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Status of the FCC-ee
Top-up Booster Synchrotron

Abstract

This poster presents the status of the top-up booster synchrotron for the FCC electron-positron collider FCC-ee, which is a 100 km electron-positron collider being designed
for precision studies and rare decay observations in the range of 90 to 365 GeV centre-of-mass energy. In order to keep the luminosity at a level of the order of 1035cm-2s-1

continuous top-up injection is required, because of the short beam lifetime of less than one hour. The top-up booster synchrotron will be housed in the same tunnel as the
collider rings and will ramp up the beam energy from 20 GeV at injection to the full energy between 45.5 GeV and 182.5 GeV depending on operation mode. The lattice
design and two possible optics are presented.
The dynamic aperture was investigated for different sextupole schemes with and without misalignments of the lattice components. In addition, wigglers were installed to
decrease the damping time and mitigate intra-beam-scattering.

Layout and lattice

 [GeV]s
0 1000 2000 3000

]-1 s
-2

 c
m

34
Lu

m
in

os
ity

 [1
0

1

10

210
TLEP (4 IPs)
ILC
CLIC

-1s-2 cm36 10×Z: 2.4 

-1s-2 cm35 10×: 6.4 -W+W

-1s-2 cm35 10×HZ: 2.0 

-1s-2 cm34 10×: 5.2 tt

Figure 1.2: Expected luminosity of FCC-ee (TLEP) as a function of the
centre-of-mass energy

p
s compared to ILC and CLIC [9].

Figure 1.3: Schematic layout of FCC-hh. Long arcs are in black, short arcs
in gray. The dispersion suppressors are shown in green. Image by A. Langner.
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Conclusions

The FCC-ee booster synchrotron will perform continuous top-up injection in
order to keep the bunch intensity within 5 % and therefore achieve luminosities
of the order of 1035 cm-2s-1. Depending on the operation mode it will ramp up the
beam energy from 20 GeV to 45.5 - 182.5 GeV. The presented lattice obtains
similar emittances as the collider for the injected beam using both a 60�and a
90�optics. For the injection energy wigglers are used to decrease the damping
time to 0.1 s and to increase the emittance from to !x = 12 pm rad to 240 pm rad
for the 60�optics and 180 pm rad for the 90�optics. This is necessary to avoid
emittance blow-up due to intra-beam-scattering. Quadrupole misalignments do
not reduce the DA, the effect of the wigglers is still under investigation.
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DA based on tracking

• Layout must be compatible with FCC-hh
shown on the left

• Circumference: 97.75 km
• RF will be installed in Points D and J

• Bypasses around the detector will 
follow the footprint of FCC-hh [1]
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FCC-ee injector chain

6 GeV linac &
damping ring at 1.5 GeV

Accelerator chain foreseen for FCC-ee:

100 km top-up booster
20 GeV – 182.5 GeV

optional pre-booster
synchrotron 6-20 GeV

Top-up injection every 6-52 s:

Installation of 
• 16 wigglers with 9 m length
• B = 1.8 T pole tip field

Intra-beam-scattering

First tracking studies:
• 20 GeV beam energy
• 1000 turns
• 100 μm misalignments
• no momentum offset 

• Dynamic aperture determined by 
survival of particles

• βx = βy = 100 m

• Momentum aperture: δ = �0.17 %

(MOPMF002)

(MOPMF034)

New damping time: "x = 104 ms
New eq. emittance: #x = 196 pm rad
U0 increases from 1.3 MeV to 126 MeV
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Figure 2: Geometry of the FCC-ee collider rings in the
straight sections with the experiments [5]. The bypasses of
the FCC-ee Booster will follow the footprint of FCC-hh.

Table 2: Horizontal equilibrium emittances of the booster
compared to the values of the collider for all four beam
energies. For 45.5 GeV and 80 GeV the 60° optics is used
and for 120.0 GeV and 182.5 GeV optics the 90° optics.

beam energy emittance booster emittance collider
(in GeV) (in nm rad) (in nm rad)

182.5 1.30 1.48
120.0 0.55 0.63
80.0 0.73 0.84
45.5 0.24 0.24

operation at the Z peak and the W pair production threshold
(45.5 GeV and 80 GeV) and an optics with 90° phase advance
per cell will be used for H production and the tt̄ production
threshold (120 GeV and 182.5 GeV). The resulting horizontal
equilibrium emittances are summarised in table 2.

The curvature radius of the arcs is R = 13.15 km. At the
beginning and at the end of each arc, a 566 metre long sec-
tion is reserved for the dispersion suppressors of the hadron
collider and therefore has a di�erent curvature radius of
R = 15.06 km. In the booster lattice 10 FODO cells with
56.6 m length and less bending strength are installed to fol-
low the geometry. In order to avoid dipole fields smaller than
in the rest of the arcs, the small bending angle is obtained
with shorter dipole magnets. The quadrupoles of the last five
cells are used to suppress the horizontal dispersion function
and to match the optics to one of the straight FODO cells.
In the straight sections around points A, B, F, G, H and L,
the cell length was chosen to be 50 m to fit the geometry. In
the extended straight sections around points D and J the cell
length has been increased to 100 m in order to maximise the
space available for RF installations. The transition of the
optics from the arcs to these long FODO cells is shown in
Figure 3.

Contrary to the collider "tapering" (scaling of the magnet
strengths to the local beam energy) is not foreseen. As the
booster is supposed to be a rapid cycling synchrotron, such
scaling is not adequate because of the changing beam energy.
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Figure 3: Beta functions and horizontal dispersion function
of the transition from the arc lattice into a straight section
with RF installation. The first five cells are regular arc FODO
cells with a length of 54 m. The following section of 566 m
consists of ten FODO cells with di�erent bending angle to
fit the geometry of the dispersion suppressor of the hadron
collider. They also serve as quadrupole-based dispersion
suppressor and matching section to the optics of the straight
FODO cells with 100 m length.

DYNAMIC APERTURE WITH
MISALIGNMENTS

Tracking studies based on the survival of the particles
after 1000 turns have shown that a non-interleaved sextupole
scheme provides the largest dynamic aperture (DA) for both
optics. The tracking studies were performed with PTC for
20 GeV beam energy and include radiation damping and
quantum excitation. Also Gaussian distributed quadrupole
misalignments were introduced with a � of 100 µm. The
results for both the 60° optics and the 90° optics are pre-
sented in Figure 4: the green line shows the DA for the ideal
machine. The e�ect of the misalignments was studied for
100 error seed. The grey lines refer to the DA after a simple
orbit correction with MICADO based on the least squares
theory as described in [6]. As it can be seen, the DA is not
a�ected within the precision of the simulations. For both
optics the DA is more than 200 � in the horizontal plane.
It might be noted, that the equilibrium emittance is only
✏ x = 15 pm rad, which leads to such high numbers. How-
ever, even for a larger emittance there is margin with respect
to DA, because on-axis injection is foreseen. In the vertical
plane the DA of the 60° optics is about twice compared to
the 90° optics, where the DA is still about 700�.

WIGGLERS AT 20 GEV BEAM ENERGY
The beam parameters at injection energy need special

consideration: the low synchrotron radiation power leads to
weak radiation damping and the transverse damping time
becomes longer than 10 s, which is not compatible with the
foreseen booster cycle and the top-up requirements. In order
to guarantee the same emittances and energy spread for all
bunches at extraction the equilibrium must be reached before
acceleration. With a damping time of 10 s this would require
about a minute, which is too long if top-up rate needs to be

• Similar emittances in 

booster and collider

• 60�optics for larger 
momentum compaction 

• 60/60 optics: Z & W
• 90/90 optics: ZH & tt
• Non-interleaved 

sextupole scheme
• No tapering

50 – 16640 bunches with up to 1011 particles

à Longer cells to 

maximize space 

for cryo modules

Low synchrotron radiation at 20 GeV 

beam energy: 

à #x = 15 pm rad (90/90 optics)

"x = 10.05 s 

Emittance blow-up due to IBS
#x = 722 pm rad

≈ 48 ⨯ #x without IBS

6060 optics 9090 optics

On-axis onenergy injection foreseen.
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