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❖ Circular colliders have advantage in luminosity up to 400 GeV CM. At Z, they have 2-3 orders 
higher luminosity than LCs. 

❖ The steep falls in the luminosity of circular colliders are due to constraints to keep the synchrotron 
radiation power constant over energies.

❖ Beyond 400 GeV, LCs take over, and there is no chance for circular e+e- machines (for 100 km 
circumference & 50 MW/beam).

❖ More exotic energies, such as the s-channel Higgs production, may be possible at circular colliders.
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❖ The luminosity per unit power consumption shows the same tendency. The 
cross over energy between circular/linear colliders is around 400 GeV CM.
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Figure 4.2: Study boundary (red polygon), showing the main topographical and geological structures.

The geological data for the tool were collected from various sources [407], but not limited to:
previous underground projects at CERN, the French Bureau de Recherches Géologiques et Minières
(BRGM), and existing geological maps and boreholes for geothermal and petroleum exploration. The
data was processed to produce rock-head maps that form the basis of TOT. All of the geological data for
the study has come from previous projects and existing data. No specific ground investigations have yet
been conducted for FCC-ee.

The machine studies demonstrated that it was necessary to have a circumference of ⇠100 km in
order to meet the physics goals. The alignment of the tunnel has been optimised based on criteria such
as geology along the tunnel, overburden, shaft depth and surface locations. A good solution has been
found in which the tunnel is located primarily in the molasse (90 %). It avoids the limestone of the Jura
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Figure 2.2: CEPC layout 

 
Figure 2.3: Collider layout 

The layout of the Collider, and the location of the two straight sections used for 
physics, and the two straight sections used for the superconducting RF cavities is shown 
in more detail in Fig. 2.3.  The Collider uses 650 MHz 2-cell cavities, described in more 
detail in Section 4.3.1.  
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mountains and the Prealps but passes through the Mandallaz limestone formation, which is unavoidable.
The tunnel passes through the moraines under Lake Geneva at a depth where they are believed to be well
consolidated. Whilst there will be some additional challenges during excavation, the long-term stability
of the tunnel is not a major concern. The topographical and geological profile of the tunnel in the chosen
position is shown in Figure 4.3.

The tunnel position places the shafts in suitable positions with acceptable depths of less than
300 m, apart from the shaft at PF which requires special attention as it is 558 m deep. It is being
considered to replace this shaft with an inclined access tunnel.

Figure 4.3: Geological profile along the collider circumference.

4.2.3 Necessary Site Investigations
Based on the available geological data for the region, the civil engineering project is deemed feasible.
However, in order to confirm this and to provide a comprehensive technical basis for further detailed
design iterations, to establish a comprehensive project risk management and to improve the accuracy of
the construction cost estimates, dedicated ground and site investigations are required during the early
stage of a preparatory phase. These investigations will rely on non-invasive techniques such as walkover
surveys and geophysical analysis, and will also use invasive techniques, such as the analysis of samples
from boreholes that need to be constructed at regular distances. A combination of in-situ tests, such as
the standard penetration test (SPT) and the permeability test, in combination with laboratory testing of
samples, will give a comprehensive understanding of the geological situation.

The initial site investigations must focus on the highest risk areas: the crossing of Lake Geneva,
the Rhône and the Arve valleys. In addition, the access point location candidates should be investigated
in order to optimise the placements. This can be conducted via geophysical investigations and could
lead to a recommendation to adjust the alignment in order to optimise the construction cost and reduce
residual project-related risks.

4.3 Underground Structures
4.3.1 Tunnels
A 5.5 m internal diameter tunnel is required to house all the necessary equipment for the machine, while
providing sufficient space for transport. Figure 4.4 shows the cross-section of the empty tunnel with
the air supply and smoke extraction ducts, which have been integrated into the civil engineering design
(these are discussed in Section 5.3). The air-supply duct in the floor is a pre-cast structure. The rest of
the floor will be cast in concrete around it.
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Figure 9.2.1: Layout plan of the CEPC tunnel 

 

 
Figure 9.2.2: Longitudinal profile of the CEPC tunnel 

Underground structures consist of the following as shown in Fig. 9.2.3: 
• Collider ring tunnel 
• Experiment halls (includes main and service caverns): IP1 and IP3 are 

experiment halls for CEPC, and IP2 and IP4 are future experiment halls for 
SPPC 

• Linac and BTL tunnels: Linac tunnel, klystron gallery, hall for the damping 
ring, BTL tunnel and its branch tunnels 

• Auxiliary tunnels: RF auxiliary tunnels, Booster bypass tunnels in the IR and 
many short auxiliary tunnels 

• Vertical shafts in experiment halls and RF zones and along the ring tunnel for 
personnel and delivery of equipment to tunnels and halls, and for providing 
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❖ 100 km, double ring, 2 IPs.

❖ Limit total synchrotron radiation (SR) power < 60/100 MW (CEPC/FCC-ee) at all energies.

❖ “Crab-waist” scheme with a large crossing angle at the IP for higher luminosity 
performance, as verified at DAFNE.

❖ Advantages in luminosity over linear colliders. in the range below 400 GeV CM.

❖ Based on existing accelerator technologies experienced in all e+e- colliders in the world for 
over a half century including:

❖ normal/superconducting magnets & RF systems

❖ vacuum system with SR/e-cloud/impedance mitigations

❖ linac and e+e- production/injection devices including e+ damping ring

❖ beam diagnostics and control

❖ alignments, civil engineering with safety considerations

❖ beam polarization

❖ beam dynamics and handling, incl. collective effects, e-cloud, beam-beam, etc.

❖ Synergies with light sources and linear colliders. 
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Circular e+e- colliders (CEPC, FCC-ee)
circular e+e- colliders: 50 year success story

Peak luminosity of circular e+e- colliders as a function of year – for past, operating, and proposed 
facilities including the Future Circular Collider [historical data courtesy Y. Funakoshi]

F. Zimmermann



Circular e+e- colliders (CEPC, FCC-ee)

KEKB

PEP-II

KEKB design

PEP-II design

source: KEK

Ie+=3.2 A, Ie-=2.1 A

Ie+=1.6 A, Ie-=1.2 A

PSR ~ 5 MW 
C = 3 km

PSR ~ 8 MW 
C = 2.2 km

B factories: high current, high luminosity
+ top-up injection

F. Zimmermann



Circular e+e- colliders (CEPC, FCC-ee)

F. Zimmermann

DAFNE Peak Luminosity

CRAB-WAIST 
Collision 
Scheme

De
sig

n 
Go

al

M. Zobov

DAFNE: crab waist collisions 

small by*, large beam-beam tune shift



 167 

walls is about half a meter, enough for one person. The aisle between the CEPC and SPPC 
is 2,400 mm, for transportation, installation, alignment and other operations. 

 

 

Figure 4.3.9.6: Tunnel cross section in the arc-section 

CEPC has two RF sections. The RF tunnel can be divided into two parts, one where 
there are only Collider cryomodules but no Booster cryomodules; the other is the reverse. 
At the RF section, there are no SPPC devices because colliding points of SPPC are near 
the RF sections of CEPC. In the CEPC Collider, the cryomodules are in the “bigger ring” 
due to their physical design. The cross sections of the RF tunnel and gallery are shown in 
Figs. 4.3.9.7 and 4.3.9.8. 

At the RF section, there are many auxiliary devices such as the power sources, 
cryogenic equipment and cooling water. They are all in the two auxiliary tunnels (galleries) 
parallel to the two RF main tunnels. Each auxiliary tunnel is 818.6 meters long, 8 meters 
wide and 7 meters high. The layout of the auxiliary tunnel is symmetrical to the symmetry 
point of the Collider and Booster. In an auxiliary tunnel, there are two Collider RF power 
source galleries, 235 meters each, two Cryogenic system galleries 37 meters each, two 
utilities galleries 70 meters each and one Booster RF power source gallery of 134.6 meters, 
as shown in Fig. 4.3.9.9. In order to accommodate new devices that will be required for 
future upgrade for tt̅ operation, an additional space of 1,130 meters is added to each 
auxiliary tunnel for a total length of 1,948.6 meters. 
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Figure 2.23: View from inside of the RF shielding with small fingers between the teeth.

summarises the corresponding loss factors. The total dissipated power is about 13.7 MW at the nominal
intensity, about a factor 3.6 smaller than the total SR power dissipated by the beam of about 50 MW. The
loss factors have been evaluated at 3.5 mm, but the bunch length at nominal current is longer due to the
bunch lengthening effect, thus giving a lower dissipated power. However, other impedance sources will
add their contributions.

Figure 2.24: Longitudinal wake potentials for the nominal bunch length �z=3.5 mm without beam-
strahlung due to main vacuum chamber components compared with the RW contribution (black line).

Table 2.8: Power loss contribution of the main FCC-ee vacuum chamber components at nominal intensity
and bunch length, in the lowest energy case of 45.6 GeV.

Component Number kl [V/pC] Pl [MW]
Resistive wall 97.75 km 210 7.95
RF cavities 56 18.5 0.7
RF double tapers 14 26.6 1.0
Collimators 20 18.7 0.7
Beam Position Monitors 4000 40.1 1.5
Bellows 8000 49 1.8
Total 362.9 13.7
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Table 11.2.4: Summary of klystron parameters 

Parameters Traditional 
klystron  

Operating frequency 650 MHz 
Beam Voltage 81.5 kV 
Beam Current 15.1 A 
Beam Perveance 0.65 μA/V3/2 
Efficiency at rated Output Power 73% 
Saturation Gain 49 dB 
Output power 887 kW 
Brillouin field 106 
Reduced Plasma Wavelength 3.47 m 
Number of Cavities 6 
Normalized Drift Tube Radius 0.63  
Normalized Beam Radius 0.41  
Beam Fill Factor 0.65 
Length 2 m 

11.2.2.3 Cavity Cooling Design 

The 650 MHz / 800 kW klystron consists of six re-entrant cavities, numbered 1 to 6, 
and shown in Fig. 11.2.3. From the beam dynamics study, the voltages should be 0.88 kV, 
14.93 kV, 13.73 kV, 20.44 kV, 35.99 kV and 106.14 kV. The cavities are made of oxygen 
free copper with a high surface conductivity of 5.8 × 107 S/m. The specifications of this 
chain of cavities including the theoretical power loss and the heat load target are 
summarized in Table 11.2.5. The power dissipated in the output cavity is nearly 87% of 
the total power loss. Therefore, the cooling scheme of the output cavity plays an important 
role in the stability of high power klystron operation. The power loss in the output cavity 
is 3.88 kW. In order to leave a safe margin, power dissipation of 8 kW is in the simulation 
model as a thermal load. 

 
Figure 11.2.3: Schematic diagram of the cavity chain 

Table 11.2.5: Specifications of the cavity chain 

No. Frequency 
[MHz]  

Unload 
Q0 

Cavity 
voltage [kV] 

Theoretical 
power loss[W] 

Heat load target in 
simulation[W] 

1 651.49 17159 0.8843 0.15 0.3 
2 649.17 17380 14.9323 42.7 90.0 
3 1293.10 11070 13.7366 113.0 250.0 
4 668.80 15632 20.4474  114.0 250.0 
5 667.92 17716 35.9962 332.0 700.0 
6 649.50 14050 106.1440 3882.0 8000.0 

Circular e+e- colliders (CEPC, FCC-ee)
COLLIDER DESIGN AND PERFORMANCE

Figure 2.9: Dynamic apertures in z-x plane after sextupole optimisation with particle tracking for each
energy. The initial vertical amplitude for the tracking is always set to Jy/Jx = "y/"x. The number
of turns corresponds to about 2 longitudinal damping times. The resulting momentum acceptances are
consistent with the luminosity optimisation shown in Table 2.1. Effects in Table 2.3 are taken into
account. The momentum acceptance at tt is “asymmetric” to match the distribution with beamstrahlung.

energies, symmetric acceptances have been applied.
A number of effects are not included in the optimisation process, mainly due to their stochastic

nature, which will need a large number of samples to simulate. Table 2.5 lists such effects, which are
evaluated separately after the optimisation. Among them, the quantum fluctuation should have signifi-
cant effects and the radiation fluctuation of the SR in the lattice should be simulated together with the
beamstrahlung, since they have comparable magnitudes.

2.4.5 Tolerances and Optics Tuning
The low emittance budget and the small �⇤ at the interaction point define error tolerances and tuning
requirements. Magnet misalignments and other optics errors generate spurious vertical dispersion (which
can amount to several hundred meters without any correction applied) and betatron coupling, both of
which compromise the target emittances, in particular at high energy. Several correction methods and
algorithms were developed in order to achieve emittances close to their design values.

Horizontal correctors were installed at every focusing quadrupole and vertical correctors at every
defocusing quadrupole. Beam position monitors (BPM) were placed at each quadrupole, including the
final quadrupole doublets next to the IPs. Skew quadrupole correctors combined with a trim quadrupole
are placed at each sextupole in order to correct the beta-beat and to rematch the horizontal dispersion.
Special skew quadrupoles were installed in the interaction region to compensate the possible tilt of the
final-doublet quadrupoles. The effect of dipole tilts will be included in the next phase of the study.

The vertical dispersion distortion was fist corrected with orbit correctors via the dispersion free
steering method [179] and then with skew quadrupoles with the help of response matrices. The linear
coupling was corrected by adjusting the linear coupling resonance driving term parameters, as tested at
the ESRF [180]. Trim quadrupoles were used to rematch the phase advances between the BPMs, again
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Figure 2.3: Luminosity at Z as a function of betatron tunes. The colour scale from zero (blue) to
2.3 ⇥ 10

36 cm�2s�1 (red). The white narrow rectangle above (0.57, 0.61) shows the footprint due to
the beam-beam interaction. A few synchrotron-betatron resonance lines Q⇤

x � mQ⇤
s = n/2 are seen.

(x-z) instability [159–161] and 3D flip-flop [161], the latter occurring only in the presence of beam-
strahlung. Both instabilities are bound with the horizontal synchro-betatron resonances, satellites of
half-integer. In any case, it is necessary to move away from low-order resonances, so Q⇤

x is chosen close
to the upper limit (thus Qx,y move further away from the integer, which facilitates tuning of linear op-
tics). Another requirement is that ⇠x must be substantially less than the distance between neighbouring
satellites, which is equal to the synchrotron tune Q⇤

s . In other words, it is necessary to reduce the ratio
⇠x/Q⇤

s .
The first step is to reduce �⇤

x. However, because of the absence of local horizontal chromaticity
correction in the interaction region, attempts to make �⇤

x too small lead to a decrease in the energy
acceptance. �⇤

x can be reduced to 15 cm at Z, but this is not enough to suppress the instabilities. The
next step is to reduce ⇠x for a given �⇤

x, whilst trying to keep ⇠y unchanged. This can only be done by
increasing �z . The most efficient way is to increase the momentum compaction factor ↵p, because not
only does ⇠x decrease (due to larger �z) but also Q⇤

s grows. In addition, larger ↵p raises the threshold of
microwave instability to an acceptable level. The only drawback of this approach is that the horizontal
emittance "x grows with the power of 3/2 with respect to ↵p. For the luminosity, "x is not so important by
itself, but "y should be small and it is normally proportional to "x. However, the horizontal emittance at
Z with small ↵p and FODO arc cells with 90

�/90
� phase advances is small – less than 90 pm. Therefore,

even a threefold increase still allows achieving the design vertical emittance "y = 1 pm. Thus, the FCC-
ee features a lattice where doubling of ↵p is achieved by reducing the phase advance per FODO cell in
the arcs to 60

�/60
�, see Section 2.4.1.

Turning to the dependence on RF voltage: �z / 1/
p

VRF , Q⇤
s /

p
VRF . The requirement to keep

⇠y unchanged means that Np/�z is held constant. Therefore, if VRF is lowered, ⇠x decreases inversely
with �z (and not with the square of the inverse bunch length, as it might have seemed at first glance). As
a result, ⇠x/Q⇤

s does not change, but by lowering Q⇤
s the order of synchro-betatron resonances located in

the vicinity of working point is increased. For this reason VRF is made small and one can find betatron
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2.8.2 Extraction and Beam Dump
The extraction system is designed to remove the electron and positron beams from the main ring and
transport them to the external beam dump. The system of extraction kickers and a Lambertson septum
deflect the beam downwards by 12 mrad. In order not to melt the dump absorber material, the beam is
spread over the front surface of the dump in a spiral pattern by means of horizontal and vertical dilution
kicker magnets. The energy density deposited in the graphite in the horizontal-longitudinal (x-z) plane
is shown in Fig. 2.30.

Figure 2.30: The energy deposition on the beam dump for FCC-ee.

2.9 Operation and Performance
The physics goals of FCC-ee require the following integrated luminosities, summed over two interaction
points (IPs): 150 ab�1 at and around the Z pole (88, 91, 94 GeV centre-of-mass energy); 10 ab�1 at the
W± threshold (⇠ 161 GeV with a ±few GeV scan); 5 ab�1 at the ZH maximum (⇠ 240 GeV); 1.5 ab�1

at and above the tt threshold (a few 100 fb�1 with a scan from 340 to 350 GeV, and the remainder at 365
GeV [229, 230].

To estimate the time required to accumulate these target values and to develop a time line for
operation, the following assumptions have been made. It is assumed that, on average, 185 days per year
are scheduled for physics, which is based on an average winter shutdown length of 17 weeks (e.g. for
installation of new cryomodules), 30 days of beam commissioning after the end of each annual shutdown,
20 days per year of machine development and 10 days for technical stops. These numbers are considered
conservative. For example, if a single RF cryomodule is transported per working day, for an average
number of 11.5 cryostats to be installed per regular winter shutdown (see Fig. 2.31), and adding 10 days
for installation, 10 days for cool down, and 25 days for interlock tests and RF conditioning, the average
length of the winter shutdown would be about 11 weeks, compared with the 17 weeks allocated.

By profiting from the top-up-injection constant-current mode of operation, a physics efficiency of
75% is assumed. This efficiency relates the product of the nominal baseline luminosity and the scheduled
time for physics collisions with the actually integrated luminosity.

All of the circular e+e� colliders operating over the past twenty years (LEP, KEKB, PEP-II,
DAFNE, BEPCII) achieved hardware availabilities well above 80% and some even above 90%. Since
1995 the CERN SPS including its whole injection chain, delivered beams for physics with an efficiency
above 80% every year.
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Figure 2.12: An x–z view of the FCC-ee IR layout for ±2.5 m from the IP. Note the expanded vertical
scale.

The vacuum beam pipe aperture, which is circular and has a constant radius of 15 mm is shown
in red on Fig. 2.12. The first final focus quadrupole ‘QC1’ is shown in yellow. Synchrotron radiation
mask tips which intercept SR scattered particles are also shown on the plot, they are located in the
horizontal plane just in front of QC1 at 2.1 m from the IP. The horizontal aperture will be 12 mm at the
mask tips. Section 2.5.4 describes how synchrotron radiation is handled in the collider. The luminosity
monitor which is placed longitudinally between 1.074 and 1.19 m from the IP, is shown in magenta. A
description of the luminosity monitor is given in Section 2.5.3.

To reduce multiple scattering towards the luminosity monitor, the vacuum chamber located in
the range of ±0.9 m from the IP will be made from beryllium, followed by a copper vacuum chamber
throughout the final focus doublet. The vacuum chamber inside the superconducting final focus is at
ambient temperature. The central vacuum chamber will also have a 5 µm gold coating to shield the
detector and luminosity monitor from scattered synchrotron radiation photons. Outside the vacuum
chamber, between the luminosity monitor window and QC1, 1 cm of Tantalum (or some other high
Z material such as Pb or W) shielding (shown in green on Fig. 2.12) will be installed to protect the
detectors. It has been confirmed by a full GEANT4 [173] simulation of the sub-detectors (see Section 7.1)
that this high-Z material shielding is necessary and sufficient, especially at the top energy.

Figure 2.13: Left: 3D CAD view of the IR vacuum chamber in the region where two beam pipes merge;
Right: beam pipe with HOM absorbers.
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DRAFT V 0.6 FOR ADVISORY COMMITTEE - DO NOT DISTRIBUTE

COLLIDER TECHNICAL SYSTEMS

Figure 3.11: Schematic of the FCC-ee arc vacuum system. The small picture on the bottom left shows
the same vacuum system inserted into a twin quadrupole (at the back) and a twin dipole magnet (in front).

the end of 2018. These tests will measure the SR-induced molecular desorption yield, which for stan-
dard thickness NEG-coatings have been shown to desorb ⇠100 times fewer molecules than an uncoated
system of the same geometry [245].

It has been shown that the generation of CH4 through SR-induced desorption mechanism is much
reduced by the presence of NEG-coating: accordingly, a large pumping speed for such a non-getterable
gas is not needed and, therefore, pumps of the NEXTorr family (SAES Getter Inc., Milan) will be in-
stalled in the pumping domes. NEXTorr pumps are based on NEG technology, using blades or discs of
sintered NEG material and have an integrated ion-pump which has about 10 l/s pumping speed which
should be sufficient to pump the non-getterable gases, such as CH4 and Ar. As an alternative to the
compact NEXTorr pumps, medium-sized sputter-ion pumps (e.g. 80–120 l/s) could be installed, or the
two types of pumps could be alternated. The conductance of the pumping dome’s rectangular slot and
RF slotted shield has been calculated to be ⇠110 l/s, so that a 120 l/s nominal pumping speed would be
reduced to about 1/2 of its value, which is deemed acceptable.

Another advantage of the NEG-pumps is that they do not need any permanent local high-power
cabling, since the NEG part of the pump, which produces the bulk of the pumping, can be activated with
local controllers manned during the bake-out cycle. The gas capacity for CO and CO2 of a 500–1000 l/s
NEXTorr pump is very large, meaning that the pump should not need re-activation other than during the
scheduled shutdown periods of the accelerator, i.e. there will be no impact on the machine availability.

Given the very large radius of curvature of the arc dipoles (⇠11 km), the total length of the arcs,
the two-chamber design and the fact that the distance between absorbers is of the order of 5 m, the total
number of pumps, if placed in front or near each absorber, would be ⇠16000. In order to optimise
the cost, MC simulations showing the effect on the average pressure for a reduced number of pumps,
installing one pump every 3 or 5 absorbers have been made. The result is that the dynamic vacuum
conditioning time, i.e. the integrated beam dose (Ampere-hour) before reaching a suitably low average
value of the SR-induced desorption yield, is doubled. This reveals a fundamental limit dictated by the
geometry of the system, mainly the aperture in the magnets and the radius of curvature of the dipoles.
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Table 3.5: Final focus quadrupoles parameters.

Start position Length B0 @Z B0 @W± B0 @Zh B0 @tt

(m) (m) (T/m) (T/m) (T/m) (T/m)

QC1L1 2.2 1.2 �78.60 �96.16 �99.98 �100.00

QC1L2 3.48 1 +7.01 �40.96 �99.94 �100.00

QC1L3 4.56 1 +28.40 +22.61 +26.72 �100.00

QC2L1 5.86 1.25 +2.29 +40.09 +23.75 +58.81
QC2L2 7.19 1.25 +9.05 +3.87 +39.82 +68.18
QC1R1 �2.2 1.2 �79.66 �100.00 �99.68 �99.60

QC1R2 �3.48 1 +5.16 �37.24 �92.78 �99.85

QC1R3 �4.56 1 +36.55 +24.02 +5.87 �99.73

QC2R1 �5.86 1.25 +7.61 +45.51 +36.45 +63.03
QC2R2 �7.19 1.25 +4.09 +3.95 +44.43 +77.91

the minimum distance between the magnetic centres of the e+ and e� QC1L1 magnets is 66 mm (see
Fig.3.7).

Figure 3.7: The position of the two QC1L1 magnets near the IP (QC1L1P on the left and QC1L1E on the
right). The colours correspond to the magnitude of the magnetic field at the surface. There is a horizontal
angle of 30 mrad between the two beam pipes (not shown here). The tips of the quadrupoles are 2.2 m
from the IP. The axes are in mm and they follow the positron beamline and the IP is at the origin (0,0,0).

3.2.6.1 Field quality
The field quality requirements become less stringent as one moves further away from the IP. It is planned
to use the same technology for all elements and the following paragraphs will concentrate on the most
critical elements, QC1L1. These magnets are 1.2 m long, at the tip they are located 66 mm from their
counterpart for the other beam and they are 102 mm apart at the far end. The magnet has an inner aperture
of 40 mm diameter and an outer diameter of 64 mm. The beam pipes for both electrons and positrons
have an inner diameter of 30 mm in the vicinity of QC1L1. A traditional CCT design has excellent field
quality but there are small edge effects, which cancel out if one integrates through the whole length of the
magnet. However, in a region of rapidly varying optics this cancellation alone does not ensure excellent
performance and therefore the edge effects have been corrected locally using a novel technique based on
the addition of multipole components directly in the CCT-quadrupole coil geometry [239].

Furthermore, the significant amount of crosstalk between the two quadrupoles which are sitting
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during a pulse of a few nanoseconds so as to act on a single bunch without influencing the others. An
electrostatic RF kicker similar to the transverse feedback kicker [223] of the LHC, will be adequate. The
exact disposition of the system of kickers is under study.
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Figure 2.28: Layout of the inverse Compton polarimeter .

The proposed [158] polarimeters will be based on Compton backscattering, with a simultaneous
measurement of the recoil electron (in the following electron will represent particles of either sign) and
of the backscattered photon. The photon measurement was done at LEP, but with modern silicon pixel
technology it becomes possible to perform a complete mapping of the recoil electron in energy and angle.
The device is sketched in Fig. 2.28. A suitable location for the laser-beam intersection point is upstream
of the last dispersion suppressor magnet on the beam located inside the ring in the insertions at Points
PH and PF. The recoil electrons/positrons are thus magnetically analysed in the magnet. The analysis
of the recoil electron allows a more sensitive measurement of polarisation than the photons; furthermore
the end point provides an independent and continuous beam energy monitoring at a level of 10

�5. This
independent monitoring of the beam energy will be most useful: i) to ensure that no large variation
occurs between RDP measurements; ii) it can also be used to compare the energy of the colliding and
non-colliding pilot bunches; it may even be possible to cross-calibrate it with the RDP to obtain a direct
energy measurement of the colliding bunches.

The interpolation of the average beam energy as determined by RDP to the centre-of-mass energy
requires an understanding of all sources of energy loss and energy gains: RF cavity voltages and phases,
energy loss by synchrotron radiation and beamstrahlung or impedances. The effect of RF voltage and
phase uncertainties is eliminated if all the RF for both beams is situated in the same straight section. In
this configuration the energy gain by the RF is simply determined by the total energy loss, uncertainties
due to the distribution of RF gains across the ring are eliminated. The energy offset at any of the IPs only
depends on the energy loss between the RF system and the IP. The energy loss in the arcs at 45 GeV,
of 9 MeV per quadrant, is expected to be known to better than 10

�3 (9 keV) and will not introduce a
significant uncertainty. This configuration has been chosen for the layout of the collider for the Z and W
running.

The average energy loss by beamstrahlung is of the order of 62 keV (at the Z) but, because the
pilot and colliding bunches circulate in the same magnetic structure, they will conserve the same average
energy. Beamstrahlung will only affect the collision energy by a fraction of this number, if the energy
loss occurs asymmetrically before or after the collision point.
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avoid extra power and match for higher beam current. Each cavity has two detachable 
coaxial HOM couplers mounted on the cavity beam pipe with HOM power handling 
capacity of 1 kW. Each 11 m-long cryomodule consists of six cavities. (Figure 4.3.1.1) 
Each cryomodule has two beamline HOM absorbers at room temperature outside the 
vacuum vessel with HOM power handling capacity of 5 kW each. 

Each two cavities will share a klystron with 800 kW maximum output power. The 
beam power in the two cavity is less than 70 % of the klystron maximum output power 
for all the operation modes, the extra power will be enough for the waveguide loss, cavity 
detuning, parasitic loss and LLRF headroom. Some of the Higgs cavities will be used for 
W and Z operation (108 out of 120 cavities per ring for W, 60 out of 120 cavities per ring 
for Z), which has the same RF power source and distribution as the Higgs. The unused 
idle cavities will be detuned and kept at 2 K to extract fundamental mode and HOM power. 

Beam loading effects define the RF system design and configuration of the W and Z 
mode. Transient beam loading of beam gaps, large cavity detuning with small revolution 
frequency, and cavity fundamental mode and higher order mode induced coupled bunch 
instabilities with small radiation damping are of the most concern. Less cavities and cell 
numbers are preferred to have high stored energy and low impedance. 
 

 
Figure 4.3.1.1: CEPC Collider Ring 650 MHz 2-cell cavity and cryomodule 

Table 4.3.1.1: CEPC Collider RF parameters 

 H W Z 

Beam Energy [GeV] 120 80 45.5 

Luminosity / IP [1034 cm-2s-1] 2.93 10.1 16.6/32.1 

SR power / beam [MW] 30 30 16.5 

Circumference [km] 100 100 100 

RF frequency [MHz] 650 650 650 

Harmonic number 216816 216816 216816 
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4.3.1.4 Cavity 

The 650 MHz 2-cell cavity (Figure 4.3.1.3) is made of bulk niobium and operates at 
2 K with Q0 > 4×1010 at 22 MV/m for the vertical acceptance test, Q0 > 2×1010 at 20 
MV/m for the horizontal test. The normal operation gradient is below 20 MV/m, and the 
lower limit of Q0 is 1.5×1010 for long term operation. The main RF parameters are listed 
in Table 4.3.1.3. The cavity mechanical structure is optimized with the helium vessel to 
minimize pressure sensitivity (df/dp) and mechanical stress [14]. The cavity wall 
thickness is 4 mm. The length of the cavity beam pipes, HOM coupler ports and input 
coupler port should be long enough to ensure negligible power dissipation in the gaskets 
and flange surfaces compared to the wall loss of the high Q cavity, but cannot be too long 
to go above the Nb critical temperature. Special gapless gaskets will be used to avoid 
additional dissipation at different joints. Cooling of cavity ports by an extended helium 
vessel could be considered, especially for the power coupler and HOM coupler.  Copper 
plating is necessary for the bellows between cavities. RF shielded bellow might be needed. 
It is necessary to achieve compliance with Chinese pressure codes and permission from 
authorities to operate low-temperature containers made from niobium and titanium. CEPC 
will gain experience from SHINE in Shanghai, which will be the first accelerator project 
with SRF cavity to have compliance with pressure codes in China.  

 

 
Figure 4.3.1.3: 3-D model of the 650 MHz 2-cell cavity 

Table 4.3.1.3: Main parameters of the CEPC 650 MHz 2-cell cavity  
Parameter Unit Value 

Cavity frequency MHz 650 

Number of cells - 2 

Cavity effective length m 0.46 

Cavity iris diameter mm 156 

Beam tube diameter mm 156 

Cell-to-cell coupling - 3 % 

R/Q Ω 213 

Geometry factor Ω 284 

Epeak/Eacc - 2.4 

Bpeak/Eacc mT/(MV/m) 4.2 
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Figure 4.3.3.1: Cross section of the dual aperture dipole. 

 
Figure 4.3.3.2: The normalized field error distribution of the dual aperture dipole. 

The design parameters of dual aperture dipole are listed in Table 4.3.3.5. 
  

COLLIDER TECHNICAL SYSTEMS

not necessary, as it would bring more complications than savings in materials.
Another key feature which makes a compact yoke possible is the small size of the good field

region: in this case, the size of the vacuum chamber is not dictated by the size of the beam (which is
consistent with the good field region) but by other considerations, such as impedance and absorption of
synchrotron radiation. Furthermore, the quadrupole term b2 can be disregarded in the expansion for field
quality, as a systematic linear component can be compensated with the arc quadrupoles. A strong b2
term at low dipole fields (few tens of mT) was considered an issue for LEP. This comes from two main
effects: a change in relative permeability of the iron across the width of the pole at different excitation
currents and the remanent field coming from the coercivity. As the FCC-ee will be operated at constant
current with a top up injector, the second effect can be disregarded: even if the machine were to operate
at low energy after a high energy run, there will be time for full degaussing or preconditioning. The first
effect is being evaluated with prototypes, using a noble material (pure iron ARMCO) and a less noble
one (S275JR construction steel). The option preferred for the machine appears to be a low carbon steel:
it is cost effective and it still features stable permeability over time. Tight specifications on the magnetic
properties, in particular the coercivity, could possibly be relaxed, as they can be compensated by shuffling
the cores during installation, instead of the more classical shuffling of laminations in the yokes. This is
possible due to the large number of cores in the machine. Instead of being based on punched laminations,
the prototypes are based on machined iron plates, held together by precise cylinders. In the prototypes,
the central cylinders give satisfactory results for mechanical assembly tolerances; magnetically they can
concentrate the flux further up to 1.5 T, at the highest excitation current.

The overall dimensions of the cross section are compatible with vacuum chambers which have
the side winglets (see Section 3.3.2.1), as shown in Fig. 3.1. For one of the two beams, the synchrotron
radiation points towards the central part of the dipole, the aluminium busbar. This is not a particular
concern because this component can be made radiation hard by using a suitable material for the ground
insulation (for example, an inorganic coating). Furthermore, aluminium has the advantage of becoming
less activated than heavier metals.

At the highest beam energy, the total electric power needed for the bending magnets, including
the connections, is ⇠16 MW. As in LEP, the busbars of the dipoles come near to each other (to mutually
compensate their magnetic effect) and are then bent away from the beams to bypass the straight sections.

Figure 3.2: One of the 1 m long model dipole magnets manufactured at CERN

Two prototypes with a magnetic length of 1 m have been manufactured at CERN so far (see
Fig. 3.2). For convenience these models had copper busbars, but this had no effect on the magnetic
response. At the time of writing, full magnetic measurements are being made: these will be reported
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Circular e+e- colliders (CEPC, FCC-ee)
Parameters CEPC FCC-ee

Z ZH Z ZH
Ebeam [GeV] 45.6 120 45.6 120 182.5
Circumference [km] 100 97.756
Current / beam [mA] 461 17.4 1390 29 5.4
SR power / beam [W} 16.5 30 50
Crossing angle at IP [mrad] 33 30
β-functions at IP (x/y) [m/mm] 0.2/1.0 0.36/1.5 0.15/0.8 0.3/1.0 1/1.6
Emittance (x/y) [nm/pm] 0.18/1.6 1.21/2.4 0.27/1.0 0.63/1.3 1.46/2.9
Beam sizes at IP [μm/nm] 6.0/40 20.9/60 6.4/28 13.7/36 38.2/68
Bunch length (SR/BS)* [mm] 2.4/8.5 2.7/4.4 3.5/12.1 3.2/5.3 2.0/2.5
Energy spread (SR/BS) [10-4] 3.8/8.0 10.0/13.4 3.8/13.2 9.9/16.5 15.0/19.2
Particles/bunch [1011] 0.8 1.5 1.7 1.8 2.3
Bunches/beam 12000 242 16640 328 48
Beam-beam parameters (x/y) 0.004/0.079 0.018/0.109 0.004/0.133 0.016/0.118 0.099/0.126

Luminosity/IP [1034/cm2s] 32 3.0 230 8.5 1.55

tt

* SR = synch. rad. only, BS = synch. rad. + beamstrahlung CEPC CDR
Future Circular Collider, The Lepton Collider 

(FCC-ee) V1.5 (2018-12-17)



30%

51%

19%

Accelerator (2000 MCHF)
Civil (5400 MCHF)
Technical infra. (3100 MCHF)
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Figure 12.1: Relative cost of the CEPC project constituents. 

 
 

 
Figure 12.2: Cost breakdown of the CEPC major accelerator components. 

CEPC FCC-ee (detectors not included)

Future Circular Collider, The Lepton Collider (FCC-ee) 

V1.5 (2018-12-17)
CEPC CDR

❖ Note that the relative portion for civil engineering and technical infrastructure is much smaller in 
CEPC than FCC-ee.

❖ CEPC-CDR saids “The cost saving is more than 50%“, compared to FCC-ee.
❖ The cost for FCC-ee roughly agrees with scaling from LEP (1/3.5) including ∼150% escalation of CHF 

since 1985. http://fxtop.com/en/inflation-calculator.php?
A=100&C1=CHF&INDICE=CHCPI2011&DD1=01&MM1=01&YYYY1=1985&DD2=04&MM2=01&YYY
Y2=2019&btnOK=Compute+actual+value

* tt needs additional costs for RF 
and cryogenics.

http://fxtop.com/en/inflation-calculator.php?A=100&C1=CHF&INDICE=CHCPI2011&DD1=01&MM1=01&YYYY1=1985&DD2=04&MM2=01&YYYY2=2019&btnOK=Compute+actual+value
http://fxtop.com/en/inflation-calculator.php?A=100&C1=CHF&INDICE=CHCPI2011&DD1=01&MM1=01&YYYY1=1985&DD2=04&MM2=01&YYYY2=2019&btnOK=Compute+actual+value
http://fxtop.com/en/inflation-calculator.php?A=100&C1=CHF&INDICE=CHCPI2011&DD1=01&MM1=01&YYYY1=1985&DD2=04&MM2=01&YYYY2=2019&btnOK=Compute+actual+value
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· Construction will start in 2022 in the government’s 14th Five-Year Plan and 
continue in the 15th Five-Year Plan. Construction will be completed by 2030. 

· Experiments can begin as early as 2030 when the 16th Five-Year Plan starts. 
· The experiments will continue for about 10 years until 2040 as outlined in 

Chapter 3.  
· After 2040, the superconducting magnets for the SPPC project are expected to 

be ready for installation, and the SPPC era will begin. 
 

 

Figure 12.5: A possible timeline. 

Of course, the realization of such an ideal timeline depends on many factors. Some 
are under our control, some are not. After completion of this CDR, the focus turns to the 
R&D. 

There are several critical paths in the CEPC timeline: 
· Successful R&D for the two SRF systems: 

� Collider: 650 MHz, 240 2-cell cavities in 40 cryomodules. 
� Booster: 1.3 GHz, 96 9-cell cavities in 12 cryomodules. 
� A large RF facility similar to those at JLab, Fermilab, KEK and DESY 

is currently under construction at Huairou, a city about 60 km north of 
Beijing. It will be used for cavity inspection and tuning set ups, RF 
laboratory, several vertical test stands, clean rooms, high pressure rinse 
(HPR) systems, fundamental power coupler (FPC) preparation and 
conditioning facility, cryomodule assembly lines, horizontal test 
stations, high power RF equipment, and will have a cryogenic plant. 

· Successful R&D for high efficiency klystrons: 
� A collaboration between the IHEP and an industrial company in 

Kunshan city was formed. The goal is to design and prototype 
klystrons with a saturation efficiency of 80% or higher. 

· During the construction period, some technical systems will require longer 
time than the others and this will be taken into account in the planning. For 
example: 

� Civil construction: 55 months 
� SRF: 3 years 
� RF sources: 2.5 years 
� Cryogenic system: 5 years 
� Magnets: 8 years, assuming 5 production lines each for the Collider 

and Booster magnets 
� Vacuum: 8 years for NEG coating of the 100-km long Cu pipes, 

assuming 10 or more companies working on this job 
� Installation and alignment: 3-5 years 
� MDI: from the experience at the SuperKEKB, MDI modules took 10 

years from prototyping to completion 

SppC installation
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3 Operation Scenarios 

The CEPC will operate in three different modes: H (e+e� o ZH), Z (e+e� o Z) and W 
(e+e� o W+W�). The center-of-mass energies are 240, 91 and 160 GeV, and the 
luminosities are 3 u 1034, 32 u 1034 and 10 u 1034 cm-2s-1, respectively, as shown in Table 
3.1. The primary physics goal is to use the CEPC as a Higgs factory. Therefore, a tentative 
“7-2-1” operation plan is to run first as a Higgs factory for 7 years and create one million 
Higgs particles or more, followed by 2 years of operation as a Super Z factory and then 1 
year as a W factory. 

In order to make a realistic estimate of the integrated luminosity per year, we 
investigated the experience at 4 lepton colliders: LEP, KEKB, PEP-II and BEPC-II. 

LEP (including both LEP1 and LEP2) operated from 1989 to 2000 for 12 years. From 
1990-2000 the operation time ranged from 2,669 to 5,496 hours per year, and averaged 
4,240 hours a year. The machine efficiency, the ratio of physics data taking time over the 
total operation time, ranged from 35% to 59%, with an average of 41% [1]. 

KEKB operated from 1998 to 2010. The statistics from 2000-2010 showed the 
average operation time was 5,060 hours a year and average efficiency 73% [2]. 

PEP-II operated from 1999 to 2008. The 2003-2008 statistics showed that in these last 
6 years of running, the average operation time was 5,750 hours a year and the average 
efficiency 58% [3]. 

BEPC-II started operation in 2008 and is still running. Statistics from 3 recent years, 
2015 to 2017, showed an average operation time of 7,140 hours per year and average 
efficiency of 67% [4]. This efficiency included BEPC-II operation for particle physics 
experiments as well as for synchrotron radiation light experiments. 

Based on these statistics, the CEPC operation plan will be as follows: 
• The CEPC will operate 8 months each year, equivalent to 250 days or 6,000 

hours. 
• The efficiency for physics data taking is assumed to be 60%, which reduces 

the above numbers to about 5 months, or 150 days, or 3,600 hours. It is equal 
to 1.3 Snowmass units. (Note: 1 Snowmass unit = 107 seconds) 

 
Table 3.1 lists the luminosity, integrated luminosity and total number of particles 

produced by the CEPC in 10 years. 

Table 3.1: CEPC 10-year operation plan 

Particle Ec.m. 

(GeV) 

L per IP 
(1034 cm-2s-1) 

Integrated L 
per year 

(ab‒1, 2 IPs) 
Years 

Total 
Integrated L 
(ab‒1, 2 IPs) 

Total no. of 
particles 

H 240 3 0.8 7 5.6 1 × 106 
Z 91 32 (*) 8 2 16 7 × 1011 

W+W� 160 10 2.6 1 2.6 1.5 × 107 
(*) Assuming detector solenoid field of 2 Tesla during Z operation 
 
The CEPC, running at Ec.m. = 240 GeV for 7 years, will produce one million Higgs 

bosons. This allows precision measurement of the Higgs couplings to the sub percent level, 
about an order of magnitude better than the precision achievable at the HL-LHC. 
Moreover, it allows for model independent determination of the Higgs width. In addition, 

Z pole

WW 
x10

HZ 
x10

CEPC FCC-eeCEPC CDR

CEPC can co-exist with SppC.

FCC-hh

• CEPC starts at ZH production, then goes back to lower 
energies.

• FCC-ee installs more RF units as the energy increases.
• FCC-ee will be removed when FCC-hh comes in.
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CLIC 



The Compact Linear Collider (CLIC)
❖ Klystron driven accelerating  structure (usual linac): extracts the energy of beam inside the klystron 

as RF and feeds it to an accelerating structure.

❖ Two beam accelerator: instead of many small klystrons, use a small number of two beam structures, 
which extracts energy of the drive beam and feed to the driven beam. So it is a sort of huge klystron 
placed along the beam.

❖ Very high accelerating gradient is possible, up to 150 MV/m.
❖ Very high energy efficiency from the drive beam to driven beam is expected. 

Fermilab
Linac

https://www.ebah.com.br/content/ABAAAf6jIAI/the-physics-of-radiation-therapy-faiz-m-khan-4khan?part=2
https://www.researchgate.net/figure/Typical-CLIC-Two-Beam-Module-type-1-The-main-results-of-the-experimental-program-are_fig1_254468772
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CLIC layout and power generation 
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IPTA
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240 ns 
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CLIC layout – 3TeV 
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Accelerator challenges 
Drive beam quality 

• Produced high-current drive beam bunched at 12 GHz

28A

3 GHz

x2

x3

12 GHz

Arrival time 
stabilised to 
50 fs

Four challenges:  
 
High-current drive beam 
bunched at 12 GHz
Power transfer +  
main-beam acceleration 
~100 MV/m gradient in 
main-beam cavities 
Alignment & stability 
 
      

Drive beam quality 

• Produced high-current drive beam bunched at 12 GHz

28A

3 GHz

x2

x3

12 GHz

Arrival time 
stabilised to 
50 fs

Drive beam  
arrival time  
stabilised  
to CLIC 
specification 
of 50fs:  28A 

Drive beam quality: 
Produced high-current drive beam bunched at 12GHz 

Current in combiner ring 

Examples of measurements from CLIC 
Test Facility, CTF3, at CERN.   
 

CTF3 now the ‘CERN Linear Electron 
Accelerator for Research’ facility, CLEAR 
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Accelerator challenges 
• Demonstrated two-beam acceleration

31 MeV = 145 MV/m

Two beam acceleration 

• Demonstrated two-beam acceleration

31 MeV = 145 MV/m

Two beam acceleration 

• Demonstrated two-beam acceleration

31 MeV = 145 MV/m

Two beam acceleration 

31MeV = 145MV/m 

Four challenges:  
 
High-current drive beam 
bunched at 12 GHz 
Power transfer +  
main-beam acceleration
~100 MV/m gradient in 
main-beam cavities 
Alignment & stability 
 
      

Demonstrated 2-beam acceleration 
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Schedule 
Updated schedule:  
Construction + commissioning:  7 years, followed by 25–30 year physics programme 



Future pp Colliders (FCC-hh, SppC, HE-LHC)
parameter FCC-hh SppC HE-LHC HL-LHC

Initial Nominal Baseline

collision energy cms [TeV] 100 75 27 14

dipole field [T] 16 12 16 8.33

dipole magnet Nb3Sn Fe-HTS Nb3Sn NbTi

circumference [km] 97.75 100 26.7 26.7

beam current [A] 0.5 0.75 1.1 1.1

bunch intensity  [1011] 1 1 1.5 2.2 2.2 
bunch spacing  [ns] 25 25 25 25 25

synchr. rad. power / ring [kW] 2400 1100 101 7.3
SR power / length [W/m/ap.] 28.4 12.8 4.6 0.33

long. emit. damping time [h] 0.54 1.28 1.8  12.9

beta* [m] 1.1 0.3 0.75 0.45 0.15

normalized emittance [µm] 2.2 2.4 2.5 2.5

peak luminosity / IP [1034 cm-2s-1] 5 30 10 16 5 (lev.)

events/bunch crossing 170 1000 500 460 132 
stored energy/beam [GJ] 8.4 9.1 1.3 0.7

❖ FCC-hh has two modes of operation with different β*. No change in the hardware between two modes.
❖ FCC-hh also thinks a possibility of energy upgrade toward 150 TeV CM with HTS magnets.
❖ SppC mentions “ultimate energy”, 125 - 150 TeV, in the CEPC CDR, by stronger (20 - 24 T) dipole magnets.
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Table 8.1.1: Key parameters of the SPPC baseline design 

Parameter Value Unit 
 Initial Ultimate  
Center of mass energy 75 125-150 TeV 
Nominal luminosity 1.0u1035 - cm-2s-1 
Number of IPs 2 2  
Circumference 100 100 Km 
Injection energy 2.1 4.2 TeV 
Overall cycle time 9-14 - Hours 
Dipole field 12 20-24 T 

 
Figure 8.1.1: SPPC accelerator complex 

8.1.3 Overview of the SPPC Design 

The collider will coexist with the previously built CEPC, housed in the same tunnel, 
of circumference 100 km. The shape and symmetry of the tunnel is a compromise between 
the two colliders. The SPPC requires relatively longer straight sections which will be 
described below. This means eight identical arcs and eight long straight sections for two 
large detectors, injection and extraction, RF stations and a complicated collimator system. 
Based on expected progress in HTS technology, especially Fe-HTS technology and also 
high-field magnet technology in the next fifteen to twenty years, we expect that a field of 
12 T will be attainable for the main dipole magnets with reasonable cost and cheaper than 
that based on Nb3Sn superconductors. Twin-aperture magnets will be used for the two-
ring collider. A filling factor of 78% in the arcs (similar to LHC) is assumed. 

With a circulating beam current of about 0.73 A and small beta functions (β*) of 0.75 
m at the collision points, the nominal luminosity can reach 1.0 u 1035 cm-2s-1 per IP. The 
high beam energy, high beam current and high magnetic field will produce strong 
synchrotron radiation which will impose critical requirements on the vacuum system.  We 
expect that this technical challenge will be solved in the next two decades by developing 
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Figure 2.2: CEPC layout 

 
Figure 2.3: Collider layout 

The layout of the Collider, and the location of the two straight sections used for 
physics, and the two straight sections used for the superconducting RF cavities is shown 
in more detail in Fig. 2.3.  The Collider uses 650 MHz 2-cell cavities, described in more 
detail in Section 4.3.1.  

IPIP

SppC’s detectors are 
placed at 90°/270° 
relative to CEPC’s.

FCC-hh’s detectors are 
placed in the same 
cavern as FCC-ee’s.



Future pp Colliders (FCC-hh, SppC, HE-LHC)
FCC-ee FCC-hh

5.5	m	diameter

 167 

walls is about half a meter, enough for one person. The aisle between the CEPC and SPPC 
is 2,400 mm, for transportation, installation, alignment and other operations. 

 

 

Figure 4.3.9.6: Tunnel cross section in the arc-section 

CEPC has two RF sections. The RF tunnel can be divided into two parts, one where 
there are only Collider cryomodules but no Booster cryomodules; the other is the reverse. 
At the RF section, there are no SPPC devices because colliding points of SPPC are near 
the RF sections of CEPC. In the CEPC Collider, the cryomodules are in the “bigger ring” 
due to their physical design. The cross sections of the RF tunnel and gallery are shown in 
Figs. 4.3.9.7 and 4.3.9.8. 

At the RF section, there are many auxiliary devices such as the power sources, 
cryogenic equipment and cooling water. They are all in the two auxiliary tunnels (galleries) 
parallel to the two RF main tunnels. Each auxiliary tunnel is 818.6 meters long, 8 meters 
wide and 7 meters high. The layout of the auxiliary tunnel is symmetrical to the symmetry 
point of the Collider and Booster. In an auxiliary tunnel, there are two Collider RF power 
source galleries, 235 meters each, two Cryogenic system galleries 37 meters each, two 
utilities galleries 70 meters each and one Booster RF power source gallery of 134.6 meters, 
as shown in Fig. 4.3.9.9. In order to accommodate new devices that will be required for 
future upgrade for tt̅ operation, an additional space of 1,130 meters is added to each 
auxiliary tunnel for a total length of 1,948.6 meters. 

 

 

CEPC/SppC

CIVIL ENGINEERING

Figure 4.9: Tunnel cross section at fire compartment separation wall.

Figure 4.10: Water inflows during LEP tunnel construction.

PREPRINT submitted to Eur. Phys. J. ST
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HE-LHC 3.8	m	diameter

6	m	wide

4.4 Tunnel Enlargements 

Separation walls need to be installed every 548 m to create fire compartments to implement the new fire safety 
concept. Given the size of the magnets, it is not possible to fit the doors of these separations in the existing tunnel 
envelope, as shown in Fig. 4.9. Therefore, parts of the lining must be broken out. 



High field magnets (FCC-hh, HE-LHC)

103rd	Plenary	ECFA	Meeting	—	M.	Aleksa	(CERN)

Worldwide	FCC	Nb3Sn	Program

Main	development	goal	is	wire	performance	increase:	

• Jc	(16T,	4.2K)	>	1500	A/mm2		! 50%	increase	wrt	HL-LHC	wire		

• Reduction	of	coil	&	magnet	cross-section	

November	2018 �26

Conductor	activities	for	FCC		started	in	2017:	
• Bochvar	Institute	(production	at	TVEL),	Russia		
• KEK	(Jastec	and	Furukawa),	Japan	
• KAT,	Korea		
• Columbus,	Italy	
• University	of	Geneva,	Switzerland	
• Technical	University	of	Vienna,	Austria	
• SPIN,	Italy	
• University	of	Freiberg,	Germany	
• Bruker,	Germany	
• Luvata	Pori,	Finland

After	only	one	year	development,	prototype	Nb3Sn	wires	from	

several	new	industrial	FCC	partners	already	achieve	HL-LHC	
performance	in	current	density	Jc

3150	mm2	

~1.7	times	less	
SC

~10%	margin	
HL-LHC

~10%	margin	
FCC	ultimate

5400	mm2

❖ Higher current density means smaller amount of superconductors and reduced cost.
❖ Not only the field strength, but the field quality is another issue to limit the dynamic aperture. A uniformity of 10-4 is 

required.
❖ HE-LHC assumes the same (or even more difficult) magnets as FCC-hh.



High field magnets (FCC-hh, HE-LHC)

103rd	Plenary	ECFA	Meeting	—	M.	Aleksa	(CERN)

16T	Dipole	Design	Activities	and	Options

November	2018 �27

Cos-theta

Blocks 

Common coils

Short model magnets (1.5 m lengths) will be built from 2018 – 2022 
Russian 16T magnet program launched by BINP recently 
 

Canted 
Cos-theta

H2020  

INFN  

CEA  

CIEMAT  

PSI  
LBNL  

FNAL  



High field magnets (FCC-hh, HE-LHC)

103rd	Plenary	ECFA	Meeting	—	M.	Aleksa	(CERN)

Technical	Schedules

November	2018 �29

Schedule	constrained	by	16	T	magnets	&	CE	
→	Possible	physics	operation	dates	
• FCC-ee:	2039	
• FCC-hh:	2043	
• HE-LHC:	2040	(with	HL-LHC	stop	LS5	/	2034)



❖ SppC is developing 12 T dipole with iron-based 
superconductor (discovered by H. Hosono et 
al.,TITECH in 2006).

❖ Fe-HTS has advantages both in high Jc and easier 
fabrication compared to other materials such as 
MgB2 or cuprates.

❖ Toxic arsenic might be an issue for the cable 
production.

High field magnets, Fe-HTS (SppC)
Je of IBS: 2016-2025
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REBCO: B ∥ Tape plane

REBCO: B ⊥ Tape Plane

Bi-2212: 50 bar OP

Nb₃Sn: Internal Sn RRP®

Nb₃Sn: High Sn Bronze

Nb-Ti: LHC 4.2 K

Nb-Ti: High Field MRI 4.22 K

IBS 2016 - Ma IEECAS

IBS 2025 - Ma IEECAS

REBCO B∥ Tape Plane

2212

Nb3Sn: High Jc

Nb3Sn:
Bronze Process 

4543 filament High Sn 
Bronze-16wt.%Sn-0.3wt%Ti 

(Miyazaki-MT18-IEEE’04)

Compiled from 
ASC'02 and 

ICMC'03 papers 
(J. Parrell OI-ST)

55×18 filament B-OST strand with  NHMFL 
50 bar Over-Pressure HT. J. Jiang et al. 

SuperPower tape, 50 μm 
substrate, 50 μm Cu, 7.5% Zr, 

measured at NHMFL

Nb-Ti
4.2 K LHC insertion 
quadrupole strand 

(Boutboul et al. 2006)

4.22 K High Field 
MRI strand

(Luvata)

Nb-Ti

REBCO B⊥ Tape Plane

IBS 2016

Expected IBS 2025

IBS- Iron Based Superconductor
Much lower cost and better 
mechanical properties expected

Y. Ma (IEECAS)

Y. Ma (IEECAS)

Modified version by Q. Xu in Oct. 2017Q. XU, CEPCWS 2018, Beijing, Nov. 12-14 2018

FCC-hh

refrigerators (!10 K) and liquid hydrogen (20 K). The unique
characteristic of IBSCs is the robustness of Tc to impurity (i.e.,
doping), which enables us to select various doping methods to
induce their high-Tc superconductivity. The upper critical mag-
netic fields (Hc2) are quite high well over 50 T, which are higher
than those of MgB2 and conventional metallic superconductors
such as Nb-Ti (15 T) and A15-type Nb3Sn (29 T). Thus, one of
the application targets of IBSCs is expected to be high-mag-
netic-field magnets. The more important property for practical
application for magnets is irreversibility field (Hirr) because it is
the maximum field when critical current density Jc becomes zero.
This value is also higher than that of MgB2 in the same temper-
ature range, further expecting future magnetic field application.

The anisotropy factors c(=(mc/mab)1/2 = nab /nc = Hc2
// ab/Hc2

// c, where
m and n are effective mass and coherent length, respectively) of
the IBSCs are comparable to that of MgB2 and quite smaller than
those of cuprates. This small c, high crystallographic symmetry,
and large critical grain boundary (GB) angle (hc) for Jc indicate
that the IBSCs are appropriate for fabrication of superconducting
wires, tapes, and coated conductors’ application because high
and three dimensional crystallographic orientation is not
necessary rather than cuprates. Therefore, it is expected that
IBSCs are applicable to wires, tapes, and coated conductors for
high magnetic fields as will be discuss in the following
Sections “Bulk magnets”, “Thin films and devices” and “Wires
and tapes”.

FIGURE 8

Correlation between Tc and the bond angle of anion–Fe–anion in various IBSCs. The dotted line denotes the bond angle for a regular tetrahedron.

TABLE 1

Comparison of three representative high-Tc superconductors.

IBSCs MgB2 Cuprates

Parent material AFM semimetal (TN ! 150 K) Pauli paramagnetic metal AFM Mott insulator (TN ! 400 K)
Fermi level Fe 3d 5-orbitals B 2p 2-orbitals Cu 3d single orbital
Maximum Tc (K) 55 (for 1111 type), 38 (for 122 type) 39 93 (YBCO), 110 (Bi2223)
Impurity Robust Sensitive Sensitive
SC gap symmetry Extended s-wave s-wave d-wave
Upper critical field at 0 K, Hc2(0) (T) 100–200 (for 1111 type)

50–100 (for 122 type)
!50 (for 11 type)

40 >100

Irreversibility field, Hirr (T) >50 (4 K)
>15 (20 K)

>25 (4 K)
>10 (20 K)

>0 (77 K,YBCO)

Anisotropy, c 4–5 (for 1111 type)
1–2 (for 122- and 11-types)

2 5–7 (YBCO), 50–90 (Bi-system)

Crystallographic symmetry in SC state Tetragonal Hexagonal Orthorhombic (Y- and Bi-systems)
Critical GB angle, hc (deg.) 8–9 No data 3–5 (YBCO)
Advantage High Hc2(0), Easy fabrication Easy fabrication High Tc and Hc2(0)
Disadvantage Toxicity Low Hc2(0) High cost due to 3D alignment of crystallites
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High field magnets, Fe-HTS (SppC)
SPPC Magnet Design Scope

• Baseline design
¾ Tunnel circumference: 100 km
¾Dipole magnet field: 12 T, iron-based HTS technology (IBS)
¾Center of Mass energy: >70 TeV
¾ Injector chain: 2.1 TeV

• Upgrading phase
¾Dipole magnet field: 20 -24T, IBS technology
¾Center of Mass energy: >125 TeV
¾ Injector chain: 4.2 TeV (adding a high-energy booster ring in the main tunnel 

in the place of the electron ring and booster)

• Development of high-field superconducting magnet technology
¾ Starting to develop HTS magnet technology before applicable IBS wire is 

available
¾ReBCO & Bi-2212 and LTS wires be used for model magnet studies and as 

options for SPPC: stress management, quench protection, field quality 
control and fabrication methods

Top priority: reducing cost!
Instead of increasing field

Make IBS the High-Tc and High-Field  
“NbTi” superconductor in 10 years!

Q. XU, CEPCWS 2018, Beijing, Nov. 12-14 2018



High field magnets, Fe-HTS (SppC)
The 12-T Fe-based Dipole Magnet

Yoke OD 
500mm

Strand diam. cu/sc RRR Tref Bref Jc@ BrTr dJc/dB

IBS 0.802 1 200 4.2 10 4000 111

Design with expected Je of IBS in 2025

Io=9500A

¾ The required length of the 0.8 mm IBS is 6.1
Km/m

¾ For 100-km SPPC, 3000 tons of IBS is needed
¾ Target cost of IBS: 20 RMB (~2.6 Eur) /kAm @12 T

Q. XU, CEPCWS 2018, Beijing, Nov. 12-14 2018



Injector Chain (SppC) 332 

can begin several years earlier than the SPPC, and overlap in time with the CEPC physics 
operation.  

 
Figure 8.4.1: Injector chain for the SPPC 

8.4.2 Preliminary Design Concepts 

8.4.2.1 Linac (p-Linac) 

Superconducting linacs have undergone tremendous development in the last twenty 
years [1] and will presumably make even more progress in the next decade. Hence we 
have chosen 1.2 GeV in energy and 50 Hz in repetition rate for the p-Linac. The 
continuous beam power is 1.63 MW. At least half of this could be available for other 
applications. 

8.4.2.2 Rapid Cycling Synchrotron (p-RCS) 

The continuous beam power from p-RCS is 3.4 MW. Only one other proton driver 
(study for a future Neutrino Factory) has performance close to this [2]. The high repetition 
rate of 25 Hz will shorten the beam filling time in the MSS. Only a fraction of this power 
is needed to fill the MSS. Thus most of the beam pulses from the p-RCS could be used 
for other physics programs. The p-RCS will use mature accelerator technology but be on 
a larger scale than existing rapid-cycling proton synchrotrons. High-Q ferrite loaded RF 
cavities provide RF voltage of about 3 MV, RF frequency swing of 36-40 MHz and bunch 
spacing of 25 ns. 

8.4.2.3 Medium Stage Synchrotron (MSS) 

The MSS has beam power similar to the p-RCS but with much higher beam energy 
and much lower repetition rate. The SPS at CERN and the Main Injector at Fermilab are 
two good examples for its design. But due to much higher beam power, the beam loss rate 
must be more strictly controlled. The same RF system as in the p-RCS is planned, but a 
200-MHz RF system could be used in the future for bunch splitting to provide 5-ns bunch 
spacing. The beam from the MSS will find additional physics programs other than only 
being the injector for the SS. 

❖ SppC has to build an injector chain, which is more than CERN is currently using for LHC 
injection, from scratch. The “SS” booster looks similar to “superconducting SPS”.

❖ FCC-hh can convert the existing LHC for the “HEB” booster.
❖ HE-LHC may need “superconducting SPS” to assure enough aperture in the collider at 

injection.

INJECTOR SCENARIOS

Figure 6.1: FCC-hh injector chain, based on the existing LHC injector chain and a 3.3 TeV High Energy
Booster HEB.

Table 6.2: Planned beam parameters at LHC top energy, after the LIU and HL-LHC upgrades. The
maximum number of bunches per injection from the SPS is quoted.

Parameter Bunch pop. (1011 p/b) ✏x,y (µm) ✏z (eVs) Bunches/injection
Standard 25 ns 2.3 2.08 0.56 288
BCMS 25 ns 2.3 1.6 0.56 240

Figure 6.2: Accessible brightness region for beams injected into the HL-LHC, showing the working
point needed for the 5 ns option for FCC. The preservation of the very small emittances at low intensity
through the injector chain and into the FCC need to be explored.

PREPRINT submitted to Eur. Phys. J. ST
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FCC-hh SppC



Muon colliders
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Positron	Beam

key 
challenges ~1011 µ / sec from e+e-gµ+µ−

key  
R&D

1015 e+/sec, 100 kW class target, NON 
destructive process in e+ ring

key 
challenges 

~1013-1014 µ / sec 
tertiary particle 

pgπgµ:

fast cooling 
 (τ=2µs) 

by 106 (6D)

fast acceleration 
mitigating µ decay

background 
from µ decay

from	US-MAP	(2015)	to	LEMMA	scheme	(2017)

M.	Antonelli,	M.		Boscolo,	P.	
Raimondi	et	al.



More ideas/options for muon colliders
• LEMMA 
• Manuela Boscolo (INFN Frascati): first proposed together with Pantaleo Raimondi (ESRF) and Mario Antonelli 

(INFN); 45 GeV positrons circulating in a storage ring annihilate on a thin internal target, resulting in muon 
production; target survival is open question. Liquid targets or rotating targets among the options; need for 
experimental target tests 

• Oscar Blanco (INFN-LNF): LEMMA muon accumulator ring; muon beam emittance limited by multiple 
scattering in annihilation target 

• Simone Liuzzo (ESRF): for LEMMA, more than 120 MW of synchrotron radiation in  6.2 km positron ring; <30 
MW in 27 km ring; even lower in 100 km FCC-ee ring (F. Zimmermann), which already offers the right beam 
energy 

• Francesco Collamati (INFN Roma): abundant bremsstrahlung photons emitted from target can be used to generate 
more positrons, leading to a self-amplification of the positron beam 

• Daniel Schulte (CERN): experimental programme using electron beams from the CERN SPS, with a CLIC like 
injector; plasma acceleration as a perfect match for muons, which typically are of low intensity and fairly large 
emittance - “if it is not suitable here, plasma acceleration probably cannot be used for any other type of collider”.  

• Scott Berg (BNL) and Alex Bogacz (JLAB): options for muon acceleration, including FFA accelerator prototype 
CBETA under construction at Cornell (see also first ever experimental demonstration of muon radiofrequency 
acceleration at J-PARC, CERN Courier 9 July 2018; https://cerncourier.com/muons-accelerated-in-japan/ ).  

• Daniel Kaplan (IIT): limits from neutrino radiation. Concerning next steps: “you don’t get tenure by saving 
government money”. 

• Alain Blondel (U Geneva): luminosity measurement techniques for muon colliders to be worked out; Mario 
Greco (Roma Tre): QED radiative effects for a precision study of the Higgs pole line shape and the signal-to-
background ratio

Summarized	by	F.	Zimmermann	on	
Muon	collider	workshop	2018:	https://indico.cern.ch/event/719240

https://cerncourier.com/muons-accelerated-in-japan/
https://indico.cern.ch/event/719240
https://indico.cern.ch/event/719240
https://indico.cern.ch/event/719240


Muon collider (FCC-μμ)

100 TeV muon collider, “FCC-µµ”, in one of the FCC-hh rings,  
with e+ production from a Gamma Factory using partially stripped 
ion beams circulating in the other FCC-hh ring, and with LEMMA 
type muon production from a positron beam stored in one of the 
45 GeV FCC-ee rings  (Frank Zimmermann), >100 years of FCC

FCC: the ideal basis for constructing future 100 TeV muon collider 

* For this purpose the arc of FCC-ee must coexist with FCC-hh. F. Zimmermann


