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Past predictions for Longitudinal Loss of Landau 
Damping and Longitudinal Mode Coupling and 

comparison with the recent results from Alexey Burov 

  LLD: 
  Reminder of AlexeyB’s recent results (see ICE meeting, 10/08/11) 
  Reminder on Sacherer’s approach (for different distributions) 

  Comparision with AlexeyB’s results (LHC and Tevatron) 
  Comparison with recent measurements in the LHC (ElenaS)  

  LMCI 

  Simple analytical models compared to HEADTAIL (SPS) 
  Comparision with AlexeyB’s results 

  Conclusions and outlook 
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  AlexeyB mentioned that without making the rigid-bunch 
approximation and using the Van Kampen modes, he found a huge 
(order of magnitude!) disagreement with previous works (following 
Sacherer’s approach, i.e. rigid-bunch approximation) 

  AlexeyB considered 3 distributions and the case of a constant 
inductive impedance above transition:  
  HP (Hofmann & Pedersen) distribution  
  Smooth (Sacherer's) distribution 

  The particular one of Tevatron with 7 coalesced bunches 
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  AlexeyB’s new findings are the following: 
  For HP: a threshold ~ 3 times smaller than with the previous 

(Sacherer et al.) formalism 
  For the smooth Sacherer's distribution: a threshold ~ 1 order of 

magnitude below (in the usual formalism it is only a factor ~ 2-3 
below, see next slides) 

  For the particular case of the Tevatron (using the "exact" phase 
space distribution): a threshold ~ 1 order of magnitude below the 
smooth's one  

  Based on this analysis, AlexeyB's recommendation to fight this 
instability is to smoothen the core of the distribution as it is very 
effective (same qualitative result as with usual formalism, see 
next slides) 
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  See in particular “Methods for Computing Bunched-Beam 
Instabilities”, CERN SI-BR/72-5, 1972 (http://cdsweb.cern.ch/record/
322545/files/CM-P00063598.pdf) 

  Rigid-bunch  
approximation 
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  Dispersion relation 

Sacherer formula  

Dispersion integral 

€ 

B = f0 τ b

  See for instance: 
  http://emetral.web.cern.ch/emetral/LongCohModes_26_02_03.ppt 
  http://cdsweb.cern.ch/record/704810/files/ab-2004-002.pdf  
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Capacitive impedance Below Transition        
                                 or  
Inductive impedance Above Transition  

Reminder 

          Incoherent  
synchrotron frequency 
shift 

 Incoh. 
spread 

Approximated full spread 
between centre and edge of 
the bunch  
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Case of the dipole mode m = 1 

=>  

=> Stability criterion 

Instability Motions =>  

     Sacherer criterion 
recovered analytically  

Generalization in the presence 
of frequency spread 
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Reminder : Besnier’s picture (in 1979 for a parabolic bunch) 

      No stability threshold due to the  
sharp edge of the parabolic distribution  
    => See stability boundary diagram 
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  Some quantitative results (for the rigid-bunch approximation) for an 
inductive impedance above transition (i.e. case of AlexeyB): 

  HP => 

  Gaussian => 

  Smooth Sacherer =>                                     => Slightly more than a 
factor 2 lower than HP => I agree with AlexeyB  

  Approx. Sacherer =>                                        => This is the  
criterion I usually use 

€ 

Δωc11
l , th ≈ 0.7 S

€ 

Δωc11
l , th ≈ 0.5 S

€ 

Δωc11
l , th ≈ 0.3 S

€ 

Δωc11
l , th ≈ 0.25 S
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  => HP distribution is the best (as found by AlexeyB) because we 
discuss the particles in the centre of the distribution (as we consider 
the case of an inductive impedance above transition or space charge 
below) => It is indeed very efficient to flatten the distribution in the 
centre to increase Landau damping 

  However, for the case of an inductive impedance below transition or 
space charge above, it would be the opposite as in this case, due to 
the sharp edge of the HP distribution, no Landau damping is 
provided and smooth (long) tails are preferred in this case    
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  Consider the case of an inductive impedance above transition (or 
space charge below), the HP distribution and the dipole mode only: 
  Computing the incoherent tune shift at small amplitudes at the 

intensity threshold gives (to use the same parameter as AlexeyB) 

  The intensity threshold can be expressed as 

€ 

Δωs, th
i

ωs0

≈ − 0.4 × h B( ) 2

€ 

Nb
th =

Δωs, th
i

ωs0

×
2 π 2 B3 ˆ V T h cosφs

3 e f0 j Zl

n
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  Numerical application for the LHC at top energy: 
  Zl / n = 0.1 j Ω 
  f0 = 11245 Hz 

  h = 35640 
  VRF = 16 MV 

  Total (4 σ) bunch length = 1 ns => B = 1.1245E-5 

  fs0 = 23 Hz, ws0 = 144.5 rad/s  
  S = 14.3 rad/s 

  => HP: 

  => Sacherer’s approximation (which I usually use) 

€ 

Nb
th ≈1.91012 p/b

€ 

Nb
th ≈ 6.71011 p/b

€ 

Δωs, th
i

ωs0

≈ − 6.3%

AlexeyB found ~ 5.7E11 p/b,  
i.e. factor ~ 3 less 

AlexeyB found ~ 2.2%,  
i.e. also a factor ~ 3 less 

All consistent with what 
AlexeyB reported 
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  Numerical application for the Tevatron at both injection and top 
energy: 
  Zl / n = 1.5 j Ω 
  f0 = 47619 Hz (53 MHz RF frequency ) 

  h = 1113 
  VRF = 1 MV (both at injection - 150 GeV - and top - 980 GeV -) 

  Total (4 σ) bunch length = 15 / 9 ns at injection / top energy 
  fs0 = 90 Hz, ws0 = 565.5 rad/s  

  S = 14.3 rad/s 

  => HP: 
•  Injection energy 

•  Top energy 

€ 

Nb
th ≈ 5.81013 p/b

€ 

Δωs, th
i

ωs0

≈ − 25%

€ 

Nb
th ≈ 4.51012 p/b

€ 

Δωs, th
i

ωs0

≈ − 9%

Measured unstable bunches 
at ~ 2E11 p/b at injection 

All consistent with what 
AlexeyB reported 
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  Comparison below and above transition (for inductive impedance): 
  HP: 

•  Me (and Besnier etc.): Always unstable  

•  AlexeyB: Same result (at least very very small as it is a 
numerical result and depends on grid point etc.) 

=> Similar result between the 2 approaches 

  Smooth: 
•  Me (and Sacherer etc.): Same AT and BT 

•  AlexeyB: Almost the same (~ 30% higher BT) 

=> Similar result between  
  the 2 approaches 

I would say then that the 
important point is the rigid-

approximation and maybe not so 
much the potential well (to 
explain the difference with  

“usual” theories)… 
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  See ICE meeting (01/09/10) + IPAC11 paper 
=> Seems close to “usual” theories, leading to a Zl / n close to the 
theoretical value (~ 0.1 j Ω, including the resistive part of the 
collimators) 
=> To be followed up in more detail (exact shape of the distribution 
etc. as it is very sensitive) 
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  Case of the SPS studied in the past 

Regime of potential-well  
bunch lengthening Regime of  

µwave  
instability 

fr = 1 GHz 
Q = 1 

(Zl / p)f = 0 = j 10 Ω 
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Im[Zl/n]deduced ~ 8.4 Ω 
(10 Ω were put in 

HEADTAIL) 
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=>  

€ 

Nb
th( )theory ≈ 0.7×10

11 p/b

Exactly the same as 
KSB in our case 

i.e. theoretical 
prediction is ~ 2 times 

lower compared to 
HEADTAIL 
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Above Transition 
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€ 

η BT = η AT = 6.2 × 10−4

€ 

α p,BT = 0.00068

€ 

α p,AT = 0.00192
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Above Transition 

Instability for 140E9 p/b 
(and stability for 130E9 p/b) 

€ 

Nb
th ,AT ≈ 1.35× 1011 p/b
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25 

Below Transition 

€ 

Nb
th ,BT ≈ 2.05× 1011 p/b

≈ 1.5× Nb
th ,AT

Instability for 210E9 p/b 
(and stability for 200E9 p/b) 

~ 1.7 was anticipated 
with a simple analytical 

model 

HOWEVER, tails are created 
(responsible for the long. emittance 

increase)!!! Are they due to the 
longitudinal mismatch increasing 

with intensity??? 

In fact, looking at the evolution of the longitudinal distribution, it 
seems as if the core of the bunch is shortening but not the tails 
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  Results from AlexeyB: 
  Zl / n (from the slope) = 5.6 j Ω (to be compared to the 10 j Ω put 

in HEADTAIL and the 8.4 j Ω found with simple formula) 

  LLD threshold (above transition): 

  LLD threshold (below transition): ~ 8 times higher, i.e. close to 
LMCI => In this case the mode-coupling analysis should be 
included in AlexeyB’s calculation as it is not negligible anymore! 

€ 

Nb
th ≈1.11010 p/b

€ 

Δωs, th
i

ωs0

≈ − 3.7%i.e. ~ 10 times lower  
than LMCI 
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  Very interesting new results by AlexeyB, which successfully 
explained the observations of dancing bunches in the Tevatron 

  As mentionned by AlexeyB, they qualitatively agree with previous 
analyses etc. but the numerical factor can be very large!  

  Let’s try and understand what happens in the LHC and why the 
intensity threshold for LLD seems close to “usual” theories, whereas 
it should be much smaller according to AlexeyB (for the smooth 
approximation we used) => Detail analysis of the (centre of the) 
distribution as it is very very sensitive 

  Concerning the LMCI studies above and below transition, started in 
the past for the SPS with a broad-band impedance: 
  Check  with HEADTAIL the effect of space charge in addition to 

the broad-band impedance => Hugo Day 
  Detailed comparison with AlexeyB 

…    


