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Longitudinal coupled bunch instability 

•  The em fields trapped in machine devices, as HOMs in RF 
cavities, allow different bunches to influence each other. 

•  Coherent oscillation modes of a beam can increase with time 
producing instabilities. 

•  Simple physical description: coupled harmonic oscillators 
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Longitudinal coupled bunch instability 

HOM: external 
driving force 
acting on the 

spring 

HOM: external 
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•  The em fields trapped in machine devices, as HOMs in RF 
cavities, allow different bunches to influence each other. 

•  Coherent oscillation modes of a beam can increase with time 
producing instabilities. 

•  Simple physical description: coupled harmonic oscillators 



Longitudinal coupled bunch instability 

•  Coherent oscillation modes: example with two oscillators, modes ‘0’ and ‘π’ 
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Longitudinal coupled bunch instability 

•  Theoretical description: see e.g.: A. W. Chao, Physics of Collective Beam 
Instabilities in High Energy Accelerators, John Wiley & Sons, (1993).  

•  Starting from the linearized Vlasov equation and working in the 
frequency domain, we end up with the following eigenvalue system 
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ẑ

"

#
$

%

&
'
∂ψo ẑ( )
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Longitudinal coupled bunch instability 

•  The eigenvalue system is valid for equally spaced bunches (but 
theory can be developed also for uneven fills: see e.g.: S. Prabhakar, et 
al. Curing coupled-bunch instabilities with uneven fills, Phys. Rev. Lett. 2001 Mar 
5;86(10):2022-5). 

•  To solve the problem we suppose there is no coupling between 
different azimuthal modes => only l=m remains on the RHS and each 
azimuthal mode can be studies independently from the others. 

•  Of particular interest is the case in which there is a single high quality 
resonator as source of impedance close to the frequency (Nbp1-µ1)ω0 
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Longitudinal coupled bunch instability 

•  The imaginary part of Ω gives the growth or damping rate depending 
on the sign 
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Longitudinal coupled bunch instability 

•  Above transition energy positive sidebands of the beam spectrum, 
evaluated at multiples of ω0 plus ωs are unstable, while the negative 
sidebands, evaluated at multiple of ω0 minus ωs are stable.  

ttrmt0

stable line
mt0 - ts

unstable line
mt0 + ts

for multi-bunch they correspond to 
two different oscillation modes 
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Longitudinal Coupled Bunch simulation Code 
(LCBC) 

•  The simulation code considers bunches as point charges (no internal 
structure)  
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A TIME DOMAIN SIMULATION CODE OF THE LONGITUDINAL
MULTIBUNCH INSTABILITIES

M. Bassetti, A. Ghigo, M. Migliorati, L. Palumbo, M. Serio

1 . INTRODUCTION

The analytical study of the longitudinal dynamics of a beam interacting
with an RF cavity is generally performed only in the case of small oscillations
of equispaced equal bunches around their synchronous phase[1]. Furthermore
a complete analytical treatment of the dynamics in the presence of a bunch-
by-bunch feedback system to control longitudinal coupled bunch instabilities
has not yet developed.

The purpose of this note is to describe the main features of a simulation
code that executes a tracking of the longitudinal oscillations of the bunches
for DAΦNE, with the aim of including the main phenomena affecting the beam
dynamics (i.e. the bunch-by-bunch feedback, the effect of the HOMs, the
synchrotron radiation).

2 . THE SIMULATION CODE

The code can simulate different starting conditions. In order to study the
transient beam loading effects on the HOMs that may be dominant in high
intensity accelerators, such as DAΦNE, we have simulated the injection of a
bunch, assuming all the others already stored in the ring.

We model each bunch as a single particle of given charge. Under this
condition it is possible to simulate only the "rigid" oscillations that, however,
are the most dangerous for the beam stability and, at the moment, the only
ones that will be cured with the longitudinal feedback system.

Basically the core of the algorithm can be divided into three main parts:

1) propagation around the ring
2) feedback effect
3) beam-cavity interaction.

In Fig.1 we show a simplified flow chart of the code. The input data have
been divided into three files: one for machine and cavity parameters, another
for all the bunches, and the last one for the longitudinal feedback system.



Longitudinal Coupled Bunch simulation Code 
(LCBC) 

•  Its a time domain simulation code that has been developed to 
investigate the effect of a bunch-by-bunch feedback system 
on the longitudinal coupled bunch instability in DAΦNE. 

•  The code tracks the longitudinal dipole motion of all the 
bunches and it includes the bunch-by-bunch feedback, the 
effects of the HOMs, the synchrotron radiation, the fast RF 
feedback … 

•  The core of the algorithm can be divided into three main parts: 
•  1) propagation of all the bunches in the ring  
•  2) interaction with longitudinal FB 
•  3) interaction with RF cavity: fundamental mode (fast RF 

feedback) and HOMs. 
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Longitudinal Coupled Bunch simulation Code 
(LCBC) 

•  propagation in the ring  

 

•  interaction with longitudinal FB 

•  interaction with RF cavity 
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Longitudinal Coupled Bunch simulation Code 
(LCBC) 

•  The wake voltage for each HOM between the passage of two 
bunches executes free oscillations  

 

•  When a bunch ‘n’ crosses the cavity, it induces a kick ∆Vm to 
the m-th HOM voltage vm(t) 
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2 .3  Beam-cavity interaction

The cavity is simulated as a series of parallel RLC circuits representing the
HOMs. When a charge qb crosses the cavity, it perturbs the total voltage. The
induced voltage ∆Vm of each mode depends on the shunt resistance Rsm and the
quality factor Qm of that mode. We assume that the cavity-beam energy
exchange occurs at a single point in the ring.

In order to take into account the bunch length, assuming a gaussian dis-
tribution, the shunt resistance is corrected by a factor[5]

exp − ωmσ t( )2[ ] (4)

where ωm is the resonance angular frequency and σt the RMS bunch duration.

The RF generator voltage is given by

Vg = V̂g cos(∆ϕ ) (5)

Since the beam loading in the fundamental cavity mode is very heavy, RF
cavity feedback will be necessary to compensate it. In the simulations to date,
we have assumed that the compensation is perfect, i.e. the fundamental mode
of the wake field is not present in the cavity.

With the purpose of following the behavior of the induced wake voltage for
each mode "m" in a matrix form, we use the conjugated variables vm(t) and the
current in the inductance im(t). Between the passage of two bunches, these
quantities execute free oscillations that can be represented by the
homogeneous solution of the differential equation of an RLC parallel circuit.
We can therefore write[5]

vm (t)
im (t)







= exp −αmt( )
cos βmt( ) − αm

βm

sin βmt( ) − ωmRsm
βmQm

sin βmt( )
ωmQm

βmRsm
sin βmt( ) cos βmt( ) + αm

βm

sin βmt( )

















vm (to )
im (to )







 

(6)

where αm is the cavity damping factor, βm the natural angular frequency and
vm(to) and im(to) are the starting conditions.

When a bunch crosses the cavity, it is sufficient to increase vm(t) by the
kick ∆Vm and continue the propagation. The total wake voltage seen by a single
bunch is the sum all over the modes:

Vb = vm (t)
m
∑ (7)

ΔVm = −
ωrmRsm
Qm

Qbnvm (t) = vm (t)+ΔVm



Longitudinal bunch-by-bunch feedback system 

•  The bunch-by-bunch feedback system 
allows to damp the individual motion of 
each bunch independently of the cause, 
thus uncoupling its motion from that of 
the other bunches. 

•  The coefficients ci of the DSP perform 
the filtering algorithm, after which the 
feedback correct ion informat ion 
converted by a fast digital to analog 
converter and then amplified with a 
power amplifier and fed to a longitudinal 
kicker. 
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In the input file concerning the feedback, it is possible to change the
system configuration: we can vary the gains of the different devices, the
number of coefficients, the coupling between consecutive bunches, the noise
and the maximum kicker voltage. We can also simulate, by changing the
coefficients ci, different digital filters as: delay line, high and low pass, and
resonant filters.

D
   A
      C

∆ϕ
fb= ∆ϕ - ∆ϕs

FOR EVERY TURN AND FOR EVERY BUNCH

∆ϕ

Feedback
on

no

yes

Kick ∆V
New

sampling
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Coupling

FEEDBACK
SUBROUTINE

Mixer

Noise

A
   D
      C

DSP: GΣ ci
∆ϕ

fbi i

Kicker

New value for ∆V

To the cavity

Coupling

Fig. 2 - Feedback routine.
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local oscillator è 
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Processor 



Longitudinal bunch-by-bunch feedback system 

The simulation code allowed to: 
•  estimate the number of samplings (down-sampling) to properly 

reconstruct the synchrotron oscillation; 

•  compare different filters to be used in the DSP (i.e. the values 
of the coefficients ci): delay line, high and low pass, resonant 
filters. The best performance of the feedback was obtained 
with the derivative filter (coefficients allowing to reconstruct the 
bunch phase synchrotron oscillations shifted by π/2); 

•  evaluate the total power needed by the longitudinal kicker to 
damp the coupled bunch instabilities in DAΦNE. 
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Longitudinal Coupled Bunch simulation Code 
(LCBC) 

•  Some benchmarks: synchrotron frequency shift and growth 
rate due to a single HOM versus ωr: theory vs simulations 
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Longitudinal bunch-by-bunch feedback system 
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Benchmark: if the longitudinal feedback works in the linear 
regime, given g the feedback gain in V/rad, its characteristic 
damping rate is  
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Application to PS case 

•  Example of benchmark with PS parameters: a single HOM in 
resonance with an unstable oscillation mode 
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Application to PS case: frequency domain FB 

•  A frequency domain longitudinal feedback, instead of the 
bunch-by-bunch one has been implemented in LCBC. 

•  While tracking the bunches, the code carries out a mode 
analysis to obtain amplitude, frequency and phase of the 
modes into which the phase oscillation of all the bunches 
can be decomposed. 

•  For each selected mode to be damped, the code applies a 
kick proportional to the FB gain (V/rad) and mode amplitude 
(rad) with a proper phase. 
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Application to PS case: frequency domain FB 
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Application to PS case: frequency domain FB 

Benchmark of the frequency domain FB: 
•  We have first excited with a HOM a coherent oscillation mode 

(e.g. µ=19 in h=21 with 21 bunches) and evaluated the rise time. 

•  To damp this mode we need a gain of g= 877 V/rad 
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Application to PS case: frequency domain FB 

Benchmark: 
•  We then used the FB (without the HOM) with the previous 

obtained gain to check if it correctly damped the right 
coherent oscillation mode with the right damping time.  
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Application to PS case: frequency domain FB 

Benchmark: 
•  We finally use the FB in presence of the HOM with a 

damping rate equal to the growth rate.  
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Application to PS case: external excitation 

•  A measurement program to study the behaviour of the PS coupled-
bunch feedback started before LS1 (IPAC13 poster, H. Damerau et al.). 

•  To study CB oscillations, the low-level part of the existing FB has been 
connected to a spare 10 MHz accelerating cavity. As powerful 
longitudinal kicker (up to 20 kV), it is tunable from 2.8 MHz to 10 MHz, 
covering h = 6...21.  

•  To excite CB oscillation mode using the FB, a perturbation was injected 
to generate a sideband at nf0 ± fs.  
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LONGITUDINAL COUPLED-BUNCH OSCILLATION STUDIES
IN THE CERN PS

H. Damerau∗, S. Hancock, M. Paoluzzi, CERN, Geneva, Switzerland
M. Migliorati, L. Ventura, Rome University Sapienza, Rome, Italy and CERN, Geneva, Switzerland

Abstract
Longitudinal coupled-bunch oscillations are an impor-

tant limitation for the high-brightness beams accelerated
in the CERN PS. Up to the present intensities they are
suppressed by a dedicated feedback system limited to the
two dominant oscillation modes. In view of the pro-
posed installation of a wide-band feedback kicker cavity
within the framework of the LHC Injectors Upgrade project
(LIU), measurements have been performed with the exist-
ing damping system with the aim of dimensioning the new
one. Following the excitation of well-defined oscillation
modes, damping times and corresponding longitudinal kick
strengths are analysed. This paper summarizes the results
of the observations and gives an outlook on the expected
performance with the new coupled-bunch feedback.

INTRODUCTION
Longitudinal coupled-bunch instabilities (CBI) are ob-

served in the CERN PS with LHC-type beams during ac-
celeration and on the flat-top [1]. Up to the present in-
tensities the two dominant oscillation modes are damped
by a dedicated feedback (FB) system [2], which will be-
come insufficient for the beam parameters planned within
the framework of the LIU upgrade [3] of CERN’s injec-
tor chain. During the first long shutdown (LS1) a new FB
will therefore be installed, covering all possible modes. It
will use a new wide-band kicker cavity based on Finemet R©
technology [4] driven by a digital signal processing chain.
In the beam spectrummeasured with a wall-current mon-

itor (WCM95) coupled-bunch (CB) oscillations manifest
themselves as synchrotron frequency, fs, sidebands (SBs)
of the revolution frequency, frev, harmonics [5]. The CB
mode number, n, characterizes the phase advance 2πn/NB

from bunch to bunch for NB bunches. An intra-bunch os-
cillation with the mode number, m (m = 1: rigid dipole
mode, m = 2: quadrupole, etc.) causes SBs mfs away
from nfrev. For LHC-type beams in the PS with bunch
spacings below 100 ns, only dipole, n = 1 modes are im-
portant. Each mode n occurs twice in the spectrum, as an
upper SB of nfrev and as a lower SB of (hRF − n)frev,
where hRF is the harmonic number of the main RF system.
At an energy of about 14GeV and an RF voltage of

VRF " 165 kV, the fs SBs are separated by only 400Hz
from the frev harmonics. Direct measurements of CB
oscillations in the frequency domain are therefore diffi-
cult. Bunch profiles in the time domain have instead been
recorded during a few periods of fs. Individual fits to each

∗heiko.damerau@cern.ch

bunch of each turn profile allow the motion of the dipolar
bunch positions versus time to be extracted. Fitting sinu-
soidal functions to the motion of the bunches yields oscil-
lation amplitudes and phases per bunch, in addition to fs.
This can be translated to mode amplitudes and phases by
applying a discrete Fourier transform [6]. It is important to
point out that the mode spectra obtained by this time do-
main technique fully resolve lower and upper fs SBs. Ad-
ditionally, the analysis can also be applied in the case of
missing bunches, as with LHC-type beams in the PS where
18 bunches are accelerated with hRF = 21.

MODE EXCITATION
The existing FB is based on a narrow-band tracking fil-

ter [7] on selected fs sidebands. To study CB oscillations
at other modes in view of dimensioning the new FB, the
low-level part of the existing FB has been connected to a
spare accelerating cavity. As powerful longitudinal kicker
(up to 20 kV), it is tunable from 2.8MHz to 10MHz, cov-
ering h = 6 . . . 21.
Two techniques can be applied to excite CB oscillations

using the FB (Fig. 7): switching the FB in anti-phase or
injecting a perturbation to generate a SB at nffrev ± fs.
The first method has been applied to ensure correct phas-
ing of the FB prior to each measurement. However, two
modes (hRF − n and n) corresponding to both ±fs SBs of
nfRF are excited in parallel. More precise measurements
are performed with the second technique, since it avoids
switching to anti-phase and back. Additionally, by inject-
ing the perturbation into the I/Q signal processing chain of
the tracking filter, only one distinct mode at either lower,
hRF − n or upper, n SB can be excited.
Figure 1 shows the mode spectrum following the excita-

tion of the upper SB at 19frev (nexc = 19) for 21 bunches
in hRF = 21 (full machine). As expected, the n = 19
mode is excited most strongly. Also visible are the CB
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Figure 1: Example mode spectrum of 21 bunches in h =
21, excited at the upper SB of 19frev (E " 14GeV, aver-
age of 5 cycles, ±1σ and min-max spread are indicated by
the red and blue rectangles).

Example: mode 
spectrum of 21 
bunches in h = 21, 
excited at the 
upper SB of 19f0  

mode h-n mode 2n-h 

Excitation cavity at n=19 



Application to PS case: external excitation 

•  An external excitation was implemented in the simulation code to be 
used as alternative to a HOM to excite the beam.  
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Application to PS case: external excitation 

•  By using LHC-type beams, where only 18 bunches are accelerated in 
h=21, leaving a gap of three empty buckets for extraction purposes, 
the damping rates have been measured versus intensity, longitudinal 
emittance and FB gain.  

•  Additionally, damping rates without FB were measured to disentangle 
the contribution of the FB from natural damping.  
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mode excited by imperfect suppression of the unwanted
SB at hRF − n and a third mode at 2n − hRF. A sum-
mary of measured mode spectra for excitation harmonics
of nexc = 7 . . . 20 is illustrated in Fig. 2. In all cases the

Figure 2: Mode spectra measured after excitation of the
upper SB for 21 bunches at hRF = 21 (full ring).

excited mode appears most strongly (n = nexc). Addition-
ally, the unwanted SB at n = 21 − nexc and harmonics at
n = 2nexc or n = 2nexc − 21 are detected.
The measured mode patterns become more complicated

with the operational filling pattern for LHC-type beams in
the PS, where only 18 bunches are accelerated, leaving a
gap of three empty buckets for extraction purposes. With
only 18 bunches the CB mode number becomes nbatch and
no longer corresponds directly to a harmonic of frev: each
mode nbatch generates a spectrum of fs SBs due to the con-
volution with the filling pattern. However, for the relevant
case of 18/21 = 6/7 (86%) filling, the strongest mode(s)
excited are well approximated by nbatch = 6/7 × nexc as
indicated in Fig. 3. Again, the excitation of the unwanted
SB and harmonic modes is observed.

Figure 3: Mode spectra measured after excitation of the
upper SB for 18 bunches at hRF = 21 (6/7 filling).

From these mode scans it becomes clear that the CB
modes are only very weakly coupled to each other and
that a feedback operating in the frequency domain can treat
them successfully one by one.

DAMPING RATES
The damping rates of the existing FB have been mea-

sured versus intensity, longitudinal emittance and FB gain
for the most important CB modes (nbatch # 16, 17 corre-
sponding to SBs at 19, 20frev) with a beam close to the sta-
bility limit. Additionally, damping rates without FB were
measured to disentangle the contribution of the FB from
natural damping.
Figure 4 shows the total, αtot (red) and feedback, αFB

(blue) damping rates versus FB gain, the latter were cor-
rected by measuring the natural damping following the ex-
citation of a stable beam. A linear increase of α with the
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Figure 4: Damping rate versus feedback gain, uncorrected
(red) and corrected for natural damping (blue).

feedback gain is observed and, for zero gain, the extrapo-
lated αFB from a linear fit is compatible with no damping.
As the beam spectrum scales with the intensity, Np

per bunch, the fs SB indicating a CB oscillation at con-
stant mode amplitude is also proportional to the intensity.
Hence, assuming a sufficiently strong FB kicker, the effec-
tive gain increases with intensity (Fig. 5). Natural damping
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Figure 5: Damping rate versus intensity per bunch, uncor-
rected (red) and corrected for natural damping (blue).

was measured to be constant. Due to saturation effects in
the present analogue front-end, the gain dependence on in-
tensity may become non-linear and the fit (corrected trace,
blue) does not cross the origin.
The damping rate αFB depends only weakly, if at all, on

longitudinal emittance, εl as illustrated in Fig. 6. The spec-
tral components at 19frev and 20frev vary by only 5% in
the relevant εl range, which explains the weak dependence.
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mode excited by imperfect suppression of the unwanted
SB at hRF − n and a third mode at 2n − hRF. A sum-
mary of measured mode spectra for excitation harmonics
of nexc = 7 . . . 20 is illustrated in Fig. 2. In all cases the

Figure 2: Mode spectra measured after excitation of the
upper SB for 21 bunches at hRF = 21 (full ring).

excited mode appears most strongly (n = nexc). Addition-
ally, the unwanted SB at n = 21 − nexc and harmonics at
n = 2nexc or n = 2nexc − 21 are detected.
The measured mode patterns become more complicated

with the operational filling pattern for LHC-type beams in
the PS, where only 18 bunches are accelerated, leaving a
gap of three empty buckets for extraction purposes. With
only 18 bunches the CB mode number becomes nbatch and
no longer corresponds directly to a harmonic of frev: each
mode nbatch generates a spectrum of fs SBs due to the con-
volution with the filling pattern. However, for the relevant
case of 18/21 = 6/7 (86%) filling, the strongest mode(s)
excited are well approximated by nbatch = 6/7 × nexc as
indicated in Fig. 3. Again, the excitation of the unwanted
SB and harmonic modes is observed.

Figure 3: Mode spectra measured after excitation of the
upper SB for 18 bunches at hRF = 21 (6/7 filling).

From these mode scans it becomes clear that the CB
modes are only very weakly coupled to each other and
that a feedback operating in the frequency domain can treat
them successfully one by one.

DAMPING RATES
The damping rates of the existing FB have been mea-

sured versus intensity, longitudinal emittance and FB gain
for the most important CB modes (nbatch # 16, 17 corre-
sponding to SBs at 19, 20frev) with a beam close to the sta-
bility limit. Additionally, damping rates without FB were
measured to disentangle the contribution of the FB from
natural damping.
Figure 4 shows the total, αtot (red) and feedback, αFB

(blue) damping rates versus FB gain, the latter were cor-
rected by measuring the natural damping following the ex-
citation of a stable beam. A linear increase of α with the
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feedback gain is observed and, for zero gain, the extrapo-
lated αFB from a linear fit is compatible with no damping.
As the beam spectrum scales with the intensity, Np

per bunch, the fs SB indicating a CB oscillation at con-
stant mode amplitude is also proportional to the intensity.
Hence, assuming a sufficiently strong FB kicker, the effec-
tive gain increases with intensity (Fig. 5). Natural damping
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was measured to be constant. Due to saturation effects in
the present analogue front-end, the gain dependence on in-
tensity may become non-linear and the fit (corrected trace,
blue) does not cross the origin.
The damping rate αFB depends only weakly, if at all, on

longitudinal emittance, εl as illustrated in Fig. 6. The spec-
tral components at 19frev and 20frev vary by only 5% in
the relevant εl range, which explains the weak dependence.

The FB damping rate does not cross the 
origin, this could be due to saturation 
effects in the analogue front-end  
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CROSS-DAMPING
The new CB FBwill be designed to cover all possible os-

cillation modes, hence a bandwidth of half the bunch fre-
quency hRFfrev/2 is required. For the kicker cavity this
can be achieved most efficiently for the range of frev to
10frev (! 0.4–5MHz). However, for the sensitive detec-
tion of the fs SBs the range from 11frev to 20frev is pre-
ferred to avoid frev and its first multiples.
To validate this important design choice for the new FB,

the existing system has been operated with modifications to
detect the upper SB of 13frev and correcting this oscillation
at the lower SB of 8frev and vice versa. Growth and decay
of the demodulated fs SB is illustrated in Fig. 7.

Figure 7: Excitation and damping of CB oscillations with
the FB configured for cross-damping (20ms/div), either
n = 13 → 8 (left) or n = 8 → 13 (right).

PERFORMANCE OF NEW FB
The main limitation of the CB FB, also after its upgrade,

will be given by the maximum voltage of the kicker cavity
whereas loop stability due to the large gain is less critical.
The damping rate of a FB with the maximum kick strength
∆VFB per mode amplitude ∆τCB, g = ∆VFB/∆τCB can
be written [8]

αFB =
ηfreve0
4πfsEβ2

g with [g] = V/s . (1)

To estimate the initial kick voltage as a function of the
amplitude of a CB oscillation, Fig. 8 has been extracted
from the voltage of the fs SB amplitude as measured with
a time resolving (FFT) spectrum analyser. The required
kick strength per mode amplitude is about g ! 1 kV/ns.
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Figure 8: Initial kick voltage versus CB oscillation ampli-
tude.

However, this assumes that the CB oscillation is already
well excited, which will not be the case under operational
conditions.

CONCLUSIONS
A measurement program to study the behaviour of the

present CB FB has been launched. It has shown the abil-
ity to excite single, well-defined CB oscillations and mea-
sure their damping times. The coupling between different
modes is negligible and the new FB can attack each mode
individually. The installation of the new FB kicker cavity
is planned for the end of 2013 to start first tests with beam
after LS1. An extensive simulation program has been ini-
tiated recently to benchmark the code with measurements
and subsequenently to predict the feedback requirements
with the increased intensities projected for LIU and finally
to optimize the feedback algorithms accordingly.
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Impedance model and comparison with measurements 

•  The main sources of longitudinal coupled bunch instability in 
the PS are thought to be the 10 MHz RF cavities. 

•  The coupling impedance of the cavities is not a simple 
resonator due to the feedback loop and the power amplifier. 

SOURCES OF IMPEDANCE
Obvious sources of longitudinal impedance in the PS are

the RF cavities. Only the 10 and 200MHz RF systems were
not short-circuited. The frequency of the 200MHz RF sys-
tem is too high to explain the dependence on bunch length
and the excitation of dipole modes. Therefore, the 10MHz
RF system [2] is the most probable impedance source. A
simplified model of the system is sketched in Fig. 6.

Figure 6: Simplified model of the 10MHz RF system, in-
cluding ferrite loaded cavities in the PS and power am-
plifier with a tuned grid resonator and the fast feedback
around the amplifier.

According to this model, the impedance seen by the
beam can be written as

Zc =
dV

dIB
=

ZGgP gG

ZGgP gGβ + (RG + Z)/(RGZ)
, (4)

where ZG(ω) is the impedance of the grid resonator, gP

and gG are the effective trans-conductances of driver and
final amplifier, β represents attenuation and delay of the
feedback loop. The parameters of the model have been
matched to reproduce the measured open and closed loop
transfer functions of six of the ten cavities. The result for
Re{Zc} is shown in Fig. 7.
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Figure 7: Real part of the total impedance of the 10MHz
cavities at the revolution harmonics.

As the impedance Zc covers several revolution harmon-
ics around hω0, the narrow-band approximation is not ap-
plicable for the estimation of the growth rates of the CB
oscillations. For dipole modes, the growth rates 1/τ =

Im{(Ω − ωs0)/ωs0} are given by the eigenvalues, λk of
the system [3, 4]

λkjk ∝
∞∑

l′=−∞

Zc(k′)
k′ jk′

∫ ∞

−∞

dg(r)
dr

J1(k′r)J1(kr)dr .

(5)
The synchrotron frequency in the center of the bunch is
given by ωs0 and J1 is the Bessel function of the first order;
k = n + lM , k′ = n + l′M ; the eigenvector (Fourier
transform of the current perturbation) is jk.
Solving the system Eq. (5) for its eigenvalues λk results

in the growth rates shown in Table 1. Due to the symme-

Table 1: CB growth rates from eigenvalues of Eq. (5).
Mode number n = 1 n = 2 n = 3
Growth rate, 1/τ 2.5 s−1 3.0 s−1 1.0 s−1

try of Eq. (5), the modes n = 6, 5, 4 have the same, but
negative growth rates as modes n = 1, 2, 3 (Table 1). The
measured growth rates are slightly higher. A delayed oc-
currence of the n = 3 mode, when other CB modes are
already well developed, may explain the large scattering
measured (compare Fig. 3).

CONCLUSION
Longitudinal CB growth rates and mode spectra mea-

surements in the CERN PS indicate that the main 10MHz
RF system represents the most probable impedance source
for excitation. Due to the strong feedback, the impedance
of the cavities covers 4 harmonics at each side of the RF
harmonic. The shape of these impedance lines predicts a
n = 2 mode being stronger than n = 1. This has also
been observed with beam. Methods to damp the CB os-
cillations with a wide-band feedback or by optimizing the
cavity impedance with the one-turn-delay feedback are cur-
rently studied.
Work supported by EU Design Study DIRACsecondary-

Beams (contract 515873).
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Abstract
Longitudinal coupled bunch instabilities in the CERN

PS represent a major limitation to the high brightness beam
delivered for the LHC. To identify possible impedance
sources for these instabilities, machine development stud-
ies have been carried out. The growth rates of coupled
bunch modes have been measured, and modes have been
identified using mountain range data. Growth rate esti-
mations from coupled bunch mode theory are compared to
these results. It is shown that the longitudinal impedance
of the broad resonance curve of the main 10 MHz RF sys-
tem can be identified as the most probable source. Several
modes are driven simultaneously due to the large width of
the resonance, which is considered for the analysis.

INTRODUCTION
Longitudinal coupled bunch (CB) oscillations, espe-

cially coupled dipole oscillations of bunches around their
reference position, represent a major limitation to the beam
intensity and brightness that can be delivered from the
CERN PS. To damp or suppress the development of CB
instabilities effectively, their excitation mechanism and the
source of impedance exciting the beam need to be un-
derstood. Machine development (MD) studies have been
performed during the machine run in 2006 with a high
brightness proton beam, comparable to the brightness of
the LHC-type beams in the PS.
The CERN PS is equipped with ten 2.8–10MHz tunable

ferrite-loaded cavities for acceleration, as well as 20, 40,
80 and 200MHz cavities for RF manipulations and longi-
tudinal emittance blow-up. To simplify the mode identi-
fication, seven bunches (full ring) have been injected and
accelerated at h = 7 (3.05 to 3.34MHz). The 20, 40
and 80MHz RF systems were switched off with their gaps
short circuited. The CB instabilities start shortly after tran-
sition crossing (γtr = 6.1) and develop during accelera-
tion. Firstly, growth rates were measured by analyzing the
beam signal around a specific harmonic of the revolution
frequency and secondly, the spectrum of the CB modes has
been extracted from mountain range measurements.

COUPLED-BUNCH OSCILLATIONS
The indication of CB oscillations are spectral lines of the

beam at
ω = (n + lM)ω0 + mωs, (1)

∗heiko.damerau@cern.ch

where l = 0,±1, . . .±∞, ωRF = hω0 is the RF frequency
at harmonic h, ωs is the synchrotron frequency and ω0 is
the revolution frequency.
A single bunch can perform dipole (m = 1), quadrupole

(m = 2) and higher order (m = 3 . . .∞) oscillations of the
bunch distribution. Additionally, the oscillation between
two bunches may be coupled: all M bunches of a batch
oscillate with the same single bunch oscillation typem and
amplitude φ̂, but with a constant phase advance of ∆φ =
2πn/M between bunches; the CB mode number is given
by n = 0 . . . M − 1 [1].
A mixture of different CB oscillation modesm, n is gen-

erally observed. Selection of a specific mode of interest can
be done either by measuring the beam signal within a lim-
ited bandwidth only, or by decomposition using a discrete
Fourier transform (DFT).

GROWTH RATE MEASUREMENTS
Growth rates of longitudinal CB oscillations can be mea-

sured by observing the frequency spectrum of the beam sig-
nal from a longitudinal pick-up around the harmonics of the
revolution frequency. Parts of the narrow-band CB damp-
ing loops for LHC type beams have been used for observa-
tion (Fig. 1). The beam signal from a longitudinal pick-up

Figure 1: Set-up for the growth rate measurements. The
multi-harmonic source (MHS) is a DDS oscillator generat-
ing a selectable harmonic of the revolution frequency.

is mixed with a selectable revolution harmonic generated
by a DDS oscillator coupled to the revolution frequency of
the beam. The base-band I/Q signals are then filtered by
a low-pass filter cutting above 3 kHz and recorded with an
oscilloscope. A typical measurement is shown in Fig. 2.
Transition crossing is clearly visible as a peak of the peak
detected beam signal. Thereafter, the base-band signals
grow exponentially, indicating a CB instability.
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Impedance model and comparison with measurements 

•  According to the model, the impedance seen by the beam can 
be written as 

•  ZG(ω) = impedance of the grid resonator, Rg = resistor modelling the 
loading of the cavity by the output impedance of the amplifier,         
gP, gG = effective trans-conductances of driver and final amplifier,      
β = attenuation and delay of the feedback loop.  

•  The parameters of the model have been matched to reproduce the 
measured open and closed loop transfer functions of six over the ten 
cavities.  

SOURCES OF IMPEDANCE
Obvious sources of longitudinal impedance in the PS are

the RF cavities. Only the 10 and 200MHz RF systems were
not short-circuited. The frequency of the 200MHz RF sys-
tem is too high to explain the dependence on bunch length
and the excitation of dipole modes. Therefore, the 10MHz
RF system [2] is the most probable impedance source. A
simplified model of the system is sketched in Fig. 6.

Figure 6: Simplified model of the 10MHz RF system, in-
cluding ferrite loaded cavities in the PS and power am-
plifier with a tuned grid resonator and the fast feedback
around the amplifier.

According to this model, the impedance seen by the
beam can be written as

Zc =
dV

dIB
=

ZGgP gG

ZGgP gGβ + (RG + Z)/(RGZ)
, (4)

where ZG(ω) is the impedance of the grid resonator, gP

and gG are the effective trans-conductances of driver and
final amplifier, β represents attenuation and delay of the
feedback loop. The parameters of the model have been
matched to reproduce the measured open and closed loop
transfer functions of six of the ten cavities. The result for
Re{Zc} is shown in Fig. 7.
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Figure 7: Real part of the total impedance of the 10MHz
cavities at the revolution harmonics.

As the impedance Zc covers several revolution harmon-
ics around hω0, the narrow-band approximation is not ap-
plicable for the estimation of the growth rates of the CB
oscillations. For dipole modes, the growth rates 1/τ =

Im{(Ω − ωs0)/ωs0} are given by the eigenvalues, λk of
the system [3, 4]

λkjk ∝
∞∑

l′=−∞

Zc(k′)
k′ jk′

∫ ∞

−∞

dg(r)
dr

J1(k′r)J1(kr)dr .

(5)
The synchrotron frequency in the center of the bunch is
given by ωs0 and J1 is the Bessel function of the first order;
k = n + lM , k′ = n + l′M ; the eigenvector (Fourier
transform of the current perturbation) is jk.
Solving the system Eq. (5) for its eigenvalues λk results

in the growth rates shown in Table 1. Due to the symme-

Table 1: CB growth rates from eigenvalues of Eq. (5).
Mode number n = 1 n = 2 n = 3
Growth rate, 1/τ 2.5 s−1 3.0 s−1 1.0 s−1

try of Eq. (5), the modes n = 6, 5, 4 have the same, but
negative growth rates as modes n = 1, 2, 3 (Table 1). The
measured growth rates are slightly higher. A delayed oc-
currence of the n = 3 mode, when other CB modes are
already well developed, may explain the large scattering
measured (compare Fig. 3).

CONCLUSION
Longitudinal CB growth rates and mode spectra mea-

surements in the CERN PS indicate that the main 10MHz
RF system represents the most probable impedance source
for excitation. Due to the strong feedback, the impedance
of the cavities covers 4 harmonics at each side of the RF
harmonic. The shape of these impedance lines predicts a
n = 2 mode being stronger than n = 1. This has also
been observed with beam. Methods to damp the CB os-
cillations with a wide-band feedback or by optimizing the
cavity impedance with the one-turn-delay feedback are cur-
rently studied.
Work supported by EU Design Study DIRACsecondary-

Beams (contract 515873).
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SOURCES OF IMPEDANCE
Obvious sources of longitudinal impedance in the PS are

the RF cavities. Only the 10 and 200MHz RF systems were
not short-circuited. The frequency of the 200MHz RF sys-
tem is too high to explain the dependence on bunch length
and the excitation of dipole modes. Therefore, the 10MHz
RF system [2] is the most probable impedance source. A
simplified model of the system is sketched in Fig. 6.

Figure 6: Simplified model of the 10MHz RF system, in-
cluding ferrite loaded cavities in the PS and power am-
plifier with a tuned grid resonator and the fast feedback
around the amplifier.

According to this model, the impedance seen by the
beam can be written as

Zc =
dV

dIB
=

ZGgP gG

ZGgP gGβ + (RG + Z)/(RGZ)
, (4)

where ZG(ω) is the impedance of the grid resonator, gP

and gG are the effective trans-conductances of driver and
final amplifier, β represents attenuation and delay of the
feedback loop. The parameters of the model have been
matched to reproduce the measured open and closed loop
transfer functions of six of the ten cavities. The result for
Re{Zc} is shown in Fig. 7.
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Figure 7: Real part of the total impedance of the 10MHz
cavities at the revolution harmonics.

As the impedance Zc covers several revolution harmon-
ics around hω0, the narrow-band approximation is not ap-
plicable for the estimation of the growth rates of the CB
oscillations. For dipole modes, the growth rates 1/τ =

Im{(Ω − ωs0)/ωs0} are given by the eigenvalues, λk of
the system [3, 4]

λkjk ∝
∞∑

l′=−∞

Zc(k′)
k′ jk′

∫ ∞

−∞

dg(r)
dr

J1(k′r)J1(kr)dr .

(5)
The synchrotron frequency in the center of the bunch is
given by ωs0 and J1 is the Bessel function of the first order;
k = n + lM , k′ = n + l′M ; the eigenvector (Fourier
transform of the current perturbation) is jk.
Solving the system Eq. (5) for its eigenvalues λk results

in the growth rates shown in Table 1. Due to the symme-

Table 1: CB growth rates from eigenvalues of Eq. (5).
Mode number n = 1 n = 2 n = 3
Growth rate, 1/τ 2.5 s−1 3.0 s−1 1.0 s−1

try of Eq. (5), the modes n = 6, 5, 4 have the same, but
negative growth rates as modes n = 1, 2, 3 (Table 1). The
measured growth rates are slightly higher. A delayed oc-
currence of the n = 3 mode, when other CB modes are
already well developed, may explain the large scattering
measured (compare Fig. 3).

CONCLUSION
Longitudinal CB growth rates and mode spectra mea-

surements in the CERN PS indicate that the main 10MHz
RF system represents the most probable impedance source
for excitation. Due to the strong feedback, the impedance
of the cavities covers 4 harmonics at each side of the RF
harmonic. The shape of these impedance lines predicts a
n = 2 mode being stronger than n = 1. This has also
been observed with beam. Methods to damp the CB os-
cillations with a wide-band feedback or by optimizing the
cavity impedance with the one-turn-delay feedback are cur-
rently studied.
Work supported by EU Design Study DIRACsecondary-

Beams (contract 515873).
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Impedance model and comparison with measurements 

•  According to the PAC07 paper, 
the growth rates range from about 
1 s-1 to 5 s-1, with a weak 
dependence on the longitudinal 
emittance. 

•  The unstable modes are n=1, 2, 3 

Figure 2: Growth rate measurements of a CB mode (n = 2,
5, m = 1, 2, . . .); fs ! 0.2 kHz after transition. Green
trace: peak detected beam signal; yellow and blue traces:
down-converted base-band signals around the 5th harmonic
of ω0; horizontal scale: 100ms per division.

The growth rate 1/τ of the CB oscillation is computed
from a linear fit to the logarithmic amplitude envelope of
the measured signal in the region of exponential growth;
saturation is thus not taken into account. The measured
growth rates versus longitudinal bunch emittance are plot-
ted in Fig. 3. The emittance is adjusted with a controlled
longitudinal blow-up at flat-bottom. Only a very weak de-
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Figure 3: Growth rates 1/τ versus longitudinal emittance
εl, measured at the harmonics 1 to 6 of ω0.

pendence of the growth rates on the longitudinal bunch
emittance is observed. This indicates an impedance source
in the area with flat dependence of the growth rate on bunch

length (for m = 1: τbunch ! 0.5/fr). The large scatter of
the measurements can be related to small intensity varia-
tions of each individual cycle. The n = 3 and 4modes start
to develop 200ms later in the cycle and have larger scatter
since the bunches already oscillate on the other modes.

MODE ANALYSIS
The dipole mode CB spectrum at a certain moment in

the cycle can be found from mountain range measure-
ments spanning a few periods of the synchrotron oscillation
(Fig. 4). In this case, the center positions of the bunches

Ti
m
e
$

Figure 4: Mountain range density plots (490ms after tran-
sition, see Fig. 2) of all seven bunches during 15ms (fs !
210Hz). The horizontal span of each frame is 160 ns; the
distance between two bunches (reduced) is 304 ns.

versus time is computed from the center position of a Gaus-
sian fit to each bunch in each frame. A nearly sinusoidal
motion of the bunch centers with time is observed. A fit of
a sinusoidal function to the motion of the bunch centers

φ̂k sin(ωst + θk) =
M−1∑

n=0

Φ̂n sin
(

ωst +
2πnk

M
+ Θn

)

(2)
results in an oscillation amplitude φ̂k (k: bunch index), an
oscillation phase θk and a frequency, corresponding to fs.
The n = 0 . . . 6 mode amplitudes Φ̂n and phases Θn are
computed applying a DFT according to

Φ̂ne−iΘn =
1
M

M−1∑

k=0

φ̂ke−iθk · e2πikn/M . (3)

Fig. 5 illustrates the CB mode spectrum obtained from
the mountain range data shown above. This mode spectrum

0 1 2 3 4 5 6
Mode number, n

Figure 5: Dipole CB mode amplitudes Φ̂n extracted from
the mountain range measurement shown in Fig. 4.

is very reproducible. The n = 2 oscillation is excited first
and has the maximum amplitude.
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SOURCES OF IMPEDANCE
Obvious sources of longitudinal impedance in the PS are

the RF cavities. Only the 10 and 200MHz RF systems were
not short-circuited. The frequency of the 200MHz RF sys-
tem is too high to explain the dependence on bunch length
and the excitation of dipole modes. Therefore, the 10MHz
RF system [2] is the most probable impedance source. A
simplified model of the system is sketched in Fig. 6.

Figure 6: Simplified model of the 10MHz RF system, in-
cluding ferrite loaded cavities in the PS and power am-
plifier with a tuned grid resonator and the fast feedback
around the amplifier.

According to this model, the impedance seen by the
beam can be written as

Zc =
dV

dIB
=

ZGgP gG

ZGgP gGβ + (RG + Z)/(RGZ)
, (4)

where ZG(ω) is the impedance of the grid resonator, gP

and gG are the effective trans-conductances of driver and
final amplifier, β represents attenuation and delay of the
feedback loop. The parameters of the model have been
matched to reproduce the measured open and closed loop
transfer functions of six of the ten cavities. The result for
Re{Zc} is shown in Fig. 7.
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Figure 7: Real part of the total impedance of the 10MHz
cavities at the revolution harmonics.

As the impedance Zc covers several revolution harmon-
ics around hω0, the narrow-band approximation is not ap-
plicable for the estimation of the growth rates of the CB
oscillations. For dipole modes, the growth rates 1/τ =

Im{(Ω − ωs0)/ωs0} are given by the eigenvalues, λk of
the system [3, 4]

λkjk ∝
∞∑

l′=−∞

Zc(k′)
k′ jk′

∫ ∞

−∞

dg(r)
dr

J1(k′r)J1(kr)dr .

(5)
The synchrotron frequency in the center of the bunch is
given by ωs0 and J1 is the Bessel function of the first order;
k = n + lM , k′ = n + l′M ; the eigenvector (Fourier
transform of the current perturbation) is jk.
Solving the system Eq. (5) for its eigenvalues λk results

in the growth rates shown in Table 1. Due to the symme-

Table 1: CB growth rates from eigenvalues of Eq. (5).
Mode number n = 1 n = 2 n = 3
Growth rate, 1/τ 2.5 s−1 3.0 s−1 1.0 s−1

try of Eq. (5), the modes n = 6, 5, 4 have the same, but
negative growth rates as modes n = 1, 2, 3 (Table 1). The
measured growth rates are slightly higher. A delayed oc-
currence of the n = 3 mode, when other CB modes are
already well developed, may explain the large scattering
measured (compare Fig. 3).

CONCLUSION
Longitudinal CB growth rates and mode spectra mea-

surements in the CERN PS indicate that the main 10MHz
RF system represents the most probable impedance source
for excitation. Due to the strong feedback, the impedance
of the cavities covers 4 harmonics at each side of the RF
harmonic. The shape of these impedance lines predicts a
n = 2 mode being stronger than n = 1. This has also
been observed with beam. Methods to damp the CB os-
cillations with a wide-band feedback or by optimizing the
cavity impedance with the one-turn-delay feedback are cur-
rently studied.
Work supported by EU Design Study DIRACsecondary-

Beams (contract 515873).
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Impedance model and comparison with measurements 

•  Simulation results with: 
h=7 (7 equally spaced bunches), average energy = 13 GeV, ppp = 9x1012  
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Impedance model and comparison with measurements 

•  The same work has been done with h=21 and 18 bunches: the closed 
loop transfer function @ 10 MHz has been measured and compared 
with that @ 3.3 MHz. 

•  The result confirmed that 
we could use the same 
impedance model, just 
b y  s h i f t i n g  t h e 
frequencies. 

SOURCES OF IMPEDANCE
Obvious sources of longitudinal impedance in the PS are

the RF cavities. Only the 10 and 200MHz RF systems were
not short-circuited. The frequency of the 200MHz RF sys-
tem is too high to explain the dependence on bunch length
and the excitation of dipole modes. Therefore, the 10MHz
RF system [2] is the most probable impedance source. A
simplified model of the system is sketched in Fig. 6.

Figure 6: Simplified model of the 10MHz RF system, in-
cluding ferrite loaded cavities in the PS and power am-
plifier with a tuned grid resonator and the fast feedback
around the amplifier.

According to this model, the impedance seen by the
beam can be written as

Zc =
dV

dIB
=

ZGgP gG

ZGgP gGβ + (RG + Z)/(RGZ)
, (4)

where ZG(ω) is the impedance of the grid resonator, gP

and gG are the effective trans-conductances of driver and
final amplifier, β represents attenuation and delay of the
feedback loop. The parameters of the model have been
matched to reproduce the measured open and closed loop
transfer functions of six of the ten cavities. The result for
Re{Zc} is shown in Fig. 7.
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Figure 7: Real part of the total impedance of the 10MHz
cavities at the revolution harmonics.

As the impedance Zc covers several revolution harmon-
ics around hω0, the narrow-band approximation is not ap-
plicable for the estimation of the growth rates of the CB
oscillations. For dipole modes, the growth rates 1/τ =

Im{(Ω − ωs0)/ωs0} are given by the eigenvalues, λk of
the system [3, 4]

λkjk ∝
∞∑

l′=−∞

Zc(k′)
k′ jk′

∫ ∞

−∞

dg(r)
dr

J1(k′r)J1(kr)dr .

(5)
The synchrotron frequency in the center of the bunch is
given by ωs0 and J1 is the Bessel function of the first order;
k = n + lM , k′ = n + l′M ; the eigenvector (Fourier
transform of the current perturbation) is jk.
Solving the system Eq. (5) for its eigenvalues λk results

in the growth rates shown in Table 1. Due to the symme-

Table 1: CB growth rates from eigenvalues of Eq. (5).
Mode number n = 1 n = 2 n = 3
Growth rate, 1/τ 2.5 s−1 3.0 s−1 1.0 s−1

try of Eq. (5), the modes n = 6, 5, 4 have the same, but
negative growth rates as modes n = 1, 2, 3 (Table 1). The
measured growth rates are slightly higher. A delayed oc-
currence of the n = 3 mode, when other CB modes are
already well developed, may explain the large scattering
measured (compare Fig. 3).

CONCLUSION
Longitudinal CB growth rates and mode spectra mea-

surements in the CERN PS indicate that the main 10MHz
RF system represents the most probable impedance source
for excitation. Due to the strong feedback, the impedance
of the cavities covers 4 harmonics at each side of the RF
harmonic. The shape of these impedance lines predicts a
n = 2 mode being stronger than n = 1. This has also
been observed with beam. Methods to damp the CB os-
cillations with a wide-band feedback or by optimizing the
cavity impedance with the one-turn-delay feedback are cur-
rently studied.
Work supported by EU Design Study DIRACsecondary-

Beams (contract 515873).
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Impedance model and comparison with measurements 

•  We obtained the new fit 

•  we used 9x1012 ppp in 18, non 
equal ly spaced bunches 
(h=21) 
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Impedance model and comparison with measurements 
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depends on 
the initial 
conditions 

•  Oscillation 
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Impedance model and comparison with measurements 
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Impedance model and comparison with measurements 

Measurements comparing the longitudinal limitations of

LHC25ns/LHC50ns beams and the corresponding driving

impedance sources, as far as they have been identified, are

presented in the first part of the paper. Key ingredients to

achieve bunch intensities well beyond nominal intensity of

1.3 · 1011 ppb are introduced. Thereafter, the longitudinal

performance with LHC75ns and the new beam variant with

150 ns bunch spacing (LHC150ns) are reported. Finally,

ongoing and possible future upgrades of the feedback sys-

tems are discussed.

PERFORMANCE LIMTIATIONS WITH
25 AND 50 NS BUNCH SPACING

Comparing longitudinal beam stability of the LHC-type

beams with 25 and 50 ns bunch spacing at extraction is mo-

tivated by the fact that both beam types are very similar

during acceleration (see Table 1). In both cases, 18 bunches

are accelerated at h = 21. The longitudinal density is the

same as well, but intensity and longitudinal emittance of

the 50 ns variant are twice smaller.

Coupled-bunch Instabilities During Acceleration

As coupled-bunch (CB) oscillations usually start after

transition crossing, mountain range data were recorded ev-

ery 70ms starting from 100ms after transition crossing,

when the final εl is reached for LHC25ns and LHC50ns

beams (the magnetic cycle for the LHC50ns beam is 1.2 s

shorter due to single-batch transfer from the PSB [3]). The

dipole motion of each bunch is extracted from the center

position of a Gaussian function fitted to each bunch of each

turn recorded. A second fit of a sinusoidal function to the

motion of the bunch center results in oscillation amplitude,

phase and frequency, the latter being the synchrotron fre-

quency. A discrete Fourier transform converts these oscil-

lation amplitudes and phases per bunch to amplitudes and

phases per mode, the mode spectrum [4]. This analysis

technique is superior to measurements in frequency domain

since the bunches only cover 6/7 of the circumference.

Spurious frev lines due to this filling pattern are removed

as only bunches are analyzed. However, the mode num-

bers with respect to the batch, nbatch do not directly cor-

respond to frev harmonics, but each mode number nbatch

results in a spectrum of frev lines, with the lines close to

7/6nbatchfrev at maximum amplitudes.

Figures 1 and 2 show the evolution of the mode spectra

for LHC25ns and LHC50ns beams during acceleration.

Though the total intensity differs by a factor two, the mode

pattern and oscillation amplitudes are very similar, suggest-

ing a scaling proportional to longitudinal density, Nb/εl
rather than intensity.

Moreover, the form of the spectrum remains unchanged

during acceleration. The modes nbatch = 1, 2 and 16, 17,
those close to the RF harmonic, are strongest. No individ-

ual mode, which peaks at a certain moment during acceler-

ation and then disappears again, is observed. This points to

Figure 1: LHC25ns: CB mode spectrum during accelera-

tion averaged over ten cycles for each measurement time.

Figure 2: LHC50ns: Development of the CB mode spec-

trum during acceleration. Same vertical scale (arbitrary

units) as Fig. 1.

a driving impedance with a relative bandwidth of at least

1.4% (the frev swing after transition crossing, which is

given by ! 1−
√
1− 1/γ2

tr, γtr = 6.1).

Coupled-bunch Instabilities on the Flat-top

After arrival on the flat-top, the batch is normally syn-

chronized with the SPS on h = 1, before the splittings start.

For a symmetric splitting of all bunches, CB oscillations

must not be present at this point. To allow for easier anal-

ysis of CB instabilities on the flat-top, the splittings were

disabled and the beam kept at low RF voltage at h = 21 for

about 150ms until extraction. The RF voltages of 10 kV

(LHC25ns) and 20 kV (LHC50ns) correspond to the val-

ues at the start of the bunch splittings. Figure. 3 illustrates

the slowly growing oscillations during the flat-top with low

voltage at h = 21. Dipole oscillations develop especially

at the tail of the batch. The same mode analysis proce-

dure described above has been applied to the well devel-

oped CB oscillations close to extraction. The mode spec-

tra, averaged over ten cycles, are shown in Fig. 4. Again,
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LONGITUDINAL PERFORMANCE WITH HIGH-DENSITY BEAMS
FOR THE LHC IN THE CERN PS

H. Damerau∗, S. Hancock, M. Schokker, CERN, Geneva, Switzerland

Abstract

As one of the pre-injectors for the Large Hadron Col-
lider, the CERN Proton Synchrotron must reliably deliver
beams in a wide range of parameters. The large vari-
ety of bunch spacings from 25 to 150 ns at extraction re-
quires the acceleration of small, high-density bunches as
well as highly intense ones. Above a threshold bunch den-
sity, longitudinal coupled-bunch instabilities are observed
after transition crossing and the main accelerating cavities
have been identified as part of the impedance driving them.
Transient beam loading causes asymmetries of the various
bunch splittings used to establish the required bunch spac-
ing, compromising beam quality at the head of the bunch
train delivered. Recent measurements of longitudinal lim-
itations of beams for the LHC are presented, together with
possible cures and options for future hardware improve-
ments.

INTRODUCTION

The optimum bunch spacing in the Large Hadron Col-
lider (LHC), especially during the commissioning phase, is
determined by a large set of constraints from the machine
itself, as well as from the experiments. Hence, the accel-
erators in the injector chain of the LHC must be flexible
to provide bunches spaced by 25, 50, 75 or 150 ns. The
150 ns variant had originally not been foreseen. Follow-
ing a request by the LHC experiments, it has been set-up
in 2010 for the first time. It is important that the bunch
parameters at injection into the LHC are independent from
bunch spacing.

The major part of the preparation of the different vari-
ants of LHC-type beams is performed by radio frequency
(RF) manipulations already in the Proton Synchrotron (PS).
In all cases, up to six bunches from the PS Booster (PSB)
are injected into RF buckets at the 7th harmonic (h = 7)
of the revolution frequency, frev. One bucket remains
empty to provide a gap for the PS extraction kicker. The
up to τbatch = 1.8µs long batch sent to the Super Pro-
ton Synchrotron (SPS) may thus be filled with τbatch/τbs
bunches spaced by τbs. The different variants of the
LHC-type beams are produced by combinations of triple
and double bunch splittings on both injection and extrac-
tion plateaus (Table 1). For these manipulations the PS
is equipped with sets of cavities covering frequencies of
2.8−10MHz (ferrite-loaded, tunable), 13.3MHz, 20MHz,
40MHz and 80MHz. Additional cavities at 200MHz are
used for controlled blow-up of the longitudinal emittance.
The labels LHC25ns, LHC50ns, etc. are used throughout

∗heiko.damerau@cern.ch

LHC25ns LHC50ns LHC75ns LHC150ns

Inject 6 bunches on harmonic h = 7

Flat-bottom RF manipulation
Controlled emittance blow-up to match splitting
3-split 3-split 2-split 2-split

h = 7, 14, 21 h = 7, 14

Blow-up for transition

Acceleration
18b, h = 21 12b, h = 14

Blow-up

Intensity and longitudinal emittance per bunch:
5.2 · 1011 2.6 · 1011 2.6 · 1011 1.3 · 1011
1.3 eVs 0.65 eVs 0.65 eVs 0.33 eVs

Total intensity for Nb = 1.3 · 1011 ppb at extraction:
9.4 · 1012 4.7 · 1012 3.1 · 1012 1.6 · 1012

1st RF manipulation on flat-top
2-split 2-split 2-split

h = 21, 42 h = 14, 28

2nd RF manipulation on flat-top
2-split Rebucket Rebucket Rebucket

h = 42, 84 h = 28, 84 h = 14, 84

Bunch shortening on h = 84, final bunch pattern:
72b, 25 ns 36b, 50 ns 24b, 75 ns 12b, 150 ns

this paper to indicate the beam type according to its bunch
spacing at extraction, which differs from the bunch spacing
during acceleration in most cases.

As each bunch at extraction to the SPS should nominally
contain Nb = 1.3·1011 ppb within a longitudinal emittance
of εl = 0.35 eVs (2σ), the total intensity of the beam ac-
celerated in the PS varies from 1.6 ·1012 ppp (150 ns bunch
spacing) to 9.4 · 1012 ppp (25 ns). The average longitudi-
nal density, Nb/εl = 3.7 · 1011 p/eVs, during the last part
of acceleration and on the flat-top is however identical for
all different species. Since the harmonic number during
acceleration is the same for LHC25ns/LHC50ns (h = 21)
and LHC75ns/LHC150ns (h = 14), this allows direct com-
parison of beams with the same longitudinal density but
very different total intensity. In the PS, the maximum in-
tensity with LHC-type beams remains well below the in-
tensity of beams accelerated for fixed-target experiments
(> 3 · 1013 ppp), but the latter beams are much less dense.

Table 1: LongitudinalManipulations for the Different Vari-
ants of Nominal LHC-type Beams [1, 2]. Each bunch (b) is
split in two (2-split) or three (3-split) parts.
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•  The work continues … 
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Conclusions … 

•  The Longitudinal Coupled Bunch simulation Code (LCBC) has been 
benchmarked with the PS parameters. 

•  The code has been validated with the PS data obtained with external 
excitation. 

•  A frequency domain longitudinal FB system has been implemented and 
tested. 

•  The 10 MHz cavities impedance model has been implemented. 
•  Comparisons with measurements at h=7 show good agreement. 
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… and future work 
•  Simulations with PS nominal beam conditions. 
•  Simulations using PS-LIU beam parameters with longitudinal FB. 
•  Find the maximum required FB voltage with the PS-LIU beam parameters. 
•  Benchmark with HeadTail (only for longitudinal dipolar coupled bunch 

instability without FB). 
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