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Protons on the line
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Stable regions in four-dimensional phase space were observed by following the motion of accelerated
proton beams subject to nonlinear forces. This provides insights into the physics of dynamical systems
and may lead to improved accelerator designs.

The theory of nonlinear dynamical systems is widely applicable.' However, accurate and robust
predictions are challenging to achieve due to their intrinsic sensitivity to parameters and initial conditions.
This is particularly important for the design and optimization of complex particle accelerators, which
requires a description of external forces, electromagnetic fields generated by the beams themselves (self-
fields), particle collisions and other nonlinear effects. Modelling the scientific reach as well as the
limitations of an accelerator often relies on the understanding of the particles’ evolution in phase space, of
which direct measurements may not be available. Now writing in Nature Physics, Hannes Bartosik and
colleagues® have confirmed the existence of stable trajectories in the four-dimensional phase space of
protons, known as fixed lines. This finding has implications for present and future accelerator projects.

The applications of particle accelerators often require large beam intensities, high phase-space densities,
high beam purity and low backgrounds. Beam losses do not only affect the performance of experiments,
but can also degrade the vacuum in the beam pipe due to interactions with the surrounding materials and
even damage components. Therefore, accelerator physicists need to identify performance limitations and
calculate beam loss mechanisms with good accuracy. For example, quadrupole magnets focus the particle
beam with linear restoring forces (see Fig. 1a). In contrast, sextupole magnets introduce nonlinear forces,
which distort the phase space (see Fig. 1b). Resonances between particle oscillations around the ideal
design orbits and such nonlinear periodic perturbations can cause beam loss.

In the Large Hadron Collider, high-order multipole components of the fields of the superconducting
magnets are one of the main factors determining the size of the stable region in phase space. The impact
of the quality of the magnetic fields on beam stability was modelled to predict the beam lifetime, which
determines the amount of data that can be recorded by the experiments, and the corresponding magnetic
field tolerances, a factor for project cost. In high-intensity synchrotrons, as particles oscillate around the
equilibrium orbit, they sample different self-fields, resulting in a periodic modification of the focusing
conditions set by the external magnetic fields. This mechanism was found to be responsible for particle
loss and for the formation of unwanted halos in the beam density distributions.
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One peculiarity of particle dynamics in accelerators is that the six-dimensional phase space of a single
particle with its three spatial and three momentum components can often be separated into a transverse
four-dimensional space, perpendicular to the main direction of motion, and a longitudinal two-
dimensional space, parallel to it. This is because of the different magnitudes of the forces and
corresponding oscillation frequencies in transverse focusing and in longitudinal acceleration.

Previous work’ considered the transverse phase space of a particle in a linear accelerator in the presence
of nonlinear perturbations induced by a sextupole magnet. Under these conditions, the existence of a
family of closed one-dimensional curves in four-dimensional phase space (see Fig. 1¢) was predicted.
These curves are referred to as fixed lines, in analogy to fixed points in planar phase space. In
combination with self-fields, through the mechanism described above, these structures could be
responsible for the formation of the asymmetric halos in the beam density distributions observed in the
CERN Proton Synchrotron ring.® In experiments at CERN’s Super Proton Synchrotron at an energy of
100 GeV, Bartosik and colleagues observed that protons followed these trajectories, providing
experimental evidence of the predicted phase-space structures.”

In these experiments, the quadrupole magnets determined the linear focusing forces and the number of
transverse oscillations per turn. Sextupole magnets introduced controllable nonlinearities. By choosing
the intensity and size of the proton bunch appropriately, the beam could be treated as a single charged
macro-particle with negligible self-fields and collective effects. To explore different phase-space regions,
the protons were deflected horizontally and vertically in a single turn by fast kicker magnets, whose
deflection strength could be varied.

Beam position monitors installed around the accelerator recorded the location of the protons for several
thousand revolutions after the kick. From the measured positions, the locations of the detectors and the
magnetic-field distributions, the transverse momenta of the protons were reconstructed. By comparing the
measured trajectories of the proton bunches with theoretical estimates, Bartosik and colleagues showed
that the beam moved along fixed lines.

Exploring beam dynamics with kicked beams is rather common in accelerator physics, but it comes with a
few limitations. As only two kicker magnets were available, Bartosik and colleagues could only explore a
limited region of phase space. Beam loss may occur after the kick, adding systematic uncertainties to the
beam positions during the transient. In addition, magnetic field fluctuations may cause temporal
variations in the experimental conditions. One consequence of kicking a proton bunch instead of a single
particle is that, due to the inevitable spread in transverse oscillation frequencies, the position oscillations
of the beam centroid are damped, resulting in a finite number of usable revolutions — usually hundreds to
thousands.

It will be important to see whether the measurements reported by Bartosik and colleagues can be
reproduced and extended under different experimental conditions. Alternative or complementary methods
to kicking the protons are the use of oscillating dipole fields’ or the auto-resonance phenomenon® to
sustain orbit oscillations. Experimental single-particle tracking’ may help overcome oscillation damping
and the need for external excitations.

The understanding of fixed lines could result in better quantitative predictions of the evolution of beam
distributions and particle losses, with an impact on the operation of current high-intensity accelerators and
on the design of future facilities for the production of exotic beams (such as radioactive ions, antiprotons,
muons and neutrinos) and for the study of rare processes in nuclear and particle physics.
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Fig. 1: Structures in phase space. In the two-dimensional phase space of a linear oscillator with one
degree of freedom, coordinate ¢ and momentum p lie on circles or ellipses. Panel (a) shows a simplified
model of a group of particles in an accelerator with linear restoring forces (quadrupole focusing magnets).
Colours represent particles with different initial conditions. Each dot marks the phase-space location of a
particle observed at regular intervals, such as once per revolution. Patterns arise from the random initial
conditions and from the fact that the observation intervals are not multiples of the oscillation period. The
introduction of nonlinear forces, such as sextupole fields, distorts the phase-space structure and gives rise
to resonant islands and chaotic regions (b). Oscillation frequencies acquire a dependence on amplitude
and motion is in general not bounded, creating particle loss. The stable region is restricted. In the case of a
particle accelerator near resonant conditions, it was predicted that stable trajectories (“fixed lines”) in
four-dimensional transverse phase space (g, ¢y, px py) exist. Panel (c) shows a few sample lines projected
into three-dimensional space (qx, px, py)-





