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5.3.1 Functional specifications

For the design of arc elements such as supporting system, girders, definition of
accelerator placement, a functional specification is required. This shall detail the



static and dynamic stability required to the magnetic system of booster and col-
lider. This document did not exit at the beginning of the project; however, as
a result of the several discussions with experts during the regular project meet-
ings and ad-hoc specific meetings, an initial version of functional specification was
proposed. This document is maintained and kept up to date at the indico page:
https://indico.cern.ch/event/1224422/. It serves as a reference for the validation of
the vertical position of the booster and collider, as well as of the technical design of
the supporting elements (see Section 4).

5.3.2 Arc cell configurations

Between the Z/W and Zh/tt phases, the number of quadrupoles has to be doubled. In
addition, the position of the sextupoles in the arcs is planned to be reshuffled between
the physics phases [1]. While the length of the half-cell of the booster is the same in
all phases (26 m), the length of the collider’s half cell is 26 m in the Zh/tt phase (i.e.
short cells), and 52 m in the Z/W phase (i.e. long cells). Focusing on the short cells
of the collider, three different configurations exist, depending on the number and type
of elements in the Short Straight Sections (SSS), see also Figure 1:

* 492 half-cells with 1 quadrupole
* 1256 half-cells with 1 quadrupole and 1 sextupole per beam
* 1152 half-cells with 1 quadrupole and 2 sextupoles per beam
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Fig. 1 Short half-cell configurations for the collider

Depending on the cell configuration, the equivalent length of the dipoles varies
from 20 to 23m. This could be achieved in two ways:

* With 3 different dipole lengths, each split into two long dipoles 10+11.5m long; in
case a common girder is used for the SSS (see reference [2] for more on this), 2
different girder lengths would be needed (for configurations B and C)

* With 2 different dipole lengths (long dipoles, 10m, and short dipoles, 1.5m), and a
single girder type, 6m long, for the SSS.



Option #2 would have the advantage of a better standardization of elements such
as dipoles, vacuum chambers and girders, and an easier spare management. Hot spares
for each SSS module could be prepared and be ready for installation in case of faults,
leaks or other issues on single elements of the SSS. On the other hand, this option
would require more interconnections linked to the short dipoles in the SSS, with a
possible minor loss of bending efficiency (1-2%), for the same magnets’ energy, due to
the azimuthal space to be reserved for the interconnections. Conversely, for the same
bending, a 1-2% higher dipole power would be required.

The upgrade of the machine from the Z=W phase to the Zh=tt phase was also
investigated. With reference to Figure 2, three possibilities are envisaged:

* Quadrupoles and sextupoles required at high energy are already installed during the
low-energy operation, but staying unpowered. They would then be powered when
moving to the Zh=tt phase.

* Quadrupoles and sextupoles required at high energy are not installed during the
low-energy operation, and are replaced by vacuum chambers.

* Quadrupoles and sextupoles required at high energy are not installed during the low-
energy operation, and are replaced by short dipoles sustained by a 6m girder. This
girder can then be re-used at high energy, to support quadrupoles and sextupoles
as per Figure 1

The first option has the advantage of requiring the lower level of effort when moving
from low to high energy. However, it would also shift this extra effort to the construc-
tion phase of the low-energy machine. Also, the unnecessary irradiation of unused
magnets should be strongly motivated. The second option is the one requiring less
preparation during the low-energy phase of the machine. The third option presents
the significant advantage, over the other two, of guaranteeing a 10-15% extra dipole
length at low energy. This means that, for the same bending efficiency, magnets could
operate at a lower power, with a non-negligible energy saving.

Short Arc Cell = 52 m  x 1472

,
) Short Half Arc Cell = 26 m %2944 R
! ]
:

All E
Booster : \ [l
Phases III ? L1 E] iy P

:I.Sm 0.5m HAm 1114m

E

I

! 29m 15m 18m

H ttha

oo e G IE] X o] ;
1

F:a?es II’ EI EI 3 i a s s ?

e - .
63m =20 m (ikely 2x ~10m) un n";:!::n.m ™

Collider

Leng Half Arc Cell

————-

Fig. 2 Arc cells: from Z/W to Zh/tt phase



5.3.3 Integration studies magnet/vacuum system

For the collider and booster, the design of the main elements (magnets, vacuum, align-
ment system, beam instrumentation, etc.) is still in an early stage. However, while
for the booster such elements are, mostly, defined only in terms of volume reserva-
tion, for the collider the systems are more advanced and a preliminary design and, in
some case, prototyping, is existing [3, 4]. A design study was launched, with the goal
of refining the integration model of the collider, with a focus on the systems’ inter-
faces. The exercise proved to be important not only for the integration layout, but also
in terms of optics design, as it will be explained later in this paragraph. The design
study analyzed on the integration of the vacuum absorber cooling system, the heating
jackets, the dipole/dipole and dipole/quadrupole interconnections, the magnets’ bus-
bar insulation, the vacuum shape-memory alloy (SMA) flange tooling and the general
access to the interconnections. More details of this work are reported in [5-7]; we will
focus here on one of the main results of the study, which concerns the e+/e- beam
separation in the collider.

In the CDR [8] and, still, at the beginning of the Arc Half-Cell Mock-up Project,
the optics design of the collider considered a 30 cm radial spacing between the e+ and
the e- beams. In light of the results of the interfaces design study, this distance has
been updated to 35 cm. The main reasons are the following:

1. Integration of vacuum synchrotron radiation absorber cooling circuit, heating
jackets and dipole busbar insulation (see Figure 3)
(a) 300 mm e+/e- separation results in an interference jacket/busbar
(b) 350 mm e+ /e- separation allows §25mm radial clearance between the two sys-
tems, a part of which will host the connection fittings of the cooling water supply
tubes of the SR absorbers
2. Dipole to dipole interconnection (see Figure 4)
(a) 300 mm e+/e- separation results in a clash between vacuum chamber flanges
and busbar insulation
(b) 350 mm e+/e- separation guarantees 24.5 mm clearance between vacuum cham-
ber flanges and insulation, as well as a continuous dipole busbar interconnections
(no need of jumpers)
3. Vacuum chamber interconnection (see Figure 5)
(a) 350 mm e+/e- separation provides more space for SMA flange tooling and
general access to interconnections
(b) 127 mm between flange-to-flange insulation (assuming 10 mm insulation)
(¢) Enough space for BPM positioning (3x vacuum chamber outer diameter from
SMA flange connection)

After discussions within the Arc Half-Cell Mock-up WG, this proposal was pre-
sented and approved at the Accelerator Pillar meetings [9] and at R&D Technology
Meetings [10] at FCC-ee Optics Design meetings.



350 mm

Fig. 3 Relative position of SR absorber, heating jacket and busbar insulation. Left: 300 mm e+ /e-
separation. Right: 350 mm e+ /e- separation

|
Fig. 4 Relative position of vacuum flanges and busbar insulation. Top and bottom Left: 300mm
e+ /e- separation. Top and bottom Right: 350 mm e+ /e- separation

Fig. 5 350 mm e+ /e- separation, vacuum interconnections and SMA flanges.

5.3.4 Booster-collider placement configurations

The placement of the booster and of the collider must be optimized in the radial and
vertical directions of the tunnel’s cross-section, with a hard constraint of a maximum



tunnel diameter of 5.5 m, as well as in the azimuthal direction. For what concerns the
tunnel cross section, as also explained in [11], an optimized configuration with respect
to those presented in [8] consists in placing the booster on top of the collider. This
frees more space for the services, especially the cooling and ventilation piping, the
transport vehicles and the alignment system (Figure 6).

Fig. 6 Configurations for the relative placement between booster and collider. Left: horizontal con-
figuration. Right: vertical configuration

On top of being more compact, the vertical configuration provides further
advantages:

® Permits smaller tunnel diameters in the RF sections.

* Same basement configuration as FCC-hh.

* BEasier access for handling and removal of booster magnets and Short-Straight
Sections (SSS).

* Better from radiation point of view, as the highest dose is generated on the outer
side of the tunnel, and this could be detrimental to the outer (booster) ring in case
of a horizontal placement [12].

A potential issue of the vertical placement of the booster is a poor dynamic stabil-
ity: due to the longer lever arm ground-to-magnet, the booster would oscillate more,
exceeding the tight dynamic positioning tolerances, particularly in the SSS region. Due
to vibration cross talk between booster and collider, it is also worsening the collider
stability. For this reason, a significant effort in design and simulations was made in 2022
to improve the supporting system and maximize the stability of the two accelerators.



5.3.5 Dynamic stability and vibrations

The first solution found to improve the booster stability in a vertical configuration is
to minimize the height of its centre of mass, while allowing enough clearance with the
collider underneath. This could be done by azimuthally shifting the SSS of the collider
with respect to the SSS of the booster, keeping the cell periodicity (i.e. the shift delta
azimuthally imposed to the booster SSS with respect to the collider SSS is maintained
constant along the ring). In fact, the SSS is, for both machines, the bulkiest section
of the arc. With the proposed modification, the SSS of the collider will be positioned,
azimuthally, in correspondence of the small and compact booster dipoles, and vice

versa (Figure 7).
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Fig. 7 Agzimuthal shift between booster and collider

Moreover, several design iterations were performed to stiffen the supports of the
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booster. The evolution of the design is shown in Figure 8.
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Fig. 8 Principles of optimization of the booster placement and supporting system

Modal analyses were performed on the different configurations, to evaluate their
stability. Results are shown in Table 2. Configuration identifiers are shown in Figure 8.
The longitudinal mode is reported for reference, even though it is not particularly
relevant for this study, as it does not generate vertical /horizontal displacements which

Optimized configuration



Table 1  Proposed dynamic stability requirement
presented by T. Raubenheimer at FCC IS workshop [13]

Time Scale Tolerance  Correlation 1 1
400 Hz > f > 100 Hz 1 nm none 1 1
100 Hz > f > 10 Hz 5 nm none 1 1

10Hz>f>1Hz 20 nm none 1 1
1Hz>f>0.01Hz 100 nm none 1 1
1Hz>f>0.01Hz 1um 10 km 1 1

Table 2 Natural frequencies [Hz] of the booster
supports in di erent con gurations

Booster support con guration

Mode #1 #2 #3 #4 #5

Longitudinal 7 Hz 18Hz 24Hz 21 Hz 29Hz
Torsional 7 Hz 19Hz 23Hz 29Hz 29Hz
Flexural 14Hz 36Hz 41Hz 40Hz 54Hz

would a ect the dynamic stability of the supports. The study will be completed by
performing a random vibration analysis adding a reasonable footprint of the expected
ground motion, see for example [14], as well as including the collider in the numerical
model, to evaluate the vibrational crosstalk. The oscillation at the level of the beam
axis can then be evaluated. It should also be noted that, currently, the design of the
booster magnets is very preliminary. For this reason, a conservative value for the mass
of the booster magnets was assumed in the calculations (2.5 tons). The design studies
led to the construction of a 3D model of the arc half-cell, shown in Figure 9 (length
is about 20 m).

Fig. 9 CAD model of arc cell, with focus on the Short Straight Section



5.3.6 Short Straight Sections con guration

The principle for assembling, installing, aligning and maintaining the elements in the
SSS of booster and collider on their supporting system was extensively analyzed. The
use of girders to support the common elements in the SSS provides signi cant practical
advantages. The SSS elements, magnets and vacuum chambers can be pre-assembled
and pre-aligned on a girder in a clean room outside the tunnel, with proper tools and
environment. In this case, it is possible to design splitable magnets, allowing insertion
of a single vacuum chamber before closing the upper half of the magnets. A single
vacuum chamber for one SSS decreases the number of bellows, with important bene ts
on RF impedance [15], cost and reliability. The entire SSS module (girder + quadrupole
+ sextupoles and vacuum system) can then be transported as one single object to the
tunnel, optimizing the transport and maintenance operations. \Hot spares" of SSS
modules can be stored and rapidly prepared for installation in case of fault. Repair
can then be done in proper conditions on surface. Finally, a pre-alignment on surface
reduces the time to be spent in the tunnel for nal alignment, with also positive e ects
on the beam-based alignment requirements (weaker trims if a good pre-alignment is
already done). However, a potential disadvantage of a girder is that, usually, it requires
more space, vertically, than, for example, a supporting system with standard jacks for
each SSS magnet. This means that the vertical position of the accelerators would be
higher, with possible detrimental e ect on the dynamic stability at the level of the
beam axis. It is therefore important to maximize the girder stability by optimizing
the design and materials, for example with biologically inspired casting structures,
damping materials and increased number of supports / wedges (Figure 10).

5.3.7 Preliminary integration of the alignment
system

Topics related to alignment of the arc components have been discussed during meet-
ings and ad-hoc infrastructure visits with CERN colleagues from BE/GM, the contact
reference is H. Mainaud-Durand. The main objective was the reservation of the space
needed for the alignment systems; following the Phase 1 work, a preliminary volume
for the alignment systems has been proposed and integrated in the CAD model. The
alignment methods, technologies, and the e orts to be deployed strongly depend on
the requirements for mechanical alignment of arc components. The up-to-date align-
ment strategy has been presented by T. Raubenheimer at FCC IS workshop [13]. The
proposed strategy relies on a mechanical pre-alignment, followed by a Beam Based
Alignment (BBA). The requirements over the dierent scales are described in the
Table 3.

The current design baseline of the SSS does not include activators permanently
controlling and correcting the position of the Quadrupoles and Sextupoles on the
supporting girders. Therefore, the BBA must rely on trims and correctors. The inte-
gration of the trims and correctors could be in the scope of the Phase 2 of this project.
The strategy for the mechanical alignment might evolve depending on the alignment
requirements and the maturity of emerging technologies such as Frequency Scanning



Fig. 10 Top left: steel girder for SLS, courtesy M. Wurm (PSI). Top right: granite girder for Swiss-
FEL, courtesy J. Wickstroem (PSI). Bottom: cast girder for PETRA IV [16]

Interferometry (FSI) [17] and Structured Laser Beam (SLB) [18] under development
by BE/GM. lllustrations of these two projects are shown in Figure 11.

Two mechanical alignment concepts have been presented by H. Mainaud-Durand at
FCCIS workshop [19]. At this stage, we consider that it is too early to converge on the
speci ¢ solution for the ring elements; however, several points regarding the integration
of the alignment components have already been integrated in the 3D models:

space reservation for the permanent reference system on the walls: two areas of 30
cm H x 50 cm L, must be integrated on the tunnel's walls

space reservation for the hydraulic network for the HLS: pipe's diameter depends
on the length of the network and the slope of the tunnel (max.1%)

Use of adjustment tables allowing a remote and robotized adjustment of the compo-
nents: Inspired by existing devises Universal Adjustment Platform [20] (max. load

2 t) or WePlatE [21] (max. load 500 kg). It is to be noted that the current design

of the WePlatE does not allow, for the moment, a remote adjustment, but only a
manual one

10



Table 3 Proposed alignment strategy (presented by T. Raubenheimer at FCC IS workshop [13])

Length Scale  Tolerance Comments
Initial Mechanical Alignment

mechanical installation tolerance of components on quad./sext. girder

6 m 50 um
50 m 200 um mechanical installation and alignment of girder to girder

200 m 500 um mechanical installation

1000 m 2 mm mechanical installation smoothed around the ring

10000 m 5 mm Installation, tolerance based on surface alignment network and GPS

After Beam Based Alignment

6 m 10 um BBA alignment of quad. to sext. to BPM
50 m 20 um BBA alignment of quad. to BPM using dither and smoothing with steering
200 m 20 um

1000 m 100 um BBA alignment of trajectory

10000 m 1 mm BBA alignment from circumference and trajectory

Fig. 11 On the left: Example of Frequency Scanning Interferometry (FSI) used for Crab Cavities
[17]. On the right: Example of the transverse intensity distribution of a Structured Laser Beam (SLB)

(28]

5.3.8 Arc half-cell mock-up: possible con guration,
objectives and preliminary costing

The interest and goals for the construction of a physical arc half cell mock-up
were described above. A preliminary proposal for a mock-up con guration is given
below, keeping in mind that cost e ciency is an important parameter. The following

considerations can be made:

" the mock-up should be considered a living, upgradable testing platform;
" the cross-section should be in a 1:1 scal@ 6:5m); thefunctionallength (e.glengthofthemock

upincludingfunctionalsystems )couldbereducedwithrespecttoastandardhalf
cell; however:
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