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• Beam = EM potential for all other charges

• Beam acts with a force on other beam

• Nonlinear beam-beam kick

• Linear strength characterized by beam-beam 

parameter ξ

• Harmful consequences on beam dynamics

• No theory, simulations have to be used

Beam-beam interaction

Force of opposite 

bunch on a single 

test particle

u ∈ {x,y}

2FCC-ee beam-beam effects
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Beam-beam effects in FCC-ee

Collective
• Beamstrahlung

• Deflection in collective

field of opposite bunch

FCC-ee beam-beam effects 3

• Radiation        particle losses

Incoherent
• Radiative Bhabha 

scattering

• Deflection in field of 

single particle of opposite bunch
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Beam-beam effects in FCC-ee

1. Top-up injection scheme [1]

• Continuous injection of new bunches

• Maintains luminosity levels & 

compensates for decreased beam lifetime

2. Large Piwinski angle + crab waist scheme [2]

• Small beam size

• Crossing angle

• Crab sextupoles

FCC-ee beam-beam effects 4
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“weak bunch”

Nb-ΔN

“strong bunch”

Nb+ΔN

• Flip-flop instability (1D) observed in other colliders (VEPP-2000) [3]

• For FCC-ee: 3D flip-flop - direct consequence of beamstrahlung, triggered by an initial 

asymmetry in bunch intensity [4]

• Inflation of one bunch beam loss

• Above a threshold ξ0 longitudinal blowup drives transverse diffusion 3D flip-flop

• Relevant for FCC-ee top-up injection

6

Slightly more populated 

bunch: Nb+ΔN

Undergoes less intense 

beamstrahlung

Bunch length decreases

Undergoes even less

Beamstrahlung

Bunch length decreases

even more

Slightly less populated 

bunch: Nb-ΔN

Undergoes more intense 

beamstrahlung

Bunch length increases

Undergoes even more

Beamstrahlung

Bunch length increases

even more

ξ < ξ

ξ < ξ

3D flip-flop instability

Flip-flop
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• Scanned asymmetry in bunch intensity:

• Observed expected blowup of weak bunch

y zx

(ΔN ∈ [0,1])

3D flip-flop instability

3D flip-flop
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• Analytical model to estimate blowup [5]

• 1D model does not take into account nonlinear diffusion at high asymmetries

• 3D model includes diffusion in a phenomenological way

(=100*ΔN)

3D flip-flop instability

3D flip-flop – comparison to a 1D model
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3D

1D

3D

1D

[5]

𝜎𝑦

𝜉𝑦

𝜎𝑦,0

𝜉0

𝜉𝑦 < 𝜉0: 

𝜎𝑦 unchanged (no 

transverse blowup of 

weak beam)

𝜉𝑦 > 𝜉0: 

𝜎𝑦 increases according to 

phenomenological model

Parameters to be found from 

simulations

z y
ξ0 ~ 0.2 • Model validates tracking

• Good predictions at small ΔN

• Allows fast parameter scan for first 

estimates of blowup

3D flip-flop instability

3D flip-flop – comparison to a 3D model
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• 3D model for W

• 1D model for Z, H, ttbar

• Good overall agreement

• Top-up injection simulation 

ongoing

3D flip-flop instability 10

3D flip-flop – blowup at small asymmetries
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Bhabha scattering – Cross section
• Event generator adapted from GUINEA-PIG [6]

• Method of equivalent photons:

1. Generate virtual photons of beam 1 slice

2. Compton scatter virtual photons on beam 2 macroparticle

• Bhabha cross section from single collision: count emitted photons above mom. 

acceptance (1-2%, from [7] & [8])
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Bhabha scattering - Luminosity
• Comparison of luminosity in GUINEA-PIG and Xsuite

• PIC vs soft-Gaussian

• Xsuite WS to GUINEA-PIG: ~10% less lumi

• Xsuite SS to GUINEA-PIG: ~5% less lumi, except Z where soft Gaussian is the least accurate
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Bhabha lifetimes

1. Red: σBBBREM + LXsuite: ~5% syst. unc. of event generator compared to BBBREM

2. Blue: σBBBREM + LGUINEA-PIG: unc. up to ~10% due to 1. + lumi error from PIC-soft-Gaussian difference

CDR [8]

4 IP [7]

Bhabha count > mom. acc.

simulationreference

from BBBREM from Xsuite/GUINEA-PIG
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Summary

3D flip-flop

• Good agreement with analytical model for small asymmetries

• Longitudinal top-up injection studies ongoing

Bhabha lifetimes

• Successful benchmarks:

• Xsuite with BBBREM & GUINEA-PIG

• Lifetimes using linear tracking + hard edge acceptance

• Can be used in other types of studies (MDI & collimation)

• In progress: lifetimes from tracking in nonlinear lattice

This work was performed under the auspices and with support from the Swiss 

Accelerator Research and Technology (CHART) program.

Thank you!
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Simulation parameters

Slide # 7, 8 & 9 10

FCC-ee setup Z (CDR, 2 IP) Z / W / H / T (4 IP)

Beam-beam model quasi-strong-strong 

(fupdate=100)

quasi-strong-strong 

(fupdate=100)

# slices in beam-beam 300 100 (300 for Z)

# macroparticles 1e7 1e5

# turns 2.5e4 2e4 / 1e4 / 5e3 / 5e3
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: compute statistical

moments of slice

t

Slower & more accurate

Faster & less accurate

Multiturn tracking 

IP | arc | IP | arc | IP ...

...
Weak-Strong

(WS)

...

Strong-Strong

(SS)

...
Quasi-Strong-Strong 

(QSS)

(e.g. fupdate= 2)

FCC-ee

: bunch slice with

macroparticles
: soft-Gaussian kick: untracked bunch 

with fixed moments

Beam-beam in Xsuite
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3D flip-flop – luminosity

[1] H. Damerau

https://cds.cern.ch/record/905072/
[1]

https://cds.cern.ch/record/905072/
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• Scanned asymmetry in bunch intensity:

• Strong bunch shrinks

(ΔN ∈ [0,1])

3D flip-flop – strong bunch

y
zx
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• Local curvature of a particle in the weak bunch, flat beam approximation, due to 

transverse electric field from strong bunch:

1
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[1] M.A.Valdivia Garcia, F. Zimmermann 

https://cds.cern.ch/record/2702811

Analytical approximation of bending radius [1]

Approximations:

https://cds.cern.ch/record/2702811
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Emittance scan results

• εy,0: only lattice

• εy,bb: with beam-

beam+beamstrahlung

• Black: tracked results 

with Xsuite 

• Pink: εy “target” from 

parameter table 

(~desired max. εy with 

beam-beam) [1] 

• Orange: data provided 

by K. Oide
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Workflow – everything in Xsuite

Prepare Xtrack line once [6]:

load MAD-X 

sequence [7]

add wigglers

slice sequence

build + twiss 4D

build + twiss 4D

convert to Xtrack

line

save Xtrack line

Loop over a range of εy values:

twiss 6D mean 

synrad + tapering

match εy

build + twiss 4D

load Xtrack line

twiss 6D mean 

synrad + tapering

...

add beam-beam 

element (optional)

build

set quantum 

synrad

track

...

repeat with next εy

add observation 

point @ RF
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• Small discrepancy 

compared to SAD results

• Xsuite likely not yet 

converged

• Need more turns to see 

converged emittances

Emittance scan results



31 / 01 / 2024 | FCC Physics Workshop 2024

• Linear lattice

• Hard edge momentum 

acceptance

Bhabha lifetimes
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Bhabha lifetimes

• τ: Bhabha lifetime [s]

• Nb: bunch intensity [1]

• σBhabha: Bhabha cross section [m^2]

• NIP: number of Ips [1]

• Linst=L*frev: instantaneous lumi of 1 bunch crossing [m^-2 s^-1]

• L: integrated lumi of a single collision (collision luminosity) [m^-2]

• frev: revolution frequency [s^-1]

• Rb= σBhabha*L: number of emitted Bhabha photons with E above mom. acceptance [1]


