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Abstract

The HB-2023 workshop at CERN from October 9 to 13,
2023 is the continuation of the series of workshops, which
started in 2002 at FNAL and rotates every two years between
America, Europe and Asia. This contribution summarises
the main highlights from Working Group A, Beam Dynamics
in Rings, in terms of progress and challenges in the achieve-
ment of ever higher intensity and brightness hadron beams
in accelerator rings around the world.

INTRODUCTION

The HB-2023 workshop at CERN from October 9 to 13,
2023 is the continuation of the series of workshops, which
started in 2002 at FNAL and rotates every two years between
America, Europe and Asia. This contribution summarises
the main highlights from Working Group A, Beam Dynam-
ics in Rings, in terms of progress and challenges in the
achievement of ever higher intensity and brightness hadron
beams in accelerator rings around the world. The following
main themes have been treated during the Working Group
A sessions:

* Understanding and mitigating space charge effects;

* Studies for characterizing luminosity;

e Understanding and mitigating beam instabilities;

¢ The pursuit for more powerful simulation tools.

A short summary of the main highlights from each of these
themes will be given in the following, and the main chal-
lenges ahead will then be discussed.

UNDERSTANDING AND MITIGATING
SPACE CHARGE EFFECTS

Losses and emittance growth due to space charge effects in
combination with resonances, lattice driven or space charge
driven, remain among the most prominent performance lim-
itations for high brightness and high power circular hadron
machines.

Careful optimization of the tune working point for avoid-
ing resonances (e.g. Montague resonance and half integer res-
onances) allows reaching large space charge tune spreads at
injection with losses below the percent level. This was shown
for the case of the CSNS rapid cycling synchrotron, where
a tune variation along the cycle (“tune pattern”) through a
modulation of the quadrupole fields was developed to mit-
igate space charge effects at injection and suppress beam
instabilities during the ramp [1]. Like this, loss levels could
be maintained at a minimum for the nominal 100 kW beam
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power (and beyond) when combined with correlated injec-
tion painting [2]. However, foil heating remains a big chal-
lenge. A new painting scheme using a pulsed injection chi-
cane, combining the injection chicane and the painting bump,
was developed for CSNS-II in order to reduce the foil tem-
perature and the edge focusing effects from the injection
chicane [2]. This scheme saves one set of bumper magnets,
and reduces the optics distortion and resonance excitation,
which in turn allows for smaller transverse emittances and
higher intensities.

As shown in several contributions at the workshop, the
compensation of lattice or injection chicane driven reso-
nances through dedicated corrector magnets is nowadays
standard practice in many machines. Identifying the mag-
netic errors through beam-based measurement of resonance
driving terms from turn-by-turn beam position data has
proved quite successful, as demonstrated for example in
the studies at Fermilab [3]. These beam-based measurement
techniques are particularly relevant for existing machines,
for which detailed magnetic modelling is not available.

Another method for identifying magnetic errors through
beam-based measurements has also been presented, the so-
called “Deep Lie-Map Networks” [4]. This method builds
an improved accelerator model with magnetic errors such
that simulated tracking of single particles through Lie Maps
reproduces the measured turn-by-turn beam position data
along the machine. A first proof-of-principle experiment
was performed at GSI to identify sextupole errors from trajec-
tory data, and further experimental campaigns are planned.
During the workshop, it was suggested to extend the method
by including also the tunes and chromaticity as objectives
for the algorithm.

The compensation of resonances excited by the nonlinear
potential of the space charge force itself is particularly chal-
lenging, but was successfully demonstrated at the J-PARC
main ring [5]. In particular, minimizing the driving term of
the 80, = 171 structure resonance through the optimization
of the arc phases advance while maintaining the overall tunes
of the machine through adjustments of the straight section
optics resulted in reduced beam loss in operation.

In the context of discussing resonance compensation
schemes in different machines, A. Oeftiger proposed to for-
mulate the efficiency of resonance compensation in the sense
of “how much intensity could be gained by resonance com-
pensation for a given amount of acceptable losses”.

An open question raised by V. Lebedev at the workshop
concerns the maximum achievable space charge tune shift in
a real machine with a highly super-periodic lattice operating
above the half-integer. While this question was not answered
at the workshop, the maximum tolerable space charge tune
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shift depends on several factors, in particular for how long the
strong space charge regime needs to be maintained during
the machine cycle (e.g. difference between rapid cycling
synchrotrons and beam accumulation in injector rings).

Progress has also been shown on the side of the theoret-
ical understanding of space charge effects. In particular, a
two-particle model for space charge and chromaticity effects
in a coasting beam has been studied, showing a coupling
and exchange between the motion of the centre of mass
(“coherent”) and the motion with respect to the centre of
mass (“incoherent”) similar to the classical linear coupling
description [6]. This behaviour was confirmed also in multi-
particle simulations and in experimental studies a the CERN
PSB. The aspect of exchange between coherent and inco-
herent motion was not yet addressed as such in past studies
using a particle-core model [7], and it was suggested by
E. Métral at the workshop to extend the model to include
also impedance effects in the future.

Concerning the impact of dispersion on the coherent mo-
tion in presence of space charge, previous studies for coasting
beams have been extended to the 3D case [8]. It has been
shown that, in this case, sidebands appear around the enve-
lope modes, and that the split of dispersion mode is coupled
to the envelope modes.

STUDIES FOR CHARACTERIZING
LUMINOSITY

Luminosity calibration is of fundamental importance for
the precision of high energy particle physics experiments
in high brightness colliders and a few studies related to this
aspect have been treated in the workshop.

The observation of non-factorizable distributions in LHC
van der Meer scans actually triggered space charge studies
in the LHC injector chain. It was demonstrated experimen-
tally that space charge induced periodic resonance crossing
can generate statistical dependence between the transverse
planes for the case of coupled resonances, as shown exper-
imentally through profile measurements in both planes for
different amounts of scraping in one plane after the beam
was exposed to different resonances (one dimensional or
coupling resonances) [9].

Another example concerns the impact of beam-beam ef-
fects on luminosity during precision luminosity measure-
ments using van der Meer scans. It was shown that beam-
beam effects in the LHC introduce a luminosity bias due to a
change in orbit and a change in optical properties and a cross-
talk due to multiple experiments being in collision. A bench-
mark experiment was performed at the LHC, which was
reproduced in self-consistent tracking simulations within
few percent of the experimental observations [10]. The
good modelling of this effect can thus be used for correct-
ing the luminosity values in the experiments in operational
conditions based on the low intensity single bunch van der
Meer scans.
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UNDERSTANDING AND MITIGATING
BEAM INSTABILITIES

The beam coupling impedance induces tune shifts (co-
herent and incoherent) and drives coherent beam instabili-
ties. A good theoretical understanding and minimization of
impedance contributions is thus crucial for maximising the
intensity reach of circular hadron accelerators.

For existing machines, the observation of instabilities or
beam quality degradation typically triggers studies to iden-
tify through modelling and measurement, and modify (if
possible) the responsible impedance source in the machine.
This was shown nicely for the example of the J-PARC main
ring, where a longitudinal microbunch structure developing
during slow extraction could be successfully cured by re-
ducing the impedance of the eddy current extraction septa
through the addition of plates to ensure the continuation
of the beam pipe inside the septum tank so that the mirror
current flows smoothly, as well as the impedance reduction
of other extraction septa [11].

In the case of the SPS at CERN, the impedance induced
coherent tune shifts attain large values for the bunch intensi-
ties requested for the High Luminosity LHC era, requiring a
good tune correction to ensure that the transverse damper
is efficient for mitigating transverse coupled bunch instabil-
ities [12]. This tune correction compensates for the aver-
age tune shift of the newly injected bunch train and so far
this was sufficient for reaching the required beam quality
(i.e. emittance growth between batches within budget). At
the workshop it was proposed to investigate if a reactive
damper configuration could be used to actually compensate
the bunch-by-bunch coherent tune shift that builds up along
the train in the vertical plane.

Significant progress has been reported on the theoretical
treatment of longitudinal instabilities as demonstrated for
examples from the LHC and the SPS at CERN from both
numerical calculations and beam-based measurements [13]:
It was shown that the instability threshold for the loss of
Landau damping for a binomial distribution is inversely pro-
portional to the cut-off frequency, a generalized threshold
due to loss of Landau damping and coupled bunch insta-
bilities was developed, and the important role of the RF
non-linearity on the potential well distortion was demon-
strated resulting in lower radial mode-coupling instability
threshold compared to the threshold for azimuthal mode-
coupling instability expected from the classical Sacherer
theory [14].

An aspect not fully resolved yet concerns the role of space
charge in transverse beam instabilities. In particular, experi-
mentally measured rise times can be usually reproduced in
simulations without space charge, but there is no good agree-
ment of the intrabunch motion, as reported for the case of the
CERN PS for the studies of horizontal instability driven by
kicker cables and their external circuits [15], and for the case
of the vertical instability observed at ISIS [16]. A compari-
son with the predictions from convective instabilities [17],
and with the predictions from the dispersion integral includ-
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ing detuning as suggested by X. Buffat during the workshop,
should be performed.

One proposition was to solve the “inverse stability prob-
lem of beam dynamics”, i.e. to determine the particle dis-
tribution function from measurements of the stability dia-
gram [18]. This could still be challenging in actual practice,
considering a number of uncertainties introduced by the
space charge, the impedance, and the nonlinearity of the
optics. However, this method could be of particular interest
in experimentally measuring the tails of the particle distri-
bution, which is usually challenging using available beam
instrumentation techniques due to noise.

THE PURSUIT FOR MORE POWERFUL
SIMULATION TOOLS

Accurate predictions of high intensity induced beam halo,
losses, emittance growth and collective instabilities require
more and more powerful simulation tools. The integration
and modernization of a large body of legacy codes is a path
towards faster and more capable code suites, as demonstrated
in different contributions at the workshop. The trend goes
to porting codes to GPUs, as this allows for the simulation
of more particles, higher resolution, larger systems, longer
integration time. On the integration side, emphasis is put on
more efficient co-development and reuse, more physics at
hand to explore all possible couplings, not “miss anything”,
increase realism toward digital twins and open design ca-
pabilities beyond “what we can compute”, and a gateway
to community ecosystems with standards. In many cases
a programmable (Python) frontend is chosen, as it is user-
friendly with shorter learning curve and flexibility for exten-
sion, exploration and coupling with Artificial Intelligence
(AI)/Machine Learning (ML) tools, and coupling with other
codes and experiments.

The CERN legacy codes are being upgraded and com-
bined into a modern, integrated suite called Xsuite [19]. It
combines features of MAD-X, Sixtrack, COMBI, pyHEAD-
TAIL, and others, into a modular and extensible suite with
unified and flexible Python interface, CPU and GPU support,
and it is open source. Although the development has started
not long ago, there are already various users and applications
to date.

The simulation codes from Berkeley Lab (WarpX, Im-
pactX, etc.) are also being modernized and combined
into the Beam, pLasma & Accelerator Simulation Toolkit
(BLAST) [20]. It combines a triple acceleration approach
(i.e. exploiting GPU, Mesh Refinement, and AI/ML) with
a flexible Python frontend, and is also open source. This is
part of a larger effort to develop a Community Ecosystem
based on standardized inputs/outputs.

The CISP-GPU is a new code with many features for end-
to-end simulations for the HIAF/BRing (IMPCAS) [21]. Tt
is applied to nonlinear lattices and space charge effects and
their mitigation. It is planned to be embedded into LACCS
to provide high level features for commissioning and online
beam dynamics research.
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MAIN CHALLENGES AHEAD

Several challenges were highlighted at the workshop at

different occasions, such as:

* Loss control at the sub-per-mill level to allow for multi
MW beam power (e.g. ISIS II [16])

» To demonstrate space charge compensation by pulsed
e-lenses (FAIR-SIS100)

e Crab cavities for hadron colliders (such as HL-
LHC [22] and EIC) pose particular challenges as the
low noise levels and feedback requirements to limit
emittance growth are beyond the state of art.

¢ Accurate impedance modelling at very low frequencies
(particularly concern for machines with small trans-
verse tunes) when the electromagnetic fields of the
beam penetrate out the beam pipe and see the outside
boundaries. The transverse feedback system at too low
frequency can also be challenging.

» The mitigation of e-cloud effects at the LHC remains
a big challenge, as the surface condition of the beam
screens degrades after each long shut down and the
resulting e-cloud generation further and further lim-
its the maximum number of bunches in the machine.
This issue needs to be addressed at the root cause and
developments of Plasma-assisted CuO reduction and
carbon recovery (PE-CVD) or carbon coating (10 nm
to 20 nm) by sputtering are being followed in view of
the High Luminosity LHC upgrade [22].

* Being creative for proposing new accelerator appli-
cations for interesting physics cases is clearly a chal-
lenge for the entire particle accelerator and high energy
physics community. In this respect, a nice example
of a predominantly electric “E&m” storage ring with
nuclear spin control capability to study “rear-end” d-p
collisions was shown at the workshop [23].

CONCLUDING REMARKS

The conveners of the Working Group A would like to
thank all the speakers for the excellent and very interesting
presentations, and all workshop participants for their active
contribution and fruitful discussion. We are looking forward
to an interesting HB workshop in 2025.
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