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E. C. Cortés Garćıa,1, 2 N. Carmignani,3 F. Ewald,3 S. A. Antipov,2 K. Scheidt,3 S. White,3 and I. V. Agapov2

1CERN, Espl. des Particules 1, 1217 Geneva, Switzerland
2Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany

3ESRF - The European Synchrotron, 71 Avenue des Martyrs, 38000, Grenoble, France
(Dated: June 12, 2025)

We report the first direct observation of nonlinear resonance island trapping in a fourth-generation
light source with working points far from the excited resonance and examine the nonlinear dynamics
and properties of the trapped beam. The discovered dynamics of island trapping may help under-
stand bunch purity and halo formation issues, create additional experimental capabilities for photon
science applications, and present means of nonlinear characterization of the machine optics.

Introduction. Synchrotron light sources are versatile
analytic tools, enabling studies in many areas of science
and technology. The latest —fourth generation [1]— fea-
tures highly optimized lattices with high degree of can-
cellation of nonlinear aberrations, with the hybrid multi-
bend achromat lattice concept being the technology of
choice for high-energy (6 GeV) machines such as the
ESRF EBS [2]. The residual nonlinearities may cause
a number of adverse effects on electron beam dynamics
such as halo formation, reduction of dynamic aperture,
or beam losses at injection, and need to be controlled.
Moreover, storage rings are uniquely suitable for gen-
eral experimental studies of nonlinear oscillations [3]. For
these reasons, exploitation and control of nonlinear beam
dynamics has been an important subject in accelerator
physics (see e.g. [4–6]).

Among the most exciting nonlinear beam dynamics
phenomena is the formation of resonant islands in the
phase space of particle motion [7–13]. Recently this dy-
namics found applications in manipulating photon beam
properties in light sources [14–16] and slow multi-turn
beam extraction from proton synchrotrons [17–19]. In
all those cases, betatron frequencies (tunes) of the ma-
chine are set close to a resonance condition.

As a result of extensive numerical studies of dynam-
ics of large amplitude particles oscillations in fourth-
generation storage rings we found that conditions for
trapping of particles into third-order resonance islands
can be met without the need to set the optics working
point close to the third-order resonance. Benefiting from
the small natural emittance of EBS, we could carry out
experiments to observe and characterize the trapping dy-
namics in this new regime. In this paper we first de-
scribe the dynamics of resonant island trapping at large
amplitudes in a fourth-generation light source, and then
present the direct experimental observation of island for-
mation, dynamics of the capture process, and the island
lifetime measurement at ESRF EBS.

Resonant island trapping process. The transverse
beam dynamics in synchrotron light sources without tak-
ing radiation damping and excitation into account can be

qualitatively described by the following Hamiltonian:

H = h̄(Jx, Jy) + h(r)(Jx, Jy, φx, φy), (1)

where (J, φ) are the action-angle variables and the Hamil-
tonian is split into an (averaged) integrable part and a
resonant part which gives rise to the irregular and chaotic
motion. The linear part of the averaged Hamiltonian
H0 = −2πqx,0Jx with qx,0 the fractional tune or work-
ing point of the machine, represents the linear betatron
motion. The action-angle variables are related to the
normalized coordinates as (e.g. for the horizontal plane)

(

X

Px

)

=
√

2Jx

(

cosφx

sinφx

)

. (2)

In practice the dynamics is studied through direct nu-
merical simulations (particle tracking). Fig. 1 shows the
transverse phase space of betatron motion of ESRF EBS
obtained through tracking. In this plot, synchrotron os-
cillations are neglected to highlight the horizontal dy-
namics. The dependency of oscillation frequencies on
amplitude and crossing of the third-order resonance at
large amplitudes is an important feature in the dynam-
ics.
Tracking simulations are carried out using pyAT [20],

incorporating lattice imperfections derived from previous
experimental measurements [21]. At Jx ≈ 0.6 µm the
system approaches the third order resonance [Fig. 1 (c)],
where the resonance part of H is dominated primarily by

h(r) =
S√
2
J3/2
x sin (3φx + 3µS). (3)

Then resonance islands emerge in the phase space por-
trait [Fig. 1 (a-b)]. Although the amplitude of the reso-
nance driving term S is canceled by design for the nomi-
nal optics [22], for high action values the nonlinear optics
perturb the cancellation condition. The phase µS of the
resonance driving term determines the orientation of the
islands in phase space.
High-amplitude particle behavior cannot be fully de-

scribed by a simple 1D resonance model and an inter-
play between various resonance conditions may lead to
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[16] D. K. Olsson and Åke Andersson, Studies on trans-
verse resonance island buckets in third and fourth gen-
eration synchrotron light sources, Nuclear Instruments
and Methods in Physics Research Section A: Acceler-

ators, Spectrometers, Detectors and Associated Equip-
ment 1017, 165802 (2021).

[17] R. Cappi and M. Giovannozzi, Novel method for multi-
turn extraction: Trapping charged particles in islands of
phase space, Phys. Rev. Lett. 88, 104801 (2002).

[18] M. A. Fraser, B. Goddard, V. Kain, M. Pari, F. M.
Velotti, L. S. Stoel, and M. Benedikt, Demonstration of
slow extraction loss reduction with the application of oc-
tupoles at the CERN Super Proton Synchrotron, Phys.
Rev. Accel. Beams 22, 123501 (2019).
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C. Chae, E. C. Cortés Garćıa, D. Einfeld, T. Hellert,
M. Huening, M. A. Jebramcik, J. Keil, C. Li, L. Ma-
lina, and R. Wanzenberg, Beam dynamics perfor-
mance of the proposed PETRA IV storage ring (2024),
arXiv:2408.07995 [physics.acc-ph].


