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Abstract. A key aspect of the LHC Injectors Upgrade project is the connection of the PSB to
the newly built Linac4 and the related installation of a new 160 MeV charge-exchange injection
system. The new injection system was commissioned in winter 2020/21 and is now used
operationally to tailor the transverse characteristics for the various beam types at CERN, such as
high-intensity fixed target beams, LHC single bunch beams, and high-brightness beams for LHC.
This contribution outlines the different injection strategies for producing the various beam types
and discusses the application of numerical optimization algorithms to adjust injection settings
in operation efficiently.

1. Introduction

The Proton Synchrotron Booster (PSB) is the first synchrotron in the CERN injector chain.
It is used for tailoring the wide range of transverse beam characteristics as requested by the
various experiments, covering intensities within 10'°-10'3 p+ per ring (ppr) and normalized
transverse emittances within ~0.7-9 pm. The PSB was upgraded during the Long Shut-Down 2
(LS2, 2019/20) as part of the LHC Injectors Upgrade project (LIU, [1]). A key aspect was
connecting the PSB to the new H™ accelerator Linac4 [2] to increase the injection energy from
50 to 160 MeV and hence the relativistic 472 by a factor of two. This allows doubling the beam
brightness for the High-Luminosity LHC, while keeping space charge forces at the same level as
pre-LS2.

To inject the 160 MeV H™ beam into the PSB, the conventional proton multi-turn injection
had to be replaced with a new H™ injection system (Fig. 1, [3]). Its main components are the
~200 pg cm~2 carbon stripping foil and a horizontal -81 mm orbit bump to direct the circulating
beam towards the foil. Latter is created by a -46 mm injection chicane (BSW1-4 in Fig. 1) and
a set of painting kicker magnets with variable field decay (nominal orbit bump of -35 mm).

2. User-Specific injection schemes
To regulate the requested intensity, beam with €/, , 1.4 ~ 0.3 pm can be injected from Linac4
and accumulated in the PSB over nj,j = 1-150turns. The requested horizontal properties
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Figure 1: Schematic of the PSB H™ injection system Figure 2: Painting bump decay for
(BSW1-4: injection chicane magnets) [3]. different users. The scatter markers
indicate the end of injection.

(€zn,psB ~ 0.7-91m) can be customized using horizontal phase space painting. In the PSB, this
is facilitated by the piece-wise linear field decay of the painting kicker magnets [4], which can be
configured through the time-amplitude knobs Ay, (A1,t1) and (Ag,t2), as shown in Fig. 2. After
to, the bump is designed to decay within 10—12 turns to the fixed amplitude As. This fast decay
minimizes beam loss and degradation by removing the beam quickly from aperture limitations
and the foil as soon as the injection process is finished. The vertical beam size can be tailored
by configuring a constant vertical offset Ay between the injected and the circulating beam orbit.
The PSB provided and exceeded the challenging beam specifications for the various users
already during the first operational year in 2021 [5]. This paper provides an overview of the
different injection schemes, which are implemented to produce the various beam types.

2.1. On-azxis injection for high-brightness LHC beams

The LHC requests beams with different intensities but maximized brightness for most variants.
The LIU target specifications in the PSB for the main operational variants are 1.7 x 102 ppr
within €, /, , < 1.5pm (BCMS beam) and 3.52 x 10'? ppr within €/, , < 2 pm (LHC25 beam).
In the baseline, we inject on-axis in both planes, i.e. without painting (red in Fig. 2). For this,
the painting bump is kept at nominal amplitude while injecting over up to 35 turns, e.g. 17 turns
for BCMS and 35 turns for LHC25 beams. Subsequently, the bump decays immediately within
~10 turns to prevent beam degradation due to foil scattering.

During beam commissioning, injection studies for LHC beams focused on assessing the
sensitivity of the delivered beam properties to injection imperfections. These studies mainly
concern LHC-type beams with low intensities, as for beams with g 1 x 10'2 ppr the transverse
emittance blow-up is dominated by space charge rather than injection errors. During these
studies, it was confirmed that the installed foils met the required specifications, ensuring that
no significant brightness degradation is expected due to foil scattering [6]. Moreover, Ref. [7]
presents studies on the effect of steering errors at various intensities along the brightness curve,
evaluating emittance growth and halo formation. Figure 3 shows that beams with operational
intensities, such as BCMS and LHC25, were not significantly disturbed by additional steering
errors of Az, Ay  2mm.

2.2. Foil scattering for LHC' single bunch beams

LHC Individual Bunch Physics beams (INDIV) have transverse emittances similar to LHC
beams (€, Jym = 172 pm), but significantly lower intensities, i.e. 2-12 x 10 ppr. A particular
variant of such beams is used when calibrating the luminosity in the LHC with a Van der
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Figure 3: Impact of injection errors on the LHC brightness curve. The black line indicates
the LIU brightness target. Note: Measurements performed in 2021, prior to several brightness
optimizations, as presented e.g. in Ref. [8]. The measurement with 10'° ppr is obtained when
injecting beam over a single turn, for which applying additional steering errors does not increase
the core size but rather the halo.

Meer scan [9], which requires a beam with large emittance, moderate intensity and a Gaussian
beam profile. Pre-LS2, the production scheme for such beams relied on injecting similar
intensities as for nominal LHC beams, i.e. 150-180 x 10 ppr. As for nominal LHC beams,
the high brightness caused a large incoherent space charge tune spread of AQin. > —0.5 during
injection. The transverse emittances were established due to the consequent interaction with
the integer resonances. Most of the beam was subsequently lost through a slow RF capture.
Finally, intensity and emittance were fine-tuned with longitudinal and transverse shaving,
respectively [10].

With the new injection system, these beams are produced without injecting and subsequently
losing excessive intensity. Npy =5.5-16.5 X 100 ppr less than 10 % compared to pre-LS2, are
injected over 1-3 turns from Linac4. As before, the intensity is then fine-tuned to 2-12 x 10'° ppr
through longitudinal shaving. However, the incoherent space charge tune spread is now reduced
t0 AQine & —0.1 (maximum during longitudinal filamentation) due to the decreased intensity
and increased injection energy. Relying, as pre-LS2, on the integer resonances to provide
€z/ym = 2pm would require a working point close to the integer tunes, where small tune
fluctuations could cause large emittance variations.

Instead, with the new injection system, it is possible to flexibly fine-tune the requested
transverse emittance range without generating significant tails by combining controlled
emittance growth from steering offsets and foil scattering (Fig. 4) [7]: The injection bump
can be kept at large amplitude over up to 150 turns, despite only injecting over 3 turns (green
in Fig. 2). This allows to control the emittance growth due to Multi-Coulomb scattering, i.e.

AE:E/y,rms = /yf X ﬁx/y - N, (1)

by directing the circulating beam a programmed number of Np =3-150times through the
stripping foil. The expected r.m.s. angular spread due to foil scattering, 1/(02) X /N, can be
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Figure 4: PyOrbit [11] simulations for tailoring INDIV beams using a combination of injection
offsets and foil crossings (here Az = 2.5 mm, Ay = 3mm and Ny = 150).

approximated using Moliere’s formula [12] with the logarithmic correction for thin targets [13].
The blow-up is proportional to the local optics function S, /, and hence different horizontally and
vertically. Transverse steering offsets are applied in addition to the injected beam to fine-tune
€, and €, independently. The stochastic nature of the foil scattering-induced emittance growth
yields close to Gaussian transverse beam profiles, also for non-Gaussian input distributions.
Losses during this process are mainly attributed to large-angle single Coulomb scattering and
are in the order of @(10%) ppr, which is negligible compared to the @(10*!) ppr lost when injecting
high-intensity beams.

Analytic approximations and simulation studies for an operational working point ((Q,=4.17,
Qy=4.23 with 8, =~ 5.7m, B, ~4m, o, ~ Orad) suggest that injection settings in the range
of Np =~ 100-150, Az ~ 0-4mm and Ay = 2-4mm are required to produce the requested
beams with €,/ , = 1.5-2pm (Fig. 4). These settings could be validated experimentally, as
described in Ref. [7]. For example, Fig. 5a compares vertical wire scanner measurements (solid
lines) to simulations (dotted), when injecting 1.5 x 10! ppr over 3 turns while varying Ay and
Np. The emittance €, 5 is obtained by performing a Gaussian fit of the beam core, the tails
are quantified using oy rms/0y. 6t- The black scatter marker indicates that an INDIV beam with
€z/ym ~ 21m and Gaussian profile could be operationally tailored in 2021 using Np = 150,
Az = 0mm and Ay = 4 mm.

2.8. Painting for high-intensity fixed target beams

Optimizing the injected beam distribution of high-intensity fixed target beams through phase
space painting (blue in Fig. 2) is an ongoing research topic in several facilities, e.g. [14-18]. The
alm is to meet the beam specifications at the target while minimizing space charge effects and
losses. In the PSB, this technique is particularly relevant for the production of ISOLDE [19]
beams, especially when pursuing efforts to increase their intensity to 2 1 x 10" ppr in the
future [20], while keeping the overall losses within a few percent. In 2021, simulations and
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(a) Simulated (dotted) and measured (solid) (b) Top: measured profiles for Ng = 100 and different Ay,
emittances (top) and tails (bottom). compared to Gaussian fits (dashed). Bottom: residuals.

Figure 5: Vertical beam characteristics when producing INDIV beams with different PSB
injection settings, i.e. number of foil crossings N and vertical offset Ay.

measurements at operational intensities (=~ 8.5 x 1012 ppr) [7] showed that most losses (2-5 %)
occurred along the cycle due to remnant 3™ and 4*"-order resonances [20,21], rather than during
injection due to aperture bottlenecks (< 1%). Realistic variations of the painting functions
affected both loss mechanisms, changing the total losses between ~ 2-5%. Generally, an
optimized painting aims at fitting the beam into the machine acceptance while optimizing the
space charge-induced tune spread at injection to compromise the interaction of particles in the
beam core and tails with strong resonances. For the machine state in 2021, painting large
initial emittances in both planes was not beneficial as it increased the number of particles with
large transverse actions, which were consequently more sensitive to the excited 3'¢ and 4'-
order resonances during the tune ramp. The overall losses were minimized when configuring a
painting, which targets the transition from space charge to painting-driven emittance growth in
the horizontal plane while injecting on-axis in the vertical plane [7].

3. Automating phase space painting

The proposed painting functions for the various users are sensitive to changes in the
operational conditions or user requests. Finding solutions to efficiently and reliably adapt
the injection settings based on pulse-per-pulse beam instrumentation feedback will push the
operational performance of the PSB in the coming years. One promising approach for
increasing operational efficiency is to automate the injection painting set-up using derivative-
free numerical optimization algorithms, as also investigated for other applications in various
facilities, e.g. [22-24]. In the PSB, an optimization framework for tailoring the high-intensity
fixed target beam distributions was developed based on CERN’s Generic Optimization Frontend
and Framework (GeOFF, [25]). First optimization tests were successful in demonstrating the
feasibility but also identified the challenges which must be overcome to make such a system
operationally applicable [7]: The objective function features a high noise level (=7 %), a flat
minimum and is expensive to evaluate, with a new test cycle and hence acquisition available every
~30s. Performing systematic online tests with different algorithms to address these issues is not
feasible as it would require thousands of acquisitions (limited beam time, machine drifts, ...). To
overcome these limitations, we used supervised machine learning to train a data-driven surrogate
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model of the injection process [7]. For this, the random forest regressor [26] proved to be a robust
method and is recommended for similar applications. This final model enabled tuning of the
optimizer’s hyperparameters and conducting systematic studies offline without requiring physical
resources like beam time. The results emphasized the importance of appropriate noise reduction
strategies. Out of the tested algorithms, the most promising were the solvers pyBOBYQA
(with extension for noisy applications [27,28]), adaptive Nelder Mead [29] and the surrogate-
based optimizer pySOT [30]. These solvers were able to find acceptable painting settings in a
5 dimensional parameter space within O (100) acquisitions.

4. Summary and conclusion

The new PSB H™ injection system at CERN offers a range of possibilities for tailoring the
transverse characteristics of different beam variants. For LHC INDIV beams, a new injection
scheme allows tailoring the transverse emittances by combining steering offsets and controlled
emittance blow-up due to foil scattering. For LHC-type beams, which are injected on-axis,
it was shown that no significant beam degradation for operational intensities is expected due
to realistic injection errors. For high-intensity fixed target beams, it is essential to optimize
the charge distribution during injection using phase space painting. Further, initial tests
towards automating the injection painting setup using numerical optimization algorithms showed
promising results. By training a supervised machine learning model of the injection process, it
was possible to analyze the performance of various optimization algorithms in-depth offline.
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