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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
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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).
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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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Figure 6: Damping rate versus longitudinal emittance, un-
corrected (red) and corrected for natural damping (blue).

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
ΔVFB per mode amplitude ΔτCB, g = ΔVFB/ΔτCB 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 subsequently to predict the feedback requirements with
the increased intensities projected for LIU and finally to op-
timize the feedback algorithms accordingly.
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