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LONGITUDINAL COUPLED BUNCH INSTABILITIES 

Abstract 
 

A future luminosity upgrade of the LHC may be based on 
strong focusing quadrupole magnets at the interaction 
regions. Due to the hourglass effect and the effects of the 
beam-beam interaction caused by the crossing angle, the 
bunch length could become an important quantity for the 
luminosity. Then, bunch lengths shorter than the nominal ones 
(0.31 m) are desirable. 
This poster gives estimates for the minimum bunch lengths at 
which Landau Damping is lost for the three scenarios: without 
additional measures, applying RF amplitude modulation and 
the use of a higher harmonic RF system for bunch compres-
sion. Estimates for the minimum required RF kick strengths 
of a coupled bunch feedback system are also given. 

Summary 
 

With the given RF system, shorter bunches in the LHC are not 
feasible by switching off the controlled emittance blow up, used 
at standard operation. For the most recent estimate of the effec-
tive longitudinal impedance, a modulation of the RF amplitude 
may be sufficient to stabilize the beam in case one does not 
apply the controlled emittance blow up. This is no longer the 
case for smaller initial emittances or larger impedances. Larger 
impedances may be caused by operational constraints, as for 
example collimators for machine protection or for the reduction 
of back ground events in the high energy experiments. In such a 
case additional measures have to be taken. 
One measure is a higher harmonic RF system for bunch com-
pression. For the most recent estimate of the effective impedance 
the beam should be well stabilized by Landau damping. Investi-
gations on the contribution of this RF system itself to the effec-
tive impedance are under way [9]. 
Alternatively one may set up a longitudinal coupled bunch 
feedback system. Then, the minimum bunch length depends on 
the initial emittance and the (noise) performance of the feedback 
system. 

A set up of fast multi bunch beam diagnostics and data logging, 
comparable to the system used at the HERA proton ring, may be 
required for the study of the instabilities and the supervision of 
the measures taken. 

Bunch length with completely 
preserved emittance (single RF) 

 
The longitudinal emittance ε depends on the bunch length l as [3] 

 
With [4] 

where c is the speed of light, ∆E the energy deviation, ∆t the time 
deviation of a particle with phase deviation ∆φ = ωRF l/2, β = v/c, 
Es the energy of the synchronous particle and η = 0.0003225 the 
slip factor. The RF parameters of LHC are a sum voltage of 
V = 16 MV and the frequency of ωRF = 2π 400.8 MHz resulting in 
the harmonic number h = 35640. 
At the injection energy of Es = 450 GeV the longitudinal (4σ) 
emittance will be ε = 1 eVs. It is increased during acceleration to 
ε = 2.5 eVs at top energy Es = 7 TeV [1, 2] corresponding to a full 
bunch length of 0.31 m. With a completely preserved longitudinal 
emittance of ε = 1 eVs the bunch length would be: 
 
 

Minimum bunch length stabilized 
by Landau damping (single RF) 

 
Following [5] the coherent frequency shift ∆fimp, caused by the 
effective impedance ZL /n at a bunch intensity Ib, a bunch length l 
and nominal bunch spacing of 25 ns is at the LHC given by 

 
Landau damping will suppress instabilities up to a threshold value 
of 

 
By setting ∆fthreshold,Landau = ∆fimp we can calculate the minimum 
bunch length at which Landau damping will be lost: 

 
The following table shows the minimum bunch length for the 
most recent estimate of the longitudinal impedance of Im ZL /n = 
0.08 Ω [2] and an older estimate Im ZL /n = 0.28 Ω [5] which may 
be viewed as a worst case value: 

For ultimate intensity Ib = 1.7⋅10¹¹ particles and also for nominal 
intensity Ib = 1.1⋅10¹¹ particles Landau damping will be lost 
because the values exceed the value of  l1eVs,7 TeV  = 0.19 m. 
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Stabilization by RF amplitude 
modulation (single RF) 

 

The minimum bunch length at which Landau damping is lost, is 
not too far away from the theoretical bunch length value in the 
case of a single RF system. A method leading to a doubling of the 
instability threshold ∆fthreshold may be sufficient to stabilize the 
beam. Such a method is the modulation of the RF amplitude. For 
the LHC it increases the instability threshold by about [6] 

 
resulting in 

 
Setting again ∆fthreshold = ∆fimp we can re-calculate the minimum 
bunch length at which Landau damping will be lost. The results 
are given in the following table: 

In the case LHC will have an effective longitudinal impedance of 
Im ZL /n = 0.08 Ω the modulation of RF amplitude should be suffi-
cient for stabilizing the beam and a shorter bunch length is ob-
tained. The safety margins are comparable to the safety margins 
obtained at normal operation with controlled beam blow up. 
But, in the case the initial emittance is smaller or the longitudinal 
impedance larger, additional measures have to be taken. 

Hz51.0AMthreshold, =∆f

AMthreshold,Landauthreshold,threshold fff ∆+∆=∆

lmin Im ZL /n = 0.08 Ω 0.28 Ω 

Ib = 1.1 1011 part. 0.15 m 0.21 m 
Ib = 1.7 1011 part. 0.17 m 0.23 m 

Higher harmonic RF system 
 

A higher harmonic RF system with three times the frequency 
(1.2 GHz) [8] for bunch compression is under investigation [9]. 
With the resulting double RF system one usually injects into the 
buckets of the lower harmonic system, whereas the higher har-
monic system is operated so, that its contribution to the sum volt-
age is 1/4 or less. During acceleration the voltage of the higher 
harmonic system is increased, such that it completely builds up 
the buckets at top energy. 
The energy deviation ∆E is in the non-accelerating case given by 

resulting with the voltages V400 = 16 MV and V1200= 43 MV in the 
bunch length of 

 
in the case of complete emittance preservation and in the case 
some (controlled) blow up will take place. 
An approximation for the Landau damping in a double RF system 
is for r12 < 1/h12 given by [10, p. 77] 

 
where r12 = V400 /V1200 is the voltage ratio and h12 = 1/3 the ratio of 
the harmonic numbers. The value 19.4 Hz comes from increased 
synchrotron frequency due to the 1.2 GHz system. At top energy 
the condition r12 < 1/h12 is fulfilled and we get 

 
The following table shows the minimum bunch length at which 
Landau damping will be lost at the double RF system: 

In the case some controlled blow up is applied to increase the lon-
gitudinal emittance to ε = 1.8eVs, there should be sufficient 
Landau damping for an effective impedance of Im ZL /n = 0.08 Ω. 
But, the higher harmonic RF system itself will contribute to the 
effective longitudinal impedance. The value for this contribution 
is under investigation [9]. 
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Longitudinal coupled bunch 
feedback 

 

A coupled bunch feedback system has to damp instabilities faster 
than the beam blows up and the self-stabilizing by Landau damp-
ing takes place. The required kick voltage VFBK of a longitudinal 
coupled bunch feedback depends on the maximum growth rate 
∆fthreshold,Landau/fs stabilized by Landau damping, the RF voltage VRF 
and the minimum detectable phase oscillation ∆φdet like [5] 

 
For the LHC parameters and a minimum detectable phase oscilla-
tion of 0.2° [10, p. 32] this condition obeys 

 
These estimates does not take into account transient effects at in-
jection or during acceleration. Fast damping of synchrotron oscil-
lations caused by such effects may require larger kick strengths. 
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