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Abstract
A major aspect of the LHC Injectors Upgrade (LIU)
project at CERN is the Proton Synchrotron Booster (PSB)
connection to the newly built Linac4 and the related installation of a new 160 MeV H− charge exchange injection. This
contribution presents the first operational experience with
the new injection system and its flexibility of applying horizontal phase space painting to tailor different beams to the
respective user-defined brightness targets. The presented
measurement and multi-particle simulation results focus on
the optimisation of the required transverse injection settings
to reduce losses when producing high-intensity beams, i.e.
for the ISOLDE experiment. In this context, feasibility studies towards applying numerical optimisation algorithms for
improving and efficiently adapting the respective injection
settings online are presented.

INTRODUCTION
The PSB is the first synchrotron in the CERN injector
complex and consists of four superposed rings. It was upgraded during the Long Shutdown 2 (LS2) in 2019/2020 as
part of the LIU project [1], with the aim of doubling the beam
brightness for the High Luminosity LHC [2] era. When connecting the new 160 MeV H− accelerator Linac4 [3] to the
PSB, the injection energy was increased from 50 to 160 MeV
and with it the relativistic factor 𝛽𝑟 𝛾2𝑟 by a factor two. A key
component of this connection is the newly installed charge
exchange injection system [4], which replaces a conventional
proton multi-turn injection. The injection process into the
PSB is used for tailoring the wide range of transverse beam
characteristics as requested by the various users at CERN,
covering intensities from 𝑁𝑝+ = 𝒪(1010 ) to 𝒪(1013 ) protons per ring and normalized transverse emittances from
𝜖𝑛,rms <0.7 µm (LHC-like beams) to ≈ 9−10 µm (high intensity, e.g. for the ISOLDE [5] or nTOF [6] experiment). Prior
to the upgrade, the production of the high intensity fixed
target beams with 𝑁𝑝+ = 0.8 − 1 ⋅ 1013 p+ per ring resulted
in up to 30 − 40% losses at the injection septum due to the
nature of the conventional multi-turn injection. With the
new injection system, similar beams can be produced while
keeping the losses within a few percent.
The required transverse beam characteristics for each user
are customized by defining the programmable field decay of
the horizontal injection bump as well as the offset between
injected beam and circulating beam orbit during the injec∗
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tion process. This tailoring of the phase space distribution
during injection is referred to as phase-space painting and
enables a reduction of the charge density during beam accumulation, particularly when injecting high intensity beams.
Consequently, the space charge detuning is reduced and emittance growth due to interaction of the detuned protons with
integer resonances mitigated. Adequate painting schemes
to produce operational beams with the same parameters as
before the upgrade (pre-LS2) were previously defined using
multi-particle simulations [1, 7–9]. These have been refined
with beam and are now successfully used in operation. However, automatically optimising these programmed transverse
painting schemes based on pulse per pulse modulation user
requests and beam instrumentation feedback becomes a key
aspect to improve operational efficiency, especially considering the perspective of increasing the delivered intensity
for selected fixed target beams to 𝐼 > 1 ⋅ 1013 p+ per ring.
This contribution presents simulation and measurement
results to assess the impact of applied transverse painting
settings on the losses obtained during high intensity beam
production, taking an ISOLDE-like beam as an example.
Subsequently, we discuss the potential of applying numerical optimisation algorithms to set and adapt the transverse
painting functions automatically.

PSB CHARGE EXCHANGE INJECTION
AND PAINTING SETTINGS
The Linac4 H− beam features normalised transverse emittances 𝜖𝑢,𝑛 ≈0.3 µm in both planes 𝑢 = 𝑥, 𝑦. Beam can be
accumulated in the PSB over up to 𝑛𝑡 = 150 turns, which
corresponds to an injection over 𝑡INJ = 150 µs considering
the PSB revolution period at injection energy 𝜏 ≈1 µs. For
the here presented high intensity beam production studies,
a chopping factor of 𝐶𝐹 = 0.6 is applied to the H− beam.
This results in an injected intensity of 𝐼INJ/turn ≈ 1 ⋅ 1011 p+
per PSB turn of beam accumulation [9], based on the present
Linac4 peak current of 26 mA. The PSB accelerates beam
from 160 MeV to 2 GeV in 530 ms with a 1.2 s repetition rate.
In this contribution, we use time in ms relative to the start
of the cycle (”C-time”) to refer to time instances. Injection
takes place at C275, extraction at C805.
The new injection system is illustrated in Fig. 1. The H−
beam coming from Linac4 (red in Fig. 1) is injected via a
≈200 µg cm−2 carbon stripping foil [10–13]. The already
circulating beam (blue in Fig. 1) is horizontally deflected
towards the foil by a chicane in the injection region [14],
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Figure 2: Circulating orbit at the stripping foil during the
painting bump decay. Left axis: combined deflection of
chicane and painting bump, right: painting bump amplitude.
creating a bump of −46 mm amplitude, and by painting kickers with nominal bump amplitude of −35 mm and variable
field decay [15, 16]. The painting kicker field modulation
during injection is controlled by piece-wise linear functions.
Figure 2 illustrates the time evolution of the closed orbit at
the location of the stripping foil, when applying a painting
kicker field decay as programmed for example for high intensity beams. The nominal position of the injected beam
(−81 mm) is indicated for reference by the dashed line. The
maximum bump amplitude 𝐴0 defines the offset of the circulating orbit with respect to the injected beam when injecting
the first bunch. The horizontal phase space distribution
and the resulting painted beam size is mainly tailored by
setting slope 1, which is defined by the amplitude-marker
pair 𝐴1 and 𝑡1 . Slope 2 (𝐴2 , 𝑡2 ) controls the subsequent
intensity accumulation. 𝑡2 [µs] marks the end of the injection process and is set equal to number of PSB revolutions
during beam accumulation. The vertical beam size can be
tailored by applying a fixed vertical offset Δ𝑦 [mm] or angle
Δ𝑦′ [mrad] to the injected beam using corrector magnets
in the injection line. However, as there is no difference expected between applying an offset or angle, we consider for
the following report only the impact of optimising Δ𝑦 while
setting Δ𝑦′ = 0 mrad.

PHASE SPACE PAINTING FOR HIGH
INTENSITY FIXED TARGET BEAMS
In this section, injection painting studies for an ISOLDElike beam are presented with machine configurations as summarised in Table 1. It has to be noted that machine optimisa-

Unit

Measurement Config.

General

Ring
𝐼INJ / 𝑛𝑡
𝑑𝐸𝑟𝑚𝑠,INJ
𝑄𝑥 / 𝑄𝑦

p+ /
keV

3
805 ⋅ 1010 / 80
280
4.22 / 4.36

Painting

Figure 1: Schematic of the PSB H− injection system (KSW:
painting kicker magnets, BSW: injection chicane) [1].

Parameter

𝑡1 , 𝑡2
𝐴0
𝐴1
𝐴2
Δ𝑦

µs
mm
mm
mm
mm

10, 80
-35
-26 (-29 to -20)
as A1
0 (0-6)

Results

Table 1: Parameters for Painting Studies on ISOLDE Beams

𝜖𝑛,𝑦,RMS / 𝜖𝑛,𝑦,fit
𝜖𝑛,𝑥,RMS / 𝜖𝑛,𝑥,fit
𝐿C805

µm
µm
%

≈ 5 − 5.5 / ≈ 6
≈ 7.5 − 10.5 / ≈ 9 − 14
2.6 (2.6-7.5)

tion studies, including resonance compensation and working
point optimisations [17], are ongoing. The working conditions presented here are used to commission the transverse
painting logic for high intensity beams and develop tools for
optimisation, which can be transferable to future machine
configurations, as described below.

Motivation and Constraints
For ISOLDE beams, injection setting optimisation is intended to reduce the losses along the cycle and maximise
the beam transfer, not to tailor a specific beam size. Limitations for the extent of the painted transverse emittances
of ISOLDE beams are only given by the minimum PSB acceptance. Previous studies estimate maximum allowed normalised 1𝜎 emittances of 𝜖𝑛,𝑥,max = 9 mm mrad [18] and
𝜖𝑛,𝑦,max = 6 mm mrad [19] in order to fit the beam into the
horizontal 4𝜎𝑥,max and vertical 2.5𝜎𝑦,max acceptance (recombination part of the extraction line), respectively. A new
absorber system comprising a movable and a fixed mask
was installed during LS2 to protect those identified bottlenecks [20]. During the here presented measurement campaign, the PSB was operated without the movable mask
inserted. The resulting aperture bottleneck generated by the
fixed mask features per design an acceptance of 4𝜎𝑥,max and
3.5𝜎𝑦,max , assuming a Gaussian transverse distribution [20].
However, it has to be noted that the obtained profiles generally feature strongly under-populated tails and that acceptance limitations are not the dominant cause of losses.

Simulation and Measurement Set-Up
For this first assessment of different injection painting
settings we keep 𝑡1 , 𝐴0 and 𝑡2 constant. Vertically, the offset
of the injected beam is varied Δ𝑦 = 0 − 6 mm. Horizontally we set 𝐴1 = 𝐴2 = −29 to −20 mm, resulting in a variation of the effective offset between injected beam position
and circulating beam orbit during beam accumulation of
Δ𝑥 = 6 − 15 mm (Fig. 2). As in the previous studies presented in [10], the probed configurations span both extremes:
Transverse injection settings resulting in controlled transverse emittance blow up dominated by the applied paint-
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ing (Δ𝑦 = 6 mm and Δ𝑥 = 12 − 15 mm), and uncontrolled
emittance growth due to increased space charge detuning
and interaction of the beam core with integer resonances
(Δ𝑦 = 0 − 3 mm and Δ𝑥 = 6 mm).
The obtained losses throughout the cycle are defined as
𝐿C805 =

|𝐼BI,INJ | − 𝐼BR,EXTR
|𝐼BI,INJ |

(1)

where |𝐼BI,INJ | is the intensity of the H− beam measured in
the injection line and 𝐼BR,EXTR the intensity observed with
the ring beam current monitor immediately before extraction
(C805). Additional losses in the extraction line are not considered in this work. All presented wire-scans are taken at
extraction energy close to the end of the cycle (C770) using
the newly installed LIU wirescanners [21]. Measurement
of the longitudinal profile and a tomographic reconstruction [22] are used to calculate the momentum spread at
𝑑𝑝
extraction time, which was 𝑝 ≈ 1.1 ± 0.06 ⋅ 10−3 .
Comparative multi-particle simulations of the injection
process are conducted for the first 5 ms, i.e. up to C280,
using PTC-pyOrbit [23]. Foil scattering, optics perturbation
due to the injection chicane [24] and a quadrupolar error are
included in the simulations.

Observations in Simulations and Measurements

Figure 3: Measured intensity along the cycle (1𝜎 errorbar,
injection: C275, extraction: C805) for Δ𝑥 = 9 mm and
different vertical offsets, compared to the intensity measured
in the injection line (grey). The programmed tune evolution
(blue) is displayed using the second axis.
Figure 3 displays the characteristic of the measured current along the cycle for a subset of the probed settings.
Losses during the injection process itself (C275) mainly due
to beam size limitations account for 𝐿C275 ≈ 0.6 − 1 ± 0.1 %.
For the applied settings the majority of the losses are observed up to C450 due to interaction with various resonances [17, 25]. The dependence of the total obtained losses
on the probed injection settings is summarised in Fig. 4. For
Δ𝑥 = 6 mm (space charge dominated blow-up of 𝜖𝑥 ), the
losses decrease when applying a vertical offset Δ𝑦 > 0 mm.
On the other hand, for Δ𝑥 = 9 − 15 mm (painting dominated
blow-up of 𝜖𝑥 ), the losses increase with increasing Δ𝑦. Considering the probed injection settings as displayed in Fig. 4,
minimal losses of 𝐿805, min ≈ 2.6 ± 0.2% are obtained for
Δ𝑦 = 0 mm and Δ𝑥 = 9 mm. We note, that this considerable dependence of the obtained losses to the applied Δ𝑦

Figure 4: Measured intensity before extraction (solid) for
different painting settings. The corresponding losses with
respect to the injected intensity are displayed using the second axis (dashed).
is observed despite the resulting vertical emittances being
similar in all cases, as illustrated in Fig. 5 (centre and right).
Figure 5 (left) shows the tune footprints as obtained in
simulations after 5 ms, i.e. at C280. For cases with increased
losses, the footprints show a shift of the vertical tune distribution’s peak towards increased 𝑄𝑦 (blue in Fig. 5a and red
in Fig. 5c), indicating an enhanced probability to excitation
due to resonance crossing. The vertical profiles measured at
C770 are presented in Fig. 5 (centre). The profiles are compared to a Gaussian distribution 𝒩 (𝜎𝑦 (𝜖𝑛,𝑦 = 6 µm)) as
this corresponds to the beam size assumed for the aperture
limitation described above. The residuals of the obtained distributions with respect to 𝒩 (𝜎𝑦 (𝜖𝑛,𝑦 = 6 µm)) are plotted
in Fig. 5 to illustrate the difference in tail population. The presented profiles feature an increased vertical tail population
for painting settings with increased losses, mainly visible
for Δ𝑥 = 6 and 15 mm. However, these results have to be
considered with care, as acquired profiles, and particularly
the tails, are distorted by the wire-scanner acquisition [26].
As the wire crosses the beam in Fig. 5 from left to right, the
left side of the profile (𝑦 = −10 to −5 mm) is considered less
affected by such scattering distortions.
The presented measurements give first indications towards
the optimised injection settings. For the present operational
configuration we summarise that it is not beneficial to paint a
large transverse emittance at injection in both planes, as the
reduced initial tune spread both, horizontally and vertically,
results in increased losses during resonance crossing. To
profit from the complete painting kicker’s flexibility, 𝐴0 ,
𝑡1 and 𝑡2 can additionally be varied to obtain minimised
losses. Further, the applied painting function may need to
be adapted when changing the operating conditions such as
injected intensity, working point, energy spread or resonance
compensation. This sensitivity of the optimum injection
settings to varying operational conditions makes automatic
tuning of injection settings attractive, as discussed below.
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(a) Δ𝑥 = 6 mm

(b) Δ𝑥 = 9 mm

(c) Δ𝑥 = 15 mm

Figure 5: Simulation and measurement results for various painting settings. Left: Tune footprints for C280 obtained
from multi-particle simulations for different painting scenarios. Centre: Measured vertical profiles (at C770) for different
injection painting scenarios, compared to a Gaussian distribution for 𝜖𝑦 = 6 µm (grey dashed). Right: Simulated intensity
and r.m.s.-emittance evolution up to C280. 𝜖𝑢,rms measured at C770 are displayed with cross (x) and circle (y) markers.

TOWARDS APPLYING NUMERICAL
OPTIMISATION ALGORITHMS
Numerical optimisation algorithms are increasingly employed within the CERN accelerator complex to enhance
operational and commissioning efficiency. During beam
commissioning, tools to optimise the transverse injection settings for various users are being developed and probed using
the in-house Generic Optimisation Frontend and Framework
(GeOFF) [27]. For the above described ISOLDE beams, the
optimisation environment allows variation of 5 parameters,
𝐴0 , 𝑡1 , 𝐴1 , 𝑣2 (𝑡2 , 𝐴2 ) = 𝑑𝑥
of slope 2 and Δ𝑦. We optimise
𝑑𝑡
on a loss function as defined in Eq. (1). If required, the loss
function can be expanded by including various intensity and

loss measurements in the injection, extraction region and the
ring to weight location and temporal occurrence of losses.
Different derivative-free numerical optimisation algorithms have been considered for this problem, i.e. pyBOBYQA [28, 29], Powell [30], COBYLA [31] and NelderMead [32]. Whereas the latter did not converge to a solution
within ≈ 100 steps, we obtain a reasonable performance of
pyBOBYQA, COBYLA and Powell for the first optimisation attempts, which converge to acceptable solutions within
30–100 steps. To state an example, the progress of an optimisation run using pyBOBYQA is displayed in Fig. 6 (left).
Data acquired for a fixed machine configuration (ring 3,
|𝐼BI,INJ | ≈ 0.9 ⋅ 1013 p+) over multiple optimisation runs with
different algorithms and hyper-parameter settings is used
MOP19
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for analysis of the feature space. The minimum loss surface
for selected feature combinations highlights the convex characteristic and the flat minimum of the problem (centre and
right in Fig. 6). The steps taken by the optimisation algorithm in this exemplary run are indicated by scatter markers.
For this dataset (acquired over multiple opimisation runs),
the probed painting bump decays and applied vertical offsets
are displayed in Fig. 7, color-coded by the losses obtained
when applying the respective settings.
Figure 7: Selection of injection settings obtained in optimiser steps: Horiz. painting bump decay during beam accumulation (left), applied Δy of injected beam (right). Data
collected over multiple runs for 𝐼INJ = 0.9 ⋅ 1013 p+, R3.

Figure 6: Example for optimisation progress using pyBOBYQA (left) and illustration of optimisation steps in
selected feature subspaces (centre, right).
To compare the solutions obtained for different machine
configurations (rings, intensities), the settings resulting in
minimal losses (blue in Fig. 7) are selected for each scenario
and corresponding parameter spans illustrated in Fig. 8. As
expected, the optimised loss levels differ for the various operational conditions, for example 2.3% in ring 3 compared to
4% in ring 2 for |𝐼BI,INJ | ≈ 0.9⋅1013 p+. Still, the characteristic of the optimised injection configurations stays similar. As
in the study presented above, the optimised settings converge
to Δ𝑦 ≈ 0 mm. The horizontal painting converges towards
solutions with an amplitude decay |𝐴2 | <|𝐴1 |, compared to
the studies presented above in which we chose |𝐴2 | =|𝐴1 |.
However, considering the flat minimum (Fig. 6), a dependency of this obtained horizontal painting bump decay on
the initial conditions has not been excluded so far.
Detailed studies to assess the optimised injection configurations as well as to improve the optimiser performance
are ongoing. A surrogate model is trained with a Random
Forest Regressor [33] using the presented dataset acquired
during the first optimisation runs. This model is used for
ongoing studies regarding offline hyper-parameter and lossfunction tuning as well as algorithm performance evaluation.
The high noise level of the loss function (𝜎noise = 6% of
the objective value) as well as the flat minimum prove to
be some of the major challenges. Further, keeping the aim
in mind to operationally use this tool to efficiently adapt to
new operational conditions, the focus when tuning the hyperparameters is put on providing a high sample efficiency.

SUMMARY
The new PSB H− injection enables tailoring of the transverse phase space distribution during injection. The impact
of transverse painting schemes on losses during high intensity beam production has been assessed with beam and compared to multi-particle simulations. We observe a significant

Figure 8: Comparison of the injection settings range as optimised by using diverse numerical optimisation algorithms
for different operational conditions.
dependency of the vertical losses obtained during resonance
crossing to the applied transverse painting settings and the
resulting phase space distribution after injection. Promising
results have been obtained when applying numerical optimisation algorithms to efficiently optimise the transverse
injection settings to reduce those losses during high intensity beam production. A data driven surrogate model is
being used for offline hyper-parameter tuning and feature
engineering to improve the optimisation set-up.
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