
FCC-ee: Single-beam collective effects

M. Migliorati

E. Belli, E. Carideo, D. De Arcangelis, D. Quartullo, M. Zobov

Acknowledgements: R. Calaga, G. Castorina, A. Drago, R. Kersevan, B. Spataro, 

F. Zimmermann, …

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



Outline

• FCC-ee main parameters

• Overview of wakefields and impedances 

evaluated so far

• Study of single beam instabilities

• Other studies on collective effects (e. g. in the 

Booster, e-cloud, …)

• Challenges and plan for the Innovation Study
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FCC-ee main parameters
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Lowest beam energy: highest 

beam current, highest number of 

bunches, lowest emittance, and 

longest damping times
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Overview of wakefields and coupling impedances
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Main bending magnet; the outline of vacuum 

chambers with side winglets is also shown. 
Cross-section of the main 

quadrupole, for a 10 T/m gradient. 

Beam pipe cross section (from CDR)

3D model of the FCC-ee vacuum chamber 

with  a synchrotron radiation absorber and 

pumping slots used for CST simulations.
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Overview of wakefields and coupling impedances
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• One main difference of FCC-ee with respect to other colliders is the

large circumference of 𝐶 = 97.75 km.

• Since the resistive wall impedance is proportional to 𝐶 , its

contribution to the total machine impedance increases linearly with

the machine length.

• This scaling law is not true for other machine devices, i.e. bellows,

BPMs, rf cavities, etc.

• Example: the number of bellows. In KEKB, having a circumference

of about 3 km, there are about 1000 bellows, while in FCC-ee we

need about 8000 of them (8 times), despite a circumference about

30 times larger.

• By increasing the machine length the contribution of the RW

impedance assumes more and more importance with respect to

other elements.
10/11/2020



Overview of wakefields and coupling impedances
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RW is a dominant source of wakefield and coupling impedance.

For its evaluation we considered a circular beam pipe (ignoring the

winglets).

A coating is required to suppress the e-cloud in the positron ring and/or

for pumping needs in both rings.
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Overview of wakefields and coupling impedances
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1. The real part of the impedances depends neither on the coating

thickness nor on its conductivity (no power losses due to the coating).

2. The imaginary part has an additional term linear with the coating

thickness.

𝑍⊥ 𝜔

𝐶
=

𝑍0
2𝜋𝑏3

𝑠𝑔𝑛 𝜔 − 𝑖 𝛿2 − 2𝑖Δ 1 −
𝜎1
𝜎2
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These results have 

been confirmed by the 

code IW2D, developed 

at CERN, which 

evaluates the wakes 

and impedances of a 

generic multilayer 

circular (or flat) vacuum 

chamber.



Overview of wakefields and coupling impedances
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• The lower is the thickness of the coating, the lower is

its contribution to the (imaginary) longitudinal

impedance with respect to pure copper.

• Since a coating is needed, some measurements

were performed at CERN to characterize NEG thin

films, with the purpose of finding the minimum

effective thickness satisfying vacuum and electron

cloud requirements.

• A NEG film thickness between 100 and 200 nm, is a

good candidate for coating thickness. For the beam

collective effects we use, as reference, 100 nm.
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Overview of wakefields and coupling impedances
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The wake fields and impedance have been evaluated for some

important vacuum chamber components

10/11/2020

56 RF cavities

14 double 

RF tapers

Tapers: transition from radius a = 50 mm outside the 

cryomodule to radius b = 150 mm inside the cryomodule (or 

vice-versa).

We assumed g = 0.5 m 



Overview of wakefields and coupling impedances
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4000 

BPMs
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Overview of wakefields and coupling impedances
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20 Collimators
10000 Synchrotron radiation 

absorbers

10/11/2020

8000 bellows
Y. Suetsugu, Japan-Italy Collaboration 

Meeting "Crab Factories” 2008 (INFN-LNF)
RF fingers



Overview of wakefields and coupling impedances
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For nominal intensity and 

3.5 mm Gaussian bunch 

length

wake functions of 3.5 mm Gaussian bunch
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Single beam instabilities
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Bunch length and 

energy spread versus 

bunch intensity

Beamstrahlung helps in 

mitigating microwave 

instability. What is the 

effect of the longitudinal 

impedance on the beam-

beam interaction?
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Single beam instabilities
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Bunch length and 

energy spread versus 

bunch intensity

Beamstrahlung helps in 

mitigating microwave 

instability. What is the 

effect of the longitudinal 

impedance on the beam-

beam interaction?
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Can higher harmonic cavities be used to 

increase the bunch length thus reducing the 

wakefield effects w/o beamstrahlung?



Beam-beam and longitudinal impedance
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The X-Z instability is a novel coherent 

beam-beam instability appearing with a 

large crossing angle.

For CEPC the authors have 

investigated the effects of 

beamstrahlung and longitudinal 

coupling impedance on this instability.
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Beam-beam and longitudinal impedance
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The X-Z instability is a novel coherent 

beam-beam instability appearing with a 

large crossing angle.

For CEPC the authors have 

investigated the effects of 

beamstrahlung and longitudinal 

coupling impedance on this instability
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What about FCC-ee?



Single beam instabilities
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Transverse Mode Coupling Instability

It takes place when frequencies of different coherent modes of transverse 

internal bunch oscillations couple.

Real part of the frequency shift of the first coherent 

oscillation modes as a function of the bunch population 

without (left) and with (right) beamstrahlung, by 

considering only the RW impedance produced by a NEG 

film with 100 nm thickness. 

Results obtained with 

DELPHI (no tracking 

code) which uses a 

decomposition over 

orthogonal Laguerre 

polynomials for the 

radial modes.

For each point in the 

plots, the bunch 

length at a given 

intensity, as obtained 

by PYHEADTAIL, has 

been used. 
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Single beam instabilities
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Differently from the longitudinal microwave instability TCBI is destructive.
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The most dangerous mode is that closest 

to the origin (with negative frequency)

Its growth time is about 7 revolution turns

A robust feedback is required for the 

instability suppression!
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Single beam instabilities
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Electron cloud build up
arc dipoles

quadrupoles

 Realistic shape of the vacuum chamber

 Round chamber of 15 mm (20 mm) radius in Q1 (Q2)

 Electron cloud build-up in the arcs and IR magnets 

 Initial uniform distribution 109 e-/m

 SEY scan  

 Nominal bunch intensity 

 Filling pattern: 80b + 25e

 Bunch spacing scan: 2.5 ns, 5 ns, 15 ns

drift

Element L[m] Magnetic field

Arc dipole 23.44 0.014 T

Arc quad 3.1 ±5.65 T/m

Arc drift - -

QC1L1 1.2 -96.3 T/m

QC1L2 1 50.3 T/m

QC1L3 1 9.8 T/m

QC2L1 1.25 6.7 T/m

QC2L2 1.25 3.2 T/m

Simulations performed with 

PyECLOUD by E. Belli (PhD 

thesis)
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Single beam instabilities
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Heat load Heat load in 

the arc 

dipole Heat load in 

the 

quadrupoles
Heat load 

in the drifts

New electron cloud studies and simulations are now being performed by Fatih

Yaman with different bunch spacings (10, 15 and 20 ns). Work in progress. See:

Fatih Yaman, ‘Electron -Cloud Simulations for the FCC-ee Collider Arcs and for 

the e+ Damping Ring’ 121st FCC-ee Optics Design Meeting, July, 2020

Fatih Yaman, ’Electron cloud build up in the collider: towards lower density’, 

123rd FCC-ee Optics Design Meeting, July, 2020
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FCCee-Booster Beam Dynamics Studies
1) Simulated parameters

Parameters Value

Machine circumference (𝐂𝐫) 97.756 km

Beam energy at injection (𝐄𝟎) 20 GeV

Bunch population (𝑵𝐛
𝐧𝐨𝐦) 𝟐. 𝟏𝟑 × 𝟏𝟎𝟏𝟎

ppb

SR 1 𝛔 rel. energy spread 
(𝛔𝒅𝑬𝟎,𝐫)

0.166 × 𝟏𝟎−𝟑

SR energy loss per turn (𝐔𝟎) 1.33 MeV

SR damping time (𝛕𝐳) 15013 turns

RF frequency (𝐟𝐫𝐟) 400 MHz

Harmonic number (𝐡) 130432

RF voltage (𝐕𝐫𝐟) 60 MV

Arc phase advance (𝛗𝐚) 60°

Mom. compaction factor (𝛂𝐜) 1.48 × 𝟏𝟎−𝟓

Synchrotron tune (𝐐𝐬) 0.0304

SR 1 𝛔 bunch length (𝛔𝒛𝟎) 1.26 mm

2) RW-impedance evaluation with IW2D adding a 

copper layer to beam-pipe

3) BLonD longitudinal beam    

dynamics simulations 
4) BLonD simulations using 1 𝛍𝐦
copper-layer increasing SR power-loss

5) DELPHI shows no presence of TMCI at 𝑵𝐛
𝐧𝐨𝐦 when 𝑼𝟎 = 4 MeV. 

6) Analytical considerations indicate that the TCBI rise-time is of about 2 revolution turns (fast 

feedbacks are required).
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Challenges and future plan

• Impedance and wakefield evaluation of other machine 

devices (e. g. flanges)

• Include the interaction region in the broadband 

impedance model

• Update of some impedance sources (e. g. collimators, 

RW?) with more realistic models

• Create an impedance repository

• Evaluate the transverse wakefields and impedances 

and perform PyHEADAIL simulations

• Investigate the interaction between beamstrahlung and 

longitudinal coupling impedance

• Study the possible effect of higher harmonic cavities
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Challenges and future plan

• Continue the study related to electron could, including 

the multi-bunch effects

• Continue the work on ion instabilities

• Continue the study of impedance evaluation (and 

create a repository) and collective effects for the 

Booster, in both the longitudinal and transverse 

planes

• Collaborate for the determination of a feedback 

system for coupled bunch instabilities (in particular, 

for the transverse plane, also in the Booster)

• … maybe I’m missing some other important 

argument.
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