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The Future Circular Collider (FCC) eþe− injector complex needs to produce and transport high-
intensity eþ and e− beams at a fast repetition rate for topping up at collision energy. Two options are
considered for a preaccelerator ring, to be used for an intermediate accumulation and acceleration before
the bunches are transferred to the high-energy booster. One option is a slightly modified Super
Proton Synchrotron (SPS), and the other is designing a new ring. We explore the needs and parameters
of the existing SPS as prebooster ring and also develop a conceptual design of an alternative accelerator
ring. After establishing the basic parameters, we describe the optics design and layout and discuss the
single-particle linear and nonlinear dynamics optimization, including magnetic and alignment errors. In
addition, we present synchrotron radiation power studies and analytical estimates of various collective
effects for both prebooster ring design options, including space charge, intrabeam scattering, longitudinal
microwave instability, transverse mode coupling instability, ion effects, electron cloud, and coherent
synchrotron radiation.
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I. INTRODUCTION

A proposed high-luminosity high-energy circular elec-
tron-positron collider, Future Circular Collider (FCC) eþe−
(FCC-ee), to be installed in a ∼100 km tunnel, aims at
extending the research currently being conducted at the
present LHC [1]. The FCC-ee will deliver high luminosity
to up to four experiments at center-of-mass energies
ranging between 91.2 and 365 GeV and is conceived to
serve as a general precision machine for the investigation of
the Z, W, Higgs, and top particles [1–5]. The current
injector complex design of the FCC-ee project consists of
an eþ=e− linac, which accelerates the beams up to 6 GeV, a
prebooster ring (PBR), accelerating the beam from 6 GeV

to about 16 GeV and a booster synchrotron ring (BR)
integrated in the collider tunnel, accelerating the beams up
to the collision energies. A schematic layout of the FCC-ee
injector complex is shown in Fig. 1 [6].
Currently, the existing SPS is considered the baseline

scenario for the prebooster ring of the injector complex,
since it was the injector of the Large Electron-Positron
Collider (LEP) [7] and it is still an operating machine [8,9]
in the CERN accelerator complex. However, using the SPS
as a prebooster ring imposes a series of challenges such as
the possibly limited availability and scheduling conflicts
(the SPS is presently used not only as LHC injector but also
for several fixed-target experiments), synchrotron-radiation
power issues due to the existing vacuum chamber and
radiofrequency (rf) system requirements. To overcome
these limitations, a new prebooster ring design has also
been undertaken [10]: the “alternative” design. The opti-
mum way forward will be decided in the following phases
of the FCC project. In this document, we discuss the
necessary modifications needed for the SPS, and we
present the conceptual design of an alternative prebooster
ring design. In addition, analytical estimates related to
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collective effects, as well as SR power calculations, are
made for both design options; the pertinent limitations are
examined and highlighted.

II. DESIGN REQUIREMENTS

The purpose of the prebooster ring is to accommodate
the 6-GeV beams coming from the linac and accelerate
them up to 16 GeV before injection into the main booster
ring. The design requirements of the PBR are, therefore,
defined by the characteristics of the injected beam and the
injection requirements of the upstream machine, the main
booster ring.
The linac is designed to provide a 6-GeV beam with a

transverse geometric emittance of 0.55 nm rad in the
horizontal and 0.11 nm rad in the vertical plane. The
rms energy spread (σδ) of the beam is 0.5% corresponding
to an rms bunch length (σs) of 10 mm [6,11–13]. The beam
properties at injection into the prebooster ring are summa-
rized in Table I. Based on the energy spread of the injected
beam and in order to minimize the injection losses in the
PBR, a minimum energy acceptance of 1.5% (correspond-
ing to 3σδ) is required. Moreover, the minimum dynamic
aperture (DA) at PBR injection is imposed by the off-axis
injection scheme to be 6.5 mm (βx ¼ 8 m) in the horizontal
plane [14].
The cycle times including injection and extraction

plateau, energy ramping of the SPS, and the alternative

prebooster ring (see Sec. III) are around 0.8 s. The short
injection plateau of around half a second imposes a short
damping time at injection, of around 0.1 s [6,15]. The
horizontal emittance and energy spread at the extraction
energy of the PBR, on the other hand, are imposed by the
dynamic aperture and energy acceptance at the injection of
the main booster ring and limited to 5 nm rad and 0.3%,
respectively [16]. Furthermore, the energy loss per turn is
constrained not to exceed 30 MeV at the extraction energy
to limit the rf power needed. In addition, the low magnetic
field of the dipole magnets in the main booster ring, due to
its large circumference (around 100 km, like the collider
itself), is one of the important constraints that basically
determine the extraction energy of the prebooster ring
design. Figure 2 shows the minimum dipole field of the
main booster ring as a function of the prebooster ring
extraction energy. A dipole field of 50 G is considered a
reasonable lower limit in terms of field stability. The 50-G

FIG. 1. A schematic layout of the FCC-ee injector complex [1].

TABLE I. Linac beam parameters at injection into the PBR.

Parameters Value

Energy (GeV) 6
Emittance (nm rad) (h=v) 0.55=0.11
Energy spread (%) (rms) 0.5
Bunch length (mm) 10

FIG. 2. Minimum magnetic field (B) of the main booster ring
dipole as a function of the beam energy (E) at extraction from the
prebooster ring.
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field corresponds to a PBR extraction energy of 16 GeV.
Extraction energies of 18 and 20 GeVwere also studied and
these are discussed in Sec. IV E. Table II summarizes the
design requirements for the FCC-ee PBR.

III. INJECTION FILLING SCHEMES
THROUGHOUT THE INJECTOR COMPLEX

The FCC-ee collider should deliver high luminosity for
up to four experiments at four different beam energies, that
is, at the Z pole (45.6 GeV), the WW threshold (80 GeV),
when operated as a Higgs factory (120 GeV), and at the tt̄
threshold (182.5 GeV) [1]. Table III summarizes the
injection scheme parameters of the injector complex for
the different collider beam energies and filling modes.
The parameters are calculated considering either the SPS
(SPS-PBR) or the alternative design (A-PBR), separately,
as the prebooster ring. A linac bunch population of
2.13 × 1010 particles is required for both eþ and e−, and

the linac accelerates 1 or 2 bunches with a 100- or 200-Hz
repetition rate. After acceleration in the linac, the beams are
transferred between 40 and 328 times into the A-PBR, or
between 48 and 595 times into the SPS-PBR, in order to
fully fill the respective PBR with the required number of
bunches.
The required number of bunches and, therefore, the

injection time into the PBR depend on the mode (Z, W,
H, tt̄). The total number of bunches varies from 48 to 320
for the A-PBR, and from 48 to 1190 for the SPS-PBR,
respectively. These numbers correspond to 1–52 main-
booster injections from the A-PBR, and 1–14 injections
from the SPS-PBR, to fill the required 48–16,640 bunches
in the main booster ring. The most challenging case in
terms of bunch intensity and number of bunches is the Z
mode of operation. Both PBR options feature a 400-MHz rf
system. The ramping time of 0.125 s is based on the SPS
experience during the years of the Large Electron-Positron
Collider (LEP). The minimum bunch spacing is defined as
15, 17.5, or 20 ns.
The overall duty factor for the SPS-PBR varies between

5% for the tt̄ mode and 76% for the Z mode, which is a
compelling parameter for the SPS ring. On the other hand,
the injector layout with the A-PBR would not impact the
SPS’ current and/or any other planned future operation.
The cycle times for both options are short, especially for the
tt̄ mode. This cycle length imposes a short damping time
which should be around 0.1 s. This is a challenging value
for the SPS ring as discussed in Sec. IV. The injection
process through the various accelerators of the FCC-ee

TABLE II. FCC-ee PBR design requirements.

Required parameters Value

Injection energy (GeV) 6
Extraction energy (GeV) 16
Damping time @ injection (hor.) (s) 0.1
Geo. emittance @ extraction (hor.) (nm rad) 5
Energy acceptance @ injection (%) 1.5
Dynamic aperture @ injection (hor.) (mm) 6.5
Energy spread @ extraction (%) 0.3

TABLE III. The FCC-ee injection scheme parameters.

Parameters (unit) Z W H tt

Beam energy (GeV) 45.6 80 120 182.5
Filling type Initial/Top-up Initial/Top-up Initial/Top-up Initial/Top-up
Bunch population (×1010) 2.13=1.06 0.94=0.56 0.94=0.56 1.38=0.82
Linac bunches/pulse 2 2 1 1
Linac repetition rate (Hz) 200 100 100 100

Number of linac injection with the SPS-PBR 594=595 500 328 48
SPS-PBR minimum bunch spacing (ns) 15=17.5=20 22.5 67.5 450
Number of SPS-PBR cycles 14 2 1 1
Number of SPS-PBR bunches 1188=1190 1000 328 48
SPS-PBR cycle time (s) 3.3 5.4 3.6 0.8
SPS-PBR duty factor 0.76 0.49 0.23 0.05
Filling time (inlc. the SPS-PBR) (s) 958=95.9 520=26 277.2=13.9 227.7=11.4

Number of linac injection with A-PBR 160 50 164 48
A-PBR minimum bunch spacing (ns) 20 65 40 137.5
Number of A-PBR cycles 52 20 2 1
Number of A-PBR bunches 320 100 164 48
A-PBR cycle time (s) 1.15 0.85 1.99 0.83
A-PBR duty factor 0.98 0.77 0.26 0.05
Filling time (incl. the A-PBR) (s) 1224=122 722=38 291=14 227=11

Number of BR/collider bunches 16640 2000 328 48
Number of BR cycles 10=1 20=1 20=1 20=1
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injector complex is schematically shown in Fig. 3, with
either the SPS-PBR (top) or the A-PBR (bottom).

IV. THE SPS AS PREBOOSTER RING (SPS-PBR)

The Super Proton Synchrotron (SPS) is the second
largest accelerator in the current CERN accelerator com-
plex. The SPS was initially used as a proton synchrotron,
then as a proton-antiproton collider, and later also as the
injector for the Large Electron-Positron Collider (LEP)
[7,17]. At present, it provides beams to the Large Hadron
Collider (LHC) and to several fixed target experiments
[8,9]. It was, therefore, naturally considered the baseline
option for the PBR of the FCC-ee injector complex [15]. In
this section, we investigate the possibility of using the
existing SPS as a PBR (SPS-PBR), address possible
challenges, and propose a few necessary modifications
to overcome the expected challenges.

A. Optics design

The SPS synchrotron has a circumference of 6911.5 m. It
consists of six sextants, each one composed of 18 FODO
cells and 2 dipole-free cells. Dispersion suppression is
achieved in the straight sections by keeping the total arc
phase advance a multiple of 2π [18,19]. Applying an
energy scaling to the existing SPS design and taking into
account the design requirements of the PBR (see Table II),
two main challenges were revealed: the horizontal geo-
metric emittance at extraction is 74 nm rad, which is 15
times larger than the required one and the synchrotron
radiation damping time at injection is 1.8 s, 18 times longer
than the one required for the PBR. In this respect, a phase
advance optimization and the installation of damping
Wiggler (DW) and Robinson wiggler (RW) magnets were
proposed [10], which will be discussed next.

1. Phase advance optimization

The circumference and, therefore, the bending radius (ρ)
of the machine is fixed for the SPS. The optimization of
the emittance can thus be achieved by minimizing the fifth
radiation integral (I5) by optimizing the phase advance of
the arc cells. The minimum horizontal emittance is
achieved for a horizontal phase advance of around μx ¼
0.37=2π [20–22], while the current operational phase
advance of the SPS FODO cell is around μx ¼ 0.25=2π.
By this change of phase advance, the geometrical emittance
at the extraction energy can be reduced from 75 to 34 nm
rad, while satisfying at the same time the condition for the
dispersion suppression. This reduction is, however, not
enough, as the required geometrical emittance at extraction
is 5 nm rad.

2. Damping and Robinson wiggler magnets

The horizontal emittance can be further decreased by
introducing damping wiggler magnets at locations with
zero (or very small) dispersion, which contribute to the
synchrotron radiation integrals as [23,24]:

I2w ¼ 1

ðBρÞ2
B2
wLw

2
; I3w ¼ 4Lw

3πρ3w
;

I4w ¼ −
3

32π2
λ2w
ρ4w

Lw and I5w ¼ λ2w
15πρ5w

hβxiLw: ð1Þ

Here, Bw denotes the peak magnetic field, Lw the total
damping wiggler length, ρ the bending radius, and B the
magnetic field of the main dipole magnets, hβxi the average
beta function at the damping wiggler section, ρw ¼ Bρ=Bw,
and λw the damping wiggler period.
Figure 4 shows an analytical parameterization of the

horizontal emittance (top-left), the energy loss per turn

FIG. 3. The FCC-ee injector scheme with either the SPS-PBR (top) and the A-PBR (bottom).
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(top-right), and the energy spread (bottom-right) at extrac-
tion energy as well as the horizontal damping time (bottom-
left) at injection energy, with the total wiggler length and
peak field. The required output emittance of 5 nm rad can
be achieved for a total wiggler length of 21 m and a wiggler
peak field of 3.5 T. For this set of parameters, a very short
damping time is also achieved (τx < 0.1 s). The energy loss
per turn, on the other hand, is very much enhanced
(U0 ≈ 50 MeV), which would require a demanding rf
system to compensate for these losses. At the same time,
the energy spread is also increased.
Another way to modify the synchrotron radiation inte-

grals is by introducing Robinson wiggler (RW) magnets, as
proposed in [25,26]. The RWs are composed of a series of
combined function magnets. They act on the damping
partition (D ¼ I4=I2), by modifying the fourth synchrotron
radiation integral (I4). If including RW magnets, the
damping partition can be expressed as [27,28]:

D ¼ ρhDxi
πðBρÞ2

Z
Lw

0

Bz
dBz

dx
ds: ð2Þ

Based on Eq. (2), if a RW is placed at a location with
nonzero dispersion, the damping partition is modified and
the horizontal emittance can be further decreased, how-
ever, at the cost of an increased energy spread [25,27–31].
This puts a limit on the maximum number of Robinson
wiggler magnets that can be used in the ring. Taking this
into account, a combination of DW and RW magnets
was proposed for achieving the required horizontal

emittance at extraction and the damping time at injection
energy, while keeping the energy loss per turn within
requirements [10].
Figure 5 shows an analytical parameterization of the

horizontal emittance (blue) and energy spread (red) with
the damping partition D, including damping and Robinson
wiggler magnets. The damping partition without RW is
0.0014 and is indicated by the solid black line. By adding
RW wiggler magnets D becomes negative, depending on
the RW characteristics. The required horizontal emittance
at extraction is obtained for D ¼ −1. This can be achieved
for a peak field of 0.5 T, a total length of 6 m, and a gradient
of 75 T=m.
The damping wiggler magnets are installed at locations

with minimum dispersion, as shown in Fig. 6. Their peak

FIG. 4. Analytical parametrization of the horizontal emittance
(top-left), energy loss per turn (top-right), and energy spread
(bottom-right) at extraction energy as well as the horizontal
damping time (bottom-left) at injection energy, as a function of
the total wiggler length (Lw) and the wiggler peak field (Bw). The
red contours indicate the required values of each parameter. The
red stars illustrate essential damping wiggler magnet character-
istics to reach the required parameters.

FIG. 5. Horizontal emittance and energy spread at extraction as
a function of the damping partition numberD for the effect of RW
as well as already 3.5 T, 12.15-m damping wiggler.

FIG. 6. Optics functions of the last four cells of one sextant of
the SPS, indicating the locations of the DW and RW magnets.
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field was chosen at 3.5 T for a total wiggler length of
12.15 m. By this combination of DW and RW magnets,
the required horizontal emittance and damping time are
achieved and the energy loss per turn and equilibrium
energy spread at extraction are kept within the require-
ments. Three RW magnets and six DW magnets are
installed in the straight sections of the ring, as shown
in Fig. 7. Corrector magnets have also been foreseen for
local correction of the linear optics distortion introduced
by the wiggler magnets. Thus, the required parameters are
met by inserting viable DWs and RWs into the existing
SPS design.
A fine scan of the phase advance was performed,

including DW and RW magnets, to define the optimal
working point and the area for the required horizontal
emittance. The scan was performed around μx ¼ 0.375=2π
(achromatic condition) and μy ¼ 0.25=2π. Figure 8 shows
the dependence of the horizontal emittance (top-left), the
energy loss per turn (top-right), and the horizontal (bottom-
left) and vertical (bottom-right) chromaticities on the
horizontal and vertical phase advances. Only a limited
phase advance area around μx ¼ 0.375=2π can provide the
required emittance at extraction. An optimal phase advance
of ðμx; μyÞ ¼ ð0.3747=2π; 0.24=2πÞ was finally chosen. As
the achromatic condition is not strictly achieved by this
choice, a small dispersion leakage is introduced, as shown
in Fig. 6. Within the range of the phase advance scan, the
impact on the natural chromaticity is small in both planes.

B. Dynamic aperture

The dynamic aperture (DA) of the ring is mainly
defined by the sextupoles that are used for the chromatic

correction [20]. A pair of sextupoles is installed at locations
with large dispersion in each of the arc FODO cells. The
working point in the tune diagram corresponding to the
chosen phase advance is ðQx;QyÞ¼ð40.38=26.71Þ. Figure 9
(top) shows the tune working point (black) on a resonance
diagram up to third order, defined by the resonance con-
dition [20]:

ðj − kÞ ×Qx
cell þ ðl −mÞ ×Qy

cell ¼ P × n; ð3Þ

where j, k, l, m, n are integer numbers and P is the
superperiodicity of the lattice. Systematic resonances are
shown in red, while nonsystematic ones in blue. Solid lines
correspond to normal resonances while dashed lines corre-
spond to the skew ones. The chromatic tune shift for off-
momentumparticleswithΔp=p up to�1.5% is indicated by
the green dots.
Due to the number of bunches needed to be stored in

the PBR, an off-axis (on-energy) injection method was
proposed, imposing a minimum DA of 6.5 mm [32,33].
MAD-X/PTC tracking simulations were performed, including
the chromaticity sextupoles and fringe fields. Particles with
different initial conditions were tracked for 4400 turns
(around 1 damping time), for Δp=p ¼ 0, 1.5%, and
−1.5%, and the results are shown in Fig. 9. An adequate
DA of 10 mm in the horizontal (βx ¼ 8 m) and 20 mm in
the vertical plane (βy ¼ 120 m) can be achieved.

C. Transverse acceptance

The minimum transverse acceptance required for
Gaussian bunches can be calculated by [24,34–36]:

Racc ¼ 5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βx;yϵrms

q
þ 3Dx;yðδp=p0Þrms; ð4Þ

FIG. 7. The layout of the SPS-PBR indicating the locations of
the DW and RW magnets.

FIG. 8. Horizontal emittance (top-left), momentum compaction
factor (top-right), natural horizontal (bottom-left), and vertical
(bottom-right) chromaticities as a function of the horizontal and
vertical phase advances for the SPS FODO cell.
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where ϵrms is the rms emittance, Δp=p0 the rms energy
spread of the incoming beam, Dx;y the dispersion function,
and βx;y the betatron functions in the horizontal (x) and
vertical (y) planes, respectively.
Based on the SPS optics design, the horizontal (top) and

vertical (bottom) acceptance around one sextant of the SPS
ring are shown in Fig. 10. The existing mechanical aperture
of the SPS is also shown in blue. For an energy spread of
δp=p0 ¼ 0.5% (red), which is the one achieved by the
current linac design, the mechanical aperture is smaller than
the transverse acceptance, at the locations of the quadru-
poles [37]. In order to ensure that the transverse acceptance
required remains smaller than the mechanical aperture
of the ring, an energy spread of no more than 0.3% is
needed. This requirement must be taken into account for
the linac design. In fact, due to the large horizontal
dispersion in the arcs, the transverse acceptance is domi-
nated by the energy spread, while the sensitivity to the
incoming transverse emittance is much smaller. In the

vertical plane, where the design vertical dispersion is zero,
the required acceptance is always smaller than the mechani-
cal aperture of the machine.

D. rf voltage and energy acceptance

The longitudinal momentum acceptance of the ring is
defined by [38]

�
δE
E

�
2

¼ �
�
qVðð2 cos ϕsÞ þ ð2ϕs − πÞ sin ϕsÞ

πhαcE0

�
; ð5Þ

where V signifies the rf voltage, h the harmonic number, αc
the momentum compaction factor, E the beam energy, and
ϕs the rf phase:

ϕs ¼ arcsin

�
U0

V0

�
: ð6Þ

To get an adequate momentum acceptance and conse-
quently, an optimal injection efficiency, a large rf voltage or
a small momentum compaction factor is needed. Figure 8
(top-right) shows the momentum compaction factor as a
function of the phase advance. Figure 11 presents the

FIG. 10. Horizontal (top) and vertical (bottom) acceptance
(Racc) of the SPS-PBR together with the existing horizontal
(top) and vertical (bottom) vacuum chamber Xmech=Ymech).

FIG. 9. Tune working point on a resonance diagram up to third
order and dynamic aperture. Systematic (red), nonsystematic
(blue), normal (solid), and skew (dashed) resonances are shown.
The black point shows the working point, while the green points
indicate the tune shift with off momentum up to�1.5% (top). The
on-momentum and off-momentum dynamic aperture of the SPS
for δ≡ Δp=p ¼ 0 (black), 1.5% (blue), and −1.5% (red)
(bottom).
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dependence of the rf voltage and energy loss per turn (top)
together with energy spread and energy acceptance (bot-
tom) on the beam energy, along the SPS energy cycle. The
energy loss per turn ranges from 3.4 to 31.5 MeV. To
achieve an energy acceptance of 1%, the minimum rf
voltage is set to 15 MVat injection and it increases linearly
up to 45 MVat extraction energy. Through this choice, the
equilibrium rms energy spread is always lower than the
energy acceptance during the energy ramping, as shown by
the bottom plot of Fig. 11. This figure indicates that at
extraction, the energy acceptance is about twice the rms
energy spread, which may imply an unacceptably low
quantum lifetime. For a decent quantum lifetime, the

energy acceptance should be at least 6 times the rms
energy spread [38]. This would imply a need to increase the
rf voltage to about 145 MV. This should be investigated in
the future.

E. Different extraction energy options

Different options for the PBR extraction energy were
also investigated and the impact on the main design
parameters is summarized in Table IV. One of the deter-
minant parameters for the choice of extraction energy for
the PBR is the magnetic field at injection into the main
booster ring. As shown in Fig. 2, B ¼ 50 Gauss would be
the booster dipole field needed at 16 GeVand 63 Gauss the
field at 20 GeV [16,39]. The liability of such low magnetic
fields of the main booster dipoles should be investigated
through prototyping in the following phases of the project.
For the 20 and 18-GeVoptions, the energy loss per turn is
very high, implying an even more demanding rf system.
The equilibrium energy spread at extraction also exceeds
the energy acceptance of the main booster ring, for both 18
and 20 GeV.
Based on the above considerations, the 16-GeV option

was finally chosen as the baseline, as it provides reasonable
energy spread, energy loss per turn, and emittance at
extraction. Table V summarizes the main performance
parameters of the SPS as an FCC-ee prebooster ring, for
the 16-GeV option, with a still marginal rf voltage, which
might need to be substantially increased for obtaining a
decent beam lifetime. The SPS has been used to feed
several fixed-target experiments, as a collider ring, and/or a
part of injector complex since 1979, when the SPS went
into operation. It has worked successfully, including its
contributions to the Nobel-prize-winning discovery of W
and Z particles at CERN. As a core element in the current
CERN accelerator complex, the SPS provides beams for
several experiments as well as the Large Hadron Collider
(LHC). Regardless, the SPS as an existing and long-
standing machine may offer cost advantages, while it
comes with several challenges, as explained. Thus, another
new, smaller prebooster ring has been designed as an
alternative option (A-PBR).

TABLE IV. Comparison of the SPS-PBR beam parameters for different extraction energies.

Parameters 20 GeV 18 GeV 16 GeV

Horizontal geo. emittance (nm rad) @ extraction energy 5.92 5.60 5.64
Energy loss per turn (MeV) @ extraction energy 128.0 73.9 31.5
Horizontal damping time (s) @ injection energy 0.003 0.005 0.01
Equilibrium energy spread (%) @ extraction energy 0.6 0.5 0.38
rf voltage (MV) @ extraction energy 160 90 45
Damping wiggler field (T) 6 5 3.5
Damping wiggler length (total) (m) 12.15 12.15 12.15
Robinson wiggler field (T) 0.5 0.5 0.5
Robinson wiggler length (total) (m) 12 12 6

FIG. 11. The energy loss per turn (U0) and rf voltage (Vrf )
(top), energy spread (σs), and energy acceptance (ΔE=E)
(bottom) for the energy cycle.
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V. THE ALTERNATIVE PREBOOSTER RING
DESIGN (A-PBR)

In parallel to the SPS design option, a “green field”
alternative prebooster ring (A-PBR) design was also
studied, which can overcome some of the main limitations
of the SPS-PBR, such as the machine scheduling and
availability conflicts, the strong synchrotron radiation
power, which cannot be sustained with the existing vacuum
chamber of the SPS (as discussed in Sec. VI), and a
demanding rf system upgrade, with a voltage possibly
exceeding 145 MV. In this section, the conceptual design of
the A-PBR is described.

A. Parameter scaling

Based on the injection and extraction requirements
specified in Table II, the scaling of main parameters such
as horizontal emittance (ϵx), energy loss per turn (U0),
equilibrium energy spread (σδ) at extraction, and horizontal
synchrotron radiation damping time (τx) at injection, as a
function of the machine circumference (C), and the ring
filling factor (F) can be established. This is an important
step to further determine the layout of the ring and to

deduce the key parameters of the main lattice cell. To this
end, Fig. 12 shows the parametrization of the horizontal
emittance at extraction energy with the ring circumference
and the filling factor. As expected, the higher filling factor

TABLE V. The performance parameters of the SPS-PBR.

Parameters Injection Extraction

Beam energy [E (GeV)] 6 16
Circumference [C (m)] 6911.5
Horizontal geo. emittance [ϵx (nm rad)] 0.73 5.6
Damping times (h/v/l) [τh=v=l (s)] 0.03=0.03=0.015 0.01=0.01=0.005
Momentum spread (σδ) 0.3 × 10−2 0.38 × 10−2

Energy loss per turn [U0 (MeV)] 3.4 31.5
Natural chromaticities (h=v) (ξh=v) −72=− 40 −72=− 40

Bunch length [σz (m)] 0.041 0.055

Tunes (h=v=s) (Qh=v=s) 40.38/26.71/0.08
Dynamic aperture (h=v) [DA (mm)] 10=20 · · ·

rf frequency [Frf (MHz)] 400
rf voltage [Vrf (MV)] 15 45
Harmonic number (h) 9215 9215
Momentum compaction factor (αc) 0.98 × 10−3 0.98 × 10−3

Energy acceptance [δEE (%)] 1.0 0.55

Bending magnet length [lbend (m)] 6.26
Field of bending [Bdipole (T)] 0.026 0.071
Number of bending magnets (Nbend) 744

Damping wiggler length (total) [Ldw (m)] 12.15
Damping wiggler field [Bdw (T)] 3.5
Number of damping wiggler magnets (Ndw) 6
Damping wiggler period [λdw (m)] 0.05

Robinson wiggler length (total) [Lrw (m)] 6
Robinson wiggler field [Brw (T)] 0.5
Number of Robinson wiggler magnets (Nrw) 3

FIG. 12. Analytical parameterization of the horizontal emit-
tance at extraction energy with filling factor (F) and circum-
ference (C). The red contours correspond to the required value.
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allows a lower emittance for a shorter ring circumference.
For a typical filling factor of around 0.6, the corresponding
circumference is around 2.0 km. This choice is optimal, as
it provides the minimum circumference for a limited rf
power while satisfying the transverse emittance, damping
time, and energy spread requirements.

B. Optics design and layout

The ring layout consists of four identical arcs and straight
sections. Therefore, it has a superperiodicity of 4. Each of
the four arcs features 32 FODO cells with a length of
10.8 m, consisting of two 4.1 m-long dipoles sandwiched
between quadrupoles with 30 cm length. The ring has a
total circumference of 2030.4 m. The dipole field at
injection energy is 0.10 T increasing up to 0.27 T at
extraction energy. Two families of 20-cm long sextupoles
are installed in the dispersive regions for compensation of
the natural chromaticity. Each straight section consists of
five cells and reserves sufficient space to accommodate the
rf, injection, and extraction elements. Figure 13 shows the
optical function of straight section (bottom) and one FODO
in the arc (top). Optics and dispersion matching are
achieved through special adjustable optics cells at the
interface between the arcs and the straight sections. The
optical functions of the one superperiod are shown in
Fig. 14. The layout of the A-PBR, with a superperiodicity
of 4, is shown in Fig. 15.

C. Phase advance optimization

The equilibrium horizontal emittance of the ring is
mainly determined by the cells in the arcs. Similar to
the case of the SPS, a phase advance scan was performed.
The impact on the equilibrium horizontal emittance is
illustrated in Fig. 16. Figure 17 shows the dependence of
the horizontal (top-left) and vertical (top-right) chromatic-
ities (ξx=y), the momentum compaction factor (αc) (bottom-
left), and the quadratic sum of tune shift with amplitude
(bottom-right) on the horizontal and vertical phase
advances of the arc FODO cell. This important step makes
sure that we choose optimal values for the tune working
point and for other parameters, such as emittance, momen-
tum compaction factor, etc. In this case, the natural
chromaticities are a factor of 2 higher than for the SPS
case. The amplitude dependent tune shift was calculated
using the anharmonicity values from MAD-X/PTC [40].

FIG. 13. The optical functions of the main FODO cell in the arc
(top) and straight section (bottom) for the A-PBR.

FIG. 14. The optical functions of the one-superperiod lattice of
the A-PBR.

FIG. 15. The layout of the A-PBR.
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The optimal horizontal phase advance in the arc is chosen
around μx ¼ 0.383=2π (1350) per cell for achieving a small
emittance at extraction, while keeping the chromaticities
and the detuning with amplitude as low as possible. The
phase advance in the straight section is set close to μx ¼
0.25=2π (900) per cell to minimize the betatron functions
and to maximize the efficiency of the injection and
extraction elements.

D. Dynamic aperture

1. Bare lattice

Two families of sextupole magnets for chromaticity
correction are located in dispersive regions of the arcs of
the A-PBR. Unlike for the SPS case, the dispersion in the
A-PBR is small. This, in combination with the higher

chromaticity, leads to much stronger sextupole strengths,
and thus stronger nonlinear effects.
The working point (WP) optimization is performed by

tuning the phase advance of the FODO cell in the straight
sections. Figure 18 (top) shows the resonance diagram for
horizontal tunes ranging from 24 to 28, and vertical tunes
between 60 and 64, taking into account the superperiodicity
(P ¼ 4) of the lattice. Based on the density of the
systematic resonance lines, integer tunes of ðQx;QyÞ ¼
ð63; 27Þ were chosen. Figure 18 (bottom) shows the final
tune working point (black dot). In the resonance diagrams,
the systematic resonances are shown in red and the
nonsystematic in blue. Solid lines represent the normal
while dashed lines the skew resonances. The green points
show the tune of off-momentum particles with Δp=p of up
to �1.5%.
Dynamic aperture simulations were conducted for the

bare lattice, including the chromaticity sextupoles and

FIG. 16. Horizontal emittance as a function of the horizontal
and vertical phase advances in the arc for the A-PBR.

FIG. 17. Parametrization of chromaticity (top), momentum
compaction factor (bottom-left), tune shift with amplitude
(bottom-right) as a function of the horizontal and vertical phase
advances for the A-PBR arc.

FIG. 18. Resonance diagrams up to third order for different
integer tunes (Qx;Qy ¼ 60=64; 24=28) for periodicity of four for
the A-PBR design. Systematic (red), nonsystematic (blue),
normal (solid), and skew (dashed) resonances are shown (top).
Tune working point (WP) on a resonance diagram up to the fifth
order. The black point shows the WP and the green points indicate
the tune shift for off-momentum particles with momentum
deviations of up to �1.5%.
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fringe fields. Particles with different initial conditions
were tracked, using MAD-X/PTC [41], for 26,000 turns
(around 1 damping time) and the results are shown in
Fig. 19, both for on-momentum (Δp=p ¼ 0) and off-
momentum (Δp=p ¼ �1.5%) particles. Accordingly,
an adequate dynamic aperture of around 7 mm in the
horizontal and 4 mm in the vertical planes can be
achieved.

2. Imperfections: Alignment and field errors

Magnet errors and misalignments can have a significant
impact on the optics properties of the PBR, breaking the
symmetry of the lattice [20,42,43]. To obtain more realistic
simulations, machine misalignments (100 μm=100 μm),
main field errors (10−3), and systematic (summarized in
Table VI) and random multipole errors (10−3) were
introduced for dipole, quadrupole, and sextupole magnets.
The sensitivity of the A-PBR design to different sources of
alignment and field errors is investigated. In this regard, the
orbit and betatron-function distortions are dominated by the
quadrupole alignment errors. Quadrupole misalignments
and field errors are the primary sources of optics and tune
distortions. In order to restore the closed orbit distortion,
188 horizontal and vertical corrector magnets were
installed close to the quadrupoles, at locations with high
beta functions.
The impact of imperfections on the DA was also

investigated, after the closed orbit, tune, and chromaticity
corrections, with results shown in Fig. 19, both for on-
momentum and off-momentum particles. Comparing the
results with and without errors, the dynamic aperture
appears rather similar for all cases, indicating that the DA
is dominated by the nonlinear effects introduced by the

chromaticity sextupoles. A frequency map analysis
(FMA) was also performed to identify the main reso-
nances limiting the DA. The frequency analysis was
performed using the NAFF algorithm (numerical analysis
of fundamental frequencies) [44,45]. Accordingly, the
fifth-order resonances seem to be the one limiting the
dynamic aperture of the A-PBR. More detailed nonlinear
dynamic studies would need to be performed in the
future.

E. rf voltage and energy acceptance

As in the case of the SPS, the energy acceptance can be
calculated using Eq. (5). The rf voltage program along
the cycle is defined mainly by the energy loss per turn and
the energy acceptance requirements. Figure 20 shows the
dependence of the equilibrium energy spread σs (yellow),
the rf voltage, V (blue), the energy loss per turn, U0 (red),
and the energy acceptance, δE=E (green) on the beam
energy, along the PBR cycle. The energy loss per turn
increases from 0.57 MeV at injection to 29.22 MeV at
extraction and will, therefore, define the minimum and
maximum rf voltage along the cycle. An rf voltage of
2.5 MV can provide the required 1.5% energy acceptance at
injection and increases linearly up to 37 MV at extraction
energy. The equilibrium rms energy spread remains at least
an order of magnitude below the energy acceptance all
along the cycle, which should assure an adequate quantum
lifetime [38]. This condition is much more favorable than
for the SPS as a prebooster.

FIG. 19. Dynamic aperture of the A-PBR for perfect machine
(yellow), off-momentum particles without errors (green and
magenta), and including errors for different seeds (red, blue,
and black). The fringe field is included in the calculations and the
tracking simulations run for 26,000 turns.

TABLE VI. Systematic magnet multipole errors for the A-PBR.

Element Order Systematic error

Dipole 2 10−4

3 1.5 × 10−4

4 · · ·
5 5 × 10−5

6 · · ·
7 5 × 10−4

8–20 · · ·

Quadrupole 3–5 · · ·
6 10−6

7–9 · · ·
10 10−7

11–13 · · ·
14 10−8

15–17 · · ·
18 10−8

19–20 · · ·

Sextupole 4–8 · · ·
9 10−6

10–14 · · ·
15 10−7

16–20 · · ·
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Based on the above considerations, Table VII summa-
rizes the main performance parameters of the A-PBR
design. In this regard, a circumference of a 2-km ring
with four arcs and four straight sections can achieve the

requirements at injection and extraction. Adequate dynamic
aperture is achieved including machine and magnet imper-
fections. The synchrotron radiation power studies and
estimation of collective effects are also discussed in
Secs. VI and VII.

VI. SYNCHROTRON RADIATION POWER
CONSIDERATIONS

Synchrotron radiation (SR) power considerations should
be taken into account at this early stage of the design since
SR photons degrade the vacuum pressure through the
process of photodesorption, and, at high energy, they
may even penetrate through the vacuum chamber. The
SR power can be expressed as [20]:

Psr½W=m� ¼ U0½eV�Itot½A�
C½m� ; ð7Þ

where U0 denotes the energy loss per turn, C the ring
circumference, and Itot the total beam current, which is
proportional to the number of bunches (Itot ¼ nbIb).
Table VIII summarizes the relevant parameters of the

SPS-PBR and A-PBR of the FCC-ee injector complex and
compares them with the case of the SPS as a LEP injector.
The beam currents envisioned for the SPS-PBR are much
higher than for the previous use of the SPS as a LEP
injector. The effect of the damping wiggler magnets on the
energy loss per turn is neglected at this point, assuming that
special absorbers can be used after each wiggler magnet
[46]. The maximum SR power for the SPS-PBR is
considerably larger than during the LEP years [18] due
to the large number of bunches and the associated high

FIG. 20. Top: Energy loss per turn (U0) (red) and rf voltage
(Vrf ) (blue) as a function of energy. Bottom: equilibrium energy
spread (σs) (yellow) and energy acceptance (ΔE=E) (green)
during the energy ramping for the A-PBR.

TABLE VII. The A-PBR parameters.

Parameters Injection Extraction

Beam energy [E (GeV)] 6 16
Circumference [C (m)] 2030.4
Horizontal geo. emittance [ϵx (nm rad)] 0.66 4.74
Damping times (h=v=l) [τh=v=l (s)] 0.18=0.18=0.09 0.01=0.01=0.05
Momentum spread (σδ) 0.3 × 10−3 0.97 × 10−3

Energy loss per turn [U0 (MeV)] 0.57 29.22
Natural chromaticities (h=v) (ξh=v) −99=− 59
Bunch length [σz (mm)] 5.9 7.2

Tunes (h=v=s) (Qh=v) 63.687/27.199
Dynamic aperture (h=v) [DA (mm)] 6.3=3.8 · · ·

rf frequency [Frf (MHz)] 400
rf voltage [Vrf (MV)] 2.5 37
Harmonic number (h) 2706
Momentum compaction factor (αc) 0.32 × 10−3

Energy acceptance [δEE (%)] 1.5 1.2

Bending magnet length [lbend (m)] 4.1
Field of bending [Bdipole (T)] 0.1 0.27
Number of bending magnets (Nbend) 304
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beam current. The highest and average SR power of the
SPS was calculated as 198 and 8.1 W/m, respectively, for
the Z mode, as this is the most challenging one due to the
large bunch number (see Table III). In order to accom-
modate such a high SR power, water-cooled gaskets or
masks need to be installed in the SPS vacuum chamber.
This cannot be done for the existing SPS vacuum chamber.
Thus, the design and installation of a totally new vacuum
system, using properly cooled chambers and absorbers, are
recommended [46].
For the case of the A-PBR, the SR power is even larger

due to the higher energy loss per turn and the shorter
circumference. In this case, crotch absorbers after each
dipole, distributed absorbers along the vacuum chamber,
and special absorbers for the injection, extraction, and rf
sections are required as well as a water-cooled vacuum
chamber [46].

VII. COLLECTIVE EFFECT ESTIMATES

Collective effects can be a bottleneck for the perfor-
mance of an accelerator, limiting its ultimate performance
reach [47]. In this regard, analytical estimates related to
collective effects have been performed for both the SPS-
PBR and the A-PBR options including space charge (SC),
longitudinal microwave instability (LMI), transverse mode
coupling instability (TMCI), ion effects, electron cloud
(EC), coherent synchrotron radiation (CSR), and intrabeam
scattering (IBS).

A. Space charge

The incoherent tune spread caused by the space charge
(SC) effect can enhance the interaction of the beam with
resonances and, consequently, lead to beam degradation
[44,48,49]. An analytical expression for the incoherent SC
tune shift of Gaussian bunches is given by [50–52]:

δQinc
y ¼ −

NbreC

ð2πÞ32β2γ3σz ffiffiffiffi
ϵy

p

×

� ffiffiffiffiffi
βy

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βxϵx þDx

2σδ
2

p
þ ffiffiffiffiffiffiffiffiffi

ϵyβy
p

�
; ð8Þ

where re is the electron radius, C the circumference, Nb the
bunch population, and Dx the horizontal dispersion; ϵx and

ϵy denote the geometrical transverse emittances, and βx;y
the horizontal and vertical betatron functions, respectively.
For flat beams, i.e., if the vertical emittance is much

smaller than the horizontal one, the vertical tune spread is
higher and, therefore, more critical. For the case of the
PBR, the maximum value is computed at the end of the
injection plateau, after the beam reaches the equilibrium
emittance values in all planes. For the case of the A-PBR
design, δQinc

y ¼ −0.028 while for the case of the SPS-PBR,
δQinc

y ¼ −0.018. For both cases, the values are small and
thus the SC is not expected to pose a limitation with respect
to transverse emittance blowup or particle losses.

B. Intrabeam scattering

Intrabeam scattering (IBS) refers to multiple binary
Coulomb scattering events between the particles within a
beam, leading to the redistribution of the phase space.
Above transition, IBS can lead to emittance blowup in all
three planes [20,24,44]. Figure 21 shows the horizontal
emittance evolution during the injection plateau, with
(dashed lines) and without (solid lines) taking into account
the IBS effect. The results for the A-PBR design are shown
in red, and those for the SPS-PBR design in blue. The
calculations were done using the IBS module of MAD-X

[53]. The emittance growth with respect to the natural
equilibrium emittance (without IBS) at the end of the
injection plateau is around 6% for the A-PBR and 9% for

TABLE VIII. Comparison of the SR parameters between the A-PBR, the SPS as LEP, and FCC-ee injector.

Parameters SPS as LEP injector SPS as FCC PBR A-PBR

Extraction energy (GeV) 20 16 16
SR by dipole magnets only (excl. DW) (W/m) 1.85 198 2305
Average SR by dipole magnets only (excl. DW) (W/m) 0.024 8.1 191
SR by dipole and damping wiggler (W/m) · · · 809 · · ·
Average SR by dipole and damping wiggler (W/m) · · · 107 · · ·

FIG. 21. Horizontal emittance evolution on the injection
plateau of the SPS-PBR (blue) and the A-PBR design (red).
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the SPS-PBR design. The effect is much smaller at
extraction energy. Consequently, the IBS effect is not
expected to pose a major limitation for either PBR option.

C. Longitudinal microwave instability

The geometric impedance, representing the effect of
the discontinuities of the beam pipe, can cause microwave
instability. According to the Boussard criterion, the
corresponding (inductive) threshold impedance is given
by [51,54]:

Z0
jj

n
¼ Z0

π

2

γαcσδ
2σz

Nbre

�
b
σz

�
2

; ð9Þ

where Z0 is the impedance of free space, and n refers to
the revolution harmonic. Based on the PBR design
parameters for both options, the Boussard threshold
impedance Z0

jj=n was calculated at injection, at the end
of the injection plateau, and at extraction. The results are
summarized in Table IX. For the case of the A-PBR,
they correspond to 57.92, 1.44, and 10.11 Ω, for the SPS-
PBR design to 1167, 31.14, and 100 Ω, respectively.
Historically, when used as a LEP injector, the SPS

longitudinal impedance ðZjj
0=nÞ was 6.44 Ω [55]. For

the A-PBR, a 1-Ω impedance is assumed, as the design
of modern accelerators can easily allow for an impedance

of that magnitude or even lower. For both options, the
longitudinal impedance is well below the threshold.

D. Transverse mode coupling instability

The transverse impedance of the machine can drive the
head-tail instability (HTI) and/or the transverse mode
coupling instability (TMCI) [51]. The TMCI threshold
for a broadband resonator impedance is given by [51,54]:

Rth½kΩ=m� ¼ 0.6E½GeV�QsQ
βy½m�Qb½C�σt½ps�f2r ½GHz�

; ð10Þ

where Qb ¼ Nbe, fr ¼ Wr=ð2πÞ, Wr ¼ c=b, σt ¼ σz=c.
The thresholds for both designs were estimated at injection,
at the end of the injection plateau, and at extraction and
correspond to 5.3, 8.9, and 37.0 MΩ=m for the A-PBR and
to 29.6, 7.1, and 9 MΩ=m for the SPS-PBR. The transverse
impedance can be roughly linked to the longitudinal
impedance through [44,50]:

Zt
⊥ ¼ C

πb2
Z0

jj

n
: ð11Þ

Based on this, the transverse impedance (Zt
⊥) of the

A-PBR is estimated as 0.8 MΩ=m, which is well below the
calculated threshold. On the other hand, the transverse
impedance for the case of the SPS-PBR is estimated at
9.8 MΩ=m, which is above the threshold computed at the
end of the injection plateau and at extraction. The necessary
new elements for the eþ=e− option of the SPS-PBR (rf,
transfer elements, vacuum, etc.) need to be designed taking
into account these impedance considerations. At the same
time, they must also allow for seamless proton beam
operation.

E. Ion effects

Ions can be created in the vacuum chamber through the
interaction of charged beam particles with the residual gas
in the beam pipe. These ions can be trapped and accumu-
lated by the fields of the electron beam. Eventually, they
can result in beam instability [56–58]. The critical mass for
the trapping of a singly charged ion is [50,51]:

Acrit ≅
NbΔTbcrp
2σyðσx þ σyÞ

; ð12Þ

where rp is the classical proton radius and ΔTb the bunch
spacing. Ions with a mass A higher than the critical mass
will be trapped in the field of the beam.
Figure 22 shows the critical mass computed for the

A-PBR (top) and the SPS-PBR (bottom) as well as the
thresholds for different ions. The critical mass is lower than
the mass of almost all possible types of ions generated
inside the vacuum chamber, for both PBR options. Ions

TABLE IX. Collective effects estimates for the SPS-PBR and
the A-PBR options.

Parameters SPS-PBR A-PBR

SC tune shift @injection 0.0005 0.0032
SC tune shift @equilibrium 0.018 0.028
SC tune shift @extraction (×10−4) 0.16 1.6

Emit. growth by IBS @injection (%) 9 6

Longitudinal impedance (Ω) 6.44 1
LMI threshold @injection (Ω) 1167 57.92
LMI threshold @equilibrium (Ω) 31.14 1.44
LMI threshold @extraction [Ω] 100 10.11

Transverse impedance (MΩ=m) 9.77 0.79
TMCI threshold @injection (MΩ=m) 29.6 5.28
TMCI threshold @equilibrium (MΩ=m) 7.10 8.95
TMCI threshold @extraction (MΩ=m) 8.97 37.0

Max. tune shift by ions 0.009 0.002
FII rise time ½trev� 61 134

Chamber radius (m) 0.04 0.03
EC neutr. dens. ð1011=m3Þ 7.06 12.55
ECI dens. th. @injection ð1011=m3Þ 11.30 2.84
ECI dens. th. @equilibrium ð1011=m3Þ 1.62 1.43
ECI dens. th. @extraction ð1011=m3Þ 1.68 3.67

0.5ρΛ−3=2 (cm) 5000 0.015
ρ=b 18,525 6433
Stupakov parameter (Λ) 3.78 568
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trapped by the electron beam induce a tune shift, which at
the end of a bunch train becomes [50,51,56]:

δQion ≅
NbnbreC
πγ

ffiffiffiffiffiffiffiffi
ϵxϵy

p
�
σionp
kBT

�
; ð13Þ

where σion is the ionization cross section, p is the vacuum
pressure, and kB is the Boltzmann constant. For the A-PBR
δQion ¼ 0.002 while for the SPS-PBR δQion ¼ 0.009,
which are both relatively small, assuming a pressure of
10−10 mbar for the A-PBR and 10−11 mbar for the SPS-
PBR, which may drive pumping upgrade considerations.
The accumulated ions can lead to fast-ion instability

(FII) with a rise time given by [50,51,56,57]:

τinst ≅
0.1γσxσy

Nbnbcreβyσion

�
kBT
p

�� ffiffiffi
8

π

r �
: ð14Þ

The FII rise times are obtained as 61 and 134 revolution
times (trev) for the SPS-PBR and the A-PBR, respectively.
Instabilities with such rise times can be suppressed by a
feedback system, provided that vacuum pressures of
10−11 mbar for the SPS-PBR and 10−10 mbar for the
A-PBR are achieved.

F. Electron cloud

The electron cloud instability (ECI) mostly arises for eþ
beams [57,59]. When free electrons in the vacuum chamber

get accelerated in the electromagnetic field of the beam and
hit the chamber walls, electron amplification can occur
through the multipacting effect. The e− buildup saturates
when the attractive beam field is compensated by the field
of the electrons, at a neutralization density, given by [57]:

ρneutr ¼
Nb

Lsepπbxby
; ð15Þ

where Lsep [m] is the bunch spacing. Electron cloud can
lead to single or coupled-bunch instabilities. The single
bunch ECI occurs above the e− density threshold estimated
by [57,60,61]:

ρth ¼
2γQsffiffiffi
3

p
QreβyC

; ð16Þ

where Q ¼ minð7;ωeσz=cÞ is the angular oscillation fre-
quency of the electrons interacting with the beam, with
ωe

2 ¼ Nbrec2=½2σzσyðσx þ σyÞ�. The neutralization den-
sities for both the A-PBR and the SPS-PBR options
were calculated as 12.55 × 1011=m3 and 7.06 × 1011=m3,
respectively. The neutralization density exceeds the insta-
bility threshold for both designs (see Table IX). This aspect,
and in particular possible mitigation measures, should be
investigated with detailed simulations in the following
phases of the FCC project.

G. Coherent synchrotron radiation

Coherent synchrotron radiation (CSR) occurs if the SR
wavelength is comparable to the bunch length. The CSR
may lead to a microbunching instability under the follow-
ing conditions [44,62–65]:

σz ≥ 0.5ρΛ−3=2 and ρ=b ≤ Λ; ð17Þ

where b is the chamber radius, ρ the bending radius, and Λ
known as the Stupakov-Heifets parameter:

Λ ¼ Nbreρ
ffiffiffiffiffiffi
2π

p

Cjαcjσzγσδ2
. ð18Þ

The instability conditions were calculated for both design
options and presented in Table IX, indicating that no CSR
instability is expected.

H. Summary of collective effect study

In this section, analytical estimates of various collective
effects were presented for the two FCC-ee PBR design
options. Based on these estimates, no major limitations are
expected due to SC, IBS, LMI and CSR. Concerning the
TMCI, the transverse impedance exceeds the instability
threshold for the SPS-PBR. Furthermore, it was shown
that the neutralization density exceeds the ECI threshold

FIG. 22. Critical mass for the A-PBR (top) and one sextant of
the SPS-PBR (bottom) in comparison to the thresholds for
various molecules.
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for both design options. The fast rise times computed for
the FII can be compensated by a feedback system,
provided that a vacuum pressure of 10−11 and 10−10 mbar
can be achieved for the SPS-PBR and the A-PBR design,
respectively.

VIII. CONCLUSION

Two FCC-ee prebooster ring design options have been
developed. One is based on the existing SPS with a few
necessary modifications (SPS-PBR) and the alternative is a
green-field ring design (A-PBR).
For the SPS-PBR option, two main challenges were

addressed. Namely, the horizontal equilibrium emittance at
extraction and the damping time at injection are both
considerably larger than the required values. In this regard,
a phase advance optimization was performed and the
insertion of a combination of damping and Robinson
wiggler magnets was proposed. After these modifications,
both the required emittance at extraction and damping time
at injection could be demonstrated. As a side effect of the
optimization, the equilibrium rms energy spread at extrac-
tion is quite high compared with the longitudinal accep-
tance. Consequently, a much higher rf voltage than hitherto
assumed may turn out to be necessary. Dynamic aperture
simulations were also carried out, including sextupoles
and fringe fields, demonstrating an adequate dynamic
aperture in both planes. In addition, the rf voltage program
along the cycle was defined for achieving the required
energy acceptance, including a good injection efficiency.
Analytical estimations for various collective effects were
also made, and the main limitations were identified. The
SPS transverse impedance exceeds the calculated insta-
bility threshold, which needs to be taken into account when
modifying the SPS beam vacuum chambers and in the
design of new elements for the eþ=e− option. The fast ion
instability can be compensated with a feedback system,
provided that the current vacuum pressure of the SPS is
considerably improved; furthermore, it was shown that the
neutralization density exceeds the electron cloud instability
threshold. For this point, more detailed simulations should
follow. Synchrotron radiation power calculations demon-
strate that the design of a totally new vacuum system is
required as the existing one cannot sustain the expected
synchrotron radiation power. In summary, although the
existing SPS ring has limitations such as availability and
minimum modification possibility, the required parameters
could be provided by using insertion devices. It is con-
venient to have an already working machine in terms of
cost-based evaluation; however, it could also be taken into
account that the vacuum system should be replaced (with
properly cooled chambers and absorbers) and a super-
conducting damping wiggler is needed to reach the
required parameters. Furthermore, a challenging rf system
is needed.

For the A-PBR option, the conceptual design of an
alternative prebooster ring option was presented. A ring
layout was defined based on a parameter scaling: a ring
circumference of around 2 kmwith four arcs and four straight
sections was finally chosen. The linear optics design was
presented. Based on this design, the required beam character-
istics at extraction from the PBR can be achieved. First
nonlinear dynamics considerations were also discussed. An
adequate DAwas demonstrated, dominated by the nonlinear
effects introduced by the sextupoles used for the chromatic
correction. The impact of alignment errors and magnet
imperfections on the dynamic aperture of the machine was
also investigated and the effect was proven to be small. In
addition, collective effects were estimated and the main
limitations were identified: As for the SPS-PBR, the neu-
tralization density exceeds the calculated electron cloud
instability threshold and, again, more detailed simulations
should be performed in the future; an ultralow vacuum
pressure is required in order to avoid uncontrolled fast ion
instabilities. Finally, synchrotron radiation power calcula-
tions were executed: during the design process, special
attention should be paid to the vacuum chambers of this
new machine. The A-PBR design may require a much lower
rf voltage than the SPS option, for achieving a decent
quantum lifetime. In summary, the required parameters could
be achieved with a comparatively short ring without using
any insertion devices. A-PBR does not have the existing
machine limitations; however, the cost of building such a
machine is incontrovertible.
Both prebooster ring options, SPS-PBR and A-PBR

design, have eventually met the required parameters of the
FCC-ee injector complex, each with its own advantages and
disadvantages. In terms of the scientific perspective, both
designs are compatible with the project demands. One of
them could be chosen as the baseline for the next phase of
the FCC project.
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