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N. Mounet,1 A. Oeftiger ,1,4 and D. Valuch 1

1European Organization for Nuclear Research (CERN), Geneva 1211, Switzerland
2Deutsches Elektronen-Synchrotron (DESY), Hamburg 20459, Germany

3Synchrotron SOLEIL, Gif-sur-Yvette 91192, France
4Helmholtzzentrum für Schwerionenforschung (GSI), Darmstadt 64291, Germany

(Received 7 August 2020; revised 13 January 2021; accepted 12 March 2021; published 20 April 2021)

Landau damping is an essential mechanism for ensuring collective beam stability in particle accelerators.
Precise knowledge of the strength of Landau damping is key to making accurate predictions on beam
stability for state-of-the-art high-energy colliders. In this Letter, we demonstrate an experimental procedure
that would allow quantifying the strength of Landau damping and the limits of beam stability using an
active transverse feedback as a controllable source of beam coupling impedance. In a proof-of-principle test
performed at the Large Hadron Collider, stability diagrams for a range of Landau octupole strengths have
been measured. In the future, the procedure could become an accurate way of measuring stability diagrams
throughout the machine cycle.
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Landau damping (LD) of collective oscillation modes in
collisionless plasmas, where particles interact via long-range
forces, was originally predicted in Ref. [1] and later observed
in Ref. [2]. In particle accelerators, LD arises from a natural
spread of synchrotron and betatron frequencies of particles
within the beam. It is crucial for stabilization of intense
beams, which would otherwise suffer from various kinds of
collective unstable modes that may strongly degrade the
beam quality, both in the longitudinal [3] and in the
transverse degrees of freedom [4]. Precise knowledge of
the strength of Landau damping is key to making accurate
predictions on beam stability for high-energy colliders
such as the Large Hadron Collider (LHC) [5,6] or its
High-Luminosity upgrade [7] as well as future machines
such as the Future Circular Collider with its hadron version
(FCC-hh) [8]. Other examples are the intermediate-energy
hadron machines running at high intensities such as the
FAIR synchrotron SIS100, which rely on Landau damping
to suppress beam instabilities [9,10].
Typically, Landau damping in particle accelerators is

approached via stability diagram (SD) theory [11,12].
Given the complex frequency of collective motion Δω,
the frequency in the presence of LD Ω is found by the
generic dispersion relation (here, for a horizontal, x plane):

Δω ¼ −1=
Z

Jx∂F=∂Jx
Ωþ δωðJx; JyÞ þ io

dJxdJy; ð1Þ

where FðJx; JyÞ is the beam unperturbed distribution
function in action-angle phase space (J, θ), δω the
action-dependent frequency shift, and io a vanishingly
small imaginary number added to the integration path. In
general, to find Ω, one has to solve Eq. (1) for all Δω. The
SD is defined as the threshold of stability, i.e., a contour in
Δω space where ImΩ ¼ 0. Figure 1 shows an example
SD for LHC at 450 GeV with Δω normalized by the
synchrotron frequency ωs.
A common technique of measuring SDs is by means of

beam transfer function (BTF) measurements [13] through
frequency dependence of the response to forced beam
oscillations. BTF has been successfully used to measure
stability diagrams at GSI [14] and RHIC [15] and at
injection energy in LHC [16]. The method has some
limitations though: It is challenging to maintain both good
beam stability and high signal-to-noise ratio when driving
the oscillation [17]. Most importantly, the measurement
does not test the strength of Landau damping itself but the
transfer function instead, relying on multiple assumptions
behind Eq. (1): The synchrotron frequency spread is
negligible, the betatron frequency spread is sufficiently
small, the beam response to an external excitation is linear,
and the coherent modes are uncoupled.
We propose a new alternative approach for measuring the

strength of LD using a transverse feedback system.
Feedbacks are widely used in particle accelerators to
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modify and study beam dynamics [18–23]. High-intensity
machines, in particular, rely on them to damp beam
centroid oscillations by measuring the centroid of individ-
ual bunches and kicking them in counterphase [24]. By
reverting the polarity of the transverse feedback, one can
excite a collective mode in the beam, thus creating an
antidamper that amplifies coherent oscillation modes
instead of suppressing them. The antidamper then acts
as a controllable source of beam coupling impedance.
Thus, observing at which feedback gain the beam becomes
unstable, one obtains a direct measurement of the strength
of LD in the synchrotron. Furthermore, with an accurate
control over the feedback phase, one can explore the full
complex plane of tune shift and growth rate, obtaining a SD
for comparison with theoretical predictions or tracking
simulations. In this Letter, we describe a proof-of-principle
test to measure the strength of LD created by the LHC
octupole system at 450 GeV injection energy.
Consider a relativistic beam in an accelerator with a

revolution period T0, single-particle transverse and longi-
tudinal angular frequencies ωβ and ωs, respectively, a
normalized chromaticity ξ ¼ ð1=ωβÞðdωβ=dδpÞ (with δp
the relative deviation of the longitudinal momentum with
respect to the design value), and a phase slip factor
η ¼ ð1=T0ÞðdT0=dδpÞ. Assuming a small, horizontal per-
turbation of the distribution F, a coherent transverse
oscillation mode can be described as

ΔF ¼ fðJxÞeiθxgðJsÞeilθseiξωβs=ηce−iωs=c; ð2Þ

where functions f and g describe its transverse and
longitudinal structure, respectively. l is an integer azimuthal
mode number, with l ¼ 0 corresponding to a dipole, or c.m.
oscillation. The last term governs the mode’s temporal
structure with ω ¼ ωβ þ lωs þ Δω, where Δω is a small
complex mode frequency shift, resulting from the inter-
action of the beam with its self-wakefields. The middle
term contains the head-tail phase advance χ ¼ ξωβs=ηc.
If the variation of the feedback’s dynamic response

over the bunch length can be neglected, it can be described
as a constant wake force acting on the beam
WðzÞ ¼ W0 ¼ const, which corresponds to a δ-function-
like coupling impedance [25,26] ZdðωÞ ∝ g × eiϕ × δðωÞ,

where g stands for feedback gain and ϕ for its phase: 0 for a
resistive feedback (picking up on beam position) and 90°
for a reactive one (picking up on transverse beam momen-
tum). Such impedance shifts the frequencies of collective
modes by Δω ∝ −i × g × eiϕ. A resistive feedback, thus,
moves a coherent beam mode upward in the diagram,
driving it unstable, with a growth rate of −g. Such an
antidamper with ϕ ¼ 0 has been proposed for the IOTA
ring [27,28].
The LHC transverse feedback [29,30] consists of beam

position measurement units, digital signal processing units,
and a set of power amplifiers feeding electrostatic deflec-
tors and utilizes an adjustable digital phase shifter to
compensate the phase advance between the pickups and
the kickers (Fig. 1). It is capable of independently adjusting
the gain and the phase delay between the pickups and the
kickers, thus setting the feedback transfer function any-
where in the complex plane g × eiϕ and allowing operation
as a source of controlled beam impedance. This “imped-
ance” can be instantly changed between two consecutive
revolutions during the beam abort gap.
The feedback stripline pickups measure beam position

every turn, and the sum (Σ) and difference (Δ) signals are
calculated by an analog hybrid coupler. These rf signals are
quadrature demodulated to baseband I-Q pairs and digi-
tized by 16-bit analog-to-digital converters. Next, the
bunch position is normalized to remove the dependency
on bunch intensity. The turn-by-turn data stream is then
split between the transverse feedback function and an
external observation system which provides the digital
position data at full rate [31]. Finally, a real time monitor
calculates the amplitude of the transverse motion and
compares it with a predefined threshold for an automated
instability detection. The system can measure the beam
position with a full scale of 2 mm; its noise floor with a
single pickup is 2 μm.
A proof-of-principle test has been performed with single

pilot bunches of 0.5 × 1010 p in 1 μm normalized rms
emittance (Table I). These bunches are not scraped
transversely and are expected to have a close to normal
transverse profile [32]. At this intensity and the nominal
ring chromaticity of Q0 ¼ ðωβ=2πÞξ ¼ 14 (rms head-tail
phase χ ¼ 0.2), the dipolar azimuthal head-tail mode

FIG. 1. Schematic of the LHC transverse feedback system (a) and its impact on a collective mode within the LHC stability diagram
(b) for a 450 GeV Gaussian beam with 4 × 10−5 rms tune spread generated by the LHC octupole system.
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typically dominates the landscape with higher-order modes
featuring much weaker growth rates, and the mode shift
from beam coupling impedance as well as reducing space
charge (SC) effects is minimized: The SC tune shift is
around 10−4. At the same time, the low energy allows
applying a large octupolar detuning to stabilize the beam
without the transverse feedback.
In the LHC, the betatron frequency spread required to

produce the LD is largely generated by a dedicated system
of superconducting octupole magnets [5]. The frequency
shift can be considered linear: δω ¼ aJx þ bJy, where a
and b are constants proportional to the octupole current. A
set of measurements was performed with LD produced by
several configurations of relatively high octupole currents:
Ioct ¼ 11 and 17 A, which correspond to roughly σQ ¼ 4
and 7 × 10−5 rms tune spread, respectively, and with the
octupole system off, when machine nonlinearities create
σQ ¼ 10−5. Also, one measurement was done at a negative
octupole current Ioct ¼ −11 A, when the signs of a and b
are inverted and the resulting SD is a mirror image of that
for 11 A, reflected around the ReΔω ¼ 0 line. Additionally,
the measurement at σQ ¼ 4 × 10−5 was repeated at a low
chromaticity of Q0 ¼ 3 (χ ¼ 0.05).
First, in order to confirm the feedback was acting as a

controlled source of impedance, the measurement was
performed at three antidamper phases: 0, 45°, and 65.7°
with the octupole system off and the betatron tune spread
produced only by machine nonlinearities. At each phase,
the feedback excited a beam instability, and the growth rate
of the c.m. oscillations was measured as a function of the
feedback gain. The instability detection threshold was set at
200 μm—a value comparable to the rms transverse size of
the beam and 100 times greater than the feedback noise
floor of 2 μm. This threshold allowed capturing almost five
growth time constants and observing an onset of the
instability at an early stage. The data were acquired from
the feedback pickups via its digital observation system
using a 64 000-turn data buffer; an example of an acquis-
ition is presented in Supplemental Material [33]. The
observation system extracted the growth rate from the
positional data time series using a Hilbert transform to
calculate the oscillation amplitude turn by turn and expo-
nential fitting [34]. The resulting dependence of the
instability growth rate on the feedback gain was found
to be linear (Fig. 2).
The experimental findings were then compared to six-

dimensional macroparticle tracking in PyHEADTAIL [35,36],

including SC that can affect the spread of betatron
frequencies and, thus, the damping when the lattice non-
linearities are small. The code utilizes a smooth optics
approximation and a drift-kick model for nonlinear syn-
chrotron motion. Nonlinear effects such as chromatic and
octupolar amplitude detuning are applied as effective tune
shifts for each individual macroparticle. Collective effects,
arising from impedance, space charge, or external feedback
are applied at a series of interaction points where the beam
is longitudinally divided into a set of slices via a 1D
particle-in-cell (PIC) algorithm.
The natural machine nonlinearities were modeled by an

equivalent octupole linear amplitude detuning. The numeri-
cal model also included nonlinear longitudinal motion
inside the rf bucket, while linear coupling effects were
neglected, since they are expected to have little effect on
beam stability if the coupling is sufficiently well corrected
as discussed further. Without space charge, 106 macro-
particles have been tracked for 106 turns. Simulations
including self-consistent space charge (via a 2.5D slice-
by-slice PIC algorithm) are based on 3 × 106 macropar-
ticles being tracked during 6 × 104 turns. Tracking results
demonstrate that SC significantly affects the instability
growth rate for a given gain of the destabilizing feedback,
increasing the stable area (Fig. 2). With SC taken into
account, the numerical results are in good agreement with
the experimental observations.
The dependence of the instability growth rate on the

feedback strength gives an insight into the strength of LD
by natural nonlinearities of the lattice, which can be seen as
the intersection of the lines with the horizontal axis. These
are the points where the beam as a dynamical system is
exactly at the limit of stability. For a resistive feedback, an
excitation rate of about 2.5 × 10−4 turn−1 is needed to

TABLE I. Key parameters used for the study.

Bunch energy 450 GeV rf voltage 6 MV
Bunch intensity 5 × 109 p Synchrotron freq., ωs 0.03 s−1
Emittance, rms 1.0–1.1 μm Chromaticity 14
Bunch length, rms 0.25 ns H.-t. phase, rms, χ 0.02
Revolution period 89 μs Linear coupling, jC−j 10−3

FIG. 2. The instability growth rate scales linearly with the
damper gain, allowing one to calibrate the feedback strength. The
nonzero gain required to start an instability is caused by natural
nonlinearities of the machine. Overall, experimental data (dia-
monds) are in good agreement with numerical simulations with
SC taken into account (filled circles). For comparison, the
simulation data for the no-SC case is also shown (empty circles).
Dashed and dash-dotted lines represent linear fits of the data
above the instability threshold.
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destabilize the beam. The blue line in Fig. 3 shows the
corresponding stability diagram found by extrapolating the
measurement data points at different phases to ImΩ ¼ 0.
This threshold resembles the curve expected from a SD
theory (shown in black); also, in the tracking with SC,
particle amplitudes (colored dots in Fig. 3) start growing
above the measured threshold.
For the high octupole current strengths, we performed a

series of measurements at different octupole settings to
sketch the corresponding SDs, gradually increasing the
feedback gain at a given phase until reaching the limit of
stability. After an instability had been detected (beam
centroid excursion exceeding the threshold of 200 μm),
the feedback was automatically switched back to a resistive
stabilizing mode with a damping time of 200 turns to avoid
further amplitude growth. The gain ramp was performed
sufficiently fast to exclude potential impact of latency
effects, observed in the LHC on timescales of several
minutes that are supposedly related to a hardware noise
modifying the bunch distribution [37]. Injection-to-
injection spread of the strength of LD, measured over five
consecutive injections at 4 × 10−5 rms tune spread and
0° phase—around 7%—indicated a quite good reproduc-
ibility of beam distribution. This gives a lower limit on the
systematic uncertainty in the measurements.
The shape of the measured SDs qualitatively matches the

expectations from a simple linear SD theory. Both the
height and the width scale with the octupole current, with
the SD for 7 × 10−5 rms tune spread being around 50%
higher than that for 4 × 10−5 rms tune spread, as expected
(Fig. 4). The second measurement for 4 × 10−5 rms tune
spread made at a lower chromaticity of three units matches
within 10%–20% the first one performed at 14 units. The
negative octupole polarity offers around 30% greater
coverage of the negative tune shifts, also in good qualitative
agreement with what one would expect from a diagram of
the octupole tune spread. This illustrates why the negative
polarity is preferred to suppress impedance-driven insta-
bilities in the LHC that feature negative mode frequency

shifts. The exact magnitude of the gain should depend on
the details of the beam distribution.
A comparison can be made with a series of BTF

measurements performed independently over several years
at the LHC [17]. The researchers found around factor of 2
discrepancy with the linear SD predictions for octupole
currents about 6.5–13 A, similar to the ones used in the
present study. The measurement for the tune spread created
by natural nonlinearities matched the model. Both these
results agree with our findings.
There are several factors that affect the strength of LD

and the shape of SDs in the LHC. First, there are several
sources of nonlinearities affecting LD at injection energy,
ranging from the hysteresis of the octupole correctors to
hardware misalignment [38–40], which generate a com-
bined linear detuning with amplitude that is roughly
equivalent to Ioct ¼ −2.5 A (∼10−5 rms tune spread).
Second, the linear coupling can reduce the tune footprint

locally and as well lead to a large second-order amplitude
detuning [40–42]. Hence, in the measurement, the coupling
was corrected down to a sufficiently low value of the
closest tune approach jC−j ¼ 10−3; the resulting reduction
of the SD should not have exceeded 10% for 4 × 10−5 rms
tune spread.
Third, the measured stability diagram might be affected

by the machine’s impedance that provides an extra complex
mode frequency shift. According to a simulation in the
NHT Vlasov solver, a 50% higher impedance would be
perceived as a 50% smaller stability diagram generated by
the natural machine nonlinearities.
Finally, although space charge on its own does not

provide LD for the rigid dipole mode [43], it does modify
the SD produced by lattice nonlinearities [44,45]. In
general, an interplay of octupole detuning and nonlinear
space charge may be important as observed in particle
tracking simulations [46]. In our tracking simulations, SC
even as weak as ∼0.1ωs affects LD and, most importantly,

FIG. 3. Stability region observed in particle tracking for the
assumed natural nonlinearities in the LHC (E ¼ 450 GeV, rms
tune spread 10−5) including space charge: The color of the dots
depicts the maximum beam excursion. The blue squares and line
show the measured limit of stability; the solid black line shows a
SD prediction for a Gaussian beam.

FIG. 4. The measured height of the stability diagrams at
450 GeV scales linearly with the octupole current with the
negative octupole polarity providing around 30% larger coverage
of negative mode frequency shifts, which are relevant for
coherent beam stability in the LHC. Solid lines, Q0 ¼ 14; dashed
line, Q0 ¼ 3.
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the feedback calibration (Fig. 2). Therefore, for a quanti-
tative analysis of the observed SDs, one has to include SC,
which is missing in Eq. (1).
In conclusion, in this proof-of-principle test, we have

demonstrated that the active feedback system can be used
as a source of controlled impedance to probe the strength of
Landau damping. The experiment has been carried out in
the LHC at injection energy of 450 GeV with single low-
intensity bunches. First, the active feedback system has
been calibrated to create an arbitrary complex tune shift.
Both the tune shift and instability growth rate have been
demonstrated to increase linearly with the feedback gain, as
expected. Then, the feedback has been utilized to directly
measure the strength of LD by gradually increasing its gain
until a transverse activity is observed. The possibility of
exploring the stability diagram by changing the damper
phase has also been demonstrated. A precise quantitative
comparison with analytical models requires a good control
and an accurate knowledge of beam optics nonlinearities,
as well as taking into account the nonlinear space charge
force. The results are in good qualitative agreement with the
theoretical SD predictions and also in agreement with the
BTF measurements, performed independently at the LHC.
The technique has a potential to become a fast nonde-

structive tool for measuring the strength of LD. Its
advantage is that it does not rely on any approximation
of the betatron frequency spread or the beam distribution
and can, in principle, be used with arbitrary strong beam
impedance. It could find applications in studying Landau
damping of bunched beams with space charge, where, to
the authors’ best knowledge, no satisfactory analytical
models of LD currently exist and one has to therefore rely
on computationally demanding macroparticle simulations.
Direct measurements using an antidamper can therefore be
of great value for benchmarking such simulations. Finally,
in the LHC, the technique would be well suited for studies
at the top energy, where the constraints arising from LD are
the tightest and the effect of space charge is negligible, and
lattice nonlinearities are normally well controlled.
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[36] E. Métral et al., IEEE Trans. Nucl. Sci. 63, 1001 (2016).
[37] X. Buffat et al., Summary of instability observations at LHC

and implications for HL-LHC, CERN, 2019, https://indico
.cern.ch/event/831847/.

[38] M.McAteer et al., Report No. CERN-ACC-NOTE-2014-0012.
[39] E. H. Maclean, Observations relating to MCDO alignment,

CERN, https://indico.cern.ch/event/812944/.
[40] E. H. Maclean, R. Tomás, F. Schmidt, and T. H. B. Persson,

Phys. Rev. Accel. Beams 17, 081002 (2014).
[41] E. H. Maclean, F. Carlier, M. Giovannozzi, T. Persson, and

R. Tomás, Effect of linear coupling on nonlinear observ-
ables at the LHC, Proceedings of IPAC2017, Copenhagen,
Denmark (JACoW, Geneva, Switzerland, 2017).

[42] L. R. Carver, X. Buffat, K. Li, E. Métral, and M. Schenk,
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