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Abstract
The FCC-ee is a very challenging accelerator project from the point of view of
vacuum. Apart from the sheer size of the machine, a twin-ring of 100 km
circumference, the vacuum system design must be capable of dealing with the
low-energy 45.6 GeV, high-current version of the machine (the Z-pole) as well as the
higher energy, lower current versions. The main difficulty is related to the very much
different synchrotron radiation (SR) spectra of the Z-pole vs the other energies, in
particular the ttbar at 182.5 GeV. The critical energy of the SR spectrum of the Z-pole
is 19.5 keV, while the ttbar exceeds 1.2 MeV. It is particularly challenging in terms of
shielding the beryllium chamber in the detectors, for the Machine Detector Interface
(MDI) area. We discuss the evolution of the vacuum system design for the arc sections,
and some new ideas on NEG-coating, SR absorbers, and pumping system, with the
aim to build prototypes soon, in the framework of the FCC Innovation Study program.
The design of the vacuum hardware depends on the choices made for the magnets,
and the required shielding from high-energy radiation generated by the circulating
beam interacting with the residual gas and the interaction of the intense SR fans with
the photon. There is also an important collaboration with the engineering integration
of the vacuum system in the tunnel, particularly considering the full-energy booster
injector, which is not detailed here. We also briefly describe the raytracing montecarlo
modelling efforts carried out in the MDI area, and its pumping configuration.
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1 Machine parameters relevant to vacuum
Since the publication of the FCC Conceptual Design Report [1], the layout of the FCC
tunnels and access shafts have changed considerably, namely a shorter ring circumference
to avoid some geological limitations has been established [2]. Throughout this paper we
will refer to the machine size and geometry of ref. [1], as many numerical simulations have
been carried out on it, and in the end the changes would not affect the vacuum environ-
ment that much. See Fig. 1 and Table 1 in [1], partly reproduced here.

For electron or positron storage rings, if vacuum is concerned, the main machine param-
eters of interest are beam energy, current, bending radius, linear and areal synchrotron ra-
diation (SR) power densities and photon flux. They determine, via the photon-stimulated
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Table 1 Machine and vacuum-relevant parameters (IP: interaction point)

Z W H tt̄

Circumference (km) 97.756
Bending radius (km) 10.760
Free length to IP l* (m) 2.2
Solenoid field at IP (T) 2.0
Full crossing angle at IP θ (mrad) 30
SR power/beam (MW) 50

Beam energy (GeV) 45.6 80 120 175 182.5
Beam current (mA) 1390 147 29 6.4 5.4

Table 2 Critical energy vs beam energy and cut-off fractions for flux and power

E (GeV) Ec (keV) kf

45.6 19.55 0.9280
80 105.54 0.9592
120 356.20 0.9730
175 1104.75 0.9816
182.5 1252.96 0.9824

desorption (PSD) mechanism, the amount of gas given off during operation with stored
beams, Q. The formula relating the PSD gas load to beam energy E (GeV) and current I
(mA) for SR fan generated by a magnet with local dipole radius ρ (m) is

Q = η(mol/ph) · F(ph/s) · k, (1)

where k converts from (mol/s) to (mbar · l/s) via the ideal gas equation PV = nRT .
At 20°C (hereafter called “room temperature”, RT) k = 4.047 · 10–20 mbar · l/mol.
The photon flux F is given in practical units by F = 8.08 · 1017E(GeV) · I(mA) · kF , where

kF is a factor accounting for the fraction of the photon flux spectrum above the threshold
of 4 eV. This threshold (cut-off) is chosen in most vacuum studies because it is well known
that PSD is mediated by the emission of photoelectrons (PE), and for most vacuum cham-
ber materials used in accelerators there is no PE generation below 4 eV. The kF factors are
shown on Table 2.

The photon flux F must also be considered to evaluate the electron-cloud (EC) effect,
which must be minimized as much as possible [1, 3].

The SR power is given by the formula P(W) = 88.46 · I(mA) · E4(GeV)/ρ(m) · kP , where
kP is a factor similar to kF but accounting for the fraction of SR power generated above the
4 eV cut-off. kP is very close to 1, except when SR is generated by weaker fringe fields or
quadrupoles.

Another important parameter is the SR critical energy, given in practical units by

εc(keV) = 2.218 · E3(GeV)/ρ(m) (2)

Given the dependence on the cube of the beam energy, the critical energy varies by a
factor of 64 between the low-energy Z and the high-energy tt.

The design of the FCC-ee must cope with the very much different spectra during the
15 years long program (see Fig. 4 in [1]), starting at the Z and bringing the machine to its
design parameters in a rather short time, of the order of 2 years. The Z is characterized
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by the largest photon flux, and therefore related PSD gas load, and it is therefore the most
challenging machine to design. In addition, given its sheer size, the twin ring machine
must be designed in such a way to adapt to all the future beam energy increases, from 45.6
to 182.5 GeV.

2 Synchrotron radiation spectra
The SR photon flux spectra for the 5 beam energies are shown on Fig. 1.

In the inset, the linear photon flux generated along each meter of dipole orbit at the
nominal current is indicated, and the critical energy as well.

Starting with the W energy the fraction of photon flux generated above 100 keV, which
is the Compton edge for aluminium becomes large. Table 3 shows the fraction of such
photons, for each beam energy.

This has important effects on the number of molecules which are generated inside the
vacuum chamber, and their geometrical distribution, as the Compton-scattered electrons
and photons in the bulk of the vacuum chamber material (and surrounding magnets) may
go back to the vacuum chamber and generate a cascade of lower-energy photons and PEs
and related PSD effects.

This had been noticed during the beam energy increase of the Phase-2 of the LEP ma-
chine [4] and it is also predicted by FLUKA calculations [5]. It is one of the reasons why
the last dipoles before the interaction points have a weaker field to keep the critical energy
of the SR generated along them below 100 keV, see Sect. 9 below.

Figure 1 SR photon flux at nominal currents

Table 3 Percent of SR photon flux generated above 100 keV

E (GeV) % Flux > 100 keV B (mT)

45.6 0.064 14.1
80 9.22 27.7
120 28.85 37.1
175 47.81 54.1
182.5 49.72 56.5
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3 Choice of materials
The vacuum chamber material of choice must have a good compromise between mechan-
ical, thermal, and electrical properties, and material procurement and fabrication costs.
Extruded aluminium has some advantages compared to copper but unfortunately it is very
transparent to high energy SR photons, which would lead to detrimental effects in terms
of irradiation of tunnel components [5].

OFS-grade copper alloy has been chosen, as it is a material which has well known weld-
ing/brazing properties, good mechanical and thermal characteristics, and very good elec-
trical conductivity.

The pumping domes, see Sect. 5, are made of 316 LN sheets and machined parts. A
different copper alloy could be used to make the flanges, see Sect. 6. Bellows are made
of stainless steel, with hydroformed convolutions welded to forged 316 LN stainless steel
parts. RF contact fingers are made of BeCu C17410 material, a well-tested solution: their
optimized geometry and placement, though, will be the subject of future tests. A per-
manent radiation-hard cold-sprayed bake-out system using ceramic plasma coating tech-
niques and metallic cold-spray coating is proposed and will be tested by the CERN vacuum
group [6]. For the SR absorbers, see Sect. 5, the material will be copper alloy. What technol-
ogy will be used to join them to the vacuum chambers will be determined by prototyping
and testing, they have to withstand a very large surface power density at the tt energy, due
to the extremely small vertical divergence of the SR fan, less than 3 microradians above
and below the plane of the orbit contain 95% of the SR dipole power [7].

4 Gas loads
An estimate of the PSD gas load can be obtained using Eq. (1) and the linear photon flux
F ′ (in ph/s/m) shown on the inset of Fig. 1, assuming an average PSD molecular yield of
10–6 mol/ph, a value which is usually obtained after an integrated beam dose close to 1000
A · h [8]. Q′ is the corresponding linear gas load density in mbar · l/s/m.

Clearly, the energies above the Z will profit from the pre-conditioning at the very large
photon flux of the Z, except for any new chambers which will be installed during energy
upgrades. This may be the case for the areas in the long straight sections, as many RF
cavities will have to be installed to account for the SR energy loss and reduce the energy
sawtooth effect which would be detrimental for the experiments [9]. Along the arcs there
will be no need to replace the vacuum chambers as the energy of the beams will be in-
creased.

For the different machines, the linear outgassing yields Q′ are shown on Table 4.
Here we assume that there will be no noticeable additional gas load coming from ef-

fects such as the electron cloud (EC). EC studies for existing machines [3] show that there
are mitigation measures that can be taken against it, such as amorphous carbon coating,
surface texturing (e.g. laser ablation techniques), and more, see Sect. 10.

Table 4 Linear PSD outgassing yields

E (GeV) Q′ (mbar · l/s/m)

45.6 2.90 · 10–8
80 5.58 · 10–9
120 1.67 · 10–9
175 5.40 · 10–10
182.5 4.78 · 10–10
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Figure 2 Vacuum chamber cross section with one SR absorber. The circular part is 70 mm internal diameter
and the horizontal width in the plane of the orbit is 115 mm

5 Vacuum chamber geometry
The cross-section of the chamber fits all the arc magnets’ pole design [10, 11]. It imple-
ments the SuperKEKB concept, a circular tube with two “winglets” in the plane of the or-
bit. The circle has an internal diameter of 70 mm, compared to the 90 mm of SuperKEKB
[7, 8]. The chamber cross section can be extruded, avoiding longitudinal welds, with a
slightly larger thickness in the area of the winglets to help relieve an area of high mechan-
ical stress due to chamber forming [6]. Discrete photon absorbers are placed at a variable
distance to intercept all the primary SR fan from the arc dipoles and quadrupoles [7]. Fig-
ure 2 illustrates the concept, with one SR absorber having an inclined surface to reduce the
SR power density to manageable levels [7], around 40 W/mm2 for the Z energy machine,
with an absorber inclination of 45°. A vertical absorber would receive a power density
higher by a factor of 1.4. Preliminary calculations, not detailed here, show that it would be
advisable to remain near 40 W/mm2, on considerations of the temperature of the copper
at the cooling channels.

6 Pumping system
NEG-coating has been chosen as the main pumping mechanism, mainly because it guar-
antees low PSD yield and low secondary electron yield (SEY) as well. Additional pumping
for non-getterable gases is given by lumped pumps. NEG-coating is a mature technology,
with more than 20 years of implementation on lepton machines with high PSD effects [12].
Additional pumping is obtained by installing lumped pumps, either NEG or ion-pumps,
near some of the SR absorbers along the arcs [7, 11]. Their exact type, number, and loca-
tion is yet to be determined, and a cost-benefit analysis will have to be carried out.

7 Montecarlo simulations
Extensive modelling using raytracing montecarlo codes SYNRAD+ and Molflow+ has
been carried out. Both codes can import the vacuum chamber geometry models from
CAD programs. SYNRAD+ calculates the SR fan in the dipole approximation, i.e. no in-
terference effects, using the orbits imported from lattice codes such as MADX. It then
generates a mapping of the SR irradiation on all surfaces, which can be converted into
PSD gas desorption at a chosen time (beam dose), using Eq. (1) Molflow+ imports the
SYNRAD+ file and runs the molecular flow simulation [13].
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8 Arcs
We have modelled both rings with and without SR absorbers: the conditioning time with
absorbers is shorter than that without because the absorbers concentrate on a short length,
typically 150 mm, the SR flux that would otherwise hit 5.6 m on average along the arcs. It
is well documented in literature the fact that PSD outgassing rate Q′′ (in mbar · l/s/cm2)
scales as a power function of the accumulated SR photon flux density F ′′ (in ph/s/cm2),
like Q′′ ≈ A · F ′′–α , where α is typically 0.5 < α < 0.8 [14], and A is a unit conversion factor.
Concentrating the SR photon flux density by a factor of between 35 and 40 (depending
on the location along the arc), the conditioning time shortens by an average factor of 8.5
with respect to the case when the photon flux is distributed along the external side of the
chamber, like LEP did. This speed up is important as it allows a faster conditioning of the
machine at the Z energy, as mentioned at the end of Sect. 1. The advantage of implement-
ing NEG-coating along all chambers has been demonstrated too [7, 11].

9 Machine Detector Interface (MDI) area
Combined raytracing montecarlo simulations have been carried out for the MDI regions
as well. A new design of the interaction region chamber, which now removes the need
for high-order-mode-absorbing ferrites has been implemented in SYNRAD+, and then in
Molflow+, calculating the number of photons reaching the beryllium chamber, and their
spectra [15]. The last 600 m upstream of the interaction point (IP) are equipped with SR
photon absorbers on both sides of the vacuum chamber, due to the anti-bending in that
area, in order to decrease the photon flux scattered towards the IP. Lumped NEG pumps
are located near some of these absorbers, and a low average pressure can be obtained
(in the low 10–10 mbar range), so that the interaction of the incoming stored beam and
the residual gas can be minimised (bremsstrahlung). FLUKA simulations having these
pressure profiles as input for the gas distribution are under development now [16], first
for the arc and then for the MDI region as well.

10 Future work
The design of many vacuum components such as vacuum chamber extrusion, SR ab-
sorbers, low-loss, low-impedance RF contact fingers with rectangular bellows, shape-
memory alloy-based oval flanges, pumping ports, beam-position monitor blocks is un-
derway: prototypes will be fabricated and tested during the remainder of the FCC IS study
program.

We plan to test the vacuum chamber and photon absorbers behaviour using SR at the
BESTEX beamline at the KARA light source [17], on 2 m-long prototypes. As BESTEX is
not capable to reproduce the high SR power density of FCC-ee the SR absorbers will need
to be tested from the point of view of their thermal behaviour using an appropriate source,
e.g., an electron beam device.

Preliminary design of bellows assemblies with RF contact fingers has also been carried
out, see Fig. 3.

A thermo-mechanical analysis of the behaviour of the SR absorbers has been carried
out, to determine the position and number the cooling holes in the body of the absorbers
[19].

Prototypes of shape memory alloy (SMA)– based vacuum flanges are also being devel-
oped [18], as shown on Fig. 4.
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Figure 3 Interconnection comb-type RF finger design, with details

Figure 4 Concept of a SMA-based vacuum flange, with integrated additive manufacturing beam-position
block (on the left, 4× BPM buttons at 45° not drawn)

We have also identified the ideal length of the arc vacuum chambers compatible with
the design of the magnets, to minimize the number of flanges: 12 meters seems to be fea-
sible also in terms of NEG-coating deposition, which would be carried out in a horizontal
position by applying new technology developed for the HL-LHC program at CERN [20].
Prototyping of this configuration will be carried out as soon as chambers will be available.
There is also a parallel activity of building a test section of the arc, approximatively 25 m
long, simulating the tunnel environment, so that tunnel integrations studies can be carried
out on mock-ups.
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