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Abstract

The betatron squeeze is one of the most delicate operational phases at the Large
Hadron Collider (LHC) as it entails changes of optics performed at top energy, with
full intensities. Appropriate software was developed to handle the squeeze, which
ensured an efficient commissioning down to a f* of 60 cm at 4 TeV, and a smooth
operation. Several optics configurations could be commissioned and put in operation
for physics. The operational experience of the LHC runs from 2010 until 2013 is
presented and the overall squeeze performance reviewed
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the LHC runs from 2010 until 2013 is presented and the Figure 1
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overall squeeze performance reviewed.

INTRODUCTION by improving the knowledge of the aperture in the interac-
tion regions[[2]. This beam-based approach complements
The first running period for physics production of thes* reach models|3] that are developed to improve the pre-
Large Hadron Collider (LHC) lasted between 2010 andliction for the future LHC operation. It is important to
2013 [1]. After an initial pilot run in 2010 when important note that the squeeze duration has been improved signifi-
operational confidence in handling high stored beam ewantly throughout the years, as illustrated in [Elg. 2. This
ergies was progressively gained, the performance evolveds achieved by optimizing the settings functidds [4].
rapidly in the following years. A peak luminosity of about
7x10%3cm~2s~! was achieved in 2012 with stored beam IMPLEMENTATION AND

energies up to 140 MJ.
This outstanding performance relied heavily on the suc- COMMISSIONING

cessful commissioning of the betatron squeeze which is of At the LHC the squeeze is performed at constant flat-
course fundamental to optimize the physics performaneep energy by driving the matching section quadrupoles to
for a given stored energy. The® was pushed down to currents that produce a specifi¢ value. Each IR can be
60 cm at 4 TeV, to be compared to the design value afeated independently, even though IP1 and IP5 were al-
55 cm at 7 TeV. In this paper, operational aspects of theays squeezed to the same values. One cannot move in
squeeze at the LHC are reviewed. The achieved configgne single step from the injection optics to the fifélbe-
rations in the different operational years are presented agause the transient errors would be too large. One must
some highlights of the squeeze performance are discussétktead step through a set of “matched” optics at interme-
diate5* to keep transient errors of tune, chromaticity, orbit
2010-13 MACHINE CONFIGURATIONS and t_>eta-b_eat, at tolerable levels. Linear interpolati@ns
sus time with gentle round-offs of the magnet currents are

An attempt to summarize the main configuration foused to join matched points. More intermediate optics are
physics in the LHC running period 2010-13 is made imeeded at smallgt* where errors are critical (see Fig. 2).
Tab.[d, where the key operational parameters are listed for
all interaction points (IPs). All runs were carried out with 12 - ==Eammsmamas:

- . . e —+— IP1/5, 3.5TeV (2010)
minimum bunch spacing of 50 ns for a maximum of about Lo\ o rPzastevaom)
1400 bunches. The theoretical durations of setting func- \ —<— IP2, 35TeV (2011)
tions for ramp, squeeze and collision functions are also 8
listed. Special running configurations, such as highun,

Van der Meer scans, runs at intermediate energies, etc. are
not discussed here. !

Note that the nominal injection configuration was suc- 2F X, ]
cessfully setup in 2010 and not further changed. Improve- i
ment of the peak luminosity performance were steered, 0 200
amongst other improvements [1], by reducing ttien the
IPs. The time evo|utionﬂ* for LHC proton physics runs Figure 26* versus time during the squeeze in the different
shown in Fig[l. Major steps in performance were drivefPS and operational years.
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Table 1: Machine configurations during different runningipes in 2010-13

Parameter Injection Runl1-A Runl1-B Runl1-C Runl1-D Runl1-E Ren Runl-G
2010-13 02-10/10 11710 02-08/11 09-10/11 11-12/11 -02/'12 01-02/'13
(p/Pp) (P—p) (Pb—Pb) (p-p) (p—p) (Pb—Pb) (p-p) (p—Pb)
Beam energy [GeV] 450 3500 3500 3500 3500 3500 4000 4000
B* in 1P1/5 [m] 11.0 35 35 1.5 1.0 1.0 0.6 0.8
8% in 1P2 [m] 10.0 3.5 3.5 10.0 10.0 1.0 3.0 2.0
£ in IP8 [m] 10.0 35 35 3.0 3.0 3.0 3.0 0.8
Sep. [mm] 2.0 0.7 0.7 0.7 0.7 0.7 0.65 0.65
Xing IP1/5 [urad ] 170 100 0 120 120 120 145 145
Xing IP2 [ urad ] 170 110 40 80 80 80 90/145 62
Xing IP8 [ urad ] 170 250 250 250 250 250 220 220
Duration of setting functions
Ramp[s] - 1400 1400 1020 1020 1020 770 770
Squeeze [s] - 1041 558 475 558 1233 925 874
Collision [ s] - 108 180 56 56 260 220/285 240
Stopping at matched points is made possible by forcing 20 e e
zero derivative and acceleration of the magnet currentfunc =§$‘;22 i Abpa
tions [B]. This possibility is crucial for the first commis- 8 B 201240 7ev-B =06m ||

sioning of new optics: the machine is tuned at each point
and the setting functions are optimized in an iterative pro-
cess based on measurements and feed-forward of the estab-
lished corrections (orbit, tune, chromaticity, coupling).

Once setting functions that ensure tolerable transieat®rr

are established, the squeeze can then be to performed by
executing in one single step the complete functions, which
time-wise ensures the most efficient operation.

Tools were developed within the LHC on-line modelrigure 3: Distribution of squeeze duration in 2010 (blue),
packages [6] to calculate transient errors for a given set of1 (red) and '12 (green, times 1/160 for display purposes).
setting functions, to optimize the squeeze duration while
ensuring small transient erroiis [4]. The simulations alsg even small orbit drifts at the primary collimators (TCPs)
allow one to pre-calculate transient errors during the exeg] [10]. An example of orbit at the TCPs during the squeeze
cution of functions for an efficient feed-forwaid [7]. Thesepn 2011 and 2012 is given in Figl 5. Dynamics errors were
aspects and the crucial role of active feedback systems fi%proved thanks to a better generation of orbit corrector
the squeeze performance are not presentedlhere [8].  gettings and to more performing feed-forward corrections

established in dedicated fills by using the orbit feedback
SQUEEZE AND OPTICS PERFORMANCE yvith higher bandwidth[[1/1]. In spite of such an important
improvement, larger losses were observed in 2012 due to

The achieved squeeze duration for proton runs in 2010-CP gaps of 4.3 instead than 5.4 in 2011. Loss spikes
13 is given in Fig[B. This is an important aspect for the opduring the squeeze remains a serious concern for the future
erational efficiency. The largestimprovement was achievasperation at higher intensity and energy.
in 2011 thanks to a major optimization of the settings func- The quality of the LHC optics is remarkable. The peak
tions. Minor changes were deployed in 2012. The squeezebeat errors without corrections is shown for all beams
down to 1 m took a similar time as in 2011 in spite of theand planes in Fig.l6. The errors are very stable over the ref-
larger energy. The additional squeeze to 0.6 m requirestence period of 3 years. The possibility to correct these er
about 5 minutes. Other improvements addressed a matgs is clearly crucial for the LHC performance as a beating
reliability and operation robustness [5]. of 40-100 % is measured at the smallg@stvalues. Optics

The intensity transmission during the squeeze, calcweorrection proved to be very efficient at the LHC][[12]: the
lated as ratio of initial to final beam intensities, is showrachieved beating after correction is below 10 % is shown
in Fig.[4 for a selection of fills in 2011 (top) and 2012 (bot-in Fig.[d. An important aspect of optics corrections is the
tom). In 2011 were essentially negligible whereas in 2012ompensation of local sources of coupling originated in the
they reached several percents. Beam 2 was worst in bdtiplet magnets, done using dedicated skew correctors. Thi
years. This worsening was induced by the deployment giroved to be essential to speed up the commissioning be-
tighter collimator settings that made the squeeze seasiticause global corrections are not effective to reduce these
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Figure 6: Uncorrected peakbeating versug™.

1020 [ T [ T T T T T T T T T T T T T T T T I 7T 7T LHCB LHCS
[| I Beam1 (avg = 100%) 1 1 2012 4.0TeV o ] 1F3 =
H I Beam2 (avg = 99.8%) ] & 08t 201135TeV = 408 *} 1
§ 1.005— - g. 0.6 2010 3.5TeV e | 06 |
@ C ] 4 s i N i
é F ] S 04 ;i_‘ s 0.4 % iy
§ 1.000 aog2t Pfoa §02} i3 §
g‘ 0 L L 0 L L
2 1 10 1 10
£ 0.995
L N g -
G 08, i 108} 1
Fill number % 04 % ﬁ 104 r " 1
r T T jJ) L
100 B Q g2} 3 o2l [N E I §l
g 99 0 L L 0 L L
=7 ‘ ‘ 1 10 1 10
8 93 ‘ ‘ ‘ ‘ ‘ ‘ IP1&IP5 B* [m] IP1&IP5 (3* [m]
s |

96

‘ N Beam 1 (avg = 99.4 %) ‘ ‘ ‘ ‘ ‘ 35 T u T
o L Beam 2 2vg = 9.2 50 w0l } S s etoy —— |
3 3 < < 8 15 15 8 8 8 8 Kl 2 2010 3.5TeV —=—
2 3 g Bl 5 ] Bl g 5 B ] g 5 25 —
Date in 2012 [ dd/mm ] % 20|
Figure 4: Intensity transmission in the squeeze for a selec- g1 }
tion of proton physics fills in 2011 (top) and 2012 (bottom). 12 i [
0

o o5 1 15 2 25 3 35 4
. . B* [m] .
Figure 7: Pealg-beating after correction versis.
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people of the teams that contributed to this work, in partic-
ular the LHC operation team, the accelerator physics teams
responsible for the optics definition, measurement ad cor-
rection and the controls team for the support in the imple-
mentation of the squeeze mechanics that allowed a smooth
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Figure 5: Interpolated orbit at the primary collimators-ver
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