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Summary

The Super Proton Synchrotron (SPS) at CERN will be used to deliver beams of protons for the
new Search for Hidden Particles (SHiP) experiment. SHiP is a proposed fixed target experiment
that aims to search for new particles beyond the Standard Model of particle physics, as predicted
by various models. During its nominal operation, SHiP will require a ~1s spill of 4 x 103 400 GeV
protons from the SPS via slow extraction. Moreover, there are also requirements for the quality of
the spill, e.g., it has to be as uniform as possible at all time scales. This report will present two
methods for manipulating the beam’s longitudinal phase-space distribution prior to performing
slow extraction. The aim is to achieve a distribution that maximizes spill quality for the SHiP
experiment. First, we will formally define the objectives the methods are trying to achieve. Then,
we proceed to optimize their parameters using different optimization techniques and compare their
performance.
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1 Introduction

The Super Proton Synchrotron (SPS) at CERN is a powerful circular accelerator that plays
a key role in the chain of accelerators leading up to the Large Hadron Collider (LHC).
Operational since 1976, the SPS can accelerate protons to energies of up to 450 GeV (giga-
electron volts). Furthermore, the SPS also delivers beams to the CERN North Area (NA)
for various fixed target experiments.

One new planned experiment that is expected to take place in the CERN North Area
is the Search for Hidden Particles (SHiP) experiment [1]. SHiP is a proposed fixed target
experiment that aims to search for new particles beyond the Standard Model of particle
physics, as predicted by various models.

During its nominal operation, SHiP will require a ~1s spill of 4 x 103 400 GeV protons
from the SPS via slow extraction. Moreover, there are also requirements for the quality of
the spill, e.g., it has to be as uniform as possible at all time scales.

This report will present two methods for manipulating the beam’s longitudinal phase-
space distribution prior to performing slow extraction. The aim is to achieve a distribution
that maximizes spil quality for the SHiP experiment. First, we will formally define the
objectives the methods are trying to achieve. Then, we proceed to optimize their parameters
using different optimization techniques and compare their performance.

2  Spill Quality

2.1 Slow Extraction

The SPS provides beams to the North Area by employing the process known as slow extrac-
tion. By exciting a third-integer transverse resonance in a controlled manner, particles are
slowly “peeled oft” from the circulating beam and extracted towards the experimental area.

The theoretical details on slow extraction can be found in [2]. In this report, a simpli-
fied approach is employed to model the process. In the SPS, particles are pushed towards
the resonance by ramping all magnets in the lattice simultaneously, which is equivalent to
sweeping the machine’s reference momentum. This is illustrated in the Steinbach diagram
in Figure 1. It can be seen that, for the nominal SPS emittance, the resonance has a char-
acteristic stop-band width of 3Stopband7rms = 5.4 x 107°. In our model, we will assume that
particles within such a width are extracted simultaneously and we will refer to such a set of
particles as a “momentum slice”. Additionally, we will assume that the reference momen-
tum is ramped linearly over 1 second. This leads to the following equation describing the
time-offset coordinate of a particle at the moment of extraction:

Nma:p

Teatracted = To T+ 7760 (6mean - 6m7,n)7 (1)
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where 1 is the time-offset coordinate of the particle at the start of the extraction, dg is
the particle’s momentum offset, d,,;, and d,,4, are the minimum and maximum momentum
offsets in the beam, 0,04, is the midpoint of the momentum slice the particle belongs to,

Nz = W is the number of turns taken by the slow extraction process.
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Figure 1: Steinbach-diagram illustration of COSE [4]. The horizontal arrow indicates that
the beam (brown) is pushed from the stable region (blue) into the unstable region (fuchsia).
The red band indicates the strip of particles that is resonant at a given instant. The mo-
mentum spread of such a strip is known as the r.m.s. momentum stop-band. Image source:

[2].

2.2 Momentum Distribution

The SPS magnetic ramp is modulated by an undesired ripple. This introduces variations in
the flux that can lead to the loss of valuable data for the experiments’ acquisition systems.

The impact of ripple can be minimized by starting with a wide momentum distribution.
Moreover, it is important for such a distribution to be as uniform as possible so that the flux
is not modulated as the reference momentum is linearly ramped. In reality, corrections can
be performed by using a non-linear ramp computed via a feed-forward approach. Still, this
correction is easier the more uniform the initial distribution is.

To express the uniformity and the width of the momentum offset distribution as a metric
we want to optimize, we will use the Kullback-Leibler divergence (which we want to minimize)
between the resultant momentum distribution and a uniform distribution covering the whole
SPS bucket. The KL divergence is defined as follows:

Diet(PIIQ) = 3P0} n o, @)

where P is the resultant momentum distribution and @) is the desired uniform distribu-
tion.

2.3 Time-Offset Distribution

The perturbations described in the previous section affect the flux on timescales longer than
the revolution period (23us for the SPS). However, the flux is also modulated on shorter
timescales, which can lead to problems for the experiments, such as increased combinatorial
background.



Therefore, it is also important to uniformize the time-offset distribution inside the ring.
More precisely, the distribution needs to be uniformised individually for all momentum slices
of width ~ Ostopband,rms, since this represents the slice of particles that will be extracted from
the machine simultaneously.

Therefore, it is possible to informally define spill quality as the level of uniformity of the
intensity profile delivered to the user. In an ideal world, we would like to extract a perfectly
rectangular spill, whose particle rate I(t) would be described by:

(3)

1,/T,, iftel0,T,
R S
0, otherwise,

where T is the spill time and Iy = fo * I(t)dt is the total integrated intensity.
Unfortunately, this is not physically attainable, since it would require a ‘crystalline’ beam,
i.e., a particle lattice with predictable spacing. In a realistic ‘hot’ beam, a better model to
describe the spill is a Poisson process of mean rate A:
]@:{?MQ—QNHQIHGQE] @
, otherwise,

where 0t is the chosen time-binning. We chose At = 1ns for our simulations.

In order to quantify the proximity of the spill as a metric we could optimize, we will
perform statistical tests on the time-offset distributions across momentum slices to determine
if they follow a Poisson process.

For a given momentum slice, let X, X5, ..., X be discrete random variables denoting
the number of particles in each bin after binning the slice into bins of width At = 1ns. The
null hypothesis that we will test against states that X; ~ Pois(A = IgAt/T)Vi, where I
is the number of particles and T} is the time-offset width of the momentum slice. If this
holds, then E[X;] = E[X,] = ... = E[Xy], i.e., in expectation each member of the family
of random variables should have he same value. Thus, for a single member of the family,
we compute the p-value that it follows the above-mentioned Poisson distribution by using
the “Poisson means test”, also known as the E-test [5]. Finally, for a given simulation, the
time-offset metric T' that we want to maximize is computed as follows:

1
T= Z —_— Z In(Poisson means test(n;;, N;,n;, N;)),  (5)
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where N; is the number of particles in the momentum slice i, n; = N;/# of bins is the
average number of particles across the time-offset bins of the slice and n;; is the number
of particles in the j-th time-offset bin of the i¢-th momentum slice. We take the natural
logarithm of the p-values for better numerical stability, as maximizing the sum of logarithms
is equivalent to maximizing the product of p-values, but the former is more numerically
stable. We also take the average of logs of p-values across the bins for each momentum slice
to better compare the methods, since the phase displacement blow-up method produces
momentum slices with a much wider time-offset distribution, and thus significantly more
bins. To experienced readers, this formula may be familiar to Fisher’s combined probability
test for a family of random variables.



2.4 Turns taken

Last but not least, we want to minimize the number of turns taken to perform the RF
gymnastics, in order to maximize the number of spills delivered to the experiment and the
overall cost efficiency of the operation.

3 RF Manipulations

3.1 De-bunching

The first method we will consider for improving the spill quality is the de-bunching method.
This is also the method currently employed in operation for other experiments at the SPS.
It aims to increase the momentum spread of the bunches via a RF phase jump and the
time offset spread via de-bunching (waiting). More specifically, the method consists of the
following steps:

1. Arrival at flattop: The beam is accelerated to the desired energy. Particles are per-
forming stable oscillations around the stable fixed point.

2. Phase jump: The RF-waveform phase is shifted almost instantaneously by 7, causing
the particles to follow the bucket separatrix. This stretches the momentum distribution
of the beam.

3. Re-phasing & bunch rotation: The RF-waveform phase is shifted back, bringing the
particles back to the stable fixed point. This slightly increases the time offset spread
of the beam, but also modifies the momentum distribution.

4. De-bunching: The RF voltage is turned off and the particles are left to drift for a
certain amount of time. This increases the time offset spread of the beam.

3.2 Phase displacement blow-up

In the phase displacement blow-up method [8], we sweep the empty bucket through the beam
by ramping frr. If we seep fast enough to eliminate the empty bucket area, the momentum
distribution is blown-up with no mean displacement, as can be seen in Figure 2.

4 Optimization

4.1 Optimization goal

Let P be a set of parameters that define a configuration of the SPS machine, agnostic of
the method used to extract the beam. When focusing on a specific method, we will denote
the set of parameters as Pp for the de-bunching method and Pg for the phase displacement
blow-up method. For a given set of parameters P, we can compute a vector of quality metrics
¢ that describe the quality of the spill. This is achieved by simulating the manipulations and
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Figure 2: Simulation of phase displacement blow-up in the Proton Synchrotron at CERN. he
momentum distribution is shown before (top), during (centre) and after (bottom) the ma-
nipulation, with the blue arrow and colour map (centre) showing the direction and location
of the zero-area ‘empty bucket’, re- spectively. Image source: [8].



the extraction of the beam using the henontrack [2] simulation software, which is a Python
package.

Let ¢ be a vector of quality metrics assigned to some parameters P via simulating the
configuration in henontrack. For the SHiP experiment, we will consider the following quality
metrics:

e ¢: The KL divergence between the resultant momentum distribution of the simulation
and the desired uniform distribution covering the whole SPS bucket.

e ¢>: The p-value of observing the resultant time offset distribution of the simulation,
under the null hypothesis that the spill follows a Poisson process.

e ¢3: The number of turns taken to perform the RF gymnastics. This includes all the
operations performed on the beam, such as the de-bunching or the phase displacement
blow-up. However, this does not include the time taken by the slow extraction process
itself, as this is a fixed parameter.

Since ¢'is a vector of quality metrics and thus there does not exist a total order on the set
of all possible ¢, we will use a Pareto order to compare the quality of different configurations.
More formally, we define a partial order < on the set of all possible ¢ as follows:

(3T <= ¢ <rANg@>raNg <rs. (6)

We say that ¢ Pareto dominates 7 if ¢ < 7. Extending this definition to the sets of
parameters, we say that a set of parameters P Pareto dominates a set of parameters R if
the vector of quality metrics ¢ assigned to P Pareto dominates the vector of quality metrics
7 assigned to R.

Finally, we are interested in finding the set of configurations that are extremes in the
Pareto order. These are the configurations that are not Pareto-dominated by any other
configuration. We will refer to these as the Pareto front. Obviously, these configurations are
the candidates to be used in the SPS machine for the SHiP experiment.

4.2 Optimization technique

We have employed several optimization techniques to find the Pareto front of the set of
parameters P for the de-bunching and phase displacement blow-up methods. This includes
Bayesian optimization with the qNEHVTI acquisition function specifically designed for finding
Pareto fronts, as well as adversarial machine learning. However, we have found that by far
the best results are obtained by using genetics algorithms. More specifically, the algorithm
SPEA2 [9] has been used to find the Pareto front of the set of parameters P for both methods.

The SPEA2 algorithm is a genetic algorithm constructed for finding Pareto fronts. It
achieves this by maintaining a small archive of non-dominated individuals, which are used
to guide the evolution of the population. On each generation, the archive is updated with
the best individuals from the current population. If there are not enough individuals to
fill in the archive, the algorithm will also add dominated candidates based on how many
individuals they dominate. If, however, there are too many non-dominated non-dominated
individuals, the algorithm will keep only a subset of them, the one with the best crowding



distance. Since we have not found any Python implementation of the SPEA2 algorithm, we
have implemented it ourselves [7]. It can evaluate the quality metrics of a set of parameters
P in parallel, which is crucial for the optimization process.

The whole optimization loop can be summarized as follows:

Algorithm 1: Optimization loop
Data: the size of the population, the size of the archive, the number of generations
Result: the Pareto front

Initialize the population with random individuals;

for each generation do

for each individual in the population do
‘ Evaluate the quality metrics of the individual using the henontrack package;

end

Update the archive with the best individuals from the population;

Generate the new population by mutating an individual from the archive
selected by a binary tournament;

end
Return the archive;

5 Results

5.1 De-bunching

The de-bunching method has been optimized using the SPEA2 algorithm. The genomes of
the individuals were composed of the following parameters:

e Amount of turns in the phase jump stage, range: [0, 150]

e Amount of turns in the re-phasing (rotation) stage, range: [0, 50]
e The voltage of the 200 MHz RF cavity, range: [0, 7.3 x 1073 GV]
e The voltage of the 800 MHz RF cavity, range: [0, 1.4 x 1073 GV]

As the first step of the simulation, the beam arrives at the flattop in a fixed manner
independent of the above parameters. The parametrized voltages are applied only during
the phase jump and re-phasing stages. We have also investigated the effect of allowing
different voltages for the cavities during these stages, but the results were not significantly
different from the fixed voltage case.

The amount of turns taken for the de-bunching stage was not a free parameter. Instead, it
was computed as the number of turns required for the bunches to overlap in their time offset
in all momentum slices after the slow extraction procedure. This number was computed
using the following formula:

Ndebunch,turns - _—(Tmin - Tmax)a <7)



where fy is the revolution frequency of the SPS, 7 is the momentum slippage factor of the
SPS, ¢ is the width of a momentum slice equal to 5.4 x 107°, 7. is the maximum time
deviation of a particle from the first bunch and momentum slice, and 72, is the minimum
time offset of a particle from the second bunch and first momentum slice, both after the slow
extraction. The values of 7.l and 72, were computed using the henontrack package.

The optimization process was run for 50 generations with a population size of 2000 and
an archive size of 500. The mutation of an individual selected by a binary tournament
was performed by modifying each free parameter with a probability of 0.5 by adding a
random value from a uniform distribution in the range [—0.1 % (max value — min value), 0.1 %
(max value —min value)], where the min and max values are the bounds of the parameter. If
the new value of the parameter was outside the bounds, it was clipped to the closest bound.

After the optimization process, the de-bunching method is showing promising results.
One example can be seen in Figure 3. The Pareto fronts are shown in Figures 4 and 5.
The results show that the momentum and time metrics are positively correlated, meaning
that improvements in one metric generally lead to improvements in the other. On the other
hand, the time metric is an increasing function of the number of turns taken to perform
the manipulations. While this result does not come as a surprise, it is still important to
note that we want to minimize the number of turns taken to maximize the number of spills
delivered to the experiment, therefore one has to choose a configuration that balances the
two metrics. The same plot also indicates that the time metric saturates at around 1500
turns (this excludes the arrival at the flattop), meaning that this would be a good choice
for the number of turns taken to perform the manipulations. This is also the number of
turns usually required by the bunches to de-bunch in order for them to overlap in time in

all momentum slices.

5.2 Phase displacement blow-up

The phase displacement blow-up method has been optimized in a similar environment as
the de-bunching method. The genomes of the individuals were composed of the following
parameters:

e Amount of turns in the phase jump stage, range: [0, 150]
e Amount of turns in the re-phasing (rotation) stage, range: [0, 50]

e The voltage of the 200 MHz RF cavity during the phase jump and re-phasing, range:
[0, 7.3 x 1072 GV]

e The voltage of the 800 MHz RF cavity during the phase jump and re-phasing, range:
[0, 1.4 x 1072 GV]

e [') called “sine of the stable phase”. For a given RF voltage, it quantifies the speed at
which the RF frequency is varied. Larger Gamma corresponds to a faster frequency
sweep [3], range: [1, 6]

e The voltage of the 800 MHz RF cavity during the phase displacement blow-up stage,
range: [0.5 x 1073, 1.4 x 1077
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e The number of sweeps, range: [1, 20]
e The amplitude of the sweeps, in terms of the bucket height, range: [0.5, 2.0]

Similarly to the de-bunching method, the beam first arrives at the flattop, after which we
perform a phase jump and re-phasing for a few turns each. Only after this did we perform
the phase displacement blow-up manipulations, during which the voltage of the 800MHz
cavity was parametrized, while the voltage of the 200MHz cavity was fixed to 0.

The ranges for the parameters were initially much larger, but after a few optimization
trials, we have narrowed them down to the values presented above, for the reason that the
good individuals were always found clustered in the presented ranges.

It is worth noting that we have also experimented with non-linear RF schedules for
the phase displacement blow-up stage (as can be seen in Figure 8), but the results were
not significantly different from the linear schedules (which can be seen in the presented
examples). This is why we have decided to use linear schedules for the optimization process.

The optimization process was the same as for the de-bunching method, namely 50 gener-
ations with a population size of 2000 and an archive size of 500. A non-dominated individual
can be seen in Figure 6.

The results of the optimization process for the phase displacement blow-up method are
shown in Figures 9 and 10. The method exhibits similar behavior to the de-bunching method.
The metrics tend to be in the same ranges. However, for this method the time metric gets
saturated slower, at around 2500 turns. This way, according to the simulations, the de-
bunching method should be preferred over the phase displacement blow-up method, as it
requires fewer turns to perform the manipulations.

5.3 Comparison

The optimization process has yielded promising results for both methods. Their respective
momentum and time metrics have landed in the same ranges, indicating that the methods are
comparable in terms of spill quality. For the non-dominated individuals from both methods,
the resultant % distribution covers the whole bucket and is close to uniform. The same
can be said about their time-offset distributions. However, the number of turns taken to
perform the manipulations is significantly lower for the de-bunching method, which makes
it the preferred choice for the SHiP experiment.

It is important to note that from the experiments in the SPS, it has been observed that the
beam suffers from re-bunching due to collective effects [6], which are not accounted for in our
single-particle simulations. This may lead to the beams not overlapping in time offset in all
momentum slices, which would require more turns to perform the manipulations. In order to
address this issue, we have tried to imitate this behavior by lowering the momentum slippage
factor n in the simulations. The results of these experiments can be seen in Figures 11, 12
and 13. The results indicate that depending on the value of 1, and thus the bunching factor
unaccounted for in the simulations, the number of turns taken to perform the manipulations
can increase significantly. Thus, if the bunching factor turns out to be significant, the phase
displacement blow-up method may be the preferred choice.
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6 Conclusion

In this report, we have presented two methods for manipulating the beam’s longitudinal
phase-space distribution prior to performing slow extraction. The aim was to achieve a
distribution that maximizes spill quality for the SHiP experiment. We have defined the
objectives the methods are trying to achieve and optimized their parameters using differ-
ent optimization techniques. The results have shown that the de-bunching method is the
preferred choice for the SHiP experiment, as it requires fewer turns to perform the manipu-
lations. However, if the bunching factor turns out to be significant, the phase displacement
blow-up method may be the preferred choice.
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(a) Arrival at flattop. Turns 0 to 300. (b) Phase jump. Turns 300 to 388.
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(¢) Re-phasing. Turns 388 to 396. (d) De-bunching. Turns 396 to 1860.
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(e) The RF schedule of the example.

Figure 3: The longitudinal phase space of the beam during the de-bunching method through-
out the stages. Different bunches have different colors. At the bottom of the figure, the RF
schedule is shown.
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Figure 4: The Pareto front of the de-bunch method between the momentum and time metrics.
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Figure 6: The longitudinal phase space of the beam during the phase displacement blow-up
method throughout the stages. Different bunches have different colors.
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Figure 7: The linear RF schedule for Figure 6.
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Figure 8: A non-linear RF schedule of the phase displacement blow-up method.
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Pearson correlation: -0.47
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Figure 9: The Pareto front of the phase displacement blow-up method between the momen-
tum and time metrics.
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Figure 10: The Pareto front of the phase displacement blow-up method between the time
metric and number of turns taken.
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Figure 11: The Pareto front between the time metric and the number of turns taken of the
methods with the nominal momentum slippage factor 7.

_1
n==no
= e pdbugoo
g P IOt
@ @ Debunch 0%
o —40 ...
g I o.."'.“..
© ...o'." o0 °
%—50 : ."-'.-" .
E .....=.
§ Cosssese®” o
£ —60 | o®
= °
B ®
=]
o
S ~70
E o0
(=T
o L ]
e
2 —80 - o*
= o0 *
E .
1 T T T T T T
0 10 20 30 40 50
Turns (100s)

Figure 12: The Pareto front between the time metric and the number of turns taken of the
methods with 7 set to 0.5 of the nominal value.
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Figure 13: The Pareto front between the time metric and the number of turns taken of the
methods with 7 set to 0.25 of the nominal value.
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