider, safety systems to manage risks associated with both normal and accident scenarios have
been studied.

This concept demonstrates the feasibility, in terms of life safety, of the current baseline layout and design for
the FCC-ee. However, any modification of the proposed baseline will require an update of the concept and the
reassessment of its safety effectiveness.
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Moving forward, a continuous risk assessment and iterative enhancement of the concept are essential for the
evolving nature of the project. Additionally, it is crucial to address the remaining open points and research gaps
identified during the concept’s development.

As the effort progresses, the safety concept will incorporate other safety objectives, maintaining a strong safety-
oriented approach in the design of this unprecedented facility.

Chapter 10

FCC-hh collider design and performance

10.1 Design and performance

The Future Circular Collider (FCC) integrated programme offers the most powerful post-LHC experimental in-
frastructure proposed to address key open questions in particle physics. It envisions an initial electron-positron
collider phase, FCC-ee, which will later be followed by a proton-proton collider, both of which will be installed in
the same tunnel of approximately 91 km in circumference, close to CERN.

The hadron collider, FCC-hh, would operate at a centre-of-mass energy of about 85 TeV (or above), extending
the energy frontier by almost an order of magnitude compared with the LHC, and providing a 5- to 10-times higher
integrated luminosity than the upcoming High-Luminosity LHC. The mass reach for direct discovery at FCC-hh
will amount to several tens of TeV, and it will allow, 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 complementary physics explorations.

The FCC-hh accelerator configuration described in this chapter, including its layout and injector options,
preserves the rich potential for a diverse physics programme, ranging from heavy ion collisions to a dedicated
flavour or forward physics programmes, as are familiar from the LHC. Examples of this potential were amply
discussed in the CDR and are briefly reviewed in Sect. 1.2 of Volume 1. Furthermore, it is expected that the
4-fold symmetry of the interaction regions will add flexibility and boost performance to the exploitation of the
two lower-luminosity interaction points.

The FCC integrated programme follows the successful example of the past Large Electron Positron Collider
(LEP) and Large Hadron Collider (LHC) projects at CERN, which used one and the same infrastructure for
successively realising two large collider projects. Inspired by the sequence of LEP and LHC, the comprehensive
long-term FCC programme maximises the opportunities of physics. The lepton and hadron colliders, FCC-ee and
FCC-hh, would profit from common civil engineering and also from sharing much of the technical infrastructure.
The updated baseline layout of the FCC-ee electron-positron collider and its injector design are fully compatible
with the demands of the future hadron collider (FCC-hh), and do not compromise the latter’s performance. The
main ring optics and RF configurations for both colliders were refined 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 T Nb3Sn magnets, that are compatible with a collision centre-of-mass energy
of 85 TeV. An R&D path towards HT'S magnets would enable higher collision energies. The present design allows
four collision points and experiments. 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 for the development of the FCC-hh experiments.

In the next sections, the layout for the collider, the injector options, and the injection lines will be described.
Following this, Sect. 10.4 describes the pathway to developing the key technology required for the FCC-hh: the
development of high-field magnets based on both the 14 T NbsSn technology and higher-field HTS, that could
enable higher collision energies and/or cost savings. Teams around the world are pursuing the development of
the requisite magnet technology. The primary regions involved in the advancement of magnet technology include
the US, Europe, Japan, and China. In each region, there are growing efforts to coordinate and integrate research
internally among universities, laboratories, and, to some degree, industry.

An R&D plan is outlined which shall close the gap between the near- to medium-term scope (5-10 years) of the
European High Field Magnet (HFM) Programme and the US Magnet Development Programme on the one hand,
and the long-term needs of the FCC integrated programme on the other hand. It complements the bottom-up,
technology-driven approach of the HFM Programme with a top-down, long-term strategic roadmap derived from
the requirements of the FCC-hh. Moreover, this plan will provide a framework for the coordination of R&D efforts
on a global scale and over a sustained period of time.

Finally, this chapter closes with a discussion of some other accelerator systems that would be required for the
FCC-hh, including cryogenic plants and their distribution.
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10.2 FCC-hh layout and optics

10.2.1 Layout of the FCC-hh ring

Since the publication of the Conceptual Design Report (CDR) [10] several studies have been carried out to provide
a revised and improved version of the ring layout. The key concepts that have been used to determine the main
properties of the new layout can be summarised as follows: the outcome of the placement studies; the proposal to
equip the new layout of the FCC-ee ring with four experiment points; the considerations on the harmonic number
of the FCC-hh ring that should be made compatible with that of its injector.

The placement studies provided strong indications that the length of the FCC-hh ring had to be shortened to
satisfy the multiple constraints that emerged during the investigations. Most of the reduction compared with the
CDR was achieved by reducing the lengths of the arcs, keeping the total length of the straight sections constant.
However, a final adjustment also reduced the length of the straight sections.

The FCC-ee design introduced the important constraint that the ring should assume a four-fold symmetry and
four-fold superperiodicity, to enable four experiment insertions with optimum luminosity performance. This feature,
which must also be fulfilled by — and may similarly benefit — the FCC-hh ring, radically changes the configuration
with respect to what was presented in the CDR [10]. The functions of the various technical insertions had to
be reviewed and different functions to be combined differently, which resulted in a modified layout and optics
design for most of the insertions. Another major change in the layout is the radial displacement of the interaction
points (IP) of the FCC-hh ring to align with the IP positions of the FCC-ee ring. This geometric modification has a
significant impact, as the dispersion suppressor is employed to control the new ring geometry. This adjustment must
be implemented while ensuring the feasibility of the optics, particularly maintaining proper dispersion matching.
This change has an important side effect on the optimisation of size and layout of the experiment caverns, with
the option of sharing the detector’s services, infrastructure, and possibly components between the lepton and
the hadron FCC colliders [502]. A further major modification to the ring layout is the reduction of the number
of surface sites from twelve to eight, which is beneficial in terms of overall costs and which also facilitated the
placement. The last, but certainly not least, change with respect to the original baseline configuration is the
proposal to locate the last part of the transfer lines inside the ring tunnel. This choice has the benefit of reducing
the length of the tunnel needed for the transfer lines from the injector to the FCC-hh.

The proposed layout of the FCC-hh ring is shown in Fig. 10.1. The circumference is 90.66 km, with 2032 m
long technical insertions and experiment insertions accommodated in a straight tunnel of length of 1400 m, with
approximately 965 m distance between the last dipole magnets on either side of the IP. The experiment insertions
are located in Point A (PA), Point D (PD), Point G (PG), and Point J (PJ). The IPs of the hadron and lepton
rings are superimposed within a few millimetres.

Figure 10.2 shows a comparison of the three rings on the right side of an experiment insertion. The crossing
angle between the two FCC-ee rings is clearly visible, with the FCC-hh straight section in between the two rings.
Further away from the IP, the three rings converge and are fully compatible with a single tunnel. Detailed studies
of the geometry of the hadron ring optimised the current layout so as to reduce the radial distance between the
three rings, with a beneficial impact on the integration. This important result was achieved by carefully displacing
the main dipoles in the region of the dispersion suppressors (see the next section). Applying the same recipe, also
in the technical insertions the geometries of the hadron and lepton rings were matched as closely as possible, with
a radial distance between the rings of approximately 30 cm).

The merging of secondary experiments with injection systems, which resembles the concept implemented in
the LHC, was abandoned because it would have generated transfer lines that were too long. The injection of the
clockwise beam is performed in PB, and it is combined with the momentum collimation, whereas the injection
of the counter-clockwise beam is performed in PL, and it is combined with the RF system. The beam is always
injected into the outer beam channel of the FCC-hh accelerator. The two other technical insertions, points PF
and PH, each have a single role: to house the beam dump and the betatron collimation systems.

A review of the FCC-hh quadrupole families, including their magnetic properties and the mechanical apertures,
has been carried out. The list of magnet families used in the current layout of the FCC-hh ring is presented in
Table 10.1. Several of the proposed families in the insertions could still be further optimised as discussed below.

Before entering the details of the discussion of the design of the magnetic lattices of the new layout of the FCC-
hh, it is important to mention a crucial change with respect to the CDR. The nominal field of the main dipoles is
14 T, which corresponds to the centre-of-mass energies of 84.6 TeV. The geometry of the proposed layout is fully
compatible with the new ranges of dipole field and centre-of-mass energy. In the rest of the document, the strength
of the quadrupoles is expressed for a beam energy of 45 TeV, which amounts to adding a 6% safety margin to the
available magnetic strength. When citing minimum magnet strengths, an injection energy of 3.3 TeV is considered,
as had been adopted by the CDR. These values could be scaled linearly to alternative lower injection energies of
1.7 or 1.3 TeV.
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10.2.2 Design of regular arcs and dispersion suppressors

The review of the FCC-hh lattice imposed by the placement studies was used to reassess some of the principal
assumptions made for the former CDR layout [10]. This is the case for the choice of regular arc cell length.
For highest-energy hadron accelerators, designing the lattice with a longer regular cell offers one clear advantage.
Namely, the longer cell leads to an increase in the dipole filling factor (for the FCC-hh, this factor was increased from
0.8 as in the CDR to 0.82 at present), with an accompanying increase in the values of beta-functions and dispersion.
The larger optical functions enhance the efficiency of the correction systems, such as the chromatic sextupoles and
Landau octupoles, but they also render the beam more sensitive to magnetic field errors, in particular at injection,
putting additional demands on the magnet design and the correction systems. An obvious upper limit to the cell
length is set by the physical dimensions of the vacuum chamber, the injected beam emittance, and the required
beam aperture. In Ref. [503], the target aperture values are given as 13.4 o at injection energy and 15.5 o at
collision energy, where o denotes the nominal rms beam size computed for a normalised rms emittance of 2.2 pm).
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Table 10.1 Main parameters of the dipole and quadrupole families used in the entire ring. All fields are referred to 45 TeV
to include a safety margin on the required magnetic strength. Note that the orientation of the various aperture types might
change according to the polarity of the quadrupole, in order to optimise the beam aperture

NAME Magnetic Nominal Nominal Aperture cross Aperture Coil Number
length [m)] field [T] gradient section dimensions aperture of
[T/m] [mm)] diameter magnets
[mm]
MB 14.187 14 NA Beamscreen® - 50 4464
MBX 10.0 14.6 NA Octagon® 33.1/33.1/13.5/76.5 116 8
MBR 13.0 5.6 NA Octagon 33.1/33.1/13.5/76.5 80 24
MBW 14.0 1.7 NA Ellipse* 29.5/22.0 20
MQ 6.4 NA 375.0 Beamscreen - 50 536
MQ 9.6 NA 375.0 Beamscreen - 50 8
MQ 10.0 NA 375.0 Beamscreen - 50 8
MQ 12.0 NA 375.0 Beamscreen - 50 24
MQM 6.0 NA 375.0 Rectellipse® 15.0/13.2, 15.0/15.0 50 17
MQ1 14.3 NA 130.0 Circle 36.49 164 16
MQ2 12.5 NA 105.0 Circle 58.24 210 32
MQ3 14.3 NA 105.0 Circle 58.24 210 16
MQ4 12.0 NA 175.0 Rectellipse 28.9/24.0, 28.9/28.9 70
MQ5 12.0 NA 260.0 Rectellipse 20.0/18.2, 20.0/20.0 60
MQR 6.4 NA 280.0 Rectellipse 20.0/18.2, 20.0/20.0 60
MQY 6.0 NA 200.0 Rectellipse 28.9/24.0 - 28.9/28.9 60
MQY 9.1 NA 200.0 Rectellipse 28.9/24.0, 28.9/28.9 60 14
MQYL  12.8 NA 200.0 Rectellipse 28.9/24.0, 28.9/28.9 60 6
MQW 4.0 NA 40.0 Ellipse 26.1/15.3 44

! The specified magnetic length corresponds to an individual magnet. Multiple magnets may be concatenated to form a longer
structure if necessary.

2 This cross-section corresponds to the shape depicted in Fig. 10.3 (right) and is defined by points.

3 An octagon is defined by four numbers: the half width and half height along main axes, two angles sustaining the cut corner
in the first quadrant, given in radians and in order of increasing values.

4 An ellipse is defined by two numbers specifying the horizontal a;, and vertical a, semi-axes, given in the form ay /.

5 A rectellipse is a shape obtained by the intersection of a rectangle and an ellipse [116, 210] and is defined by four numbers
specifying the half-width ry, and half-height 7}, of the rectangle, horizontal ay, and vertical a, semi-axes of the ellipse, given in
the form 7w /7h, an/av. Note that, in general, the ellipse is replaced by a circle.

In Fig. 10.3, the regular cell with optical parameters and available beam aperture is shown for the current
layout. The number of main dipoles per cell has increased from 12 in the CDR [10] to 16. The overall cell layout
with the dipole (blue) and quadrupole (red) magnets is indicated at the top. The phase advance per cell was
kept at 90°. The cell length is about 275.8 m, to be compared with about 213.0 m for the CDR. The change in
the arc cell results in a larger value of the beta-functions and dispersion, which has several positive and also a
few negative side effects. Even for this longer cell, two cryo-jumpers, connected to the quadrupole cryostats, are
sufficient to feed all superconducting magnets from the cryogenic line [504]. The beneficial increase in cell length
and the induced increase in the values of optical parameters require a small adaptation of the dimensions of the
beamscreen. Figure 10.3 shows the cross section of the beam screen from the CDR [10] (dotted line) and a proposed
new version with larger horizontal aperture (continuous line). These changes in the beamscreen dimensions will
require a more detailed design validation in the next study phase.

The performance of the corrector systems that are present in the arc was also evaluated and reviewed [505], and
the new layout of a short straight section of a periodic FODO cell is shown in Fig. 10.4. As a direct consequence
of the cell lengthening, each arc consists of fewer cells, reducing the number of available slots for installing the
required correctors. However, the larger beta-functions and dispersion enhance the effectiveness of some correctors
in their roles. The properties of the correction circuits in the arcs are listed in Table 10.2, where N, represents
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Fig. 10.3 Layout, optical parameters, and dispersion of the 16-dipole periodic FODO cell design (left) and cross section of
the beamscreen compatible with the aperture requirements of the arc cell (right). The horizontal line in the aperture plot
represents the minimum value acceptable

Table 10.2 Correctors circuits properties and capabilities for the FCC-hh Ring. For the correction of the linear coupling,
the resonance strength indicated by C'~ is defined as C~ = 5= [ BuBykse' M=) ds, where Bg,y, ks and fi,,, are the beta
functions, skew quadrupole gradient, and phase advances, respectively

Length Strength Integral strength N. N, Correctors capabilities

[m] [Tm™"]  [Tm'™"]
Dipole orbit correctors MCB 1.2 4.5 5.4 61 1 residual rms orbit < 0.3 mm
Trim quadrupoles MQT 0.5 220 110 2 8 up to 0.15 tune shift with S-beating < 1%
Skew quadrupoles MQS 0.5 220 110 2 2 Cc- <1074
Chromatic sextupoles MCS 1.2 7000 8400 2 28 control around Q' = 10 with squeezed optics
Landau octupoles MO 0.5 2.2x10° 1.1 x10° 2 18 Same amplitude detuning as in CDR,
M
: T
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Fig. 10.4 Layout of the periodic FODO cell short straight section (left to right: sextupole spool piece MCS, beam position
monitor BPM, chromatic sextupole MS, main quadrupole MQ, Landau octupole MO, trim quadrupole MQT, skew quadrupole
MQ@S, orbit corrector MCB, and decapole spool piece MCD)

the number of circuits per arc, while Ny, stands for the number of magnets per circuit. The symbol n in the units
represents the order of the magnetic multipole, which is 0 for a dipole.

The analysis of corrector efficiencies has identified several additional optimisations that can be applied to the
layout of the Short Straight Sections (SSS). These improvements will enhance the dipole filling factor of the collider
and will be incorporated into the next iteration of the FCC-hh ring lattice. In general, a shortening of each SSS
of about 4 m can be envisaged. Another possible source of gains in the energy reach of FCC-hh can come from
increasing the length of the main dipole. Even for this aspect, the change in the design of the periodic FODO cell
will be part of the next version of the magnetic lattice.

The dispersion suppressors (DS) were reviewed starting from the CDR design [10]. The presently proposed
layouts are shown in Fig. 10.5, where the DS for the transition between the regular arc and experiment insertion
is displayed at the top, and the one connecting the regular arc and a technical insertion at the bottom.

@ Springer



6118 Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

e a7 Bis 13 o e a? i i

o 250 S0 TE0 1000 1250 1500 §750

5 lmy]
Al Technical
i i Lz aae af msaion
fi 20 ani aii )
g lm]

Fig. 10.5 Layout of the dispersion suppressor on the left of an experiment insertion (top) and technical insertion (bottom)

The complexity of the design of the DS for the experiment insertions resides in the need to control the whole
geometry and to radially displace the IP position. The control of the geometry is achieved by selectively displacing
blocks of the main dipoles, whereas the quadrupoles are kept in regular positions to ensure control of the optics
and dispersion. The DS starts just behind Q19 and ends with Q6, and its extent is an essential parameter to
ensure optimal geometry control. The quadrupoles in the DS are assumed to have independent powering, which
ensures enough optical flexibility. In practice, this can be achieved with main quadrupoles, powered in series with
the other main quadrupoles in the regular part of the arc, and trim quadrupoles to ensure independent control of
the gradient generated at a given ring location. This scheme has been successfully implemented in the LHC [116]
and provides optimised hardware use (quadrupoles and power converters). However, on most occasions, these trim
quadrupoles must be set to the opposite polarity of that of the main quadrupole they accompany, trading efficiency
for space and simplicity. The details of the quadrupole families and their powering will be studied in more detail
at a later stage.

The DS for the technical insertions is shorter, running between, but not including, Q15 and Q7. In this case, the
main role of the DS is to control the dispersion since the ring geometry does not need to be changed in the technical
insertions. It should also provide enough optical flexibility to enable the matching of the optical parameters of the
regular arc with those of the various technical insertions.

Both types of DS have short gaps (of the order of 2 m) to allow the installation of collimators, the so-called
TCLD collimators, which should absorb particles that have lost energy in interactions with the primary and
secondary collimators.

10.2.3 Experiment straight sections

The experiment insertions are the core of the FCC-hh ring design, both for the complex geometry needed to match
the radial position of the IPs with those of the FCC-ee and for the requirement to achieve the low §* value needed
to reach the target luminosity performance. At injection energy, 5* =10 m (like the LHC case [116]), which is
then reduced to 5* =30 c¢m at collision energy. The squeeze of g* will take place, at least partially, during the
energy ramp, based on considerations of the available aperture that indicate the minimum value g* for a given
beam energy.

The layout of the four experimental insertions is identical to maintain consistent optics. However, the polarity
of the separation dipoles varies, as both beams change between outer and inner magnet aperture at the different
insertions. This causes a slight variation in the horizontal dispersion function, which manifests itself in two distinct
forms. Two important differences with respect to the layout presented in Ref. [10] were implemented: the strictly
straight beam-line section is about 965 m instead of 1400 m as a consequence of the radial displacement of the IP.
Furthermore, the separation (MBX type) and recombination (MBR, type) dipoles are superconducting to reduce
their total length, which is important given the reduced length of the straight section. This set up resembles what
is being implemented for the HL-LHC [8, 9], where the normal-conducting D1 of the LHC will be replaced by a
superconducting one. The D2 recombination dipole is already superconducting in the LHC and will remain so in
the HL-LHC, although with an increased coil aperture.

In terms of the magnetic field, the integrated strength of the separation and recombination dipoles is 146 T m
at 45 TeV, and the nominal fields of the D1 and D2 magnets are 14.6 T for and 5.6 T, respectively. The radius of
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Fig. 10.6 Optical parameters, dispersion, and beam aperture for the injection optics of the experiment insertion at PA (left,
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Fig. 10.7 Quadrupole strength during the 8* squeeze for the left and right sides of the experiment insertion (left and right
plots, respectively)

the coil aperture has been determined and found to be 58 mm for D1 and 40 mm D2. For comparison purposes, the
coil radius of the HL-LHC D1 and D2 separation and recombination dipoles is 75 mm and 52.2 mm, respectively.

The optical parameters, dispersion, and beam aperture for the layout of the PD experiment insertion are shown
in Fig. 10.6 for the solution with 5* =10 m for the injection energy (left) and S* =30 em for collision energy.
The most striking difference is the maximum value of the beta-functions that reaches about 2000 m and 70,000 m
for injection and collision optics, respectively. The target aperture values for the two cases differ and so do the
bottleneck locations. For the injection optics, aperture limits appear in the dispersion suppressors surrounding the
straight section. Conversely, for the collision optics, including the orbit from the crossing angle, the aperture limit
is first reached in the separation dipole (D1), followed by the inner triplet, while the rest of the insertion provides
aperture values that largely exceed the target. This suggests that, in the future, the aperture of the D1 separation
dipole should be increased. On the positive side, in view the available aperture margin in Q1, a further reduction
of B* could be envisaged.

Note that the ring chromaticity varies during the squeeze due to the contribution of the experimental insertions
to the overall ring chromaticity. The strength of the chromatic sextupoles needed to obtain Q' = 10 when 8* = 10 m
is approximately 19% of that required to obtain the same Q' when $* =30 cm.

A solution has been found for the squeeze from $* =10 m to 5* = 30 cm and the corresponding quadrupole
strengths are shown in Fig. 10.7. The starting point for this transition is not compatible with the aperture
requirements at injection energy. Therefore, the transformation of the nominal injection optics to the starting
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Table 10.3 Strength of the

insertion quadrupoles for the NAME Gradient Gradient Gradient Gradient Max%mum
injection optics of the [T/m] [T/m] [T/m] [T/m] gradient
experiment insertion at PA [T/m]
(second column, 8* =10 m)
and the collision optics MQ.14L ~127.9 —172.3 ~127.9 ~172.3 375.0
(third column, 8" =30 cm).  MQ.13L 119.9 133.1 119.9 133.1 375.0
All the gradients correspond 10 19, ~114.1 ~102.9 1141 ~102.9 375.0
to 45 TeV
MQ.11L 94.9 28.2 94.9 28.2 375.0
MQ.10L —116.6 —40.9 —116.6 —40.9 375.0
MQ.9L 190.9 146.5 190.9 146.5 375.0
MQ.8L —176.4 —70.1 —176.4 —70.1 375.0
MQ.7L 222.7 170.6 222.7 170.6 375.0
MQ.6L —129.1 —311.2 —129.1 —311.2 375.0
MQY.5L 149.3 127.8 155.1 128.0 260.0
MQY .4L —88.0 —151.7 —90.9 —151.6 175.0
MQXE.3L 94.8 94.8 94.8 94.8 105.0
MQXD.2L -92.9 —92.9 -92.9 —-92.9 105.0
MQXC.1L 114.1 114.1 114.1 114.1 130.0
MQXC.1R —114.1 —114.1 —114.1 —114.1 130.0
MQXD.2R 92.9 92.9 92.9 92.9 105.0
MQXE.3R —94.8 —94.8 —94.8 —94.8 105.0
MQY 4R 60.0 75.8 60.0 74.6 175.0
MQY.5R —72.7 —64.8 —170.0 —63.5 260.0
MQ.6R 124.4 8.6 124.4 8.6 375.0
MQ.7R —149.2 —187.9 —149.2 —187.9 375.0
MQ.8R 166.7 198.9 166.7 198.9 375.0
MQ.9R —117.2 —140.0 —117.2 —140.0 375.0
MQ.10R 85.4 178.1 85.4 178.1 375.0
MQ.11R —101.2 —-90.3 —101.2 —90.3 375.0
MQ.12R 108.2 122.7 108.2 122.7 375.0
MQ.13R —120.8 —146.0 —120.8 —146.0 375.0
MQ.14R 107.2 153.9 107.2 153.9 375.0

point of the squeeze sequence is envisioned during the energy ramp,?® as the squeeze sequence satisfies the aperture
requirements when the beam energy reaches 10 TeV or higher.

The strength values of the quadrupoles that generate the two optical configurations of the experiment insertions
are summarised in Table 10.3.

A cornerstone feature for the performance of the experiment insertions is the crossing scheme. A set of correctors
generates a local orbit bump around the IP to mitigate the effect of long-range beam-beam interactions [10]. The
orbit also separates the beams, preventing collisions until the beams are at top energy and the optics is squeezed.
Although the bump is fully corrected and, therefore, transparent to the rest of the ring, the horizontal and
vertical dispersion generated must be taken into account. The strategy followed is similar to that employed in the
LHC [116]. At injection, the quadrupoles in the dispersion suppressors are used to rematch the horizontal dispersion
to the neighbouring arcs, while the standing vertical dispersion is small enough that it does not necessitate
countermeasures. When transitioning to collision optics, a set of orbit correctors in the arc is used to create a
closed-orbit bump that exploits the field of the chromatic sextupoles to cancel the vertical dispersion. This is
illustrated in Fig. 10.8, where the crossing and separation bumps are presented at injection energy (top) and at
top energy (bottom) for the nominal value of the half-crossing angle and half-separation that are 100 yrad and
1.5 mm, respectively.

28The duration of the energy ramp is approximately 20 min.
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Fig. 10.8 Closed dispersion and orbit with crossing angle and separation at injection (top) and collision (bottom) energies
with a closer look at the experimental insertions

The orbit bump at top energy that created the dispersion bump is clearly visible, and the overall correction of
the spurious vertical dispersion is good. The primary constraint is the alternating crossing plane between PA and
PG. The crossing and separation schemes in all experimental insertions are designed to accommodate all possible
combinations of crossing and separation planes while ensuring compatibility with this constraint.

10.2.4 Beam dump

As described above, changes in the ring layout with respect to CDR [10] reduced the length of the technical
straight sections from 2800 m to 2032 m. The new layout accommodates the dump systems for both beams at PF,
as a result of civil engineering considerations. At an intermediate stage [506], the possibility of merging the dump

@ Springer



6122 Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

25001 — betx[m] 2500 — betx [m]

—— bety [m] —— bety [m]

2000 2000

1500 1500

1000 1000

0.06 | 0.06
0.04 0.04
A P [0 - oy NN | 1 I " F T -
=0.02 | s Hor envelope [m] —0.02 | = Hor envelope [m]

Ver envelope (15sig) [m] Ver envelope (15sig) [m]
-0.04 Extracted beam (6sig) [m] -0.04 Misfired injfextr beam (6sig) [m]

0 300 600 900 1200 1500 1800 2100 2400 2700 0 300 600 900 1200 1500 1800 2100 2400 2700
Longitudinal position [m] Longitudinal position [m]

Fig. 10.9 Left: Optics (top) and beam envelopes and active elements (bottom) for the extraction straight section around PF.
Right: Dump system failure scenario: asynchronous beam dump. The configurations shown refer to collision energy

and injection systems for the clockwise beam in PB was considered. However, this option was deemed unfeasible,
primarily due to machine protection concerns arising from the complexities of handling combined failure scenarios
for the injection and dump systems. The necessary layout modifications could only be resolved by dedicating a
technical insertion exclusively to the beam dump. The system is illustrated in Fig. 10.9 (left), where the circulating
and extracted beam envelopes are shown for the nominal extraction case, ensuring sufficient clearance.

The externally activated dumping system has the function to extract and dilute the beam, and to dispose the
entire extracted beam onto an external absorber located 2.5 km from the extraction point in a dedicated cavern.
The design of the complete dump system is driven both conceptually and hardware-wise by machine protection
considerations [507].

The extraction system design had to be adapted to the reduced length of the straight section, leading to an
increased length of the superconducting extraction septa (utilising superconducting shield and truncated cosine-
theta technologies), as well as higher switch voltage and an extended system length for the extraction kickers.
At this stage, it is challenging to predict the switch technology that will be available on the FCC-hh timescale.
However, if significant difficulties arise in achieving the required hardware parameters, an alternative approach
could allow the extracted beam to pass through an aperture in the cryostat of the downstream quadrupole, reducing
the required septum deflection angle by approximately one-third of its nominal strength.

The design of systems involving fast pulsed devices acting in a single turn on a beam with unprecedented
power, such as that of the FCC-hh, is driven by their failure scenarios. A relevant failure scenario concerning the
asynchronous beam dump is shown in Fig. 10.9 (right), where the misfiring of an extraction or dilution kicker leads
to an immediate trigger of the full system that, however, is not synchronised with the beam abort gap. Dedicated
protection absorbers are expected to protect the downstream machine from particle spray. The damage limit of
the absorbers drives the extraction kicker rise time. This limit is most critical for global machine protection, in
particular in the case that a beam abort occurs with the full beam at top energy. For this specific failure scenario,
only a single dumped beam is shown. The systems for the other beam are arranged symmetrically around the
centre of the straight section.

The general optical parameters and the beam aperture are shown in Fig. 10.10.

The strength and aperture values for the quadrupoles that generate the optical configuration of the beam dump
are summarised in Table 10.4.

10.2.5 RF and injection straight section

The technical insertion at PL is used to accommodate the RF system and the injection of the counter-clockwise
beam. The main constraints imposed by the RF system are the increased inter-beam distance, which must reach
420 mm to accommodate the accelerating cavities, and the cancellation of dispersion in the straight section where
the cavities are located to minimise synchro-betatron coupling. These constraints are met by introducing two
doglegs that both increase the inter-beam distance and ensure that the dispersion and its derivative are zero in
the central part of the insertion.

The beam is injected in the vertical direction, as the transfer line will run above the main ring magnets, just
on top of the external aperture of the circulating beam. Optimal injection conditions require a phase advance of
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Fig. 10.10 Optical parameters, dispersion, and beam aperture at injection of two configurations of the dump insertion with
different settings in the dispersion suppressors to match the ring to injection (left) and collision (right) tunes. MKD and MSD
positions are highlighted in black. The horizontal line in the aperture plot represents the minimum value acceptable

Table 10.4 Strength of the

insertion quadrupoles for the NAME

Gradient [T /m]

Maximum gradient [T /m]

optics of the technical
insertion at PF (beam
dump) and its dispersion
suppressors. All the
gradients correspond to
45 TeV

MQ.14LF.B1
MQ.13LF.B1
MQ.12LF.B1
MQ.11LF.B1
MQ.10LF.B1
MQ.9LF.B1
MQ.S8LF.B1
MQM.B7LF.B1
MQM.A7LF.B1
MQY.6LF.B1
MQY.5LF.B1
MQY.4LF.B1
MQY.4RF.B1
MQY.5RF.B1
MQY.6RF.B1
MQM.A7RF.B1
MQM.B7RF.B1
MQ.8RF.B1
MQ.9RF.B1
MQ.10RF.B1
MQ.11RF.B1
MQ.12RF.B1
MQ.13RF.B1
MQ.14RF.B1

116.47
—120.36
116.72
—115.10
155.11
—160.22
62.91
—151.48
—151.48
43.49
—47.69
24.98
—24.98
47.69
—43.49
136.32
136.32
—49.48
169.34
—127.26
142.57
—116.81
125.28
—131.00

375.0
375.0
375.0
375.0
375.0
375.0
375.0
375.0
375.0
200.0
200.0
200.0
200.0
200.0
200.0
375.0
375.0
375.0
375.0
375.0
375.0
375.0
375.0
375.0

90° between the kicker and the injection protection dump, and maximising the value of /8,08, at the location
of the injection protection dump. An additional constraint in the design of the injection of the counter-clockwise
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Fig. 10.11 Trajectory in the vertical plane of the injected counter-clockwise beam from the transfer line arc to the injection
kicker (left) and a detailed view of the path through the septa (right). Exceptionally, the description of the layout is made
using the counter-clockwise beam as a reference

Table 10.5 Electromagnetic

and aperture parameters of NAME Active Bl?lde Magnetic Aperture A.pertu.re
the septa, dipole, and kickers length thickness field [T] cross dimensions
assumed for the injection of [m] [mm] section [mm]
the counter-clockwise beam
MSI1 8.0 8 0.7 Ellipse 12.0 / 11.0
MSI2 5.0 12 1.0 Circle 16.0
MSI3 20.0 18 1.2 Circle 16.0
MBWI 70.0 NA 1.4 Circle 16.0
MKI 40.0 NA 0.024 Circle 18.3

beam is to use the same hardware as installed in PB for the injection of the clockwise beam: this does not pose
any serious challenge for the overall design of the insertion.

Figure 10.11 shows the vertical trajectory of the injected beam, assuming a difference in height between the
circulating and injected beams of 1250 mm. This first block of bending magnets represents the end of the transfer
line, followed by a downward bending dipole, a second dipole that starts to deflect the trajectory to become parallel
with the plane of the collider and then the septa, with a field that decreases with the reduction of the thickness of
the septum blade (the details are given in Table 10.5). The last block of bending magnets represents the kickers
that cancel the residual angle of the injected beam. The second dipole is a recent addition to the magnetic sequence
that helps to reduce the longitudinal footprint of the insertion dedicated to the injection elements and is labelled
MBWTI in Table 10.5. It is installed in a region where the injected and the circulating beams are separated enough
that a conventional dipole can be used rather than a septa-type magnet. This allows using a stronger magnetic
field of 1.4 T to accelerate the geometrical transition between the plane of the transfer line to that of the collider.

Note that the quadrupole located in between the two groups of bending devices is used to provide an additional
dipole kick exploiting the off-axis traversal of the beam.

Figure 10.12 shows the optical parameters, dispersion, and beam aperture at injection, corresponding to the
most critical configuration. The part of the insertion close to the DS on the right-hand side (light-blue box in the
figure) is where the injection system is located: it is left empty here, as the injection elements are inactive for the
circulating beam, and they do not affect the beam whose optics are shown here. The section envisaged for the RF
system (green box in the figure) has a length of approximately 870 m.

Table 10.6 summarises the strength of the quadrupoles that generate the optical configuration of RF and
injection insertion.
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Fig. 10.12 Optical
parameters, dispersion and
beam aperture at injection,
corresponding to the most
critical configuration for the
optics of the RF and
injection insertion for the
anti-clockwise beam.
Sections dedicated to a
specific function are
highlighted: the area where
the RF cavities may be
located (green), injection
protection devices (orange)
and injection elements (light
blue). The horizontal line in
the aperture plot represents
the minimum value
acceptable
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10.2.6 Betatron collimation

The collimation system is meant to clean the betatron halo and off-momentum particles surrounding the main
beam. These two functions are performed by two subsystems located in two insertions to allow for dedicated
optical conditions. Cleaning of the betatron halo requires small values of the dispersion function and appropriate
phase advances between the various collimation stages. Cleaning off-momentum particles requires large normalised
dispersion?? values and is discussed in further detail in Sect. 10.2.7.

A side effect of the collimation system is the beam impedance originating from the jaws that are close to the
beam edge. Recently, for the HL-LHC, mitigation measures for the beam impedance based on local changes to the
beam optics were proposed (see Ref. [508, 509] and references therein), which aim at increasing the beta functions
at the collimators. This novel concept has also already been incorporated into the optics design of the FCC-hh
betatron collimation insertion.

Two additional novel features were implemented in the layout of the collimation insertions, both related to
the geometry of the doglegs that are part of the insertions. The main function of doglegs in the LHC collimation
insertions is to filter out the neutral particles generated by the beam-matter interaction in the jaws of the col-
limators [510]. Thanks to the doglegs, the neutrals are prevented from depositing energy in the coils of the first
superconducting dipole on the opposite side of the insertion, i.e., at the beginning of the DS. Hence, the LHC
collimation geometry need not be exported to the FCC-hh, by rescaling it to the higher beam energy. Instead,
it is sufficient to introduce the minimum deflection that brings the neutrals out of the cross-section of the coils
of the first superconducting dipole at the beginning of the downstream DS. This approach simplifies the layout
of the doglegs and relaxes the requirements in terms of dipole strength needed to generate the doglegs. Based on
these considerations, each of the two doglegs of the PH insertion is made of two dipole blocks (composed of two
MBW-type dipoles) with opposite polarities, and each block generates 46.0 T m at collision energy.

The second change is keeping the inter-beam distance constant along the whole straight insertion. In fact, in
the LHC, the arc inter-beam distance of 194 mm is increased in the collimation insertions to 224 mm by the
geometry of the doglegs of the two counter-rotating beams. In the layout of the FCC-hh collimation insertions,
the inter-beam distance remains constant and has the same value as in the arcs, namely 250 mm. This choice has
a fundamental consequence, as in this case, not only the optical parameters are the same for the counter-rotating
beams, but also the dispersion functions are the same. Hence, this design choice facilitates having exactly identical
layouts and optics for the two beams.

The Q6 quadrupoles, previously composed of six MQTLH magnets as in the LHC [116], have been replaced in
the new layouts by a single MQY quadrupole. This change optimises the beam aperture, eliminating an unnecessary
bottleneck.

Additionally, to maximise the available beam aperture, the orientation of the elliptical beam pipe in the MQW
quadrupoles is adjusted according to the quadrupole polarity.

The betatron collimation subsystem is located in PH, and the corresponding layout and optical functions are
shown in Fig. 10.13. As discussed above, a novel optical configuration featuring high-beta values has been designed
to mitigate the beam impedance generated by the collimators. However, this optics is not suitable for the injection

29The normalised dispersion is defined as Dy /v/Bx.
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Table 10.6 Strength of the

insertion quadrupoles for the NAME Gradient [T /m] Maximum gradient [T /m]

RF insertion at PL and its

dispersion suppressors. All MQ.14LL.B1 117.49 375.0

the gradients correspond to MQ.13LL.B1 —115.18 375.0

45 TeV MQ.12LL.B1 115.75 375.0
MQ.11LL.B1 —110.70 375.0
MQ.10LL.B1 158.84 375.0
MQ.9LL.B1 —170.55 375.0
MQ.8LL.B1 75.86 375.0
MQM.7LL.B1 —353.09 375.0
MQR.6LL.B1 261.98 280.0
MQR.5LL.B1 —252.75 280.0
MQR.4LL.B1 274.79 280.0
MQR.3LL.B1 —180.75 280.0
MQR.2LL.B1 187.29 280.0
MQR.1LL.B1 —274.64 280.0
MQR.01LL.B1 233.43 280.0
MQR.1RL.B1 —259.94 280.0
MQY.2RL.B1 —78.80 200.0
MQY.3RL.B1 71.95 200.0
MQYL.4RL.B1 87.58 200.0
MQYL.5RL.B1 —132.28 200.0
MQY.6RL.B1 67.81 200.0
MQYL.7RL.B1 96.84 200.0
MQ.8RL.B1 —48.36 375.0
MQ.9RL.B1 150.32 375.0
MQ.10RL.B1 —113.83 375.0
MQ.11RL.B1 139.02 375.0
MQ.12RL.B1 —100.32 375.0
MQ.13RL.B1 116.73 375.0
MQ.14RL.B1 —116.30 375.0

energy because here it would violate the aperture requirements. Furthermore, cleaning performance is essential at
collision energy and much less important at injection. Therefore, two optical configurations were designed: one with
mid-range values of the beta-function to be used at injection, and one with large values of the beta-functions that
should be used at collision energy. These two configurations are those shown in Fig. 10.10 (left, for the injection
configuration and right, for the collision configuration). An optical transition between the two configurations is
envisioned during the energy ramp. This same type of transition will first be tested at the LHC during Run 3,
with the goal of becoming operational for the HL-LHC. Consequently, the FCC-hh will benefit from existing
operational experience with dynamic optical changes in the collimation insertions. It is important to highlight
that, in both LHC and FCC-hh, the target aperture differs between the two configurations, and, in all cases, the
aperture requirements are satisfied.

Table 10.7 summarises the strength and aperture values for the quadrupoles generating the two optical config-
urations of the insertion for betatron collimation.

10.2.7 Momentum collimation and injection

The technical insertion at PB serves two functions, namely injection of the clockwise circulating beam and momen-
tum collimation. A transition region of approximately 530 m (from the kicker to the primary collimator) is used
to match the optics between these two systems, while also providing shielding between the kickers and momentum
collimation debris, particularly in the event of injection losses.
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Fig. 10.13 Optical parameters, dispersion and beam aperture for the low-beta optics (for injection) of the betatron collimation
insertion PH (left) and the high-beta (for collision) variant (right). The blue and the red aperture regions indicate supercon-
ducting and normal-conducting magnets, respectively. The horizontal line in the aperture plot represents the minimum value

acceptable

Table 10.7 Strength of the
insertion quadrupoles for the
betatron insertion at PH
(second column, low-beta,
third column, high-beta) and
its dispersion suppressors.
All the gradients correspond
to 45 TeV

NAME Gradient [T/m] Gradient [T/m] Maximum gradient [T /m]
MQ.14LH.B1 117.3 127.6 375.0
MQ.13LH.B1 —103.8 —-110.4 375.0
MQ.12LH.B1 113.2 116.3 375.0
MQ.11LH.B1 —105.7 —124.0 375.0
MQ.10LH.B1 152.8 168.7 375.0
MQ.9LH.B1 —115.9 —108.8 375.0
MQ.8LH.B1 52.4 61.4 375.0
MQM.7LH.B1 —57.5 —206.0 375.0
MQY.6LH.B1 28.3 79.3 200.0
MQW.5LH.B1 —235.5 —28.5 44.0
MQW.4LH.B1 38.6 34.8 44.0
MQW.4RH.B1 —33.2 —-31.9 44.0
MQW.5RH.B1 38.2 34.8 44.0
MQY.6RH.B1 —154.3 —-83.9 200.0
MQM.7RH.B1 215.7 207.8 375.0
MQ.8RH.B1 —58.2 —36.7 375.0
MQ.9RH.B1 159.5 142.6 375.0
MQ.10RH.B1 —114.2 —114.5 375.0
MQ.11RH.B1 139.5 140.0 375.0
MQ.12RH.B1 —88.9 —-97.3 375.0
MQ.13RH.B1 114.6 113.5 375.0
MQ.14RH.B1 —103.9 —-113.2 375.0

This insertion presents two main challenges from a beam optics perspective. First, the optimal beam properties
for maximising the performance of each system individually are conflicting. Ideally, the injection region should
have zero dispersion to prevent the need for very tight injection protection absorber settings, which must otherwise
account for momentum offsets while maintaining alignment with the collimation hierarchy.
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Conversely, a large value of the normalised dispersion is necessary for the momentum collimation systems
to function effectively. Additionally, to protect each system from potential losses originating from the other, the
longitudinal footprint of each subsystem must be carefully allocated, including a buffer area with shielding between
them.

The first challenge is addressed by fine-tuning the upstream dispersion suppressor to ensure that the residual
dispersion from the arc meets these constraints. The second challenge is managed by optimising the injected beam
trajectory, as discussed in the previous section.

In this insertion, the optics of the two beams can differ if necessary since the counter-clockwise beam is not
subject to injection constraints. This flexibility allows its optics to be configured in a way that minimises the
impact of momentum collimation losses on the injection elements.

Doglegs are also needed for the momentum collimation system, and each block of dipoles (composed of three
MBW-type dipoles) generates 69.0 T m at collision energy.

The layout and hardware configuration of the injection system are identical, but mirror reflected, of that shown
in Fig. 10.11 and Table 10.5.

Figure 10.14 shows the optical parameters, dispersion, and beam aperture at injection that corresponds to the
most critical configuration. The dispersion is matched so that it is small as the beam reaches the injection kicker
and then grows as the beam reaches the dogleg where the primary collimator is located.

The strength values for the quadrupoles that generate the optical configuration of the insertion for the off-
momentum collimation are summarised in Table 10.8.

10.2.8 Impedance considerations

Beam-coupling impedance remains largely unchanged with respect to the CDR [10, Sect. 2.4.7]). The main im-
plications from the change of layout are related to a shorter ring circumference, which implies a slightly larger
revolution frequency and a reduced total length of beam screens and vacuum pipe, along with lower maximum
beam energy, a lower magnetic field on the beam screen at top energy, and possibly a higher operating temperature
of the beamscreen. The vertical dimension of the beam screen remains unchanged from the CDR, with a half height
of 12.2 mm.

The reduction in tunnel length results in an 8% increase in the revolution frequency, shifting the first unstable
betatron line to higher frequencies. However, this has no significant impact on stability, as the associated rigid-
mode instability is effectively suppressed by the transverse feedback damper [10]. Additionally, the reduced tunnel
length decreases the resistive-wall impedance of the vacuum structure—particularly of the beam screens—by the
same 8%. The reduction of the magnetic field from 16 T to 14 T also leads to a reduction of the resistivity of
the copper beam screens, through magnetoresistance, of about 8% (assuming a residual resistivity ratio of 70
as in the LHC beam screens [511], and standard copper properties for magnetoresistance [512] and temperature
dependency [513], as implemented in XWAKES [514]), which leads to a reduction of their resistive-wall impedance
by 4%.3° By contrast, the lower flat-top energy (42.3 TeV instead of 50 TeV) has a more pronounced effect, as
both tune shifts and growth rates are inversely proportional to v, leading to an 18% increase.

30Tf the beam screens were operated at 70 K instead of 50 K, their resistive-wall impedance would increase by 21% with respect
to the CDR configuration (50 K, 16 T). At injection energy (corresponding to a dipole field of 1.09 T, almost unchanged with
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Table 10.8 Strength of the

insertion quadrupoles for the NAME Gradient [T /m)] Maximum gradient [T /m]

momentum collimation

insertion at PB and its MQ.14LB.BI 123.6 375

dispersion suppressors. All MQ.13LB.B1 —124.0 375

Z}geiger\e;dlents correspond to MQ.12LB.B1 118.1 375
MQ.11LB.B1 —125.3 375
MQ.10LB.B1 150.5 375
MQ.9LB.B1 —129.6 375
MQ.8LB.B1 57.9 375
MQYL.7LB.B1 —20.1 200
MQY.6LB.B1 67.8 200
MQYL.5LB.B1 —122.6 200
MQYL.4LB.B1 68.8 200
MQY.3LB.B1 103.2 200
MQY.2LB.B1 —56.8 200
MQM.1LB.B1 —131.8 375
MQY.1RB.B1 1.6 200
MQW.2RB.B1 —20.2 44
MQW.3RB.B1 32.2 44
MQW .4RB.B1 —-31.3 44
MQW.5RB.B1 27.8 44
MQY.6RB.B1 —169.8 200
MQM.7RB.B1 231.0 375
MQ.8RB.B1 —40.5 375
MQ.9RB.B1 129.9 375
MQ.10RB.B1 —111.3 375
MQ.11RB.B1 131.8 375
MQ.12RB.B1 —103.3 375
MQ.13RB.B1 110.2 375
MQ.14RB.B1 —115.6 375

Since at top energy, the resistive-wall impedance of the beam screens accounts for only 10% of the total
impedance [10], the stability at the flat top is degraded with respect to the CDR by approximately 20%, primarily
due to the lower beam energy. At injection energy, where the beam screen contributes 50% of the total impedance,
stability improves by 4% if the beam screen temperature remains unchanged. Even in a worst-case scenario, the
increase in instability growth rates and tune shifts remains manageable at both injection and flat top [10]. If the
injection energy is lowered to 1.3 TeV, the multi-bunch instability growth times decrease by a factor of almost
three to 20-25 turns [10]. Also, here, a safety margin still exists since even faster multi-bunch instabilities, e.g. with
rise times about 10 turns, could be damped by an LHC-type feedback system along with Landau octupoles and
non-zero chromaticity [515].

10.2.9 Ongoing studies

The cell magnet layout and the number of dipoles per cell are already optimised for maximum beam energy. An
even higher dipole filling factor might still be achieved by optimising the length of the main dipoles, which is
subject to various constraints, such as the size of the shaft used to lower the dipoles.

A non-standard option for the FCC-hh ring configuration utilises combined-function magnets [516]. Further
investigations of this approach (see, e.g., Ref. [517]), including corrector systems and refined length of the combined-

respect to the CDR), the corresponding increase due to temperature would be of 48%, as the temperature effect is more
pronounced at low values of the magnetic field.
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function magnets, is essential for determining whether if this setup could serve as a viable alternative to the present
baseline lattice.

10.3 FCC-hh injection

10.3.1 Hadron injectors in the SPS or LHC tunnel

Machines located in three different tunnels were initially considered as potential hadron injectors: a booster within
the collider tunnel, a modified LHC or a new superconducting machine in the LHC tunnel, and a superconducting
SPS (scSPS) in the SPS tunnel. The option of placing a booster in the collider tunnel, using superferric magnets
at 1.1 T with a 70% filling factor, was discarded at an early stage due to the need for long bypass tunnels
—approximately 15 km in length—around the experiment caverns.

The remaining options, involving a machine in either the LHC or SPS tunnel, differ in their achievable injection
energy for the collider. An scSPS limits the injection energy to 1.3 TeV, whereas a machine in the LHC tunnel
could exceed the collider’s baseline injection energy of 3.3 TeV.

In addition to the injection energy of 3.3 TeV the main requirements of the hadron injector are the delivery of
the beam parameters in intensity, emittance and bunch spacing, as well as a fill duration of around 30 min.

A detailed study was carried out to evaluate the feasibility of modifying the existing LHC into a fast-ramping
3.3 TeV injector. This analysis included assessing layout modifications in the straight sections, optimising the
powering segmentation to enable faster ramping, and developing a simplified optics design [518]. The FCC-hh
Conceptual Design Report [10] concluded that, at 3.3 TeV, the threshold for FCC-hh injection absorbers to
survive beam impact requires a burst-mode transfer of 130 batches from the modified LHC to the FCC-hh, each
batch consisting of 80 bunches. This configuration would allow the full LHC beam to be transferred within a few
seconds.

Alternatively, the LHC could be replaced by a 4 T superconducting machine based on magnet designs from
RHIC, Tevatron, or FAIR (SIS200/300). To avoid excessively long transfer lines, this machine would require either
polarity reversal or a twin-aperture magnet design. The RF system is assumed to limit the ramp-up time to no
more than 50 s, resulting in a total collider filling time of 39 minutes. Additionally, this option would necessitate
a burst-mode injection transfer lasting several seconds.

Another approach to replacing the current LHC within its tunnel involves a superferric, iron-dominated machine
operating at 2T, capable of achieving a transfer energy of approximately 1.75 TeV. However, neither of these options
has been studied in further detail at this stage.

If the collider can accommodate an injection energy of 1.3 TeV, a superconducting machine in the SPS presents
an intriguing option. This possibility has been explored at the conceptual level and is documented in Ref. [519).

This study considered following the present SPS lattice, which naturally is well-matched to the existing tunnel
geometry, using missing bend dispersion suppressors. A collimation system needs to be integrated into the straight-
section layout. The beam transfer from the scSPS to the collider is limited to 640 bunches per transfer due to
absorber limits. In this case, no burst-mode transfer is required. The filling time considered in Ref. [519] needs to
be revised in view of the reduced number of collider bunches and a possibly higher ramp rate.

Overall, the feasibility of an scSPS is mainly determined by the design of large aperture, fast ramping dipoles,
and quadrupoles. The design study compares 2D designs of main dipoles and quadrupoles for both single- and
double-layer coil configurations. Among these, the 4.2 K-compatible double-layer coil design emerges as the most
promising. The study also evaluated a challenging 80 mm aperture, primarily motivated by also allowing a slow-
extraction based fixed-target programme reaching up to 1.3 TeV. Recent advancements in crystal-assisted slow
extraction provide confidence that the current spiral step of 20 mm could be reduced to approximately 5 mm,
directly impacting the required magnet aperture.

The initial magnet study also highlights the significant benefits of doubling the injection energy in the SPS
to 50 GeV, as this would reduce the critical energy/field swing and AC losses. In addition, this approach could
eliminate the current need for transition crossing. Given that the PS will be more than 100 years old at the time
of FCC-hh, one might consider replacing the PS with a 50 GeV machine - a superconducting machine in the PS
tunnel or a normal conducting PS2 (studied as an option to renovate the LHC injector chain).

Injector option summary and outlook The three options for an FCC hadron injector are summarised in Table 10.9.
All options can deliver the main beam parameters required, such as intensity, emittance, and bunch spacing. The
main difference is the implied FCC-hh injection energy. The modified LHC option stands out for the filling time,
in particular, since the filling time of the scSPS was calculated with a rather conservative ramp rate. The LHC
would also need a large effort in continuous consolidation over decades before being repurposed as an FCC hadron
injector.

If the collider injection energy stays above the reach of an scSPS, an attractive option seems to be a new 4 T
machine in the LHC tunnel. Another possibility, with an intermediate beam energy, is a 2-T superferric machine.
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Table 10.9 Comparison of )

high-energy booster options, Unit scSPS mod. LHC 4T LHC

a superconducting machine

in the SPS tunnel (scSPS),a  Circumference km 6.9 26.7 26.7

modified faster-ramping Apertures 1 2 1

LHC and a new 4 T machine "
Inject 2 4 4

in the LHC tunnel. A further e IOTI enersy Gev 6 50 50

option (not shown) with an Extraction energy TeV 1.3 3.3 3.3

intermediate energy of Injection field T 0.12 0.6 0.6

1.75 ’If‘eV 'WOUldhbe a 0 Maximum field T 6 4 4

superferric machine in the .

LHC tunnel Energy/field swing 50 7 7
Individual dipole length m 12 14.3 14.3
Dipole filling factor 0.65 0.66 0.66
Number of dipoles 372 1232 1232
Number of quadrupoles 216 480 480
Number of bunches 640 2600 2600
Stored energy MJ 15 167 167
Booster filling time min 0.5 7.5 3.8
Ramp rate T/s 0.4 0.026 0.08
Cycle length min 1.1 12 4.9
Booster cycles per FCC fill 34 4 8
Collider filling time min 37 46 39

Table 10.10 Lengths of transfer lines and tunnels from the LHC with the required magnet fields in the connection tunnel and
inside the collider tunnel, respectively

TL length [km)] Tunnel length [km)] Dipole fields [T]

LHC P8 to PB 9.5 1.9 6.6/1
LHC P8 to PL 7.5 3.8 47/1

If 1.3 TeV is acceptable for the collider, an scSPS becomes appealing, also in view of a possible synergy of beam
transfer tunnels.

Given the timescale for all options, it seems valid to consider renovating the entire injector chain, allowing the
removal of certain bottlenecks in beam production.

For the next study steps, it is planned to establish a parametric model for the main cost drivers of a 3.3 TeV
superconducting machine and a 1.75 TeV superferric machine in the LHC tunnel, and a 1.3 TeV superconducting
machine in the SPS tunnel.

10.3.2 Layout of the FCC-hh injection

In the case of using the present LHC or a new 4 T machine in the LHC tunnel as the FCC hadron injector, the
beam would be transferred at 3.3 TeV, which, in Ref. [10], was considered the baseline injection energy.

With the new geometry of the lepton transfer lines from the surface to the collider tunnel (see Sect. 7.7), there
is no longer a synergy between the lepton and hadron transfer tunnels to simplify the civil engineering work for
the lepton tunnels.

For hadron beams from the LHC tunnel, it is proposed that both beams be extracted from P8, as illustrated in
Fig. 10.15. Compared to the current LHC dump system, designed for 7 TeV and operated at 6.8 TeV, an extraction
system for FCC beams would require only half the deflection while benefiting from at least 50 years of technological
advancements. Additionally, such an extraction system could be designed with a simpler triggering logic compared
to a fail-safe dump system.

Transfer lines from LHC P8 to the collider tunnel require superconducting magnets well within the reach of
current Nb-Ti technology (see Table 10.10). As soon as the transfer lines join the collider tunnel, the magnetic
field required drops to the injection field of the collider magnets, as described in detail in Sect. 10.3.1.

In case a lower injection energy into the collider is attainable, the option of a super-ferric iron-dominated
machine in the LHC tunnel allows a beam transfer at around 1.75 TeV. This option could use the same extraction
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Table 10.11 Lengths of transfer lines and tunnels from the scSPS with the required magnet fields in the connection tunnel
and inside the collider tunnel, respectively

TL length [km] Tunnel length [km] Dipole fields [T
SPS-LSS4 to PB 12.9 1.6 7.4/0.44
SPS-LSS6 to PL 6.9 0.9 4.2/0.44

system layout as described above. The reduced transfer energy would be beneficial for the system design. Also,
the transfer line geometry could be the same as described above, with lower fields in the transfer dipoles.

10.3.3 Layout of the FCC-hh injection lines from a superconducting SPS

For a superconducting SPS, based on ~ 6 T magnets, the transfer energy is limited to 1.3 TeV. At this energy,
the use of the existing TI8 tunnel for hadron transfer is within reach of the current technology, which reduces the
new tunnelling for the clockwise beam injected in PB by 3 km (see Fig. 10.16 and Table 10.11). The dipole fields
required amount to 5.9, 2.3 and 7.4 T for the different arcs, respectively. As soon as the transfer line is in the
collider tunnel, a field of 0.44 T is required.

For the anti-clockwise beam injected in PL, the straight Sect. 6 (LSS6) of the SPS is favoured to have a short
connection of less than 1 km to the collider tunnel with dipole fields of 4.2 T.

10.3.4 Transfer lines in the ring tunnel

Two sections of the FCC-hh transfer lines are inside the collider tunnel, in the arcs that join PA and PB (for the
clockwise beam) and PA and PL (for the counter-clockwise beam). The design of the transfer line will inherit the
features of the regular arcs of the ring over this length. It is assumed that periodic cells of the transfer line will be
copies of those in the hadron collider, with each containing 16 dipole magnets. Furthermore, the focusing structure
will also be applied to the part of the transfer lines outside the ring tunnel, whereas the geometry will impose a
different choice of dipole magnets.
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Fig. 10.16 Transfer tunnels
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Table 10.12 FCC-hh transfer line magnets parameters for injection energy of 3.3 TeV and for the section located inside the
ring tunnel. The total length of the tunnel section of the two transfer lines is 19.6 km. Such an estimate is an upper bound

based on the FCC-hh arc length. The FCC-hh ring regular cell is 276 m long

Electromagnet Permanent magnet
Interconnections Longitudinal gap (mm) 550 50
Aperture Beam pipe inner diameter (mm) 30
and field Good field region (GFR) diameter (mm) 20
quality Field linearity in GFR (units) 2
Integrated dipole field per cell (T m) 230 230.4
Dipole magnet field strength (T) 1
Dipoles Magnet magnetic length (m) 5 1.2
Number of magnets per cell 46 192
Total dipole length (km) 8.51 8.52
Integrated quadrupole gradient per cell (T) 118
Quadrupole magnet gradient (T /m) 20 25
Quadrupoles Magnet magnetic length (m) 3 1.2
Number of magnets per cell 4 8
Total quadrupole length (m) 444 355.2

Two injection energies have been considered, 3.3 TeV, which is the baseline assuming the LHC as an injector,
and an alternative of 1.3 TeV, assuming a superconducting SPS. The higher injection energy is considered for the

magnet design parameters in Table 10.12).
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Fig. 10.17 Sketch of the
possible conceptual designs Guadrupale and dipole
for the transfer line magnets.
The three magnet design
concepts highlighted in red
were selected

Fig. 10.18 Photograph of a
6.3 m long dipole magnet
(HCMBI_001) used in the
LHC transfer line

In view of the large scale of production for the transfer line magnets, assembly and manufacturing will be a key
focus of future development efforts.

The aim of the following preliminary assessment was to consider existing magnets at CERN and elsewhere,
firstly to generate multiple design concepts and secondly to make an initial assessment of whether these could
satisfy the transfer line requirements. Ultimately, three concepts, highlighted in Fig. 10.17, were selected for
further development. These three concepts will be developed until the most suitable design can be identified, also
taking into account resource effectiveness. Typically, this assessment will be based on lifetime cost, but it will also
consider other factors, such as climate impact and ethical issues regarding where raw materials are sourced.

Electromagnet design concepts Iron-dominated normal-conducting accelerator magnets are a mature and well-
understood technology. Furthermore, the field strength required is compatible with the normal-conducting magnet
capabilities, making them suitable for this application. The volume of the yoke will be optimised to reduce weight
and material cost while retaining sufficient torsional rigidity and magnetic performance. The most critical opti-
misation involves determining the optimal size of the coil cross-section to minimise the total lifetime cost. This
requires balancing capital investment costs, primarily driven by the conductor, with overhead expenses, mainly
related to electrical power consumption.

One dipole magnet design provides a 1.2 T field in the 30 mm aperture and is largely inspired by the TI2/TI8
transfer line magnets that connect the SPS ring to the LHC (see Fig. 10.18). An H-shaped yoke geometry was
selected because it has better torsional rigidity and saturation performance compared to other options. This
minimises the dipole cross-section dimensions, particularly the height. The exact length of each magnet unit has
not yet been determined, but a 5 m dipole would weigh 4600 kg.
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Fig. 10.19 Left: Normal conducting dipole magnet 2D field distribution (four-fold symmetry). Right: Normal conducting
dipole magnet 3D model

Fig. 10.20 Normal conducting quadrupole magnet 2D field distribution (eight-fold symmetry)

The yoke is made of laminated electrical steel. The laminations are punched and then stacked together, which
is the most cost-effective assembly method for producing a large series of long magnets. This configuration also
minimises eddy current losses when the magnets are ramped, reducing running costs.

The 58 kA turns required are provided by two bedstead coils. This coil shape reduces the interconnection
length between magnets, thus maximising the longitudinal filling factor. The coils are wound with a hollow copper
conductor and cooled with demineralised water. Figure 10.19 (left) shows the 2D field distribution in the yoke
cross-section, while the 3D magnet geometry is visible in the right plot of the same figure. Note the length of the
magnet relative to its cross-section.

The quadrupole concept is also inspired by the TI2/TI8 transfer line magnets. It would be an assembly of
laminated steel quadrants with water-cooled coils. Each of the four coils provides 7.4 kA turns, which produces a
25 T/m gradient in the 30 mm diameter aperture, with a 1.5 m long quadrupole weighing 1000 kg. The 2D field
distribution in the yoke cross-section is shown in Fig. 10.20.
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Fig. 10.21 Samarium Cobalt
permanent magnet wedge
used in the FASER Halbach
magnet at CERN

Permanent magnet solutions Permanent magnets (PM) for accelerators are especially well suited to the transfer
line specifications. As the FCC-hh beam will always be injected at the same energy, the magnet strength does
not need to be varied. Additionally, the field quality requirements are less stringent than those in the collider ring
because the beam only makes a single pass. It is worth mentioning that PMs are already used in accelerators,
albeit on a much smaller scale. For instance, at CERN, there are permanent accelerator magnets in Linac4 [520]
and the beamline of the FASER [521] experiment. At Fermilab, the 3.4 km recycler ring is entirely based on
PMs [522, 523]. Furthermore, PMs can also be found in insertion device magnets for electron synchrotrons around
the world (see Ref. [524] for a review).

Note that PM blocks/wedges are the magnetised elements that are assembled to create an accelerator magnet
(see Fig. 10.21). During their manufacture, they should gain homogeneous magnetisation (magnitude and direc-
tion) oriented relative to an external mechanical datum surface. However, manufacturing tolerances introduce
magnetisation errors that must be monitored through quality assurance testing and mitigated by the accelerator
magnet designs.

Magnetic forces between PM elements make it challenging to assemble them in a precise and safe way. However,
the design concepts presented here are not novel, and multiple assembly techniques are already available. More
research is needed to determine whether these approaches are suitable for the industrial scale required by the
FCC-hh or whether new techniques will need to be developed.

The design of the transfer line will also include active correctors, i.e., normal-conducting magnets that are
meant to compensate for, e.g., trajectory errors in the transfer lines due to the extraction conditions in the FCC-
hh injector or magnetic-field errors from the PMs of the transfer line.

Risks associated with permanent magnets PMs have two key weaknesses: the magnetic field they produce is sus-
ceptible to radiation dose and variations in temperature, both of which will affect the transfer lines. Therefore, it is
important to examine these vulnerabilities and make an initial assessment of whether realistic operating conditions
could prevent the transfer line magnets from functioning adequately.

The first vulnerability is the temperature dependence of PMs, which could cause a drift in magnetic field strength
as the ambient temperature varies. Annual temperature data from the LHC tunnel [525], which is assumed to
behave similarly to the FCC-hh ring tunnel, and PM material data were used to calculate the maximum possible
integrated dipole error per cell (see Table 10.13). The magnitude is small enough to be managed using active
corrector magnets.

The second vulnerability is PM demagnetisation due to irradiation. Demagnetisation mechanisms are complex,
but damage is primarily a function of dose and energy [526], with different levels of PM having different suscepti-
bilities. For this initial assessment, it is assumed that the PM elements of the transfer line receive a uniform dose
indirectly (i.e., from the collider beam). Moreover, the direct dose from the transfer line beam is neglected, and it
is assumed that there is no realistic failure scenario where the beam could be lost and dumped into the transfer
line. This assumption will be reviewed when the details of the machine protection configuration are discussed.
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Table 10.13 Permanent

magnet temperature Unit SmCo NdFeB
dependence parameters with
annual LHC tunnel Temperature dependence %/°C 0.035 —0.120
temperature variation Temperature variation (annual) °C +0.87
Integrated dipole field per cell Tm 235
Correction field magnitude per cell Tm 0.716 2.435
Table 10.14 Radiation dose )
rate parameters for the Unit Value
assessment of the FCC-hh
transfer line magnet Commissioning dose rate Gy/year 200
Commissioning duration year 5
Operation dose rate Gy /year 20
Operations duration year 35
Total lifetime year 40
Lifetime dose kGy 1.7
Table 10.15 Permanent .
magnet material need and Unit
forecast supply
NdFeB global 2019 k-tonnes/year 130
supply Forecast for 2030 k-tonnes/year 200
Required volume Iron-dominated tonnes 950
of NdFeB magnet concept designs
blocks/wedges Shimmed Halbach tonnes 625

for concepts .
concept designs

Another aspect that will be reviewed in later studies is the possible impact of localised losses occurring in the
collider ring, such as the so-called unidentified falling object (UFO) events that have been observed and studied in
detail in the LHC (see, e.g., Ref. [527] and references therein for a review of this topic). Losses from these events
are typically on the order of 1 x 108 protons. While they could potentially trigger a quench in a superconducting
magnet, they may also impact the PMs. This possibility will be investigated further in future studies.

There are significant uncertainties in calculating an estimate for the accumulated lifetime dose. Three key
variables are: residual gas density in the collider vacuum tube; longitudinal position (dose rate is higher between
collider magnets); and number of years spent in commissioning vs. in operation (dose rate is lower in the latter
phase). Using the FCC-hh particle transport simulation studies [528] and taking conservative assumptions, a
lifetime dose of 1.7 kGy was calculated (see Table 10.14). For SmCo or NdFeB magnets, this dose should not alter
the magnetic field on the axis by more than 1 unit (factor of 107%) so the transfer line requirements would still
be satisfied. In conclusion, whilst radiation damage can be considered a low risk, this assertion will need to be
rigorously tested before committing to a PM transfer line design. In addition, a comprehensive literature search
will be conducted to understand the resistance of PMs to radiation. Potentially, the FCC will need to conduct its
own PM irradiation test campaign.

An additional risk of using a PM design is insufficient supply from manufacturers. For that reason, although
they are more sensitive to temperature and less resistant to radiation [529], NdFeB PMs were selected because
they are produced at a lower cost and on a larger scale than SmCo PMs [530]. Table 10.15 shows that the forecast
global supply of NdFeB should be sufficient to cover the required volume for both PMs concepts. Note that the
iron-dominated permanent magnet design has not yet been optimised, so this value represents an upper limit.

Iron-dominated permanent magnet design concepts Iron-dominated permanent accelerator magnets generate a
magnetic field using PM elements and function similarly to conventional iron-dominated electromagnets. The iron
yoke serves as a low-reluctance path, enhancing magnetic flux density. The pole helps shape the magnetic field
distribution within the aperture and can be shimmed to improve field quality. This is particularly beneficial in
PM accelerator designs, where magnetisation and assembly errors pose significant challenges. The iron also helps
homogenise the magnetic field, mitigating these errors.
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Fig. 10.22 Left: Iron-dominated permanent dipole magnet cross-section. Right: Iron-dominated permanent dipole magnet 2D
field distribution (four-fold symmetry)
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Fig. 10.23 Left: Iron-dominated permanent quadrupole magnet cross-section. Right: Iron-dominated permanent quadrupole
magnet cross-section (four-fold symmetry)

The dipole and quadrupole design concepts both feature parallelepiped-shaped PM blocks. These are easier to
produce and have better magnetisation direction tolerances compared to other geometries. First, the low-carbon
steel yokes and non-magnetic components are assembled, and then the PM blocks are added one by one into the
assembly. The blocks are inserted into cavities where some low-carbon steel material is present on either side. This
reduces magnetic forces, making the assembly process simpler and faster.

The dipole design concept has an iron length of 1.2 m and an overall cross-section dimension of 0.2x0.2 m, it
provides a field of 1 T in the aperture of 30 mm. The field integral can be adjusted by a few percent by inserting
magnetic shunts at the magnetic measurement stage, mainly to compensate for irregularities of PM blocks. The
dipole magnet cross section is presented in Fig. 10.22 (left), and the 2D magnetic field distribution is shown in the
right part of the same figure.

The quadrupole concept design has an iron length of 1.1 m and an overall cross-section dimension of 0.2x0.2 m.
The gradient in the aperture diameter of 30 mm can be adjusted from 25-30 T/m using radially adjustable shims.
This operation is performed in the magnetic measurement stage. The cross section is presented in Fig. 10.23 (left)
and the 2D magnetic-field distribution is shown in the right part of the same figure.

The price of PM material will be a significant factor in the overall accelerator magnet cost. It is, therefore, crucial
to minimise the PM volume in each design, first by shimming/narrowing the poles, and secondly by optimising
the working point of the PM elements on their magnetic hysteresis curves.

Shimmed Halbach magnet design concepts In Halbach arrays, PM elements are arranged to minimise the magnetic

field on one side of the array whilst maximising it on the other. Indeed, cylindrical Halbach arrays are an exceedingly
compact configuration of permanent multipole accelerator magnets, i.e., they require minimal PM element volume
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Fig. 10.24 Left: Performing rotating coil magnetic field quality measurements on an unshimmed Halbach magnet. Right:
Shimmed Halbach magnet. Note the iron shimming rods of varying lengths (black) that have been assembled and glued to the
plastic collar (white)

to produce a given field strength over a circular aperture [531]. However, the absence of iron to homogenise the
magnetic field means that manufactured Halbach magnets are highly sensitive to PM magnetisation and assembly
errors. Consequently, significant resources are typically invested in the manufacture and assembly of Halbach
accelerator magnets to ensure satisfactory field qualities. This can include a range of measures: first, it requires
extensive quality assurance, measuring the magnetic field of PM wedges (either individually or as a representative
sample). Second, it may be necessary to match problematic PM wedges around the circumference of the cylinder to
partially cancel field errors [531]. Finally, when assembling PM wedges, a mechanical structure may be needed to
guide them in position; or mechanical shims might be used for small adjustments [532]. Both of these options reduce
the PM packing factor, which affects magnetic performance. Even with these expensive mitigation measures, the
field quality that can realistically be achieved is limited. Based on CERN experience building Halbach accelerator
magnets, it is anticipated that a standard design would not satisfy the current FCC-hh transfer line requirements
for field uniformity of about 42 units.

Fortunately, cylindrical Halbach accelerator magnets can be shimmed to substantially decrease harmonic field
errors. This technique was successfully developed and implemented in the CBETA 500 MeV electron energy
recovery linac at Cornell University [533]. Initially, conventional Halbach magnets were manufactured with a
slightly increased bore size to accommodate the shim assembly. Following that, standard rotating coil measurements
are used to evaluate the magnetic field error harmonics (see Fig. 10.24 (left)).

An automated code was subsequently developed to optimise the distribution of magnetic shims around the bore
circumference. These shims become magnetised, functioning as small dipole sources. Finally, the optimisation code
determines the required length for each iron shimming rod before insertion into the magnetically transparent collar
(see Fig. 10.24 (right)).

Working with suppliers to create suitable processes, the CBETA team produced an initial production run of
216 magnets. Initially, the magnets had a relative field error of 18.2 units on average, which decreased to 2.2 units
after shimming. This gives confidence that by making the manufacturing tolerances less stringent during the initial
build phase, the overall cost of production can be reduced without impacting the quality of the magnetic field [533]
(see Fig. 10.25).

Figure 10.26 shows a cross section of the cylindrical FCC-hh transfer line Halbach dipole and quadrupole magnet
concepts, respectively. Note that the inner bores of the magnets have been increased beyond what is required for
the beam pipe to accommodate the shim assembly. The designs demonstrate that the required field strengths can
be achieved using sensible PM wedge geometries and volumes. However, it is more challenging to determine what
level of field quality can realistically be achieved because this is a function of manufacturing tolerances that are
not yet known. Currently, extrapolating from the initial production run of CBETA indicates that the FCC-hh field
quality requirements can be met. More research and development will be needed to confirm this statement. There
are two main avenues of investigation that need not be mutually exclusive. A prototyping campaign would have the
joint benefits of expanding knowledge of manufacturing processes and tolerances in the real world. Alternatively,
stochastic modelling tools could be used to assess the sensitivity of the unshimmed Halbach field quality to
different manufacturing tolerances, including PM wedge magnetisation magnitude/directional errors and wedge
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radial/azimuthal positional errors. For example, the ROXIE 2D magnetic modelling package [534] has a tool to
perform randomised error studies. It is primarily used to investigate the effect of varying the azimuthal position
of conductors in superconducting magnets but could also be used to study a range of Halbach parameters.

Conclusions on FCC-hh transfer line magnets and future work An initial assessment resulted in three viable
candidate magnet concepts. The next phase of investigation will develop these designs to a level where the most
suitable can be evaluated. Given the large scale of FCC-hh compared to existing accelerators, a significant focus
of this work will be on manufacturing and assembly challenges.

Obtaining accurate lifetime cost estimates will be key to making an informed choice. Currently, there are
too many uncertainties to perform reliable calculations. However, it is still useful to begin considering how the
contribution of different capital and overhead costs will affect the final total, which is qualitatively shown in
Fig. 10.27. Although it should not be used as a tool to evaluate each concept, this information is useful to compare
costs within each category.

A permanent magnet research and development programme has the potential for significant benefits for ac-
celerator engineering and beyond. Collaboration agreements can also accelerate progress, with different partners
contributing various expertise and capabilities. Collaborators at other research institutes could offer valuable
contributions to the electromagnetic design of accelerator magnets. Meanwhile, private-sector manufacturers are
well-placed to develop new industrial-scale production processes.

Integration of the transfer lines in the FCC-hh tunnel was studied, considering the various options for the
magnet design. The result of these studies is shown in Fig. 10.28, where the normal-conducting (left) and PM
(right) solutions are presented. In both cases, the nominal tunnel size does not need to be increased to allow the
installation of the transfer lines. However, it is evident how the smaller size of the cross-section of the PMs renders
this concept highly interesting, also with regard to integration.

10.4 High-field magnets

The following is organised in four sections. Section 10.4.1 provides an update to the baseline magnet parameters
for FCC-hh dipoles, and outlines the changes with respect to the 2019 conceptual design report. Section 10.4.2
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Fig. 10.28 Cross-section of the FCC-hh ring tunnel with a sketch of the integration of the transfer lines for the two options
under study, namely with normal conducting magnets (left) and permanent magnets (right). Integration of the transfer lines
into the ring tunnel does not require any increase in the tunnel cross-section

mentions alternative choices for the magnet system and how they would affect other accelerator subsystems;
Sect. 10.4.3 presents design options that will validate key magnet parameters, places them in the context of past
and present projects, and provides key figures for a block-coil design; finally, opportunities and challenges of HT'S
options for FCC-hh dipole magnets are discussed in Sect. 10.4.4. Considerations of cost and timeline are not given
here, but will be addressed by FCC and the HFM Programme in the input to the update of the European Strategy
for Particle Physics.

10.4.1 Baseline with Nb3Sn magnets

FEvolution of main parameters The main parameters of the FCC-hh with Nb3Sn main dipoles and its evolution
with respect to the design report [10] is given in Table 10.16. As discussed in Sect. 10.2.1, from the point of view
of the conceptual layout and optics, the main change is the 7% reduction of the accelerator circumference, from
97.76 km to 90.66 km. The relevant parameter for the energy reach, i.e., the length of the arcs, is reduced by 5%.
However, an iteration on the optics layout, thanks in particular to the use of longer cells, allows for an increase of
the arc filling factor by 4% from 0.80 to 0.83 [517].
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Table 10.16 Parameters of

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

the FCC-hh lattice, 2019 and Parameter Unit CDR 2019 2025 Nb3Sn
2025 values
Dipole field (T) 16.0 14.0
Dipole aperture (mm) 50 50
Dipole magnetic length (m) 14.3 14.3
Operational temperature (K) 1.9 1.9
Tunnel length (km) 97.76 90.66
Arc length (km) 81.0 76.9
Arc filling factor - 0.80 0.83
C.m. energy (TeV) 50 + 50 42.5 + 42.5
Loadline fraction - 0.86 0.80
jcat 16 Tand 4.2 K (A/mm?) 1500 1200
Number of dipoles - 4587 4463
Number of quadrupoles - 760 520

For the magnet baseline parameters, the main change is the reduction of the operational field from 16 T [535] to
14 T [536]. This choice enables the following accompanying measures, which together provide a consistent baseline
with high confidence level based on HL-LHC experience:

o An increased margin for magnet operation: the loadline fraction (nominal current divided by maximum theoret-
ical current) is decreased from 86% [535] (the same value as for the LHC Nb-Ti dipoles at 7 TeV [537, 538], but
considered risky for the production of more than 4000 Nb3zSn dipoles) to 80% (2% above the baseline for the
HL-LHC Nb3Sn triplet). A discussion of the margins associated to this loadline fraction is given in Sect. 10.4.1;

e It is assumed that the conductor critical non-copper current density required to produce 14 T at 80% loadline
fraction can be attained with the best Nb3Sn conductor available today, corresponding to 1200 A /mm? at 16 T,
4.22 K; see Sect. 10.4.2 for the fit and expected values at other fields and temperatures. The target defined
for an FCC-hh conductor in 2015 of 1500 A/mm? at 16 T, 4.22 K [539] has been achieved and exceeded in
laboratory samples. Development of usable wires for magnets, based on this technology, is under way, but efforts
have not yet started to industrialise the technology.

e FEuroCirCol studies showed that the design of 16 T magnets is marginal with respect to the target of maximum
200 MPa of stress in the coil [535];3! for a classical magnet design, the 12.5% reduction in field from 16 T to
14 T corresponds to a 25% reduction in stress, and therefore the 14 T magnet design can satisfy a condition of
maximum stress of 150 MPa, which is more appropriate for a large scale production.

Other relevant parameters such as operational temperature, aperture, inter-beam distance, maximum size of
the magnet, are unchanged. With the reduction of the magnetic field and of the arc length, and the increase of
the arc filling factor, the centre of mass (c.m.) energy is 84.6 TeV.

Filling factor, cell quadrupoles Cell quadrupoles in the LHC lattice have a magnetic length of 3.15 m, and a
gradient of 220 T/m, thus providing ~700 T of integrated gradient [537]. The cell contains six dipoles, whose
magnetic length is 14.3 m, and total cell length is 107 m: the ratio between total magnetic length of the dipoles
and cell length is the filling factor of the arc: 14.3x6/107 = 0.80. The remaining 20% is left for interconnections
and spool pieces (occupying 1.35 m for each dipole, i.e., about 10%), cell quadrupoles (5.9%) and other magnets.

For the FCC-hh, the seven-fold increase in energy compared with the LHC would require a seven times larger
integrated gradient, i.e., ~5000 T, and, using the same technology and cell layout, one would need 22.5-m-long
quadrupoles occupying nearly 50% of the arcs. To avoid this adverse effect on the filling factor, one has to choose
longer cells; this makes not only more space for dipoles because quadrupoles are more spaced, but also shortens
the quadrupoles since the integrated gradient is inversely proportional to the cell length [536].

In the first version of the FCC-hh optics the number of dipoles per cell has been doubled w.r.t. the LHC from
six to twelve, with a total cell length of 210 m [10]. A recent further step brought the number of dipoles to 16, with
a total cell length of 276 m [540]: the 1600 T of integrated gradient can be achieved by 4.2-m-long quadrupoles
giving 375 T/m [10], occupying 3% of the cell. In this way the filling factor is increased to 0.83, and the resulting
energy with 14 T dipoles is 85 TeV COM; see Table 10.16, fourth column. Further optimisations could give filling

31Note that the peak stress in the magnet coil is not a direct observable of the magnet; here, as in all the previous literature,
peak stresses in the finite element model are referred to, with some assumptions on magnet preload, etc.
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factors up to 0.87, thus reaching 90 TeV; this can be considered an upper limit, since the assumption for the
distance between the magnetic lengths of two consecutive dipoles is 1.5 m (10% larger than in the LHC, requiring
more massive end supports for the coil ends of 14 T magnets) and it appears difficult to reduce.

Injection energy and magnet aperture A possible FCC-hh injection energy is 3.3 TeV as in the Conceptual Design
Report [10]; this gives an energy increase by a factor 14.2 between injection and collision energy, slightly smaller
than in the LHC, where this factor is 15.6. The larger injection energy compensates for the larger beta functions
due to the longer cell length, and facilitates fitting the beam within a 50 mm aperture, and leaving space for a
beam screen to intercept the synchrotron radiation.?? Since the beam size is proportional to the square root of cell
length divided by the injection energy, compared to the LHC injection, the beam size in the FCC is reduced by
30%. Differently the LHC dipoles, thanks for the much larger bending radius, the FCC-hh dipoles do not require
a curved geometry since the aperture gain would be negligible (of the order of 1 mm). Protons at 3.3 TeV for
injection into the FCC-hh could be provided either from a modified LHC or from a new 4 T machine in the LHC
tunnel.

Alternative FCC-hh injector options with 1.75 TeV and 1.3 TeV injection energy based on a superferric ring
in the LHC tunnel or a faster cycling superconducting machine in the SPS tunnel are also being considered
[10, Chap. 6.4]. However, these would pose major challenges for the accelerator and magnet systems, with an
unprecedented energy increase for a high-energy hadron collider (factors of 25 or 33 from injection to top energy,
respectively, to be compared with a record energy swing by a factor of 23 for the HERA proton ring), which would
require a renegotiation of requirements on the control of field quality and magnet reproducibility at injection.
Moreover, these could also require a larger magnet aperture (thus increasing the mass of the conductor), or a
shorter cell length (thus reducing the filling factor and the energy reach). Further studies are needed to converge
on the choice of the optimum injector for the FCC-ee.

Main dipole margins The short sample condition is defined as the combination of the peak field in the coil and the
current density in the superconductor that corresponds to the measured critical surface of a strand short sample
at the operational temperature: this is the maximum theoretical field achievable in the magnet. Superconducting
magnets operate at a fraction of this value, called loadline fraction. The loadline margin is defined as one minus the
loadline fraction. The current fraction is the ratio between the maximum theoretical current that can be carried
at the operational field and the operational current. The current sharing temperature is the temperature where
the pair of nominal field and current density lie on the critical surface. The temperature margin is the difference
between the current sharing temperature and the operational temperature.

Figure 10.29 presents a visualisation of these margins for (HL-)LHC magnets based on two different types
of Low Temperature Superconductor (LTS), namely for the LHC arc dipoles operating at 7 TeV, and for the
HL-LHC triplet quadrupoles at 7 TeV. LHC Nb-Ti dipoles have 14% loadline margin, 43% current margin and
1.3 K temperature margin [537, 538, 541]. The HL-LHC Nb3Sn quadrupole production is proving that a 22%
loadline margin can be achieved systematically, with very limited training and no retraining after a thermal cycle
[542, 543]; the current margin is 54%, and the temperature margin is 4.9 K, i.e., about three times larger than in
the LHC dipoles. All quadrupoles systematically reach operational current at 4.5 K, thus proving the existence of
a temperature margin larger than 2.6 K.

Margins for the 2019 and 2025 baseline for the FCC-hh dipoles are shown in Fig. 10.30. The 2025 baseline
for FCC-hh guarantees a 4.6 K temperature margin, cf. the previous value of 3.3 K, and a 60% current margin.
Margins for the 2019 and 2025 FCC-hh Nb3Sn dipoles are compared with those for the LHC Nb-Ti arc dipoles
and for the HL-LHC Nb3Sn triplet magnets in Table 10.17.

32Note that the beam screen presented in the baseline [10] corresponds to 100 TeV c.m. energy, with double the synchrotron
radiation at 85 TeV.
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Table 10.17 Margins for LHC dipoles at 7.0 TeV, HL-LHC triplet, FCC-hh dipoles, all operating at 1.9 K

Energy Bore Peak Loadline Current Temperature
(TeV) field (T) field (T) margin (%) margin (%) margin (K)
LHC dipole 7.0 8.3 8.7 14% 43% 1.3
HL-LHC triplet 7.0 9.91 11.3 22% 54% 4.9
FCC-hh dipole 2019 50 16 16.5 14% 52% 3.3
FCC-hh dipole 2025 42.5 14 14.5 20% 60% 4.5

1 The quadrupole gradient times the aperture radius is given here.

Hypothesis on hysteresis losses In the case of the FCC-hh NbsSn dipoles, the main source of the so-called AC
losses are the hysteresis losses due to the magnetisation of the superconductor (also called persistent currents);
they are peculiar to superconductors, and they are proportional to the filament size. The energy dissipated over
a full cycle is independent of the ramp rate, and therefore the power losses scale with the ramp rate dB/dt.
Note that other sources of AC losses as currents induced in loops that are partially resistive through the inter-
strand resistance in cables, or the inter-filament resistance are proportional to d?B/dt?. Losses are dissipated in
the magnet coil during the ramp, and the cryogenic power needed to deal with them is related to the magnet
temperature: higher operational temperatures imply lower power consumption for cryogenics. On the other hand,
the magnet temperature has little influence on the power needed to deal with synchrotron radiation, since this is
intercepted on the beam screen at or above 50 K; see Table 10.20.

For the FCC-hh magnet, a target of 5 kJ/m over the ramp (i.e., 10 kJ/m for the complete cycle) has been
set in the CDR [10]. With the present status of technology for Nb3Sn conductors, having filaments of the order
of 50 nm, Nb3Sn dipoles at 14 T have about twice this, i.e., 20 kJ/m for the full cycle [544]. Several paths are
possible to close this gap between targets and technology:

¢ Reducing the filament size; the drawback in this option is that it requires R&D on the conductor. The need was
identified [539, 545] and attempts in this direction were carried out. The resulting technology should clearly
not increase cost or decrease critical current, which is not granted;

 Using artificial pinning centre (APC) technology [546], that gives lower critical current density at low field,
and therefore lower hysteresis losses, satisfies the 10 kJ/m target. APC also have the potential of giving larger
current densities in the 14 T-18 T range, see next section;

e Increasing the cooling power of the cryogenic system, that only has to absorb these losses during the ramp;

o Provide additional temperature margins so the magnet cold mass can buffer the energy deposited during the
ramp; superfluid helium in the cold mass plays an important role in the buffering mechanism;

e Doubling the ramping time, with a corresponding reduction of the integrated luminosity.

10.4.2 Alternative choices for the LTS magnet system

Several alternative choices and how they would impact other accelerator subsystems are described below. They
are: (i) operation at 4.5 K, (ii) a combined function lattice, (iii) longer dipoles and (iv) a lower operational field of
12 T. More design options that meet the above baseline parameters and do not affect other accelerator subsystems
are discussed in Sect. 10.4.3.

4.5 K operation The data of HL-LHC Nb3Sn quadrupole magnets shows that they can all operate at 4.5 K
[542, 543]. Moreover, instabilities limiting performance are more severe at 1.9 K than at 4.5 K. This could open
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the possibility of operating at 4.5 K. Keeping the same magnets with 20% loadline margin at 1.9 K would imply
a reduced loadline margin of 10% at 4.5 K, and a current density margin of 42% and a temperature margin of
1.9 K; see Fig. 10.31. Even though the HL-LHC magnets are routinely reaching this condition in individual tests,
this baseline for the FCC-hh appears promising but extremely daring, given that the magnet system must also
be robust against beam-induced effects that may be more severe than in the LHC due to the increased beam
energy. The 4.5 K option is under study, and would present the following advantages: (i) Reduced complexity of
the cryogenic system and its cost; (ii) Reduction of the cryogenic power to remove heat from the cold mass of a
factor two to three; since about half of the heat has to be removed from the cold mass (the other half on the beam
screen), this would imply a reduction of the cryogenic power by 30%.

The 4.5 K option could rely on dry magnets (cold mass not filled with liquid helium (LHe)); this would reduce
the He inventory; however, it would imply challenges to magnet cooling during the ramp, and to magnet insulation
(LHe is a much more reliable insulator than vacuum because the Paschen effect in residual gas could lead to a
dielectric breakdown during a quench). To prove the viability of this option it is necessary to develop a baseline
for the cooling at 4.5 K, and determine whether the theoretical temperature margin of ~2 K and ~40% in current
density is sufficient to operate the ~4400 magnets in the FCC, or whether to increase the margins. Note that
in case of a 4.5 K baseline it is quite probable that all magnets should be individually tested at 1.9 K before
installation, since training is much faster at 1.9 K, because during training at 4.5 K performance plateaus (that
can be overcome at 1.9 K) may appear.

Combined function lattice A combined function lattice relies on removing the main quadrupoles and having a
systematic quadrupole component (by) in the dipoles. This layout reduces the flexibility of operation, but it is
used in some low-energy accelerators. The main advantage is to remove the need for two families of quadrupole
magnets, even if their number (500) is fairly moderate with respect to that of the dipoles. The combined function
lattice implies more stringent requirements on dipole alignment, since it contains the quadrupolar component; the
option was considered, but eventually discarded for the LHC [547]. If the conductor peak field is kept constant,
the combined function option would allow a further increase in beam energy of approximately 0.5%. The reason
is that the larger filling factor would be partially compensated by the need to lower the main dipole field because
part of the peak field would be created by the quadrupolar component [548].

20 m long magnets In the late 2000s, the US LARP programme achieved the scaling of a Nb3Sn quadrupole from
1.5 m to 3.4 m long magnets [549]; HL-LHC quadrupoles at CERN prove the scaling to 7.5 m [543]. Scaling in
length of FCC-hh dipoles is currently planned in two steps, first to 5 m (with the possibility of vertical testing of
the magnet) and a second to 14.3 m.

The limit in magnetic length for LHC and FCC of 14.3 m is related to the European Union regulations for
standard transport. For the SSC project, 17.5 m-long Nb-Ti dipoles were planned for the lattice and 15 were built
and reached requirements [550]. Having 20 m-long magnets would have three positive consequences:

o A reduction of the total number of magnets to manufacture from ~4400 to ~3200 units, with, possibly, a 30%
shorter production (about two years), or 30% fewer production lines (see Table 10.16);

e A reduction of the magnet cost; assuming 25% of the total cost is due to manufacturing and a reduction of 30%
in the magnet number, the total cost of the dipoles would be reduced by 8%;

e An increase of the filling factor of 3.5%, either used to increase the energy to 88 TeV COM, or to reduce the
dipole cost (via a 0.5 T field reduction and less conductor).

In case this route is further pursued, detailed studies are required to assess the impact of 20 m long magnets
on several other areas, such as transport and integration.
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Table 10.18 Assumptions
for critical current density of
NbsSn superconductor

Critical current density in 12T 15T 18T
superconductor (A/mm?)

19K 3655 2170 1185
422K 2800 1515 705

12 T magnets A layout based on a 12 T operational field would provide 73 TeV COM energy, with the same
hypothesis on the filling factor as in the baseline shown in Table 10.16. Using the same loadline margin as for the
14 T baseline, 12 T dipoles would have a similar current and temperature margin, but require 30% less conductor.
12 T dipole short models are planned in the HFM programme, manufactured by INFN [551], as well as at CERN
and PSI.

10.4.3 Nb3Sn dipole designs

Requirements Based on the experience of the HL-LHC triplet quadrupole magnets, the following targets have been
set:

e Field: To provide an operational field in the aperture of 14 T, short models must be able to systematically reach
15 T (so-called ultimate field). For the operational field of 12 T, an ultimate field of at least 13 T is required.®3

e Loadline and temperature margin: The dipoles operated at 1.9 K should provide a loadline margin of at least
20%, and a temperature margin larger than 2.6 K at operational field to reach operational field also at 4.5 K.

e Mechanics: The structure must be able to withstand forces corresponding to the ultimate field. The coil, in the
case of a design including a coil preload, must be not in tension at nominal field.?* The target maximum stress
must not exceed 150 MPa in all phases (assembly, cool-down, and powering to nominal).

o Protection: the hotspot temperature for the protection system in the nominal scenario (without failures) must
not exceed ~270 K. The system should guarantee a maximum hotspot temperature of 350 K in case of realistic
and conservative failure scenarios.

Conductor properties The parametrisation used for the NbsSn conductor is the following

C T 1.52 0.96 T 2\ 0.96 B 2.5
Gy
J(m, )= 2 (1‘ =] ) (1_ 7l ) Boo (1 [1/T]"%) o)

with T,o =16 K, Beoo =29.38 T, and Cy is the variable parameter to scale the conductor performance: Cy =
214 000 AT/mm? for the improved HL-LHC considered as the baseline. The specification for HL-LHC has been
given at 12 T and at 15 T. For an FCC-hh dipole at 14 T, specifications should be given at 15 T and at 18 T (at
0.5 T larger than peak field in operational condition and at short sample field, respectively). The critical current
densities at different fields and temperatures are given in Table 10.18.

Quantity of conductor The driving term of the magnet cost is the quantity of conductor: it accounts for about one
third of the cost for the LHC dipoles, and half of the cost for the HL-LHC magnets. The quantity of conductor is
parametrised via the equivalent coil width weq, i.e., the width of the 60° sector coil having the same surface area
as the insulated coil, see Fig. 10.32, left. This quantity has the advantage of being related to the field and to the
current density via the approximated expression

B [T] ~0.007J [A/mm?|we, [mm]. (10.2)
The volume of the insulated conductor is given by

47l Aty
V= _773[ [(r + Weq)® — 7“2} = _7;l [2rweq + w3y (10.3)

33Note that LHC dipoles, operating at 8.1 T in the LHC at an equivalent energy of 6.8 TeV, had short models systematically
reaching 9.5 T.
34Note that this is a less stringent requirement than previously used (10 MPa of compression at nominal or at ultimate field);

this is justified on the grounds that many experimental data show that partial unloading does not prevent reaching nominal
field.
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Fig. 10.32 Coil layout for
the LHC dipole, and mir
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where I, is the magnet length, and r is the magnet aperture radius (see also Fig. 10.32, right). For FCC-hh, a coil
width of up to 55 mm is considered, thus giving a quantity of conductor 2.5 times larger than in the LHC dipoles.

Previous achievements in bore field Nb3Sn accelerator dipole models have been developed since the late 80’s. A
short summary of the achievements is given below. All cases refer to 1 to 2 m long magnets (usually called short
models), except for the HL LHC magnets (11 T dipoles and final triplet quadrupole).

In 1990 the CERN-Elin dipole reached 9.5 T at 4.3 K in a 50 mm aperture, with a two-layer coil based on
cos(f) geometry and grading [540]. This option was not retained for the LHC due to the higher cost with respect
to the Nb-Ti option at 1.9 K and the complexity of the technology.

In the 1990s the MSUT dipole reached 11.3 T at 4.5 K in a 50 mm aperture, with a two-layer coil based on
cos(f) geometry and grading [552]. The magnet was tested again in 2020 at 1.9 K, achieving the power converter
limit (11.8 T bore field).

In the 1990s the D20 LBNL dipole reached 13.4 T at 1.9 K in a 50 mm aperture, with a four-layer coil based
on cos(f) geometry and strong grading [553, 554].

In the 2000s the HD2 LBNL dipole reached 13.8 T at 4.5 K, with a novel coil configuration based on a two-layer
block design. Unlike to previous models, which all had an aperture of 50 mm, this magnet has a free bore of
36/43 mm diameter [555].

In the second half of the 2010s, the Fresca2 CERN-CEA dipole reached 14.6 T at 1.9 K, with a coil configuration
based on a four-layer block design. This magnet, conceived as a cable test station operating at 13 T, has a free
bore of 100 mm diameter [556, 557]. All of its features conform to accelerator requirements, except for the very
large coil width (80 mm, see Fig. 10.33) that makes it unaffordable.

In the second half of the 2010s, some 11 T dipoles short models reached 12.0 T [558, 559] both at CERN and in
FNAL in a 60 mm aperture at 1.9 K.2> Note that the coil has the same width as the LHC dipoles, and therefore the
higher field is obtained by higher current density (540 A/mm? rather than 360/440 A/mm? at nominal current),
see Fig. 10.33. The scaling to 5 m showed degradation of performance after thermal cycles in the long magnets;
nevertheless, the programme achieved two significant results: (i) the first double aperture NbsSn dipole magnet,
fully compatible with machine operation and (ii) the first scaling of Nb3Sn coils to 5 m lengths, reaching a bore
field above 11 T.

In the second half of the 2010s, MDPCT1 dipole reached 14.5 T at 1.9 K in a 60 mm aperture. This magnet,
made at FNAL, is a four-layer cos(6) dipole with grading. This is the first dipole to reach fields above 14 T at
4.5 K [560], and also the first to reach more than 14 T with a coil width of the order of 50 mm (as compared
to 80 mm of Fresca2). After reassembly and after a thermal cycle the performance degraded irreversibly by more
than 10% [560].

Since 2015, the HL-LHC interaction region triplet quadrupoles [542, 543, 561] showed very good reproducibility
of performance (11.3 T peak field in nominal conditions), nominal currents were also achieved at 4.5 K in all
models, 13 T was achieved in many short models, scaling to 7.15 m lengths, and there was no degradation of
performance after thermal cycle. The project is halfway through production at the moment of writing.

Magnet designs: cos(8), block coil, common coil As shown during the EuroCirCol studies [535], the target magnetic
field can be achieved with different designs, each one presenting opportunities and challenges. The more classical
way is to follow the cos(f) configuration; a two-layer design can give 12 T dipoles [551] with a coil width of the
order of 35-40 mm, and a third and fourth layer are needed to reach 14 T operational fields as in MDPCT1. The

35Note the possible confusion between the magnet name (11 T) and the maximum achieved field (12.0 T).
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Fig. 10.33 Operational and achieved field versus coil width in LHC and Tevatron colliders, and in Nb3zSn short models (left),
and 11 T, MDPCT1 dipoles, and in common coil and CCT demonstrators (right)

Fig. 10.34 Conceptual
design of 14 T and 12 T
magnets: BOND (left),
FalconD (centre left),
SMACCI (centre right),
F2D2 (right)

first option is being developed in INFN and at CERN (FalconD) and a proposal for a four layer coil was put
forward by INFN for EuroCirCol [562].

The design based on block coils holds the record in field today and therefore is a natural alternative to the
cos(f) design. This option is being pursued by CERN, with a two-layer coil and a 25 mm wide cable (BOND
[563]), and by CEA-Saclay with a four-layer coil including grading (F2D2 [564]) and an intermediary step with
flat racetrack coils (R2D2 [565]). As an example, the cross-section and the main parameters of the BOND magnet
are given in Fig. 10.34 and Table 10.19. The coil width, as for other designs, is of the order of 50-55 mm. This is
a first list of parameters of a design that could be further optimised to reduce the conductor mass.

The main differences with respect to the designs presented in 2019 [535], are (i) 20% lower stored energy due
to the lower field, (ii) a maximum hotspot temperature of 270 K in case of a quench with nominal protection, and
(iii) a coil stress below 150 MPa. The conductor mass is 10% lower, and current densities of the 2025 baseline are
very similar to the current densities of the 2019 baseline in the inner layer (all 2019 designs use grading).

A third option is the common coil design, which is an intrinsically double aperture magnet, based on racetrack
coils plus non-planar correction coils; the idea has been proposed in the 90’s [566], and today is the design that has
been adopted for the Chinese SppC dipole. In 2022, THEP built a hybrid Nb3Sn/Nb-Ti technology demonstrator
magnet called LFP1-U that reached 12.5 T in two small 14 mm diameter apertures [567], and 90% of short sample
at 4.5 K; see Fig. 10.33. The next step for IHEP is LFP3, aiming to produce 16 T, with 13 T obtained from NbsSn
plus 3 T from HTS [568]. The common coil path is being followed by CIEMAT, aiming at a 14 T operational field
with Nb3Sn, based on a common coil design in a 50 mm aperture ([569] and DAISY design [570]. Recently, the
PSI team has made a significant improvement in the design, finding an asymmetric configuration of the coil that
allows having planar correction coils of the same type as the common coils [571]. This design will be applied to
CIEMAT magnets.

Magnet designs based on stress management A stress managed magnet [572] design can be defined as a design
where the supporting structure is not external, as in the cos(f) layout, or external and internal, as in the block
and common coil designs, but it is spread within the coil as a metallic winding former. The advantage is twofold:
(i) the structure can intercept forces and avoid stress accumulation and (ii) the winding former acts as a winding,
reaction and impregnation tooling, thus, accelerating manufacturing processes. This can allow the use of higher
current densities in the windings, though this advantage is compensated by the winding former, which dilutes the
effective current density. A disadvantage could be that after epoxy impregnation, bonded interfaces are loaded in
tension and may break, leading to long training. Alternatives to epoxy impregnation are being studied.
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Table 10.19 Parameters for possible designs of 12 T and 14 T, scaled to 14.3 m magnetic length

FalconD SMACC1 BOND F2D2 DAISY
Coil type cos(0) Stress-Managed Common Coil Block Coil Block Coil Graded Common Coil
Field (T) 12 12 14 14 14
Current (kA) 19.9 12.7 19.3 9.2 15.4
Peak field (T) 12.5 12.6 14.8 14.6 14.6
Loadline margin (%) 25 23 18 24 19
Equivalent coil width (mm) 37.4 20.1 +19.1 53.4 23.9 4+ 27.5 31.7 4 23.0
J overall (A/mm?) 418 411/603 348 299/438 326/346
J superconductor (A/mm?) 1204 1205/2129 967 875/1968 933/982
J copper (A/mm?) 1337 1339/1774 1074 973/1093 1037/909
Stored energy’ (MJ) 15.5 22.9 29.5 30.0 31.9
Inductance’ (mH) 64 266 146 692 252
Coil energy density ~ (J/mm?®) 0.079 0.109 0.089 0.098 0.079

t FalconD & F2D2 designs are single aperture; here stored energy and inductance are scaled to two apertures.

Stress-managed structures may be the only way to reliably reach fields above 15 T. The US-MDP research pro-
gramme is strongly investing in this direction [573-575], proposing two designs both based on stress management.
A stress managed cos(f), where a cos(6) coil is wound on a former that includes the wedges, is being studied at
FNAL. A Nb3Sn coil in mirror configuration has reached 12.7 T at 87% of short sample limit [575].

A fully stress-managed magnet is the CCT (canted cosine theta) configuration, where each turn is supported by
a rib integrated to a former. This design, also called tilted solenoid or double helix, dates back to the early 1970s
[576] and has been adopted by LBNL since the mid 2000’s, aiming to reach fields towards 20 T [577]. A drawback
of CCT with respect to the previous option is that the use of conductor is less optimised, since part of it is used to
generate a solenoidal field that is cancelled by the other coil. However, the structure is totally mixed with the coil
— a kind of endoskeleton — making easier protection and mechanics and possibly allowing higher current densities.

The short model CCT5 built at LBNL reached 8.5 T with a Nb3Sn winding using a 10 mm cable over a 90 mm
aperture [577]. At PSI, using a similar design and the same cable, 10.1 T were reached in a 60 mm aperture short
model named CD1 [578]. In both cases the overall current densities (over the insulated coil) are very large (800
and 1000 A /mm? respectively): a field of 8-10 T is reached with an equivalent coil width of the order of 17 mm; see
Fig. 10.33. PSI is currently pursuing a stress-managed asymmetric common coil as a candidate for 14 T (SMACC1)
[571].

Hybrid Nb-Ti/NbsSn magnets Material grading is an option that consists of using a cheaper and less performant
material in the low field region. It has been used for the D19H magnet [579], and is being used in demonstrators
(for instance LPF1 in the ITHEP programme [567]). Unlike the current grading, where higher current density is
used for low field regions (as in CERN Elin, MSUT, D20, and in the LHC dipole), here similar current densities
are used in the inner and outer layer, but the outer layer is made with Nb-Ti. Nb-Ti at 1.9 K with an overall
current density of the order of 400 A/mm? can be used in coil regions not exceeding 8 T; this could lead to a
significant reduction of the mass of Nb3Sn conductor (>30%); however, this prevents operating at 4.5 K, since the
temperature margin of Nb-Ti at 80% of the loadline at 1.9 K is only about 2 K.

10.4.4 High temperature superconductor: perspectives and challenges

High temperature superconductor: opportunities High Temperature Superconductor (HTS), discovered in the mid
80’s in the family of cuprates, has many interesting features that make it a game changer in superconducting
technology, see Fig. 10.35 [580]: (i) high values of critical current density (>2000 A/mm?) also above 20 T,
opening the way to high fields, (ii) the ability of sustaining high current densities and fields at and above 20 K,
opening the path to cheaper cooling systems (even though liquid nitrogen cooling is still considerably out of
reach for high field magnets), and (iii) a much higher stability versus thermo-mechanical perturbation due to the
increase in enthalpy margin at higher operating temperatures. The HFM programme is exploring the options of
dipole magnets in the 14 to 20 T range, at temperatures between 4.5 K and 20 K, thus covering a COM energy in
the range of 85 to 120 TeV.
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Two types of high-temperature superconductors are commercially available: BSCOO and REBCO. BSCOO
[5681], produced mainly by one company in the US, has the advantage of being available as round wire with small
filaments. Its use is complex since, like NbgSn, it needs a reaction after winding, but at 900 °C in oxygen rich
~50 bar atmosphere. A process-compatible electrical insulation system must be selected. Moreover, BSCOO is
brittle and, hence, requires careful handling in coil manufacturing and appropriate mechanical structures to respect
stress limitations. Several short magnet models have successfully been built in the US; see Sect. 10.4.4.

REBCO [582] is produced by multiple suppliers worldwide; this conductor is produced in the geometry of a
tape, and its industrialisation recently profited from large private investments aiming at ultra-compact magnet
systems for fusion (solenoids and toroidal field coils) with ~20 T coil field. This has reduced the price in the
past ten years by a factor three. The conductor does not require a heat treatment after winding. On the other
hand, (i) unit lengths are still typically short (300 m) and longer lengths today affect the cost, (ii) REBCO is
a highly anisotropic conductor (anisotropy factor of ~5). The challenge is not only to make a fully transposed
(Rutherford-like) cable from tape to wind a coil, but also to deal with mechanical properties: while very robust
against tension and transverse compressive stress, delamination of the tape under tensile transverse stress causes
degradation. Another challenge is to control hysteresis losses and field quality as the equivalent filament size is
very large in the plane of the tape (typically 4-12 mm).

Development of iron-based superconductors [583, 584], is being strongly pursued in China. The critical current
density achieved is still lagging a factor 2-3 behind the expectations set ten years ago, but based on raw-material
prices the material has the potential of a very low cost; this could become a significant advantage for a high-field
collider magnet, where about half of the price is the superconductor.

Given their potential, the HFM Programme is investing in REBCO tape technology development in the
KIT/CERN Collaboration on Coated Conductor (KC4), as well as in iron-based superconductor technology (CNR-
SPIN/CERN), aiming at a round wire with powder-in-tube layout [585].

Fields achieved in FuCARD2 and US-MDP dipole models Between 2015 and 2020, three dipole magnets based
on REBCO were built within the framework of FP7-Eucard2 programme [586]. In CEA, a dipole technology
demonstrator based on double REBCO ribbons and three racetrack coils, without aperture, reached 5.4 T [582].
In the same period, two magnets were built with Roebel cable: in CEA a 40 mm aperture dipole was manufactured
with a cos(f) configuration, 12 mm coil width, reached 1.16 T due to one degraded coil [587]. This magnet will be
re-tested with a replacement coil. At CERN a dipole was built with the same cable, with an aligned block dipole
configuration in a 40 mm aperture, reaching 3.35 T at 5 K and 4.3 T at 4.5 K (FeatherM2.12 and 2.34 [586, 588]).

More recently, the US programme, US-MDP, has developed several Bi-2212 racetrack coils and a CCT magnet
(Bin5) which reached 1.6 T in a 31 mm aperture [589]. A CCT with a CORC® cable based on a REBCO tape
reached 2.9 T in a 65 mm aperture [590], with a more recent test exceeding 5 T.

Plans for 20 T: hybrid or full-HTS? The FP-7 Eucard2 programme aimed at an HTS insert for a NbgSn external
coil [586]; the same strategy has been adopted by US-MDP and THEP. US-MDP proposes to achieve 20 T via
a magnet using different designs [574]: on the one hand an all-CCT hybrid, and on the other hand a COMB
(Conductor on Molded Barrel) HTS part, and stress managed cos(#) for the inner Nb3Sn layer and a classical
cos(0) for the outer layer. The IHEP common coil design is also based on an HT'S inner coil and NbzSn outer coils
[568], with HTS contributing 5 T to the field.
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The hybrid option HT'S/NbsSn does not allow the higher operational temperature that would be possible with
a full-HTS magnet (e.g., 20 K). For the time being, Nb3Sn is still much better mastered than HTS, and therefore
both US and China are working on the hybrid option, at least to make technology demonstrators. It must be
noted, though, that the performance-related cost for HT'S at 20 K is today two to three times larger than at 4.5 K,
and since the conductor is the driving parameter of the estimated magnet cost, this can be a showstopper for the
20 K option. Improved performance at 20 K is a development objective for REBCO conductor.

Challenges: field reproducibility, mechanics, hysteresis losses, protection A stringent requirement for accelerator
main magnets is the precision and reproducibility of the transfer function not only at high field, but also at injection
and during the ramp (10~* to 10~° needed relative to main field). This aspect is strongly related also to the design
of insulation and protection: some HTS coils that are being made for fusion operate in DC mode and make use
of non-insulated coils, allowing current redistribution that eases reaching higher fields. This option is not suitable
for accelerator magnets, which require a dielectric insulation. Metal insulations are also being studied, but these
are not yet proven to be suitable for accelerator magnets in terms of field control, ramp losses, and protection.

Another issue is related to transverse (to the tape surface) tensile stress in the winding that causes delamination
of the superconducting layer from the supporting substrate, degrading the cable performance. Careful design may
control this effect.

The high temperature margins of HT'S have the drawback that quench velocities are slow, and the voltage rise
that is monitored to detect the quench can take too long. Consequently, quench protection and detection strategies
need to significantly different from those of LTS magnets. Moreover, at 20 T the energy density to be absorbed
by the coil is well above the enthalpy limit: detection of, and protection from, quenches in HTS coils are still
major challenges, and coils that reached 20 T for fusion applications were lost during quenches. Systems that can
provide a partial extraction of the stored energy for long magnets are being studied. Another possibility would
be to avoid quenches, i.e., having a system that, once a temperature increase is detected, manages to prevent a
resistive transition or at lest a thermal runaway.

Finally, stability can be achieved by very large filaments: HT'S tapes used for fusion have a width of 4 to 12 mm.
This width leads to a large magnetisation, giving rise to hysteresis losses, field quality distortions, and field drifts,
that are expected to be larger than for LTS, with long field quality drifts expected in simple tape-stack cables.
These effects should be included in the conception of a novel cable that could make REBCO compatible with HEP
requirements.

In conclusion, it can be said that the technological readiness level (TRL) of HTS technology for accelerators
lags considerably behind that of LTS conductors. Vigorous R&D is therefore needed, also in concert with other
fields and applications, over the coming years to demonstrate how HEP can benefit from the potential advantages
of HTS technology.

10.5 FCC-hh accelerator systems and technical infrastructures

10.5.1 Cryogenics requirements with 1.9 K Nb3Sn magnets

In the latest accelerator baseline, the tunnel length has been reduced to 90.7 km with eight access points, requiring
an update of the layout of the cryogenic system, which is proposed and described in Fig. 10.36. The current cross-
sectional view of the cryogenic distribution line (QRL), and the layout of the individual pipes (lines) can be found
in Fig. 10.37. Both figures refer to an FCC-hh operation scenario with 14 T dipole magnets [591].

The layout of the cryogenic system seen in the figure consists of two accelerator cryoplants at points PB, PD,
PF, PH, PJ, and PL. Each of these cryoplants has a cooling capacity of 53.1 kW at 4.5 Kq, including 9.9 kW at
1.9 K.

Two cryoplants are foreseen in the high-luminosity insertion region at points PA and PG, each of them with a
capacity of 78.9 kW at 4.5 Kcq, including 17.6 kW at 1.9 K. Detector cryoplants will be installed in PA, PD, PG
and PJ, with a 1.5 kW at 4.5 K, similar to the existing helium cryoplant of the CMS experiment. The cryogenic
system also includes twenty-four boil-off re-liquefiers.

Without considering detector cryoplants and the boil-off re-liquefiers, this represents a total cryogenic cooling
capacity required of 950 kW at 4.5 Kqq. It includes 100 kW at 4.5 Kqq for the cryogenics of the 2 high-luminosity
insertion regions (inner triplets).

This translates into a total electrical power requirement of about 210 MW to operate the cryogenic systems.
Neglecting the two high-luminosity insertion regions, the total electrical power required for the FCC-hh cryogenic
system decreases to 186 MW.

The advantage of this layout is the reduced cryogenic sector length, decreasing to 4.8 km of cooling length
per cryoplant compared to 8.4 km in the CDR. This reduction directly translates into a smaller pumping line.
Consequently, the cryogenic distribution line is reduced from DN1350 to DN1100 type. The total helium inventory
for the cryogenic system is estimated at 820 t.
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Fig. 10.37 Layout of the cross section of the FCC-hh QRL as of the CDR (left) and in the current configuration (right). The
line B represents the very low pressure helium return line; the line C represents the supercritical helium supply line; the line D
represents the low pressure helium return line; the line E represents the helium thermal shield supply line; the line F represents
the helium thermal shield return line

The key parameters for the FCC-hh accelerator cryogenic system discussed above are summarised in Table 10.20
and neglect the detector needs and cryogenics associated with the high-luminosity insertion regions in PA and
PG.
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Table 10.20 Key parameters

for the cryogenic system of FCC-hh Parameters CDR [2018] FSR [2025]
the FCC-hh. A safety factor
of 1.2 is included in the Circumference [km] 97.75 90.7
helium cryogenic capacity. Dipole field [T] 16 14
These} ﬁgures‘ do ‘not'mcluc.le Centre of mass energy [TeV] 100 85
the high-luminosity insertion o
regions with the triplet Synchr. radiation for two beams [MW] 4.8 2.4
quadrupoles, or the Magnet temperature [K] 1.9 1.9
requirements of the Beam screen temperature [K] [40 - 60] [40 - 60]
experiment detectors . . . .
Helium cryogenic capacity at 4.5 K equivalent [kW] 1214 947
Number of cryo islands 6 8
Total number of cryoplants 10 16
Arc cooling length [km] 84 76.8
Electrical consumption [MW] 266 208
Helium inventory [t] 880 820

10.5.2 Power converters

A preliminary study has been conducted to assess power converter requirements, focusing on the necessary foot-
prints and volumes in alcoves and surface areas.

The study specifically examines the powering of the superconducting magnets. To stabilise power consumption
from the utility grid and minimise the sizing of upstream electrical components (e.g., transformers, cables), energy
storage systems integrated with the power converters are required. These systems store energy during the acceler-
ator’s ramp-down phase and supply it during beam acceleration. Given their substantial space requirements, these
storage elements must be placed in alcoves to minimise power losses from long cable runs.

Preliminary findings, based on FCC-hh magnet specifications, suggest that the space allocated for FCC-ee power
converters (in terms of footprint and volume) is comparable to what is needed for the FCC-hh magnet powering
including energy storage.

10.5.3 Technical systems

The technical infrastructures described in this section, designed to meet the needs of the FCC-ee, also already
incorporate the requirements for FCC-hh.

Electrical networks The electrical connections to the 400 kV lines of RTE (France’s Transmission System Operator)
have been designed to accommodate the power demands of both FCC-ee and FCC-hh, with the latter requiring
about the same power as the FCC-ee in the tt mode. Three connection points are planned, each rated at 220 MVA,
and will be interconnected through an internal high-voltage network.

For FCC-ee, the estimated peak power demand for tt operation is approximately 360 MW, which is well below
the 660 MVA capacity of the grid connection. This setup provides redundancy in the power sources, ensuring
reliable operation. However, the power demand is not evenly distributed between all points. Specifically, PH,
which houses the RF systems, has a substantial power requirement of 200 MW. To address this, a dedicated
400 kV substation will be allocated for the RF power supply. The two remaining connection points, PA and PD,
will handle all other loads via the internal high-voltage network and can operate redundantly.

For FCC-hh, the primary power consumers will be the cryogenic systems, with their load more evenly distributed
across all three connection points. The eight points of the FCC-hh ring will require a power rating between 40 and
60 MW each.

Unlike FCC-ee, all three grid connections will be essential for powering FCC-hh, leaving no redundancy in
power sources. In the event of a power source failure, accelerator operation would not be possible. However,
critical systems could continue running in a degraded mode to maintain minimum cryogenic conditions.

Cooling and ventilation The redistribution of thermal loads from FCC-ee to FCC-hh will require the installation
of some additional cooling towers at most points, except for PH, where a lower capacity will suffice. However, the
overall thermal load in the tunnel will be reduced as the new loads will be located mainly in service caverns and
surface buildings.

These adjustments will be limited to designated service areas, ensuring that modifications to cooling networks
remain localised. In addition, the tunnel ventilation systems will remain unchanged, with only minor adaptations
required for specific service and experiment caverns.
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Fig. 10.39 FCC underground - civil engineering in point PG

Fig. 10.40 FCC-hh point PA
- experiment cavern
cross-section
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Safety systems For FCC-hh, additional safety measures will be necessary. Unlike FCC-ee, where oxygen deficiency
is not a concern in the arc tunnel, the presence of cryogenic systems in FCC-hh requires dedicated monitoring
and protective measures. Consequently, oxygen deficiency hazard detection systems will be installed in the tunnel,
alcoves, and service caverns to maintain a safe working environment.

10.5.4 3D integration studies

The 3D integration studies of the FCC-hh have been detailed for all areas of the underground tunnels and caverns,
fitting the requirements from the work packages. This section presents the results of the configuration and layout of
the accelerators and infrastructure systems that were studied for the feasibility study report. This is an evolution
of the previous studies made for the conceptual design report [13, 306].

The 3D integration studies take into account both of the configurations of the FCC-ee and FCC-hh to ensure
space compatibility.

Integration of point PA and point PG Point PA and point PG will serve as large experiment points, hosting
detectors in the cavern in both the FCC-ee and the FCC-hh phases of operation. The cavern size and extent meet
the needs of the detectors for both FCC-ee and FCC-hh. In addition, for the FCC-ee, the long straight sections
(LSS) on either side of point PA and point PG will host the beamstrahlung dumps and the polarimeter system
(see Fig. 10.38 and Fig. 10.39). The LSS of point PA will also host the end of the transfer line from the injector
linac, into the booster.

Figures 10.40 and 10.41 present the results of the 3D integration studies for point PA and point PG.
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Fig. 10.41 FCC-hh point PA
- experiment cavern iso view

Fig. 10.43 FCC underground - civil engineering in point PJ

Fig. 10.44 FCC-hh point PD
and PJ - experiment cavern
cross-section
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Integration of point PD and point PJ Point PD and point PJ will serve as small experiment points, hosting
detectors in the cavern in both the FCC-ee and the FCC-hh phases of operation (see Fig. 10.42 and Fig. 10.43).
The cavern size and extent meet the needs of the detectors for both FCC-ee and FCC-hh. In addition, for the
FCC-ee, the long straight section (LSS) on either side of point PD and point PJ will host the beamstrahlung
dumps.

Figures 10.44 and 10.45 present the results of the 3D integration studies for the point D and the point J.

Integration of the arcs The FCC-hh superconducting magnets will have a maximum diameter of 1.2 m, regardless
of the technology used (NbszSn, HTS, etc.), resulting in the tunnel cross section shown in Fig. 10.46. For the
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Fig. 10.45 FCC-hh point PD
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FCC-ee ring, the transport area is 2.2 m wide, allowing personal vehicles to pass each other freely throughout
the tunnel. In contrast, for FCC-hh, this area may be reduced to 2 m, restricting vehicle crossings to designated
alcove lay-bys spaced out every 1.6 km. Consequently, traffic control will require a different approach compared
to FCC-ee.

The figures included in this chapter represent the results of the 3D integration studies in the arcs.

Next phase for the integration studies The integration studies have been made with pre-design of volumes and will
evolve with detailed technical design in the next phase of the FCC studies. Optimisation of the 3D integration
studies with respect to the requirements from work packages will continue for all the areas following the identified
technical and space needs:

o Optimisation of the large experiment points PA and PG [374, 375] and small experiment points PD and PJ
[376], integrating more detailed detectors design in the experiment caverns,
o Optimisation of the arc half-cell [381].

10.5.5 FCC-hh power demand

In FCC-ee, the primary power-consuming systems are the RF systems, which compensate for synchrotron radiation
losses. These systems must supply approximately 100 MW to the beams across different operating modes. In Z
mode, RF power accounts for 65% of the total power demand, while in tt mode, it represents 37.5%. These values
reflect the energy requirements necessary to sustain beam stability and luminosity performance.

For FCC-hh, the dominant power consumer will be the cryogenic systems required for magnet cooling. The
cryogenic capacity is determined primarily by two factors: the static heat load of the magnets and the synchrotron
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Table 10.21 FCC-hh power

demand by technical systems System 85 TeV

at 85 TeV beam ]

centre-of-mass energy Radio frequency [MW] 17
Cryogenics [MW] 207.5
Cooling & ventilation [MW] 40
Magnet powering [MW] 33
Experiments [MW] 24
Data centre [MW] 8
General services [MW] 26
Total power [MW] 355

Table 10.22 FCC-hh power -

demand during different Period 85 TeV

operational periods
Shutdown [MW] 122
Technical stop [MW] 122
Downtime [MW] 122
Commissioning [MW] 324
Machine development [MW] 324
Beam operation [MW] 355

radiation deposited on the beamscreen. The cryogenic power demand varies depending on the operating tempera-
ture of the magnets and the beamscreen. Table 10.21 presents the power demand for the baseline scenario where
14 T NbsgSn magnets are cooled to 1.9 K, with a total synchrotron radiation power of 2.4 MW and a beamscreen
temperature ranging in the interval 40-60 K.

The cryogenic systems for the arc magnets alone require 185 MW of electrical power, with an additional
22.5 MW needed for the high-luminosity insertions inner-triplet magnets (two sets for two experiments). The RF
power requirement is estimated at 23 MW during the energy ramp and decreases to 12 MW at flat top, during
beam collisions.

Magnet powering will be managed from alcoves with interconnection boxes, and power losses will be minimised
through short cable sections, reducing demand to 33 MW. The estimated power needs for experiments are based on
the LHC experiments (ATLAS and CMS), while general services power requirements have been extrapolated from
LHC operations. Although some figures require further refinement, these estimates align with expected scaling
from the LHC.

For a configuration using NbsSn magnets cooled to 1.9 K and generating 2.4 MW of synchrotron radiation, the
total power demand is approximately 360 MW, comparable to that of FCC-ee. The FCC-hh power demand might
further be reduced to below 300 MW, if the magnet temperature can be raised to 4.5 K.

Operational model The accelerator operational model determines the energy consumption. The power demand
varies depending on the time of year and the operational state of the machine. The machine schedule defines
six operational periods: (1) Shutdown; (2) Commissioning; (3) Physics operation; (4) Short downtime (without
machine access); (5) Technical stops (longer downtimes); and (6) Machine development. The power demand for
each period is shown in Table 10.22.

The introduction of a eco-mode for the cryogenic systems during shutdown, reducing power consumption to
83 MW, significantly decreases the power demand during non-operational periods. The annual schedule consists
of:

e 120 days of shutdown,

e 30 days of commissioning,

¢ 20 days of machine development,

e 10 days of technical stops, and

185 days of physics (beam operation).

The FCC-hh machine availability is expected to be similar to that of LHC, with an operational efficiency of
approximately 80%, corresponding to an expected period of beam collisions of 1700 hours.
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Table 10.23 FCC-hh annual
energy consumption at
85 TeV collision energy

Beam Energy 42.3 TeV

Annual energy consumption [TWh/y] 2.34

Energy consumption Based on the operational schedule and the expected power demand throughout the FCC-hh
programme, the estimated annual energy consumption at 85 TeV is shown in Table 10.23.

For FCC-hh, total annual energy consumption is slightly higher compared to the energy consumption of FCC-ee
because of the continuous operation of cryogenic systems. Furthermore, power demand remains relatively high even
during shutdown periods. However, introducing an eco-mode has significantly reduced cryogenic power consumption
during non-operational phases.

10.5.6 Other systems

Other accelerator systems for the FCC-hh, e.g., beam-transfer systems, the cryogenic beam vacuum system, beam
diagnostics, etc., are described in the Conceptual Design Report (CDR) [592].

10.5.7 On-going studies

A key feature highlighted during the CDR phase is the potential application of an HT'S coating to the beam screen.
This approach was explored as a mitigation measure to address the increased resistivity of the beam screen due
to its higher operating temperature (around 50 K), which was chosen to reduce the demands of cooling power.

Following the publication of the FCC CDR, extensive research has focused on conducting comprehensive analyses
of the coating’s performance, examining its electromagnetic properties and other related factors.

A prototype beam screen incorporating the suggested HTS coating is currently under construction. This will
facilitate a comprehensive examination of its magnetic characteristics, such as the overall field quality of both
the beam screen and the HTS coating. The tests will include dipole and quadrupole external magnetic fields.
Impedance measurements will also be attempted, if feasible, to fully characterise the HTS coating.

The application of an amorphous carbon coating to the HTS presents an opportunity to elevate the beam screen’s
operating temperature, as it inherently resolves vacuum instability issues. The optimal operating temperature will
be determined by balancing multiple factors, including HTS performance, beamscreen resistivity, effects on beam
dynamics, and benefits for the cryogenic system. These aspects will be further studied in the next project phase
to identify the optimum operating temperature.

Finally, FCC-hh will require the installation of the cryogenic distribution line (QRL) that has a diameter below
1.1 m regardless of the operational temperature of the magnets (1.9 K, or 4.5 K).

Appendix A

Costs
A.1 FCC-ee construction

The capital cost for construction of the FCC-ee is summarised in Table A.1. This cost includes construction of
the entire new infrastructure and all equipment for operation at the Z, WW and ZH working points. Operation
of the FCC collider at the tt working point will require later installation of additional RF cavities and associated
cryogenic cooling infrastructure with a corresponding total cost of 1260 MCHF.

The costs indicated include materials and personnel costs of contractors and suppliers. They do not include the
cost of scientific, engineering, technical and administrative personnel at the host organisation or at the collaborating
institutes.

The total construction cost for CERN amounts to 14,020 MCHF (covering Z, WW and ZH working points),
dominated by 45% or 6160 MCHF by civil engineering, which also comprises all site-related investments. The
capital cost for the technical infrastructures, including site-external connections, is 2840 MCHF, corresponding
to 20% of the total construction cost. Another 30%, or 4140 MCHF, corresponds to the collider and full-energy
booster construction. The cost estimate for the injector complex and transfer lines is 590 MCHF. In addition, the
CERN contribution to the four experiments is estimated at 290 MCHF, while the non-CERN part of the total cost
of these four experiments would amount to approximately 1300 MCHF, as shown in Table A.1. The investments
are distributed over a time frame of about 15 years.
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Table A.1 Estimated -
investment costs for different Domain Cost [MCHF]
construction domains in
2024 Swiss Francs Civil engineering 6160
Technical infrastructures 2840
Injectors and transfer lines 590
Booster and collider 4140
CERN contribution to four experiments 290
FCC-ee total 14,020
+ Four experiments (non-CERN part) 1300
FCC-ee total, including four experiments 15,320
Table A.2 Estimated -
investment costs for different Domain Cost (MCHF)
construction domains in
2024 Swiss Francs Civil engineering 520
Technical infrastructures 3960
Injectors and transfer lines 1000
Collider 13,400
FCC-hh total 18,880

The indicated figures include materials and personnel costs of contractors and suppliers. They do not include the
cost of scientific, engineering, technical and administrative personnel at the host organisation or the collaborating
institutes. The engagement of this personnel directly leads to the generation of noteworthy socio-economic benefits
via the pathways of education, training, direct, indirect and induced economic value added.

A.2 FCC-ee operation costs
A.2.1 Annual cost of operations of each stage

A material cost of 200 MCHF has been estimated by individually categorising each item of equipment according
to its nature: fixed installation (1% OPEX), technical infrastructure (5% OPEX), and consumables (3% OPEX).
The 200 MCHF figure represents the weighted sum of these categories across all subsystems. Adding an annual
electricity cost of 100 MCHF (with some variation depending on the collision energy point) and approximately
300 MCHEF for personnel (1400 FTEs), the total average annual operating cost of FCC-ee across all stages amounts
to around 600 MCHEF.

A.3 FCC-hh construction and operational costs
A.3.1 FCC-hh construction

Table A.2 splits the construction costs into the creation of the infrastructures (subsurface, surface and territorial
developments), the enabling technical infrastructures, and the accelerators.

The total construction cost amounts to 18,880 MCHF. It is dominated by the cost for the collider magnets,
amounting to about 10,000 MCHF. This cost, however, will need to be reviewed in light of ongoing R&D efforts.
In particular, further research into novel types of superconducting materials is essential—not only to potentially
reduce costs, but also to unlock broader technological benefits and cross-sectoral applications.

The cost of the four FCC-hh experiments can be estimated only at a later stage, once more detailed designs of
the detectors exist. The construction investments are distributed over a time frame of about 15 years.

The costs indicated include materials and personnel costs of contractors and suppliers. They do not include the
cost of scientific, engineering, technical and administrative personnel at the host organisation or at the collaborating
institutes.
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A.3.2 FCC-hh operation

Operational costs for the FCC-hh phase foreseen as a second step in 2070 have not yet been determined.

Appendix B

Installation
B.1 Installation planning
B.1.1 The technically-limited timeline for FCC-ee construction

Preparatory placement studies for the FCC are well advanced. The further timeline is mainly determined by the
preparation of the civil engineering (subsurface investigations, civil engineering design and tendering, and the
project authorisation processes with the host states, planned to advance in parallel), and, afterwards, by the civil
construction and the subsequent installation of technical infrastructure and accelerator components. The timeline
of FCC-ee in Table B.1, including work already accomplished. More details on the construction and installation
aspects are discussed below.

B.1.2 FCC-ee technical infrastructure and machine

This section outlines a high-level schedule for installing the FCC-ee machine and its supporting infrastructure.
Based on the feasibility study, it adopts a 90.7 km circumference layout with eight surface sites. The timeline
extends from the start of civil engineering excavation scheduled for January 2033 to the anticipated readiness for
beam commissioning in July 2046. The plan is divided into two main phases:

e Civil construction phase 2033-2041
o Installation phase 2038-2046

Civil engineering strategy integration

Synergies found between installation planning and civil engineering phase and updated civil engineering strategy
The baseline presented in the midterm review outlined eight handovers of individual shaft sectors. Initially, all
installation work within an arc could only commence after the release of a single designated point (see Fig. B.1).

To enhance coordination, synergies between civil engineering and installation planning were explored. As a
result, the civil engineering team restructured the handover process, breaking down the singular shaft-sector
handover into multiple phased handovers. The revised civil engineering strategy (see Fig. B.2) involves removing
the TBMs through the experiment shaft (PX), which allows an earlier release of the machine shaft (PM) at a
technical point.

Additionally, a gradual handover approach for arc installation was introduced. The tunnel floor and smoke
extraction duct will be the final construction activity completed by civil engineering along the tunnel arc. To
coordinate with the machine installation, the tunnel arc is split into sectors corresponding to the alcove locations.
Therefore, once civil engineering has completed construction activities up to an alcove, the sector can be released
for the installation of machine infrastructure.

For each shaft sector, the following elements now have distinct release dates:

1. PM of the experiment point

. PM of the technical point

3. Staged release of the arc done alcove by alcove. 5 to 7 staged handovers are foreseen for one arc sector going
from the technical point to the experiment point. A separating door will be moved at every handover to separate
the two worksites

4. PX of the experiment point

[\

The civil engineering construction durations across each of the sites vary primarily due to the different structural
layouts, depths and construction methods.
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Table B.1 Timeline for

FCC-ee design, construction, Milestone / phase years

and operation
Conceptual Design Study 2014 — 2018
Territorial implementation studies 2016 — 2025
Definition of the placement scenario 2022
Feasibility Report ready 2025
Earliest Project Approval by CERN Council 2027/28
Environmental evaluation & project authorisation processes 2026 — 2031
Main technologies R&D completion 2031
Technical Design Report ready 2032
Civil engineering - Collider 2033 — 2041
TI Installation — Collider 2039 — 2043
Accelerator Installation — Collider 2041 — 2045
HW Commissioning — Collider 2042 — mid 2046
Start Beam Operation — Collider mid 2046 — 2047
Nominal Beam Operation — Collider 2048 - 2062

Impact on installation organisation and planning Breaking down the handover process of civil engineering enables
an earlier start for installation activities. The early handover of the PM technical points allows for the installation
of essential shaft components, including lifts, cranes, and technical infrastructure. Each staged release of the arc
facilitates the progressive installation of technical infrastructure in the tunnel, shifting part of the work into the
shadow of the critical path.

The staged release of a sector between two access points means that, on the technical point side, technical
infrastructure installation will be underway, while civil engineering work will still be ongoing on the opposite side
of the separating doors. Safety regulations require two evacuation routes in case of an emergency, which is ensured
by the separating door between the two worksites. This door is exclusively for emergency evacuation. In such an
event, personnel from the civil engineering side will be responsible for assisting in the evacuation of those from
the installation side.

Since the overall arc and final ventilation equipment will not yet be in place during the staged release, the
installation of technical infrastructure will be carried out using a temporary ventilation system.

Handover dates The handover dates (Table B.2) were provided by the civil engineering team based on the TBMs
advancing at a rate of 16 m/day, which is 10% less than the previous civil engineering baseline.

Installation phase

Installation phase for a sector The installation planning was developed through a bottom-up approach, be-
ginning with a detailed analysis of the sequence and duration required for each sector. The installation process for
each of the eight sectors will be carried out in four distinct phases. First, the installation of technical infrastructure
and lifting equipment inside the shaft. Second, the installation of the technical infrastructures in the tunnel. Third,
the installation of the accelerator itself. Fourth, the commissioning period of the technical infrastructures and the
accelerators (see Fig. B.3).

The technical infrastructure must be installed before the accelerator to ensure unobstructed access to the
walls and floors and to prevent potential damage from heavy construction activities. Furthermore, most of this
infrastructure will remain in place throughout the entire lifespan of the FCC, from the electron collider to the
hadron machine. While the installation of technical infrastructure does not require immediate ease of access, all
maintenance constraints must be carefully considered.

The installation starts with the shaft which has to be equipped with all services (lifts, crane, ventilation,
electricity, pipes ...). This phase is quite slow due to the limited number of workers (expected to be around 30)
who can work inside the shaft, because they all depend on the shaft crane. The shaft installation is expected to
last for close to 12 months for a 250 m deep shaft. The duration of shaft installation works depends on the shaft
depth.

During the installation phase, certain technical infrastructure elements, such as lighting and power supply,
will be commissioned progressively. However, a dedicated six-month period will be required at the end of the
installation phase to conduct comprehensive testing and final commissioning of all systems.

Once the technical infrastructure of an arc is fully completed, a thorough cleaning will be carried out before the
installation of accelerator components begins. The magnet installation process is organized into three shifts, with
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Fig. B.1 Civil engineering
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the shaft crane serving as the primary bottleneck, as each magnet requires 90 minutes to be lowered. To complete
magnet installation within a year, at least two trailers will be necessary.

All cabling will be pre-installed, allowing for system connections to take place after the installation of magnets
and vacuum systems. Fire safety doors will be installed at the final stage once all magnets and cavities at points
PH and PL are in place. As a result, the final safety systems will only become operational after the full installation
of the accelerator. Until then, only temporary safety systems will be in place during the installation phase.

Once all accelerator systems are installed, the commissioning phase will begin, starting with the technical
infrastructure. The safety systems will be the first to undergo commissioning, with this phase expected to take
approximately six months. Following this, the accelerator commissioning will commence, which is also estimated
to last around six months, after which the system will be ready for the first beam tests.

Ezperiment point installation Experiment shaft installation mainly comprises the installation of the ventilation
duct. The installation is expected to be completed within six months. The installation of the experiments is
scheduled to take place after the overall accelerator hardware commissioning. A minimum of two years has been
allocated for installing each experiment within the cavern. The total available time for the installation of each
experiment ranges between four and five years. Table B.3 provides an overview of the start dates and duration of
the experiment installations.

Installation at points with radiofrequency systems Radiofrequency equipment will be installed in point PH and in
point PL. The installation planning focuses on two main areas: the klystron galleries and the long straight section
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Fig. B.2 Civil engineering current baseline: the staged handover of the arc
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Fig. B.3 Sector sequence for installation

(LSS). Cavities and klystrons will be installed to support all stages of FCC-ee operation, ensuring readiness for
the full accelerator lifecycle.

In the klystron gallery, the technical infrastructure will be installed first to ensure the availability of general
services in this area. The rate of installation is assumed to be the same as in the tunnel. Following this, the cores
will be equipped with waveguides and cable trays using the space from the centre of the galleries to the edges. Two
months after the start of core installation, klystron and the low-level RF and control installation will commence.

In the LSS, once the technical infrastructure has been installed, the cryogenic distribution line (QRL) installation
can start. Since the cavities will be delivered from point PJ and that the sector H-J is being installed from PH to PJ
with magnets, the cavity installation will therefore only start when the transport of magnets has been completed
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Table B.2 Handover dates

from civil engineering for the Location Handover to CERN (2025 update)
machine shaft (PM),
experiment shaft (PX) and PAPX Mar - 41
first alcove PA PM Feb - 39

A - B Alcove Jan - 39

PB PM Nov - 38

B - D Alcove Nov - 38

PD PX May - 40

PD PM April - 38

D - F Alcove Sep - 38

PF PM Sep - 38

F - G Alcove Jan - 39

PG PX Apr - 41

PG PM Feb - 39

G - H Alcove May - 40

PH PM Dec - 39

H-J Alcove Sep - 39

PJ PX Sep - 40

PJPM Jun - 38

J - L Alcove Jun - 39

PL PM Jun - 39

L - A Alcove Jun - 39
Table B.3 Experiment ) .
installation start date and Point Start date Duration in years
duration

PA 11/09/2041 4.4

PD 11/11/2040 5.2

PG 12/10/2041 4.2

PJ 14/03/2041 48

for space reasons. Once the cavities have been placed, the connection under clean room conditions between the
cavities will take place and two weeks later, other general connection work for the waveguides and controls will
be done. Then, cryogenic hardware commissioning will be carried out. After the sector hardware commissioning
of the technical infrastructure is completed, a one-year period is planned for cavity conditioning. The sequence is
shown in Fig. B.4. The duration depends on the number of systems to be installed at each point.

Strategy for global installation schedule phase The installation strategy involves deploying a maximum of four
teams working in parallel on the same type of task, such as shaft works, technical infrastructure, and machine
installation. As a result, the start of certain activities may be delayed until the necessary resources become available.

In the previous baseline, the resource usage was organised on a first ready, first installed basis. Including the
radiofrequency sequence into the overall schedule has an impact on the critical path and to optimise the latter,
resources were allocated in priority to points PH, PJ and PL which will host radiofrequency installation or its
transport.

For most sectors benefiting from the staged release for the installation of technical infrastructure, the installation
will proceed in the same direction as the civil engineering handover, moving from the technical point to the
experiment point. The machine installation follows a sequential ‘train’ approach to streamline transport logistics,
adhering to the same direction—from the technical point to the experiment point.

Overall planning installation Figure B.5 shows overall planning for FCC-ee with the location in the machine
indicated across the top and the timeline on each side. Main blocks of activities shown are:

o Civil engineering works.

@ Springer



Eur. Phys. J. Spec. Top. (2025) 234:5713-6197 6165

]

[ - e 1)-f e
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@ Springer



6166 Eur. Phys. J. Spec. Top. (2025) 234:5713-6197

a8 ¢
[ ] i
i, "3
1 )
| |
i, |
L] L]
(] F
B |
B B
[ ] 1
i |
1 ¢
L] L
ks i
[ ] i
] H
E; o
L L)
B i
] B
] B
kS bt |
p | F
| ¥
il o |
1 L]
] F
E |
] B
H H
i3 '3
L] L]
L] ¥
T o0
i [ ]
[ [ ]
By |
] ]
(] H
i 3
i "
i e
[T p—r———
I cmisngrmeiig wos [T Csmeomacdimdatabon 000 :
B v -m -:mwmmw“
R = Mgk pmtelebh PP O R DA
- e Frat i ove roiasn. [T misiiiation ard Enica b
B T — B R msisistian I r rosiins comiticning

Fig. B.5 Overall linear planning for FCC-ee. The durations of all activities are counted as calendar days. PM is the machine
shaft and PX, the experiment shaft

e Shaft and sector civil engineering release date.
o Shaft works, technical infrastructure installation, machine installation and hardware commissioning depicted
with a direction line.

The critical path is driven by two sequences:

e The resource levelling from sectors J-L and L-A to sectors D-F and F-G
e The handover date of PH PM and the RF installation at point PH
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Fig. B.6 Planning for dismantling FCC-ee

The current schedule gives the overall machine readiness for beam in July 2046. The durations of all activities are
provided as calendar days.

B.1.3 Dismantling FCC-ee

Introduction This section presents a high-level schedule for the period covering the dismantling of FCC-ee to the
installation of the FCC-hh machine and its related infrastructure. The time period covered is from the stop of the
beam at the end of 2062 to the readiness for beam commissioning in 2073. The key phases are the following:

e Stop of FCC-ee beam at the end of 2062
o Dismantling activities end 2063 — end 2065
o Installation phase 2066 - 2073

Dismantling FCC-ee Since the FCC-ee and FCC-hh machines are different in terms of equipment inside the
machine, the whole machine in the arc, the LSS and the experiment will be dismantled. A specific study [323]
addressed the dismantling activities foreseen to transition from FCC-ee to FCC-hh. Figure B.6 from this study
indicates that it is possible to complete the dismantling of FCC-ee in 2-years. The study also found that it should
be possible to dismantle the experiments within this time frame as well.

For the overall planning, a 2-year duration for dismantling was considered independently of the study. In the arc,
most of the equipment will be removed from the tunnel: instrumentation, collider and booster magnets, vacuum
equipment, cabling for magnets, magnet supports and alignment structures, power converters and related cabling
located in the alcoves and the cooling circuit for magnets. In the FCC-ee RF points, point PH and PL, the cavities
and QRL will be dismantled.

Civil engineering construction To support the operation of FCC-hh, additional civil engineering constructions will
be undertaken.

o Transfer lines
e Beam dump at point PF

Civil engineering has not yet conducted a detailed study of the durations, but the beam dump at point PF has been
identified as the most time-critical. As long as the beam dump at point PF is completed within 3.5 years—starting
concurrently with dismantling at the end of 2063—it will not impact the schedule.

B.1.4 Installation of FCC-hh

Equipment kept and updated from FCC-ee The technical infrastructures (ventilation, power, network) from FCC-ee
will remain for FCC-hh.
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Installation of a sector Given the long operational lifetime of FCC-ee, an upgrade of the safety systems will be
required. This will be followed by installation of specific cabling and piping for FCC-hh. Next the Quench Recovery
Line (QRL) will be installed, to provide cryogenics for the superconducting magnets of the machine. The magnet
supports will be installed next, followed by the magnets and their interconnection.

Installation at an RF point In point PL, which will be the point where the radiofrequency equipment will be
installed, there will also be an upgrade of safety systems, cabling and piping and then QRL installation followed
by installation of the cavities.

There will be technical infrastructure hardware commissioning, cryogenic cool down in each sector and in point
PL cavity conditioning.

To finish installation activities, each sector will have accelerator hardware commissioning and finally there will
be global hardware commissioning for the whole machine.

General strategy for installation (priorities concerning civil engineering works) Similar to the FCC-ee machine, a
maximum of four teams can work on the same type of activity simultaneously. The planning (Fig. B.7) is, therefore,
driven by the resource levelling and the shift pattern it implies.

Priorities for resource usage have been determined considering the radiofrequency equipment to be installed in
point PL and the beam dump (the most critical construction) in point PF. The first sectors to start installation
activities are A-B, B-D, J-L and L-A, allowing point PL to be installed as soon as possible. Then sectors D-F,
F-G, G-H and H-J can be installed once the resources are available.

This plan creates some contingency for civil engineering to build the beam dump at point PF and limits its
potential impact on the readiness for beam commission.

There are 3.5 years starting from the dismantling activities at the end of 2063 which are idle time as a result
of the resource levelling in point PF. These 3.5 years can be used to build the beam dump at point PF without
having an impact on the beam commissioning date.

The overall planning is divided into two phases:

o Dismantling activities for 2 years
o Installation activities for 8 years

The transition from FCC-ee to FCC-hh is planned to be completed within 10 years, ensuring a timely and efficient
upgrade process.
The FCC-hh would be ready for beam commissioning in 2073.
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