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Abstract

In the SPS, which is the last accelerator in the LHC ion

injector chain, multiple injections of the Pb-ion beam have to

be accumulated. On this injection plateau the beam suffers

from considerable degradation such as emittance growth and

losses. This paper summarises the achievements on improv-

ing the beam parameters and maximising the performance

of the Pb-ion beam for the LHC physics run in 2018. The re-

sults are discussed in view of the target beam parameters of

the LHC injectors upgrade project, which is being deployed

during the presently ongoing long shutdown.

INTRODUCTION

The LHC (Large Hadron Collider) injector chain for

heavy-ion beams at CERN consists of Linac3, the accumula-

tor ring LEIR (Low Energy Ion Ring), the PS (CERN Proton

Synchrotron) and the SPS (Super Proton Synchrotron) [1].

The LHC injectors upgrade project (LIU) [2, 3] aims at

upgrading the existing accelerator chain in view of the in-

creased beam performance required for the High Luminosity

LHC (HL-LHC) era. This starts for the heavy-ion program

in 2021 after the upgrade of the ALICE detector in Long

Shutdown 2 (LS2).

An intense effort has been made in the last years in or-

der to maximize the intensity from the ion injector chain in

the frame of the LIU project, which directly improved the

performance of Pb-ion beams for the LHC during Run 2

(2015-2018). The injectors provided Pb-ions for the Pb-Pb

runs in 2015 and 2018, and the p-Pb run in 2016 [4]. In addi-

tion, Xe-ion beams were produced for a pilot physics run in

the LHC in 2017 and partially stripped Pb-ions (Pb81+) have

been provided to the LHC for tests in view of the Gamma

Factory proposal [5, 6]. In the following, the Pb-ion beam

intensities achieved so far are summarised and compared to

the LIU target parameters. The main remaining limitations

and milestones for the LIU ion project are discussed.

PRE-INJECTORS

An impressive improvement of the Pb-ion injector perfor-

mance has been reached during Run 2. In 2016 the source

extraction system was re-designed, and in combination with

the removal of aperture limitations resulted in a significant

increase of the beam intensity from Linac3 [7], with a 40%

higher total transmission from the source to LEIR. The in-

tensity reach of LEIR could be practically doubled as com-

pared to the Run 1 machine performance, as shown in Fig. 1.

Since 2016, LEIR is operating comfortably above the LIU
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target intensity [2]. This required the optimisation of the

machine settings to avoid losses at resonances (e.g. work-

ing point, closed orbit, e-cooler, resonance compensation,

among others) and the optimisation of the RF capture for

bunch profile flattening in the double harmonic RF system

to minimise transverse space charge effects [8–11]. The

frequency modulated RF capture also reduces shot-to-shot

intensity variations [12]. Tools for automatic machine tuning

have been developed in 2018 to improve the performance

reproducibility.

LIU	target	

before	2015	

Figure 1: Evolution of the intensity along the LEIR cycle

including Run 1 performance records.

The Pb-ion beams do not suffer from strong intensity

limitations in the PS. For high bunch intensities the beam

becomes unstable just after transition crossing, but this is

not of big concern as the instability can be suppressed by

controlled longitudinal blow-up with a beam quality still

sufficient for injection into the SPS.

The production scheme for the LHC Pb-ion beams for

the LHC has been evolving during Run 2 for optimisation

of the integrated luminosity according to the performance

of the injectors (in particular LEIR). Figure 2 shows an

overview of the associated RF gymnastics in the PS. In

2015 the PS provided 2 bunches spaced by 100 ns per batch

to the SPS, which is the same scheme as in Run 1. With

the increased intensity available from LEIR in 2016, bunch

splitting at flat top was introduced in the PS to provide 4

bunches spaced by 100 ns per batch to the SPS (nominal

scheme [1]). This scheme was also used in the first half of the

run in 2018. In the second half, a new scheme with 3 bunches

from LEIR was introduced with a batch compression at PS

flat top resulting in 3 bunches spaced by 75 ns per batch

injected into the SPS.
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Figure 2: Overview of beam production schemes for Pb-ions in the PS used during Run 2: the waterfall plots of the wall

current monitor are shown at an intermediate energy plateau for the 2 bunches spaced by 100 ns (left) and the 4 bunches

spaced by 100 ns (center), while the 3 bunches spaced by 75 ns are obtained by batch-compression at flat-top (right).

SPS

The length of the ion batches from the PS (2 or 4 bunches

with 100 ns spacing, or 3 bunches with 75 ns spacing) is

comparable to the 150 ns injection kicker rise time of the

SPS, but much shorter than the 800 ns LHC injection kicker

rise time. Thus, cycles with a long injection plateau and

many injections are required in the SPS to maximise the

total number of bunches in the LHC. Beam degradation

along the long SPS flat bottom (storage time of tens of sec-

onds) results in a large spread of the bunch parameters in

terms of intensity, bunch length and transverse emittances.

The beam degradation mainly arises from transverse space

charge and intra-beam scattering, and it strongly depends

on the intensity per bunch. In addition, RF noise is sus-

pected to contribute to losses out of the RF buckets. The

number of injections into the SPS is optimised to achieve

the best compromise between beam degradation on the SPS

flat bottom and luminosity in the LHC [13]. Figure 3 shows

Figure 3: Intensity (in charge) from the beam current trans-

former along the SPS cycles for the ion runs from 2015 to

2018. The number of bunches per PS batch is indicated in

the legend. The momentum along the cycle is also shown.

the intensity evolution along the SPS cycle for the different

years. The losses along the flat bottom are clearly visible,

especially for the 2015 cycle where each injection consisted

of 2 bunches from the PS with 12 injections in total. In

2016, a better transmission was achieved by switching to

the 4-bunch scheme, i.e. by reducing the intensity per bunch.

Due to the LHC injection kicker limitations the batch length

was limited to 7 PS injections in this case. In 2018 the cycle

for the 4-bunch scheme was prepared for 12 injections, but

the LHC abort gap had been already setup for the 3-bunch

scheme. Thus, only 9 injections from the PS could be used

operationally. A total of 14 injections into the SPS were used

for the 3-bunch scheme, resulting in an increased overall

intensity for a reduced total batch length.

Figure 4 shows the evolution of the intensity during the

Pb-ion run in 2018. The injectors were operating already

at the LIU target in terms of intensity per bunch with the

4-bunch scheme (100 ns) during the first part of the run. A

Figure 4: Average bunch intensity (points) and total beam

intensity (solid lines) at LHC injection in the 2018 Pb-Pb

run. The LIU goals are shown as horizontal lines (dashed

for bunch intensity and solid for total beam intensity).
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Figure 5: Total number of ions per LHC ring for the beam production schemes used during Run 2.

clear increase of the intensity per bunch, as well as the total

intensity in the LHC, were achieved when switching to the

3-bunch scheme (75 ns bunch spacing).

Since the LHC luminosity production with heavy-ions is

in the strong burn-off regime, the total number of ions per

beam in the LHC is a good figure of merit for the luminosity

performance. Figure 5 shows the evolution of the number of

Pb82+ ions per LHC ring for the beam production schemes

used during Run 2. A summary of the parameter evolution

is also given in Table 1. The intensity increase achieved over

the years is impressive. In particular, the 75 ns scheme intro-

duced in 2018 allowed reaching about 70% of the LIU target

intensity (with single bunch parameters already exceeding

the target).

Table 1: Beam Parameters after Injection into LHC

Scheme Pb82+/bunch Pb82+ total bunches

2015, 2 bunch 2.1e8 1.10e11 518

2016, 4 bunch 2.3e8 1.25e11 548

2018, 4 bunch 2.0e8 1.32e11 648

2018, 3 bunch 2.3e8 1.70e11 733

LIU, 4 bunch 1.9e8 2.37e11 1248

PATH TO LIU PERFORMANCE

Reaching the LIU target requires the implementation of

momentum slip stacking in the SPS to reduce the bunch

spacing and increase the number of bunches in the LHC [2].

This complex RF gymnastics is not possible with the existing

SPS RF system, but will be enabled with the LIU upgrade

of the 200 MHz RF system including the new LLRF. In the

meantime, simulation studies are performed to define the

operational slip stacking scenario [14, 15]. It is expected

that the longitudinal emittance after the slip stacking will be

quite large and the transfer of the bunches into the 400 MHz

RF system of the LHC could become critical. The different

optics configurations available for the SPS have been com-

pared in the simulation studies. It was found that the “Q26”

optics (SPS design) is preferable compared to the “Q20”

optics (lower transition energy) [16], as the latter would re-

quire a bunch rotation scheme to achieve sufficiently short

bunches with the available RF voltage (even after the RF up-

grade) [14]. Therefore the Q26 optics was used operationally

already in 2018 in preparation of the LIU beam production

scenario, while the Q20 optics had been used in the previous

years. The change of optics did not have an impact on the

achieved beam parameters compared to previous years.

The Pb-ion beams suffer from longitudinal instabilities

after transition crossing in the SPS, especially with the in-

tensities achieved with the 3-bunch scheme in 2018. The

transition timing had to be optimized such that a deliberate

longitudinal emittance blow-up was generated to stabilise

the beam. Studies are ongoing to find better means of beam

stabilisation in view of the implementation of momentum

slip stacking. In addition, the resulting longitudinal distri-

bution of the bunches will have a depleted core ("hollow

bunches"). Thus, longitudinal beam stability after the mo-

mentum slip stacking becomes challenging and is the subject

of simulation studies [17].

CONCLUSIONS

Intense machine studies and continuous optimisation of

the beam production scheme of the Pb-ion beams for the

LHC resulted in a significant performance improvement

during Run 2. With the 3-bunch (75 ns) scheme newly in-

troduced in 2018, about 70% of the LIU target intensity

was reached. The LIU beam production scheme relies on

momentum slip stacking in the SPS to reduce the bunch

spacing, which will become possible after the SPS RF up-

grade but will be challenging due to its complexity and due

to longitudinal instabilities.
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