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Abstract

The CERN Super Proton Synchrotron (SPS) employs
quadrupole-driven third-integer slow extraction to deliver
beam to the North Area. This process is controlled by
ramping all the magnets in the lattice, gradually driving the
circulating beam into the tune resonance. In medical syn-
chrotrons, Radio-Frequency Knock Out (RFKO) has proven
to be a reliable alternative for driving the extraction pro-
cess while maintaining good spill quality. Inspired by these
efforts, a hybrid scheme was tested in the SPS, where a
transverse exciter was used to apply a sinusoidal excitation
in parallel with the magnetic ramp. It is demonstrated that
this setup improves spill uniformity both in simulation and
measurements.

INTRODUCTION

The North Area users at CERN receive proton beams from
the SPS at 400 GeV/c. The beam is extracted via third-integer
resonant slow extraction by setting the machine’s horizontal
tune at Q = % and slowly driving the de-bunched beam of
particles into resonant motion. To achieve this, all magnets
in the ring are ramped together, which effectively results in a
changing momentum offset Ap/p, that modifies the beam’s
tune through chromaticity [1]. Such a method delivers a flux
of particles n(z) over several seconds, whose quality can be
quantified by analysing the magnitude a, of the modulations
at a given frequency f:

fOTn(t)eZ”iftdt

; M
Jo n(n)dt

ar =

where T is the duration of the spill.

In the SPS, the slow (Hz-kHz) spill modulations are dom-
inated by the 50 Hz component asgyy,, which stems from the
power-converter ripple remaining after AC-to-DC rectifica-
tion of the main grid voltage. If left uncorrected, this can
lead to unacceptable spill quality for the users and, ultimately,
downtime and loss of valuable data. In recent years, a variety
of techniques have been deployed in the SPS to counteract
this effect [2, 3]. Still, R&D on this topic remains an active
subject of investigation, searching for more effective and
maintainable solutions.

RFKO IN THE SPS

The Radio-Frequency (RF) technique known as empty-
bucket channelling has proven extremely useful in the SPS
for suppressing spill ripple [2]. In such an approach, the
momentum ramp is supplemented with longitudinal kicks

* pablo.arrutia@cern.ch

MOPM: Monday Poster Session: MOPM

MC1.T12 Beam Injection/Extraction and Transport

from an RF cavity to help the beam cross the tune-resonance
boundary. In this contribution, we use a similar principle but
instead apply transverse kicks with an RF exciter. In other
words, in addition to the Ap/p change from the magnetic
ramp, each particle i receives a turn-by-turn horizontal kick
Ax],

Ax] = kSIn(2arGexSfoT; + P), 2)
where fj, is the revolution frequency, 7, is the particle’s time
of arrival, and k, g.,, ¢ are the exciter gain, tune and phase,
respectively.

The scheme is inspired by the RF Knock-Out (RFKO)
method used in many medical facilities [4, 5], where the
exciter is employed as the only mechanism to drive the slow-
extraction process. Studies have shown that such a method
can be effective at suppressing spill ripple [6]. Here, how-
ever, both the ramp and the exciter are combined, as shown
in Fig. 1. The exciter parameters k, q,.,., ¢ are kept fixed
throughout the entire spill.
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Figure 1: Sketch of the combined slow-extraction scheme in
the SPS. The slow extraction starts at ¢ = 0 by ramping the
reference momentum and activating the RFKO transverse
excitation, which together control the extracted particle flux
n(t).

SPILL-QUALITY MEASUREMENTS

A measurement campaign was conducted in the SPS to
measure the impact of the exciter on the spill quality. During
the test, the exciter gain k was set to the maximum value
allowed by the control system (arbitrary units), and the ex-
citer tune was varied around the fundamental harmonic of
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the third-integer resonance, i.e. g = % The results of such
a test are shown in Fig. 2. It can be seen that, when the ex-
citer tune is correctly set, substantial reduction of the 50 Hz
ripple can be observed. On the other hand, the exciter intro-
duces spectral components at the excitation frequency and
harmonics thereof at much higher frequencies. This appears
as a degradation of the overall root-mean-squared (RMS)
spectral amplitude agyg, measured up to 800 kHz.

A candidate setting has been selected for illustration pur-
poses, which balances the low-frequency improvement and
the high-frequency modulation, achieving an overall im-
provement in agyg of ~ 10%. Further discussions are
needed with experimental users to understand if such a setup
is ultimately beneficial, or whether one would have to oper-
ate the exciter at a higher harmonic to ‘hide’ the modulation
beyond the users’ acquisition bandwidth.

B
L0 Tl F2.0 7
= m g
o) & 50Hz ey / 5
= 051 RMS " ¥ L1585
o X Candidate setting N oa-m /) @
= | NG 3
2 - =
S] F1.0 3
0.0 T T T
-0.015 -0.010 -0.005 0.000 0.005
1
Qexc — 3 (1)

(a) S0Hz and RMS spectral amplitudes asoy, and agyg (up to
800kHz) as a function of exciter tune g,,., normalised to sce-
nario where exciter is off.
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(b) Entire a, spectrum, exciter off vs. exciter on with optimised
settings.

Figure 2: Measurements of the spill spectral components a,
for different exciter configurations.

MODEL FITTING WITH MACHINE
LEARNING

It has been empirically demonstrated that the combined
slow-extraction method described above can successfully
suppress the 50 Hz spill ripple. However, it is useful to con-
struct tracking simulations that reproduce the phenomenon,
with the aim to further optimise the settings of the exciter
as well as improve our understanding of the beam dynamics.
To do so, we employ an henon-like map model of the SPS
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slow extraction (see [7] for details), where the action of the
transverse exciter has been implemented following Eq. (2).
The goal is to fit the model’s parameters to reproduce as
closely as possible the observed data behaviour from Fig. 2.
In particular, we choose the chromaticity Q’, the resonance-
driving term S and the exciter gain k (in number of beam
sigmas) as our fitting parameters, as they all contribute sig-
nificantly to the ripple suppression process [6, 8].

Fitting Procedure

Spill simulations via particle tracking are computationally
expensive. For the SPS slow extraction, one often needs to
simulate ~ 103 particles over ~ 10° turns to resolve the
50 Hz modulations in the extracted flux. Therefore, grid
searches become extremely inefficient for multi-parameter
fitting tasks. Instead, a more sample-efficient approach is
adopted here. First, 500 samples are simulated via tracking,
whose parameters (g, S, O, k) have been pseudo-randomly
selected using the Sobol” sequence [9]. Then, the output
ason, of such simulations is employed to train a neural net-
work that estimates the mapping (¢, S, Q", k) = asqg.. This
neural network will replace the tracking code during the
fitting procedure, acting as a surrogate model capable of
estimating asgy, at a fraction of the computational cost. The
workflow is illustrated in Fig. 3.
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(b) Fitting loop.

Figure 3: Training and fitting workflow employed to fit track-
ing simulations to measurement data. A neural network
(NN) is used as a surrogate model of the tracking code.

For the fitting task, Markov Chain Monte Carlo (MCMC)
was used. In the context of parameter fitting, MCMC allows
us to infer posterior distributions over model parameters
rather than single point estimates. MCMC collects chains
of samples in the parameter space, whose distribution con-
verges towards the equilibrium distribution that maximises
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Figure 4: 2-D projections of the posterior distribution ob-
tained via MCMC for the fitting parameters. The prior was
initialised uniformly over the shown parameter space. The
star shows the theoretical chromaticity Q’ and resonance-
driving term S for the SPS fixed-target working point.

the log-likelihood of observing the measurement data. The
approach remains robust even in under-constrained situa-
tions and does not assume that the estimate uncertainties
are normally distributed. MCMC requires a large amount of
samples to converge, but our surrogate model now allows us
to exploit it at practically no computational cost.

Results

The posterior distribution obtained via MCMC is shown
in Fig. 4. The best fit is given by the parameter set that max-
imises the likelihood, S = 146 m'/2, Q' = -22, k = 0.0030.
Interestingly, the fitted S and Q” values are somewhat dif-
ferent from the theoretical working point (S = 170m!/2,
Q" = —26), although the latter still falls well within the un-
certainty of the fit. The discrepancy may also stem from the
simplicity of the henon-like tracking model.

Figure 5 displays the dependence of a5y, on the exciter
tune g for the measurement data, the surrogate model and the
tracking simulations. The tracking simulations have been ex-
ecuted using the best fit parameters only, while the surrogate
model predictions include the 10-90% inter-quantile range,
after analysing the output of 1000 parameter combinations
sampled from the posterior in Fig. 4. It can be seen that both
the surrogate model and the tracking simulations agree very
well with the measurement data. It must be emphasised that
the tracking results were only used during training, but never
during fitting. Thus, the strong agreement between the track-
ing and the measurements suggests that the surrogate model
correctly learned the underlying dynamics of the simulation.
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Best fit: $=146m /2, Q'=-22, k=0.003¢
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Figure 5: 50Hz ripple amplitude asgy, vs. exciter tune g
for measurement data, fitted surrogate model and tracking
simulation employing best-fit parameters.
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Figure 6: Spill structure at the exciter timescale (measured
and simulated) for the candidate configuration from Fig. 2.
Only two exciter periods are shown, but the structure repeats
throughout the whole spill.

HIGH-FREQUENCY STRUCTURE

The fitted tracking model can now be exploited for ad-
ditional studies. As an example, Fig. 6 shows the high-
frequency structure introduced by the exciter for the candi-
date setting configuration from Fig. 2. Excellent agreement
can be observed between the measurement and the tracking.
This further validates de model and opens up the possibility
to use it offline for detailed optimisation studies.

CONCLUSION

This work introduced a new slow-extraction scheme at
the CERN SPS, combining the nominal magnetic ramp
with a transverse sinusoidal excitation to suppress unwanted
flux modulations. Additionally, a neural-network surrogate
model was used to replace tracking simulations during fit-
ting, enabling efficient posterior estimation with MCMC.
Future efforts will focus on optimising exciter parameters
and exploring a multi-fidelity approach.
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