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LHC octupoles for Landau damping
Landau damping, dynamic aperture and octupoles in LHC, J. Gareyte, J.P. Koutchouk and F. 
Ruggiero, LHC project report 91, 1997  

80 octupoles of 
0.328m each are 
nesessary to 
Landau damp 
the most 
unstable mode 
at 7 TeV with 
ΔQcoh=0.223e-3

In LHC, 144 of 
these octupoles
(total active 
length: 47 m) 
are installed in 
order to have 
80% margin and 
avoid relying 
completely on 
2D damping



Stability diagrams for Landau damping (1)
Berg, J.S.; Ruggiero, F., LHC Project Report 121, 1997

3D vector of tune linearized in terms of action:
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Octupole tune spread: 𝑄𝑥 = 𝑄0 + 𝑎𝐽𝑥 + 𝑏𝐽𝑦

Potential well distortion, 
actually non-linear !
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Distribution function:

Dispersion equations:

An example of stability diagram:



Stability diagrams for Landau damping (2)
Berg, J.S.; B Ruggiero, F., LHC Project Report 121, 1997

• Make longitudinal tune spread larger than the coherent tune shift -> Landau damping
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Effect of RF quadrupole
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Longitudinal spread of betatron tune and 
Transverse spread of synchrotron tune induced 
by RF quadrupole
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Both horizontal and vertical spreads of 
synchrotron tune are non-zero for RF quadrupole

Longitudinal spread of both horizontal 
and vertical betatron tunes is non-zero 
for RF quadrupole

7um >> 0.5nm, for LHC 7TeV => azx << axz; azy << ayz => Longitudinal spread is much more effective 
↑TDR longitudinal εz(4σ) =2.5eVs and transverse normalized εN

x,y(1σ)=3.75um emittances are used

3D vector of tune linearized in terms of action:



Longitudinal spread of the betatron tune

• In the case of RF quadrupole ayz is not zero. One can just substitute ayz instead of mazz

• Make longitudinal tune spread ayz larger than the coherent tune shift (ΔΩm) -> Landau 
damping. 

• This gives the RF quadrupole strength required for Landau damping:
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RF quadrupole in IR4 of LHC
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• |ΔQcoh|≈2e-4
• β≈200m
• σz=0.08m
• λ=3/8m (800MHz)
• ρ=2804m
• B0=8.33T
-----------------------
• b(2)=0.33Tm/m

OR

• k2=b(2)/ρB0=1.4e-5/mForm LHC TDR



800 MHz Pillbox cavity RF quadrupole
H-field of TM quadrupolar mode

Stored energy [J] 1

b(2) [Tm/m] 0.0143

Max(Bsurf) [mT] 12

Max(Esurf) [MV/m] 4.6

• For a SC cavity, Max(Bsurf) < 100 mT
• => One cavity can do: b(2) < 0.12 Tm/m
• -----------------------
• 3 cavity is enough to provide b(2) = 0.33 Tm/m
• Taking the same margin of 80% as for LHC 

Landau octupoles we arrive to 6 cavities
• One few meters long cryo-module 

A. Grudiev, PRST-AB 17, 011001 (2014)



Outline

• Introduction
– LHC octupoles for Landau damping

– Stability diagram for Landau damping 

• Frequency spread induced by RF quadrupole

• Parameters of Landau damping scheme in LHC 
based on RF quadrupole

• Numerical investigation of stability in the 
presence of RF quadrupole

• Conclusions



E. Metral, B. Salvant and N. Mounet, “Stabilization of the LHC Single-Bunch Transverse 
Instability at High-Energy by Landau Damping”, CERN-ATS-2011-102, 2011









|ΔQ𝑐𝑜ℎ| = 0.92𝑒 − 4





• RF quadrupole provides longitudinal spread of 
betatron tune for Landau damping

• This has been confirmed by the numerical 
simulations using PyHEADTAIL code

• Longitudinal spread is more efficient for Landau 
damping than transverse spread since typically 
longitudinal emittance is much larger than the 
transverse one 

• This advantage becomes more apparent for 
higher energy and higher brightness beams 

Summary



Spare slides



Synchrotron frequency in the presence 
of an RF quadrupole

Main RF (φs = 0 at zero crossing):
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Synchrotron frequency for 
Main RF + RF quad voltage:
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RF quad voltage, if b(0) is real.
The centre of the bunch is on crest 
for quadrupolar focusing but it is 
on zero crossing for quadrupolar
acceleration (φs2 = 0 ):

Useful relation for stationary bucket:
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