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FCC-hh Octupoles for Landau damping 
(updated)

  
*=Gmax/(Bρ) · (Ioct/Imax) · Loct 

LHC (7 TeV) FCC (50 TeV) FCC (3.3 TeV)

Gradient [T/m3] 63000 200000 200000

β-function [m] 100 200 200

Length [m] 0.32 0.5 0.5

Maximum Current [A] 550 720 720

Bρ [T • m] 23350 166783 11008

Oct int strength* [m-3] (single magnet) 0.863 0.600 9.085
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Number of octupoles increased from 460 to 480 
Increased octupole strength of 42 % w.r.t. previous octupole system



Impact of Landau octupoles on Dynamic Aperture  
(flat top energy)

50 TeV (single beam)

DA > 18 σ

• DA decreases as a function of the octupole strength
• With the required octupole strength DA is above 18 σ for both octupole polarities 

LOF < 0 
(negative polarity)
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LOF > 0 
(positive polarity)



Landau damping for m≠ 0 and Q’≠ 0 
at flat top energy

• m=0 damped by feedback 
• stability diagrams obtained with available octupoles at their maximum strength

m=1 Coupled-bunch 
modes by S. ArsenyevFlat top (no beam-beam)

m ≥ 1 modes: octupoles sufficient up to Q’=20 units powered in negative octupole polarity (orange line) 
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Positive polarity

Negative polarity

DA > 18 σ



Tune spread from bb LR and positive octupoles adds up ➔ larger stability but smaller DA with respect to negative 
polarity (DA < 6 σ)

m=1 Coupled-bunch 
modes by S. ArsenyevEnd of squeeze (beam-beam)

Landau damping for m≠ 0 and Q’≠ 0 
end of betatron squeeze
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Tune spread from bb LR and positive octupoles adds up ➔ larger stability but smaller DA with respect to negative 
polarity (DA < 6 σ)

m=1 Coupled-bunch 
modes by S. ArsenyevEnd of squeeze (beam-beam)

Landau damping for m≠ 0 and Q’≠ 0 
end of betatron squeeze
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m=1 Coupled-bunch 
modes by S. Arsenyev

The stability diagram at flat top reduces at the end of the betatron squeeze with negative octupole polarity due to the interplay 
with long-range interactions (green line)  DA ~8.5 σ

End of squeeze (beam-beam)

➔ The available octupole strength allows no margins at the end of the squeeze imposing a tight control on the chromaticity value 
without ADT!

Landau damping for m≠ 0 and Q’≠ 0: 
end of betatron squeeze
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Landau damping for m≠ 0 and Q’≠ 0 new beam pipe

m=1 Coupled-bunch 
modes by S. Arsenyev

The new beam pipe increases imaginary part of m=1 up to 30%:
• An additional ~30% octupole strength is required to recover stability at flat top
• Constraints on chromaticity at the end of betatron squeeze tighter compared to previous design

2018 beam 
screen design

Octupoles at their maximum strength
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Beam stability during the collapse of the 
separation bumps

Evolution of stability diagram during the collapse of the separation bump

Octupoles at their maximum strength

Negative oct. polarity Positive oct. polarity

Minimum at 3 σ during the collapse, however SD at this minimum is larger or equivalent compared to end of betatron squeeze (see next slide)

Crab crossing ON Crab crossing ON
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Stability summary

Flat top (single beam): larger stability with negative 
octupole polarity (orange line), m=1 Landau damped 
up to high Q’ values (DA > 15 σ both polarities)

End of squeeze (beam-beam LR): strong reduction of 
stability with negative octupole polarity ➔ tight control 
on Q’ values required, DA > 7.5 σ (DA < 6 σ for positive 
oct. polarity)

Collapse of sep. bumps (LR + HO crab on): stability 
increases during the collapse ➔ SD is larger or 
equivalent compared to end of betatron squeeze 
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Octupoles at their maximum strength

Effect of ADT not included on coupled bunch modes!



Recent results including ADT effect on coupled 
bunch modes

Coupled-bunch modes 
by S. Arsenyev and N. 

Klinkenberg

Octupoles at their maximum strength
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• Most unstable coupled bunch modes with ADT gain of 460 turns 
• Installed Landau octupoles provide enough stability, increase the ADT gain gives additional margins



Stability and collide & squeeze
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• Collide at around 2-1 meters tbd with detailed simulations
• Angles might be further reduced but to be defined → Need further checks due to a bug in the footprint calculations (on-going)

For β* > 80 cm the negative octupoles 
polarity is always above positive 
octupole polarity at flat top

Positive flat top

• β* at injection 4.6 m
• Ramp and Squeeze to 2-1.2 m
• Collide and squeeze at reduced angle 



Beam-beam effects
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IPA and IPG: high luminosity experiments
IPL and IPB: low luminosity experiments
→ in shadow on main IPs where possible (defined luminosity operation)



Crossing angle choice: new optics
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Low Luminosity Experiments: IPL and IPB
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Alternative Crossing scheme
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Pacman Bunches

16



Optimization based on dynamic aperture 
scheme
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Landau Octupoles and IP phase advance
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Optimization of optics based on dynamic 
aperture
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Dynamic Aperture dependency on tune
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Dynamic Aperture with multipolar errors
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Head-on limit: losses and emittance growth



Head-on limit: losses and emittance growth
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Head-on limit: beta beating
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Head-on limit: impact on aperture

25

-0.25 σ

-0.6 σ



Flat versus round optics: tune shift correction
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Flat versus round optics: beta ratios
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Summary
• Update octupole system→ ~42% more strength + 4 % more n. octupoles 

• At flat top single beam stability ensured by octupole magnets (larger for negative polarity) system (DA > 18 σ both 
octupoles polarities)

• Collapse sep. bumps (LR + HO crab on):  SD always larger or equivalent compared to the end of squeeze case 

• The new beam screen designs increase impedance of 30% → recent results of ADT coupled bunch modes show sufficient 
stability at the end of the squeeze (ADT gain can be further reduced to have more margins)

• Collide & squeeze is a possible scenario with 1.1 < β*< 2 m (BB long range above 40σ) 

• A robust baseline scenarios has been studied and beam-beam separation proposed based on dynamic aperture
• Optimized optics parameters have been shown to allow highest dynamic aperture together with a global compensation 

scheme using Landau octupoles
• Newer optics L* 40 m has to be optimized further with multipolar errors (on-going)
• Head-on beam-beam limit seem far away from chosen parameters but studies show optimized working points in parallel 

to single particle dynamic aperture studies
• Large beta-beating should be expected (30 %) and needs further understand of implications on loss maps and 

collimation system
• Alternative scenarios are explored to allow for flexibility in the presence of other constrains
• Continuous benchmark to LHC data is fundamental to understand predictive power of simulations



Back-up



Electron lens for Landau damping: flat top energy

[“Landau Damping of Beam Instabilities by Electron Lenses”, V. Shiltsev et al., 10.1103/PhysRevLett.119.134802]

• 140 mA will be sufficient to provide enough 
Landau damping for m=1 (up tp Q’=20 units)

• 400 mA are required to damp m=0 at Q’=0

Different	e-lens	profiles	have	been	
implemented	(F.	Barantani)		

Different e-lens profiles have been implemented  in 
COMBI (Project by EPFL Master student F. Barantani) 
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https://arxiv.org/ct?url=http://dx.doi.org/10%2E1103/PhysRevLett%2E119%2E134802&v=940214b5


Electron lens for Landau damping: injection energy

[“Landau Damping of Beam Instabilities by Electron Lenses”, V. Shiltsev et al., 10.1103/PhysRevLett.119.134802]

• 600 mA will be sufficient to provide enough 
Landau damping for m=1 (up to Q’=20 units)

• 1.4 A are required to damp m=0 at Q’=0
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https://arxiv.org/ct?url=http://dx.doi.org/10%2E1103/PhysRevLett%2E119%2E134802&v=940214b5

