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Abstract

The first LHC proton-ion run took place in January-
February 2013; it was the first extension to the collider
programme, as this mode was not included in the design
report. This paper presents the performance of the heavy
ion and proton production complex, and details the issues
encountered, in particular the creation of the same bunch
pattern in both beams.

INTRODUCTION

Heavy ion collisions were included in the design of the
LHC from an early stage [1], and the first collisions
between beams of fully stripped lead took place in
Autumn 2010, immediately after the end of the first
proton run [2]. The success of the first two Pb-Pb runs,
which respectively accumulated 10 and 160 ub"' of
integrated luminosity in 2010 and 2011, led the
experiments to request a proton-ion run, as a first
extension to the LHC design, for the last exploitation
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period before the long shutdown [3]. A pilot run, using
single bunches, was performed in September 2012 [4].
The actual physics run, originally planned for autumn
2012, eventually took place in January-February 2013 [5],
after the LHC programme had been prolonged to increase
the p-p integrated luminosity at a beam energy of 4 TeV.

FILLING SCHEMES

In order to fill both LHC rings with a similar bunch
train pattern, the proton and ion beam production schemes
had to be adapted, compared to the usual production
schemes for p-p or Pb-Pb collisions. Several bunch and
batch spacings were considered, but the final choice was
eventually defined by the requirements of the collider.
The trains supplied by the injector chain to the LHC
consisted of 24 bunches, alternately spaced by 200 ns and
225 ns. Both proton and ion beams production schemes,
detailed below, are summarized in Fig. 1.
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Figure 1: Proton (top) and Pb ion (bottom) production schemes.
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Proton Filling Scheme

The proton injector chain consists of the Linac 2, the
Proton Synchrotron Booster (PSB), the Proton
Synchrotron (PS), and the Super Proton Synchrotron
(SPS).

e The beam produced by the PSB for p-Pb collisions is

similar to the one formerly known as “probe beam”
[6]. It corresponds to a low transverse emittance
(<lpum) single bunch per ring, with an intensity
below 2x10" protons.

e For p-Pb operation, two such bunches are accelerated
to 2.13 GeV/c in the PSB, in rings 3 and 4, and
injected into two successive 2 = 9 buckets in the PS.

e The batch is compressed, rebucketed, and
compressed again, by a series of harmonic changes
(h=9-10-20-21) before being accelerated on s =21
to 26 GeV/c where the bunch spacing is then 200 ns.
At top energy the bunches are transferred to
h =84+168 buckets and rotated (40 MHz and
80 MHz cavities).

e Up to 12 such bunch pairs — sometimes less, for
collision pattern reasons — are ejected every 2.4
seconds towards the SPS where they are captured on
h =4620. The duration of the injection flat bottom is
thus 26.4 s (Fig. 2, top). The rise time of the injection
kicker imposes a batch spacing of 225 ns.

e The SPS accelerates the (maximum) 24 bunches to
450 GeV/c and ejects them to the LHC proton ring.
This sequence is repeated 15 times to fill the LHC
with 338 proton bunches.

Pb Filling Scheme

Once the proton ring is filled, the complex switches to
the ion filling sequence. The ion injector chain consists of
the Linac3, the Low Energy Ion Ring (LEIR), the PS and
the SPS. The Pb ion beam used for p-Pb collisions is
identical to the high-density “intermediate” beam
formerly used for Pb-Pb collisions [7], only with slightly
improved performance:

o At the exit of Linac3, the 25 pA, 200 ps long pulse
of 42 MeV/u Pb¥" is stripped to Pb>*', then
accumulated over 70 turns in LEIR. The injection
process is repeated 6 times, under continuous
electron cooling.

e The Pb™*" beam is bunched on % =2, accelerated to
72 MeV/u and transferred to the PS, with an intensity
of 5.5x10% ions/bunch.

e In the PS, the bunches are injected into two
successive 7 =16 buckets and accelerated to a
370 MeV/u intermediate plateau. The batch is then
expanded, rebucketed, and expanded again, by a
series of harmonic changes (4 = 16-14-12-24-21).

o After acceleration to 5.9 GeV/u on & =21, the batch
undergoes a final rebucketing to # =169 (80 MHz).

e The resulting bunch pair, with a spacing of 200 ns, is
then extracted towards the SPS. The ions are fully
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stripped to Pb** by a 0.8 mm thick Al foil in the
transfer line.

e Up to 12 such bunch pairs are injected every
3.6 seconds — imposed by the duration of the LEIR
cycle — in the SPS. As for the protons, the batch
spacing is 225 ns.

e At the end of its 39.6 seconds long flat bottom
(Fig. 2, bottom), the SPS accelerates the beam to
177 GeV/nucleon, using the now well-established
fixed-frequency acceleration technique [8].

e At top energy, the (maximum) 24 bunches of average
intensity 2.2x10® jons are extracted towards the LHC
ion ring. As for the protons, the ion sequence is
repeated 15 times to fill the LHC with 338 bunches.
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Figure 2: SPS proton (top) and ion (bottom) supercycles:
magnetic field (white) and beam intensity (cyan). The
supercycles, respectively 51.6 and 62.4 seconds long,
consist of one p or Pb LHC filling cycle, followed by two
dummy cycles.

SUMMARY OF PERFORMANCE

Table 1 lists the main beam properties delivered to the
LHC by the injector chain, at the exit of the SPS.

The proton beam density and intensity are deliberately
much weaker than for proton-proton collisions [9], in
order to match the Pb ion beam charge per bunch of
1.8x10" for beam-beam reasons in the collider.

For the ions, a comparison with the design values [10]
shows that in average, the achieved beam brightness is
about three times higher than design. Indeed, the three-
month delay of the run, combined with the necessity of
preparing the lead beam for fixed target operations [11],
allowed a long period of parallel machine development to
improve the beam quality in the ion injectors.
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Linac3

Several RF optimizations took place during the period
preceding the p-Pb run. In particular, phase adjustments
between tanks led to a better transmission through the
transfer line and a larger injection efficiency into the
LEIR machine. As the beam size appears to be affected in
zero dispersion locations of the transfer line, the
improvements cannot be due only to a smaller momentum
spread, but also to transverse effects [12].

LEIR

An extensive, parallel machine studies programme was
performed on LEIR before and during the run, to try and
understand the cause for a loss during acceleration which
hampered the performance over the previous run [7].
Although the studies could not clearly identify the reason
for the loss, continuous improvements allowed to retrieve,

then routinely surpass, the nominal intensity of
4.5%x10® Pb™*/ions per bunch.
PS

During the p-Pb run, however difficult to quantify, the
vacuum in the PS benefitted from the absence of high
intensity proton beams for CNGS, antiproton and neutron
production, and for SPS fixed target experiments in the
supercycle.

SPS

On the SPS flat bottom, the first injected bunches are
subjected to Intra-Beam Scattering (IBS), space-charge
detuning, and RF noise, for 39.6 seconds longer compared
to the ones injected last. These effects have been
mitigated by two actions:

e Lower tune optics, “Q20”, has been implemented.
The resulting wider beam size makes the beam less
sensitive to IBS and also decreases the space charge
detuning [13].

e A series of modifications in the low level RF have
significantly decreased the noise level [14].

As a consequence, the ratio between the highest and
lowest bunch intensity in the train has decreased from 1.8
to less than 1.5, with an average beam brightness of
22.1x107 Pb*>*/ um at SPS extraction.

Table 1: proton and ion beam properties at SPS extraction.

ot Pb2 PbS2
2013 2013 design

Ny 1.8x10"  2.2x10° 9x10’ Particles/bunch

ey 0.73 1.1 1.2 um (norm. RMS)

gy 0.45 0.9 1.2 pum (norm. RMS)

Np/e 3140 22.1 7.5 10 Particles/um
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CONCLUSION

The contribution of the injector chain was essential to
the success of the first extension to the LHC programme,
proton-ion collisions. The achieved beam quality allowed
the collider to reach a peak luminosity 40% higher
(1.1x10” w.rt. 8.3x10% cm™s™), and to deliver 40%
more integrated luminosity (31 w.rt 22.3nb™), than
expected at the time of planning the run [15]. Overall, the
performance of the ion beam now gives good indications
for the Pb-Pb collisions after future upgrades [16].
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