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Abstract
A key component to meeting the brightness targets of

the LHC Injectors Upgrade (LIU) project at CERN is the
new 160 MeV H− charge exchange injection system into
the Proton Synchrotron Booster. This system has been in
beam commissioning since December 2020, optimizing the
beam production schemes for tailoring different beams to
the respective user-defined brightness targets. In this paper,
selected measurements from the beam commissioning pe-
riod are presented, characterizing the system’s flexibility to
produce the required wide range of transverse emittances.
The discussion focuses on the essential optimization of the
injection set-up to minimize space charge driven emittance
blow-up and injection errors. The results are completed by
selected comparisons with multi-particle simulation models
of the injection process.

INTRODUCTION
The CERN Proton Synchrotron Booster (PSB) is the first

synchrotron in the CERN injector complex and is used for
tailoring the wide range of transverse beam characteristics
as requested by the various users at CERN, covering intensi-
ties from 𝑁𝑝+

= 𝒪(1010) to 𝒪(1013) protons and normal-
ized transverse emittances from 𝜖𝑛,rms <0.7 µm (LHC-like
beams) to ≈ 9−10 µm (high intensity beams). As part of
the LHC Injectors Upgrade (LIU) [1] project, the PSB was
upgraded during the Long Shut Down 2 (LS2) in 2019/2020.
A major aspect of this upgrade was the connection of the
newly built Linac4 [2] to the PSB, increasing the injection
energy from 50 to 160 MeV and hence the relativistic factor
𝛽𝑟𝛾2

𝑟 by a factor of two. This increased injection energy
allows the beam brightness to be doubled, as required for
the High Luminosity era of LHC (HL-LHC), while main-
taining the tune-spread induced by space charge as pre-LS2:
Δ𝑄 ∝ 𝑁𝑝+

/(𝛾2
𝑟 𝛽𝑟) ≈ −0.5.

To inject the 160 MeV H− beam, a new charge exchange
injection system has been installed, replacing a conventional
proton multi-turn injection. In addition to providing the
required HL-LHC beam brightness, this scheme results in-
herently in a significant reduction of the injection losses,
which is particularly relevant for high intensity beams. Hor-
izontal phase space painting further enables direct tailoring
and optimization of the targeted phase space distributions.

Commissioning of the upgraded PS Booster was started
in December 2020 and is currently ongoing. In this paper,
first beam profile measurements, performed with wire scan-
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ners, are presented in order to probe both the new system’s
sensitivity to injection imprecision, relevant for users requir-
ing 𝜖𝑢,rms ⪅1 µm, as well as the application of phase space
painting for tailoring high intensity beams.

SYSTEM LAYOUT
The H− beam coming from Linac4 features normalized

transverse emittances 𝜖𝑢,𝑛 ≈ 0.3 µm in both planes 𝑢 = 𝑥, 𝑦
and can be accumulated over 150 turns in the PSB, which
has a revolution period 𝜏 ≈ 1 µs at 160 MeV.

The new system (Fig. 1) [3] comprises a carbon stripping
foil of ≈200 µg cm−2 density, a chicane in the injection re-
gion (BSW) [4] and painting kicker magnets (KSW) [5].
Figure 2 illustrates the programmable painting bump field
decay, which enables customizing the horizontal phase space
painting for each user. The vertical beam size can be tailored
by applying a fixed vertical offset Δ𝑦 to the injected beam.

Figure 1: Schematic of the PSB H− injection system [1].
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Figure 2: Schematics of the painting bump (KSW).

BEAM MEASUREMENTS
The parameters for the here presented beam tests are sum-

marized in Table 1. All presented wire-scans are taken at
extraction energy at the end of the cycle. Comparative multi-
particle simulations of the injection process, done with PTC-
pyOrbit [6], are conducted for the first 5 ms. Approximate
ranges for the expected extent of the space charge tune spread
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Table 1: Settings for the Presented Measurements (𝑑𝐸rms: r.m.s. Energy Spread of the Injected Longitudinal Distribution;
𝑄𝑥/𝑄𝑦: Working Point at Injection (𝑡𝑖) and Extraction (𝑡𝑒); Δ𝑄𝑥,max/Δ𝑄𝑦,max: Expected Maximum Tune Spread at Injection)

Measurement Int. [p+] dErms Qx/Qy ∶ ti Qx/Qy ∶ te |Qx,max| |Qy,max|

Foil scattering 1.5⋅1011 100 keV 4.17/4.23 4.17/4.23 for 𝑁𝑡 ⪆ 50: ⪅ 0.15, else ⪆ 0.15 𝑁𝑡 ⪆ 50: ⪅ 0.2, else ⪆ 0.2
Injection error 1.0⋅1011 440 keV 4.17/4.23 4.17/4.23 ⪅ 0.1 ⪅ 0.1
Phase space painting 8 ⋅ 1012 440 keV 4.22/4.41 4.17/4.23 for Δ𝑥 ⪆ 10 mm: ⪅ 0.25, else ⪆ 0.25 ⪅ 0.4

Table 2: Characteristics of the Measured Stripping Foils

Type Thickness Description

1 / XCF-200 200 µg cm−2 Arc evaporated amorphous Carbon [7]
2 / MLG-250 240 µg cm−2 Multilayer Graphene [8]
3 / GSI-200 200 µg cm−2 Arc evaporated amorphous Carbon [9]

are given in Table 1. When comparing the simulation re-
sults to the measured distributions, the simulated profiles
are scaled with the beam energy. Based on the chosen work-
ing points, no significant emittance degradation is expected
between injection and extraction. The profile measured at
extraction energy is thus expected to reflect the variation due
to the different injection settings in first approximation.

Characterization of Foil Scattering Induced Emit-
tance Increase

The characteristics of the 200 µg cm−2 carbon stripping
foil are selected in order to provide sufficient stripping ef-
ficiency (>99 %), while minimizing the emittance blowup,
and hence the degradation of the beam brightness, induced
by foil scattering [10]. In 2018/2019 foils of different manu-
factures have been qualified regarding stripping efficiency
and lifetime in a test stand installed in the Linac4 transfer
line [11,12]. However, due to the single foil passage, a verifi-
cation of the predicted scattering properties was not possible.
Now, in the PSB, the flexibility to customize the number
of foil crossings enables an assessment of the emittance
increase induced by multiple passages through the foils.

Generally, for an r.m.s. scattering angle of a multi-
Coulomb scattered distribution √⟨Θ2⟩, the expected emit-
tance increase Δ𝜖𝑢,rms can be approximated by

Δ𝜖𝑢,rms,foil = 0.5 ⋅ 𝛽𝑢⟨Θ2⟩ (1)

and is hence proportional to the beta function 𝛽𝑢. The aver-
age scattering angle can be analytically approximated using
Moliere’s formula (Eq. (2)) with the logarithmic correction
for thin targets [13–15]:

√⟨Θ2⟩ = 13.6
𝑝[MeV/c]𝛽𝑟

√𝑁𝑡 ⋅ 𝑑
𝐿rad

⋅(1 + 0.038 ⋅ ln 𝑁𝑡 ⋅ 𝑑
𝐿rad

) (2)

with 𝐿rad = 19 cm as the carbon radiation length, the speed
of light 𝑐, the beam momentum 𝑝, the relativistic factor
𝛽𝑟, the number of foil crossings 𝑁𝑡 and the equivalent foil
thickness 𝑑 = 0.9 µm, derived from the given foil thickness
of 200 µg cm−2. In the multi-particle simulations, foil scat-
tering is considered assuming a repeated single Coulomb
scattering model [16], which approaches a distribution as
obtained with Eq. (1) for multiple foil passages.
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Figure 3: Left: Transverse emittances for varying number of
foil hits 𝑁𝑡, foil type 3. Right: Different foil types, 𝑁𝑡 = 150.

Figure 3 illustrates 𝜖𝑢,rms, measured for a varying number
of foil crossings of the GSI-200 foil (type 3, see Table 2).
Analytical and simulation results show an agreement with
the measurements for 𝑁𝑡 > 30-50. Considering the in Table 1
listed beam parameters, samples with 𝑁𝑡 < 30 − 50 feature
an increased tune spread during the first ms, explaining the
observed increased emittance due to interaction with reso-
nances. Beta-beating in the machine can cause a discrepancy
between measurements and simulations due to a change of
optics at the foil compared to the theoretically considered
𝛽𝑥 = 5.7 m and 𝛽𝑦 = 4 m. Figure 3 (right) further summa-
rizes the measurements for 𝑁𝑡 = 150 obtained in ring 2 and 3
for the different foil types as listed in Table 2. For all tested
foils, the measured Δ𝜖𝑢,rms,foil is consistent with the model.
No significant foil induced beam degradation is expected for
any foil type for the production of high brightness beams
(10 to 35 injected turns).

Sensitivity to Injection Errors
An additional aspect for providing the requested beam

brightness for LHC beams is the minimization of injection
imperfections due to steering errors and field ripples. The
impact of optics mismatch plays a less pronounced role and
is hence not taken into account in this report. The increase
of the 𝜖𝑢,rms by steering errors in position Δ𝑢 and angle Δ𝑢′,
can be written as

𝜖𝑢,rms
𝜖𝑢,rms,0

= 1 + 1
2

Δ𝑢2 + (𝛽𝑢Δ𝑢′ + 𝛼𝑢Δ𝑢)2

𝛽𝑢𝜖𝑢,rms,0
, (3)

considering the Twiss parameters 𝛽𝑢 and 𝛼𝑢. Based on
analytic considerations and complementary simulations, an
injection precision of Δ𝑢𝑚𝑎𝑥 ⪅ 1.5 − 2.0 mm, assuming
Δ𝑢′ = 0 mrad is required to produce beams within the
target 𝜖𝑢,rms,𝑛 ⪅ 0.6− 0.7 µm. Currently, when injecting a
single turn, injection oscillations are minimized to a level
of ±0.5 mm in both planes. Still, shot to shot fluctuations,
depending on the super-cycle composition can occur. When
injecting multiple turns reproducible transverse fluctuations
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Figure 4: Sensitivity study to vertical injection errors.

of up to ± 1 − 2 mm inside the beam pulse can be present
due to field ripples of transfer-line elements and variation
along the Linac4 pulse.

The evolution of 𝜖𝑦,𝑛 has been measured to benchmark
the dependence on vertical offsets Δ𝑦 (Fig. 4a). It has to
be emphasized that injection errors cause population of the
transverse tails during filamentation while not causing a
significant increase in the Gaussian fit of the core. Whereas
Eq. (3) describes the increase in the r.m.s emittance, it gives
no information about the tail population. The results are
thus presented by comparing both, the 𝜖𝑦,𝑛 calculated from
the r.m.s. beam size 𝜎rms (circles) as well as 𝜎fit obtained
when fitting a Gaussian distribution (crosses).

The results show a good agreement between simula-
tions and measurements for 𝜖(𝜎fit). However, an in-
creased tail population and hence and increased ratio
𝜖𝑦,𝑛(𝜎rms)/𝜖𝑦,𝑛(𝜎fit) is observed in measurements com-
pared to simulations for small Δ𝑦. The generation of these
tails is still under investigation. Studies are ongoing to
disentangle the contributions originating from the injected
beam distribution, distortions from the wire scanner mea-
surements [17] and evolution of these tails during the PSB
cycle. Still, a general trend of beam profile degradation
when increasing the applied Δ𝑦 is confirmed.

Phase Space Painting for High Intensity Beams
Painting schemes to tailor the emittances for the various

fixed target beams and minimize losses while pushing the
injected intensity to 𝐼 > 1.1 ⋅ 1013 p+ have been defined in
simulations prior to the PSB restart [18–20]. Verification,
adaptation and (online) optimization studies of the proposed
painting schemes are ongoing in order to exploit the new
system’s painting flexibility. Generally, for high intensity
beams, the baseline approach is to apply a fast initial painting
bump decay (slope 1, Fig. 2) within the first 8-15 µs (turns) in
order to reduce the charge density in the beam core and hence
the space charge tune spread Δ𝑄𝑥. A subsequent plateau
(slope 2) with slow offset variation is used to accumulate
the target intensity over a defined number of injected turns.

First proof-of-principle results of phase space painting
using beams for the ISOLDE experimental facility with pre-
LS2 intensities (≈ 8 ⋅ 1012 p+ per PSB ring, beam accumu-
lation over 80 turns) are compared to multi-particle simula-
tions in Fig. 5a. The average offset between the injected and
circulating beam, Δ𝑥 = 𝐴0 − (𝐴1 + 𝐴2)/2, is varied and the
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Figure 5: Painting studies for high intensity beams.

response of the measured 𝜖𝑥,rms,𝑛 assessed, while keeping
the applied Δ𝑦 constant (5 and 6 mm). For this intensity, the
increased charge density for small Δ𝑥 (i.e. ⪅10 mm) causes
|Δ𝑄𝑥| ⪆ 0.2. The consequent interaction of the beam with
the horizontal resonances at integer tunes defines the result-
ing 𝜖𝑥,rms,𝑛 (blue-shaded in Fig. 5a). Instead, Δ𝑥 ⪆ 10 mm
reduces |Δ𝑄𝑥| ⪅ 0.2 and the emittance increase is dominated
by the applied painting (green-shaded). The characteristics
of this transition from controlled emittance tailoring, prof-
iting from the phase space painting, to a blow-up due to
resonance crossing is observed similarly in simulations and
measurements (respectively orange and blue in Fig. 5b).

The scope of this study is to show that with the new system
phase space painting can be applied as foreseen to tailor high
intensity beams. It is worth highlighting, that the achieved
losses are already now within a few percent, which is a sig-
nificant improvement compared to the conventional multi-
turn injection pre-LS2, with 30-40% losses at the injection
septum. The observed differences between the presented
preliminary measurements and simulations. Further sys-
tematic studies, also taking into consideration the profile
distortion induced by the wire scanner and evolution of the
particle distribution along the cycle, are being performed
to benchmark the models, optimize the proposed painting
functions and further reduce losses.

SUMMARY
The new H− charge exchange injection system of the PSB

is currently being commissioned. Profiting of the new sys-
tem’s flexibility for horizontal phase space painting, first
emittance tailoring studies for high intensity beams are
shown to be in line with simulation results. Measurements
to verify the system’s response to steering errors and foil
scattering are presented. General agreement with simulation
results confirms the specified margins for injection errors as
well as the suitability of the installed stripping foils regard-
ing emittance degradation due to foil scattering. The perfor-
mance reached with the new PSB H− injection is already
now approaching the brightness goals for the production of
the HL-LHC beam.
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