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Abstract
Longitudinal multi-bunch instabilities limit the beam in-

tensity and quality reach of hadron synchrotrons. In case the
impedance source driving the instability is well known, for
example an RF cavity, active feedback can be set up locally
to reduce its e�ect on the beam. For multi-bunch instabili-
ties excited by other impedances, global feedback systems
are needed. A combination of both types is required to pro-
duce the high intensity beam for the future High-Luminosity
LHC (HL-LHC) in the CERN Proton Synchrotron (PS). All
RF cavities at 10 MHz, 20 MHz, 40 MHz and 80 MHz in-
volved in the generation of LHC-type beams are equipped
with direct, wideband feedback. To achieve an impedance
reduction beyond their electrical stability limit, they are com-
plemented by local 1-turn delay and multi-harmonic feed-
back systems. Additionally, a global coupled-bunch feed-
back loop operating in the frequency domain with a Finemet
cavity as longitudinal wideband kicker damps all possible
dipole oscillation modes. Beam measurements in the PS
are presented, highlighting the key contributors needed to
stabilize the highest intensity beams for the LHC.

INTRODUCTION
Longitudinal multi-bunch instabilities in high-intensity

hadron synchrotrons are driven by the beam current induc-
ing voltage in components of the accelerator. This voltage
acts back on successive bunches, or even the same bunch
after one revolution. E�ort is therefore made to reduce the
beam-coupling impedance as far as possible in high-intensity
synchrotrons by, e.g. avoiding unnecessary cross-section
changes of the beam pipe and by installing shielding or
damping material in resonant structures like tanks for beam
instrumentation devices. However, to improve stability be-
yond the feasibility of these passive impedance reduction
techniques, active feedback systems are required. Addition-
ally, some impedance sources must be kept intentionally
large like accelerating cavities, to e�ciently transfer energy
to the beam.

Two main strategies can be applied to mitigate instabilities
using feedback. In case an RF system has been identified
as driving impedance source [1], a local feedback system
per RF station can be deployed, which reduces the cavity
impedance at the relevant frequencies. This includes the
revolution harmonics at = 5rev, as well as the synchrotron
frequency, 5S, side-bands next to them at = 5rev ± < 5S. Such
feedback e�ectively reduces the impedance at the source,
preventing instabilities from developing. However, the driv-
ing impedance source of an instability may not be known
or di�cult to reduce by passive and active techniques. The
signature of the instability itself is then the only observable,

as for example the presence of a specific component in the
beam spectrum. In this case global feedback can be set up to
detect that signature and to reduce it. Such feedback systems
are mostly dedicated to a specific category of instabilities
and can hence only cure the consequences of that particular
type.

The PS at CERN is an example of an accelerator using
a combination of both types of feedback to mitigate lon-
gitudinal instabilities. Within the framework of the LHC
Injector Upgrade (LIU) programme the PS is prepared for
its role as a pre-injector of the High-Luminosity LHC (HL-
LHC), and the intensity of LHC-type multi-bunch beams
will be doubled from #b = 1.3 · 1011 p/b to 2.6 · 1011 p/b
in trains of 72 bunches spaced by 25 ns [2]. Two major con-
tributors to achieve this intensity with excellent longitudinal
beam quality are presented in this contribution as examples
for the two complementary approaches for mitigating lon-
gitudinal instabilities: the global coupled-bunch feedback
system to suppress dipole oscillations and the local multi-
harmonic feedback loops to reduce the impedance of the
high-frequency cavities.

GLOBAL COUPLED-BUNCH FEEDBACK
For the production of LHC-type beams, a bunch train of

18 bunches is accelerated on harmonic ⌘ = 21 in the PS
from a kinetic energy of ⇢kin = 1.4 GeV to a momentum
of 26 GeV/2. Three buckets remain empty as a gap for the
extraction kicker. Longitudinal coupled-bunch oscillations
are observed in the PS during acceleration after transition
crossing and at the flat-top. An example of these oscilla-

Figure 1: Dipole coupled-bunch oscillations developing at
the flat-top at an intensity of about 7.2 · 1011 p/b, which
corresponds to 1.8 ·1011 p/b at extraction after the splittings
at the flat-top. The RF voltage (left) at ⌘ = 21 is lowered.
The voltage programs for the RF systems at ⌘ = 42 and
⌘ = 84 are disabled for the measurement. The blue and
red areas indicate the time periods when the two double-
splittings usually take place.

CERN Yellow Reports: Conference Proceedings, CERN-2020-009

197



tions at the flat-top is shown in Fig. 1. The dipole instability
develops along the batch within 150 ms and a�ects particu-
larly the bunches at the batch tail, while the first bunches are
almost stable. The global coupled-bunch feedback system is
an example of a damping loop suppressing the signature of
the instability, independent of its driving source.

Damping of Dipole Oscillations
Damping of dipole oscillations can be achieved by de-

tecting the phase of each bunch individually and applying
a longitudinal kick to move the bunch back to its reference
position in phase. While this time domain approach is com-
mon in electron accelerators operated at fixed frequency,
it is less obvious to realize for hadron synchrotrons where
the revolution frequency sweeps during acceleration. As an
alternative approach in the frequency domain one can profit
from the properties of the beam spectrum. Coupled-bunch
oscillations with a phase advance of �q = 2c=/⌘ from one
bunch to the next, show up in the beam spectrum as an upper
side-band of = 5rev and a lower side-band of (⌘� =) 5rev, with
= indicating the mode number [3]. This spectrum from 0 to
5RF = ⌘ 5rev repeats periodically from 5RF to 2 5RF and above.
The frequency o�set with respect to the revolution frequency
harmonic is an integer multiple of the synchrotron frequency,
5S and depends on the type of oscillation. For dipole (< = 1),
quadrupole (< = 2) and higher order oscillations it appears
at = 5rev ± < 5S.

Detecting and actively removing a synchrotron frequency
side-band from the beam spectrum by applying longitudi-
nal kicks e�ectively results in damping the corresponding
coupled-bunch oscillations [4]. This is the principle of feed-
back in the frequency domain. Compared to the approach
in time domain, it has the advantage that a specific mode
can be suppressed independently of the bunch spacing. Ad-
ditionally, the feedback system is independent of the bunch
arrival time and bunch pattern, as long as the phase advance
from the pick-up to the longitudinal kicker is correct. This
approach is therefore well suited for proton accelerators with
sweeping revolution frequency.

Narrow filters are required to remove the revolution fre-
quency harmonic from the beam spectrum, keeping only
the weak synchrotron frequency side-bands nearby. The
measured transfer function of one signal processing chain of
the PS coupled-bunch feedback system is plotted in Fig. 2.
Thanks to the symmetry of the beam spectrum, a single fil-
ter can treat two dipole coupled-bunch modes, with mode
number = at = 5rev + 5S and mode number ⌘ � = at = 5rev � 5S,
simultaneously.

For LHC-type beams accelerated on ⌘ = 21, the zero
dipole oscillation mode is removed by the beam phase loop
which locks the phase of the accelerating voltage to the
average phase of the bunches. The remaining 20 modes with
non-zero phase advance from bunch to bunch are treated
by a bank of 10 parallel filters, each processing two modes
as illustrated above. A wideband cavity based on Finemet
material serves as a longitudinal kicker [5]. The feedback
system profits from the symmetry of the beam spectrum and

Figure 2: Transfer function in amplitude (red) and
phase (blue) of one synchrotron frequency side-band fil-
ter of the PS coupled-bunch feedback system. A steep notch
removes the spectral component at = 5rev. The gain di�er-
ence between the revolution frequency harmonic and the
synchrotron frequency side-band is more than 40 dB within
a frequency di�erence of only 300 Hz.

detects side-bands at harmonics from 5RF/2 to 5RF, where
the signals at revolution frequency harmonics are weaker
and therefore easier to filter. Following a band change, the
correction kicks are then applied in the base band from 5rev
to 5RF/2, where the Finemet cavity has its largest impedance.

The coupled-bunch feedback system in the PS is very
e�cient against dipole coupled-bunch oscillations and re-
moves them almost entirely during acceleration and at the
flat-top (Fig. 1). However, when increasing the bunch inten-
sity beyond 7.2 · 1011 p/b, corresponding to 1.8 · 1011 p/b at
extraction, quadrupole oscillations develop at the flat-top as
illustrated in Fig. 3. The coupled-bunch mode spectrum is

Figure 3: Measured evolution of the bunch profiles with
an intensity of 7.2 · 1011 p/b (1.8 · 1011 p/b at extraction
after the splittings on the flat-top). Coupled-bunch feedback
removes any dipole oscillations.

very similar for dipole and quadrupole oscillations, pointing
to the same driving impedance source. Again, bunches at
the tail of the batch are oscillating much stronger than the
first few bunches after the kicker gap.
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The coupled-bunch feedback system has no e�ect on these
oscillations. Although the gain at the ±2 5S side-bands is
even larger that at± 5S (Fig. 2), the phase advance, adjusted to
damp dipole oscillations, is not adapted. Beam tests showed
that a compromise to treat dipole and quadrupole modes
with the same feedback system cannot be found.

Excitation of Quadrupole Oscillations
To check the feasibility of damping the observed

quadrupole coupled-bunch instabilities with the existing lon-
gitudinal kicker cavity in the PS, the excitation e�ciency
has been measured. Signals at the synchrotron frequency
side-bands around 19 5rev and 20 5rev were injected to excite
either dipole or quadrupole coupled-bunch oscillations. The
measured relative amplitudes of the oscillations allow to es-
timate the maximum e�ciency of an additional quadrupole
damping system.

The measured mode spectrum following the excitation of
a dipole oscillation is shown in Fig. 4. When moving the
driving side-band from � 5 = 5S to � 5 = 2 5S, the bunch
position oscillations are transformed into coupled-bunch os-
cillations of the bunch length. The mode spectrum (Fig. 5) is
very similar to the one for the dipole oscillations. However,

Figure 4: Measured mode spectrum at the flat-top, following
an excitation at 20 5rev+ 5S. The amplitude of the oscillations
is measured as the maximum excursion of the bunch position
with respect to the position of the stable bunches.

Figure 5: Measured quadrupole mode spectrum at the flat-
top, following an excitation at 20 5rev + 2 5S. The mode am-
plitude is defined as the maximum excursion of the bunch
length oscillations.

for the same excitation amplitude, the absolute amplitude is
2 � 3 times smaller in the case of bunch length oscillations.
This suggests that damping of quadrupole coupled-bunch
instabilities is possible with the existing longitudinal damper
cavity. However, with a damping e�ciency approximately
proportional to the amplitude of the excited oscillations, a re-
duced gain is expected for the damping of quadrupole modes
compared to the one achieved with the feedback system for
dipole modes.

LOCAL IMPEDANCE REDUCTION
FEEDBACK

The RF cavities with their intentionally large shunt
impedance require particular measures to reduce beam in-
duced voltages.

Direct RF Feedback
Direct RF feedback is applied to most RF systems in

the PS, 2.8 . . . 10 MHz [6], 20 MHz [7], 40 MHz [8] and
80 MHz [9], reducing the impedance by one to more than
two orders of magnitude depending on the system. The gap
voltage, containing contributions from the driving amplifier
and beam induced voltage, is picked up by a probe and com-
pared to the drive signal for the amplifier (Fig. 6, blue box).
The latter does, of course, not contain any beam induced

Figure 6: Simplified diagram of the local feedback sys-
tems of the 40 MHz and 80 MHz consisting of direct feed-
back (blue box) combined with multi-harmonic feedback (or-
ange).

contribution. The di�erence, mainly corresponding to the
voltage induced by the beam, is amplified and applied back
to the cavity with a phase shift, e�ectively reducing any
beam induced voltage. This technique is very e�cient since
it reduces the cavity impedance in the entire bandwidth of
the cavity. However, due to the purely proportional gain of
such systems, any phase error introduced by a loop delay
limits the maximum achievable gain and bandwidth. Every
e�ort is therefore made for direct feedback loops to reduce
any delays as far as technically achievable.
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The maximum gain, ⌧max, of the direct feedback system,
with no other bandwidth limitations than the cavity itself,
can be written as [10]

⌧max =
c
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where ' is the cavity impedance at resonance, & =
lRF/�l�3dB its quality factor and g the overall loop de-
lay. Although the amplifier chain is installed close to the
cavity, the minimum loop delay limits the maximum gain of
the direct feedback system.

Narrow-band RF Feedback
Significantly higher feedback gain can be obtained by ar-

tificially reducing the bandwidth �l�3dB of the feedback
loop with filters. Keeping in mind that the longitudinal
beam spectrum is concentrated around the revolution fre-
quency harmonics, it is actually su�cient to reduce the cavity
impedance only in these frequency ranges. A 1-turn delay
feedback loop [11] uses a comb filter, a periodic system
of narrow band-pass filters, centered around the revolution
frequency harmonics. The width of the pass-bands then
defines the maximum gain in Eq. (1) instead of the cavity
bandwidth.

Even more flexibility is achieved by treating each revo-
lution frequency harmonic within the frequency range of
the RF system by an independent signal processing chain.
Such a multi-harmonic feedback system has been recently
implemented for the 40 MHz and 80 MHz RF systems in the
PS [12]. Since these cavities are operated at fixed frequency,
while the revolution frequency of the beam sweeps during
acceleration, a 1-turn delay feedback loop would be di�cult
to realize. This is di�erent for multi-harmonic feedback,
where the gain and phase of each signal processing chain
can be dynamically adjusted to perfectly match the phase of
the cavity transfer function at any time during acceleration.

The measured transfer function of the prototype multi-
harmonic feedback system is shown in Fig. 7. In between

Figure 7: Measured transfer function of direct and multi-
harmonic feedback loops in parallel (blue), as well as with
direct feedback alone (black).

the revolution frequency harmonics the feedback system has
little e�ect on the cavity impedance or may even increase
it. However, at frequencies close to = 5rev, where the beam
current can induce voltage, deep notches in the transfer func-
tion reduce the impedance. The bandwidth of these notches
must nonetheless be su�cient to cover also the first few
synchrotron frequency side-bands (Fig. 8).

Figure 8: Transfer function measurement zoomed around
one notch. The bandwidth is su�ciently large to cover the
central notch and several synchrotron frequency side-bands.

To qualify the e�ciency of feedback with beam, one can
compare the beam induced voltage with and without the
multi-harmonic feedback systems. Figure 9 illustrates the
induced power in a 40 MHz cavity during the cycle for an
LHC-type beam accelerated at ⌘ = 21 without (top) and
with multi-harmonic feedback systems (bottom). The cav-

Figure 9: Beam induced power in a 40 MHz cavity with-
out (top) and with the multi-harmonic feedback system ac-
tive (bottom). With a bandwidth of ±3 MHz all revolution
frequency harmonics within the bandwidth of the RF system
are covered.

ity is tuned to a fixed frequency corresponding to 84 5rev
at the flat-top energy, where maximum voltage is required
during the bunch rotation for the transfer to the SPS. The
fourth harmonic of the RF frequency at 21 5rev hence sweeps
into the pass-band of the 40 MHz cavity during accelera-
tion. Before transition crossing, this spectral component is
still well below the resonance frequency of the cavity, and
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the bunches are yet too long to induce detectable voltage at
40 MHz. The induced voltage increases around transition
crossing, as well as during the final part of acceleration to
the flat-top when bunches become shorter. In this regime the
feedback system e�ciently counteracts the induced voltage.
The observed reduction of beam induced power by up to
20 dB, corresponding to an impedance reduction by up to
one order of magnitude, validates the impedance reduction
expected from the transfer function measurement.

The beneficial e�ect of the impedance reduction on the
longitudinal beam quality thanks to the multi-harmonic feed-
back systems can be directly observed by measuring the
longitudinal emittance along the batch of 18 bunches at
the arrival on the flat-top. At the HL-LHC intensity of
1.04 ·1012 p/b, an uncontrolled longitudinal emittance blow-
up is measured for the bunches at the tail of the batch (Fig. 10,
blue) without the multi-harmonic feedback systems active

Figure 10: Longitudinal emittance along the batch with-
out (blue) and with multi-harmonic feedback active (black)
around both 80 MHz cavities at an intensity of 1.04·1012 p/b,
corresponding to 2.6 · 1011 p/b at extraction. The emittance
is evaluated based on bunch-by-bunch tomographic recon-
struction [13] of the longitudinal distributions.

around the 80 MHz cavities. These cavities, only needed dur-
ing the final bunch rotation before extraction, are equipped
with a mechanical short-circuit to shield them entirely from
the beam. Although it has been shown that their impedance
is indeed responsible for the emittance blow-up, the mechan-
ical short-circuit can only be used for dedicated machine
development studies as the cavity cannot be pulsed for the
bunch rotation under these conditions.

Activating the multi-harmonic feedback loops removes
the uncontrolled emittance blow-up along the batch almost
entirely (Fig. 10, black), equally well as shielding the cavity
impedance with the mechanical short circuit. In the case
of the 80 MHz cavities in the PS, the combination of direct
and multi-harmonic feedback hence proved to reduce the
impedance at the revolution frequency harmonics su�ciently
well to make them transparent to the beam.

CONCLUSIONS
Active feedback systems to suppress longitudinal multi-

bunch instabilities make an important contribution to pre-

serve good longitudinal beam quality at highest intensities.
In case of known impedance sources, like RF cavities, local
feedback can deliver an impedance reduction well beyond
the capabilities of passive techniques, in particular without
requiring excessive additional RF power. Wherever possible
direct feedback should be applied first. It is very robust and
provides the first layer of impedance reduction. To push the
feedback gain at the revolution frequency harmonics well
beyond the stability limit of direct feedback, narrow-band
filter feedback is applied. They may be based on comb fil-
ters, periodic with the revolution frequency, in sequence
with a delay line to apply the correction on the next turn, as
for the 2.8 . . . 10 MHz cavities in the PS. Multi-harmonic
feedback systems like the ones implemented for the high
frequency cavities in the PS provide more flexibility and
gain margin. They treat the revolution frequency harmonics
individually in terms of gain and phase, matching them per-
fectly to the impedance source they are reducing. Thanks to
this flexibility, multi-harmonic feedback systems can achieve
significantly higher gain than 1-turn delay feedback systems
based on periodic filters.

When the source of a longitudinal instability cannot be
attributed to a single driving impedance, the signature of the
instability must be detected globally and compensated for
by dedicated feedback to stabilize the beam instead. This
path has been chosen with the frequency-domain coupled-
bunch feedback system in the PS. Independent of their origin,
it detects synchrotron frequency side-bands of revolution
frequency harmonics as a signature of longitudinal coupled-
bunch instability and actively removes them from the beam
spectrum, rendering the beam stable again.

A combination of local and global feedback is used in
most high-intensity accelerators to mitigate longitudinal in-
stabilities. In the PS more than 30 feedback systems acting
together (Tab. 1) allowed in 2018 to deliver LHC-type beams
with an intensity of #b = 2.6·1011 p/b required for HL-LHC
at the PS extraction. Figure 11 shows the bunch profiles dur-
ing the last turn, together with practically constant bunch
length along the batch of 72 bunches spaced by 25 ns.

Figure 11: Beam profile (blue) and bunch length (red, 4f
Gaussian fit) during the last turn of an LHC-type beam with
a bunch intensity of 2.6 · 1011 p/b.
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Table 1: Summary of RF feedback systems in the CERN PS

Feedback type Remarks RF system, 5res
2.8 . . . 10 MHz 20 MHz 40 MHz 80 MHz

Direct (18⇥) • Delivers base impedance reduction
• Reduction of transient beam loading
• Impossible to operate without

X [6] X [7] X [8] X [9]

1-turn delay (11⇥) • Reduction of transient beam loading
• Little e�ect on coupled-bunch insta-

bilities

X [11]

Multi-harmonic (7⇥) • Flexible to dynamically adapt to cav-
ity impedance

• Larger gain than 1-turn delay feed-
back

(X) [12] (X) [12] (X) [12]

Coupled-bunch (1⇥) • Controls dipole coupled-bunch os-
cillations

• Studying extension to quadrupole
mode damping

Dedicated Finemet cavity as
longitudinal wideband kicker [4, 5, 14]
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