
Remaining issues on the design of beam optics 
for the FCC-ee collider rings

K. Oide 
Nov. 10, 2020 @ FCC November Week 2020 

Many thanks to J. Bauche, M. Benedickt, A. Blondel, M. Boscolo, T. 
Charles, J. Gutleber, M. Koratzinos, V. Mertens, T. Risselada,  

D. Shatilov, F. Zimmermann, and all FCC-ee collaborators 

The Future Circular Collider Innovation Study (FCCIS) project has 
received funding from the European Union's Horizon 2020 research and 

innovation programme under grant No 951754.



Issues beyond the CDR

‣ 4 IP or not?

‣ Layouts:
‣ Tunnel placement
‣ Around the IP
‣ Consistency with hh & the main 

booster

‣ Straight sections:
‣ Injection & beam dump
‣ RF for all energies
‣ Polarimeters, polarization wigglers

‣ MDI-related issues:
‣ IR optics
‣ Inclusion of solenoids

‣ Final quads with inevitable 
multipoles

‣ Local chromatic/crab sextupoles
‣ Collimators: how many and where?

‣ More details:
‣ Separation between magnets
‣ Additional correctors, BPMs
‣ Dividing very long dipoles in the 

interaction region as well as arcs  into 
realistic lengths.

‣ Inclusion of field characteristics of 
actual magnets (effective length, 
fringes, multipoles).

‣ and more… Nov. 10, 2020 K. Oide



4 IP or not?

‣ As pointed out by D. Shatilov, the 
expected beam-beam footprint crosses a 
number of resonance lines including the 
half integer ( ) and sum resonance 
( ). 

‣ The harmfulness of these resonances 
depends on the machine errors and 
corrections.

‣ The achievable β-beats after misalignments & corrections may be 
still within the allowable level (T. Charles), but…

‣ Beam-beam simulation with lattice errors must be done for the 
decision (D. Shatilov).

νy = N
νx + νy = N
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COLLIDER DESIGN AND PERFORMANCE

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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Layouts

‣ 45 scenarios out of hundreds were individually 
looked at and retained for further optimisation at 
micro-level (J. Gutleber, V. Mertens, A-L. 
Verdier).

‣ The beam optics will be redone after the global 
layout is fixed. 

‣ There will be no fatal impact, but may affect the 
performance such as the luminosity by a small 
amount.

‣ J. Gutleber, V. Mertens, A-L. Verdier
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Layout around the IP
‣ The layout around the IP on the CDR needs a 

large  space for the tunnels of ee, booster and hh. 

‣ The size of cavern for two detectors also matter.

‣ It is possible to modify the ee-rings, but still needs 
a large space for tunnels.

‣A possible solution is to make the hh ring to 
follow the outer footprint of ee, as investigated by 
T. Risselada (preliminary):

Nov. 10, 2020 K. Oide



‣ The Main Booster may be elevated for a better 
arrangement and easier injection to the collider, 
access from the both sides of the rings, etc.:

‣ The circumference of the booster must be 
adjusted, to use the common RF freq. as the 
collider.

‣ Currently there is some discrepancy in the layouts 
between ee & hh. Should be solved on either side:

Consistency of the layout with FCC-hh & Booster

V. Mertens
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Injection & beam dump
‣ The injection & beam dump optics must be 

refined, esp. for synchrotron injection.

‣ The transport line, including a vertical 
translation must be designed.

‣ The usable straight section must be identified.

‣ For 4 IP, the injection will be done in the same 
section as the RF.

M. Aiba 
CDR

IP

IP

IP

IP

RF (H, tt)
Inj.

RF (H,tt)

RF (Z,W,H,tt)

RF (H, tt)
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FCC-ee Conceptual Design Report

Figure 5.12: General cryogenic layout.

Figure 5.13: Cryogenic plant architecture.

– 50 K to 75 K for thermal shield as the first major heat intercept, sheltering the cavity cold mass
from the bulk of heat inleaks from the environment;

– 4.5 K normal saturated helium for cooling 400 MHz superconducting cavities;
– 2 K saturated superfluid helium for cooling the 800 MHz superconducting cavities.

162
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RF for all energies

‣ As for the RF section, so far a toy optics for  (common RF) 
has been designed in the CDR.

‣ As the necessary RF cavities will change according to 
the staging scenario, the beam optics must be 
designed for each energy.

‣ Lower energies need a separated RF, beam lines with 
an additional crossing.

‣ Sharing common cryostats for the booster with the 
collider at high energies may be thinkable.

‣ In the case of common RF, the path length from the IP to 
RF must be adjusted.

‣ The polarization wigglers can be used for  path-length 
adjuster?

tt

Nov. 10, 2020 K. Oide

RF staging scenario in the CDR



MDI-related issues: solenoids at the IP

‣ Currently solenoids have not been included in the 
official lattice.

‣ Its effect on the dynamic aperture, etc., has been 
evaluated in SAD.

‣ There remain small discrepancies in the optics 
between MAD-X and SAD with a tilted solenoid.

‣Once included, the closed orbit depends on the 
energy due to the crossing angle. So a correction 
scheme is necessary.

‣ The overlapping quads and their higher 
multipoles should be included, too.

‣ Correction windings on the final quads must be 
included in the lattice.
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MDI-related issues: quads and sexts
‣ The strengths of final quads must be weaken at 

lower energies to reduce the effects of synchrotron 
radiation fluctuation.

‣ The design of the sextupoles for the local 
chromaticity correction and crab waist must be 
finalized. They are very strong, esp. at .

‣ If necessary they should be lengthened.

tt

COLLIDER DESIGN AND PERFORMANCE

Figure 2.7: The
p

�x,y and beam sizes around the IP at Z (upper left), WW (upper right), ZH (lower left),
and tt (lower right). The beam sizes assume the equilibrium emittances listed in Table 2.1. The final
quadrupoles QC1(L/R) are longitudinally split into three slices. While all slices of QC1 are vertically
focussing at tt, only the first ones are at Z. Note that the inner radius of the beam pipe through these
quadrupoles is larger than 15 mm.

100 m immediately after the dispersion suppressor dipole at the entrance of the inner ring and therefore
the beam optics is different to that of (b).

The remaining straight sections will be used for injection, beam dump, collimation, etc.

2.4.4 Dynamic Aperture
The dynamic aperture (DA) has been estimated using the computer code SAD [176], taking into ac-
count the effects listed in Table 2.3. The synchrotron radiation from the dipoles improves the aperture,
especially at tt, due to the strong damping, whereas the radiation loss in the quadrupoles for particles
with large betatron amplitudes reduces the dynamic aperture. This is due to the synchrotron motion in-
duced by the radiation loss as described in Ref. [151]. This effect is most noticeable in the horizontal
arc quadrupoles; therefore, the length of the arc quadrupoles must be sufficiently long. The final focus
quadrupole has another effect resulting from the SR which makes the transverse damping unstable. The
vertical motion for a �⇤

y = 0.8 mm at Z is unstable for �y & 30�y due to the large �y and the strong
field gradient in the quadrupole.

The DA has been optimised by particle tracking with a downhill simplex method scripted within
SAD and varying the sextupole settings. All the effects listed in Table 2.3 were included in the optimi-
sation. The goal of optimisation is to determine a weighted area covered by the initial conditions in the
z-x plane, detailed in Ref. [151]. The results are shown in Fig. 2.9. The transverse apertures in the x-y
plane, shown in Fig. 2.10, are evaluated after the optimisation for the z-x plane.

The resulting DA satisfies the requirements for both beamstrahlung and top-up injection, including
field errors and misalignments [178]. The optimisation was done for each energy. The number of initial

PREPRINT submitted to Eur. Phys. J. ST
43
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Figure 2.6: The beam optics of the FCC-ee IR for tt. Upper and lower rows show
p

�x,y and dispersions,
respectively. The beam passes from the left to the right. The optics is asymmetric to suppress the
synchrotron radiation toward the IP. Dipoles are indicated by yellow boxes; those in region (e) have a
critical energy of the SR photon below 100 keV at the tt. Sextupoles for the LCCS are located at (a–d),
and sextupoles at (a,d) play the role of crab sextupoles.

focus which is closest to the IP (know as QC1), which is located at `⇤
= 2.2 m from the IP, is split into

three pieces. The polarities and the strengths of these pieces depend on the beam energy. For instance,
all three pieces provide vertical focusing at tt, and only the first piece provides vertical focusing while
the remaining two focus horizontally at Z. The field strengths are limited to the same value, 100 T/m, at
all beam energies. With this triple splitting, the centre of focusing for each plane moves closer towards
the IP at the Z, which reduces the increment of the chromaticity for the smaller �⇤. Comparing left and
right of Fig. 2.7, it can be seen that the beam sizes at Z through this region are still smaller than those at
tt. The peak value of �y is almost unchanged even though �⇤

y is reduced by a factor of 2. The peak of �x

at Z is about 3 times higher, while �⇤
x becomes 1/6 of the value at tt.

The critical energy of SR photons from the dipoles up to 500 m upstream of the IP is set below
100 keV at tt. There are no dipole magnets upstream of the IP for up to 100 m.

2.4.3 RF Section and Other Straight Sections
Figure 2.8 shows the beam optics for the half ring for tt. The RF sections are located in the long straight
sections around PJ and PD as shown in Fig. 2.1. At tt, an acceleration voltage of ⇠5.3 GV per section
is needed; As a result, the length of the RF installation for the collider will be about 1 km (with a similar
length for the top-up booster). At the tt energy, both beams pass through a common RF section. A
combination of electrostatic separators and a dipole magnets deflects only the outgoing beam so at to
avoid any SR shining towards the RF cavities. In this running mode, the quadrupoles within the RF
section are common to both beams, but they are still compatible with the overall tapering scheme, if their
strengths are symmetrical about the mid-point of the RF section.

The staging of the RF system adds cavity modules step by step as the energy increases, starting at
Z up to tt. The beam line in the RF section needs minimal modification as more modules are installed.
Most of the RF cavities and cryomodules are reused at the various stages.

The straight section (a) in Fig 2.8 has space for a spectrometer which will use inverse Compton
scattering from a laser to measure the beam energy and the polarisation. This section has a free space of
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SuperKEKB collimators

KEKB review, July 2020 Hiroyuki Nakayama (KEK) 22

Andrii Natochii

MDI-related issues: collimators
‣Where and how many collimators do we need?

‣ Both for stored & injected beams.

‣ SR and particle losses, beam-beam effects must be 
taken into account.

‣ It is not easy to install a collimator in the middle of arc.

‣ Technical design of the collimators are necessary considering:

‣ Roles (spoiler vs. absorber)

‣Material, shape, impedance, …
Date(MM/DD)

MDI Status in 2020a,b Run
• New LER V collimator (D6V1)

• UƐĞĚ DϲVϭ aƐ ͞ƉƌŝŵaƌǇ͟ ;сŶaƌƌŽǁĞƐƚͿ cŽůůŝŵaƚŽƌ ƚŽ ƉƌŽƚĞcƚ DϮVϭ ŶĞaƌ IP
• Effectively suppress LER Beam-gas Coulomb (see next slide)
• Plan to replace D6V1 head with Carbon in this summer

• Beam aborts due to bad injections: less frequent
• Less machine downtime Æmore integrated luminosity
• LINAC pulsed magnet misfire problem is solved on Apr. 9th

• LINAC/BT orbit monitoring significantly improved

• Injection BG duration
• Shorter veto window Æ less dead time
• Many studies in 2020a,b, with newly developed monitoring tools

• 2-bunch injections
• Essential to achieve higher beam currents
• HER 2-bunch injection is successful and now set as default (LER needs more work)

• Others
• Faster Diamond abort cycle 2.5 us in 2020 a+b (10 us before) ensuring safer operation 
• Two QCS quench events (May 27th, June 20th)
• PXD SR by HER injections: not critical right now, but need careful watching
• CDC HV trip is much less frequent in 2020a,b
• Collimator activations, collimator impedance

KEKB review, July 2020
Hiroyuki Nakayama (KEK) 3

LINAC software 
replaced on Apr. 9th

Daily count of pulse magnet failures  

PXD damage/QCS quench by beam loss on May 27th 

SuperKEKBBelle II

LINAC

MDI MDI taskforce unites
Belle II, SuperKEKB and LINAC

SuperKEKB 
H. Nakayama, A. Natochii, K. Shibata, et al.

SuperKEKB collimators

KEKB review, July 2020 Hiroyuki Nakayama (KEK) 22

Andrii Natochii
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Details:

‣ The current design in the CDR squeezes the space 
between components to almost minimum (10-30 cm).

‣ Thus if more spaces are needed for cabling, pumps, 
photon absorbers, additional correctors, BPMs, etc., 
the lattice must be modified.

‣ It will affect the luminosity performance by a 
small amount.

‣ The CDR lattice has a very long (25-100 m) dipoles. 
They must be divided into shorter ones with realistic 
lengths.

‣ The arc does not have dedicated vertical orbit 
correctors. Only trim windings on sextupoles are 
supposed to use.

‣ Prototyping is necessary.

COLLIDER TECHNICAL SYSTEMS

the tunnel. The ⇠2 mm sagitta generated by the ⇠11 km bending radius can easily be accommodated
inside a straight chamber of the chosen dimensions.

An important feature of the absorbers is that they localise most of the SR-induced desorption;
a suitably “large” pumping speed can be installed next to each absorber. This optimises the trapping
efficiency of the pumps, which in turn generates a lower average pressure along the beam. The vacuum-
related beam lifetime must be longer than the luminosity lifetime (mainly limited by Bhabha scattering)
which translates, for the high-current Z-pole machine, into the need for quick dynamic conditioning to
achieve low SR-induced desorption yields. A localised pumping dome has, therefore, been implemented
next to each photon absorber. The pumping dome is connected to the vacuum chamber via a flat rect-
angular connection with RF shielding slots along the chamber wall in order to minimise any trapping of
high-order modes.

Two different designs are required for the vacuum chambers and the pumping domes, namely,
one for the chamber placed externally with respect to the centre of the ring and one for the other placed
internally. The need for two designs becomes clear from Fig. 3.11, where it can be seen that the pumping
dome can be placed opposite a photon absorber only for the internal beam, while for the external beam
the pumping dome must be placed on the same side as the photon absorber, since the yoke of the dipole
(or quadrupole) does not leave enough space for the dome. For the external beam the SR ray-tracing and
FLUKA simulations indicate that it is better to place the pumping dome upstream of the corresponding
photon absorber.

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 vacuum sectors of LEP were about 500 m long. For FCC-ee, the sector length will ultimately
be determined by balancing the practicality of long independent vacuum sectors against the cost of the
all-metal gate valves at either end of each sector. This balancing will be done in the final stage of the
design.

Pumping
The first 4 years of operation with high currents at the Z-pole beam energy call for a design which guar-
antees fast dynamic vacuum conditioning for both rings, with the additional requirement of a sufficiently
low secondary electron yield (SEY) for the positron ring, in order to minimise and possibly avoid any
electron-cloud issues.
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Details (2)

‣ The magnetic characteristics of all magnets must 
be included, by field calculation and 
measurements:

‣ effective length

‣ fringe profile

‣multipoles

‣ The issue of cross-talk and shift of field center of 
twin-aperture quads observed at CEPC must be 
addressed.

J.Bauche
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Details (3)

‣ BPMs must be included in the lattice adjacent to all quads.

‣Horizontal & vertical orbit correctors must be added in the straight 
sections.

‣ In many places including the arc, the trim windings of dipoles, which are 
necessary for tapering, can be used for horizontal orbit correctors.
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Thank you!
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‣ 4 IP or not?

‣ Layouts:
‣ Tunnel placement
‣ Around the IP
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booster

‣ Straight sections:
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‣ MDI-related issues:
‣ IR optics

‣ Inclusion of solenoids
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multipoles
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‣ Collimators: how many and where?

‣ More details:
‣ Separation between magnets
‣ Additional correctors, BPMs
‣ Dividing very long dipoles in the 

interaction region as well as arcs  into 
realistic lengths.

‣ Inclusion of field characteristics of 
actual magnets (effective length, 
fringes, multipoles).

‣ and more…


