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Abstract The arc tune trim quadrupoles (MQTs) were used to per-
form the tune change from injection to collision tunes to

At present, the LHC operates with a different fractiona llow f Th limat ted at inal
tunes at injection and at collision energy due to improvea owtfor a scan. The colimators were operated at nomina

dynamic aperture indicated by tracking studies. Thereforgettmg? with the exception of the tertiary and the_ Injaetio

a tune swing crossing the #0order resonance is needegProtection collimators, which were at relaxed settingse Th
during the beta-squeeze. A new proposal to alter the Wor[(w_ominal orbit configuration, separation pumps and crossing
ing point to collision tunes already at injection and duringj’jlngles were used throughout the experiment.

an energy ramp is foreseen to avoid the tune jump. Simmj:h N

tions and measurements of the optics along with the bea e Tune Scan at Injection

gmittances and Ii_fgt_ime are compared to the nominal injec- A tune scan between the injection tunes and the colli-
tion tunes. Feasibility for a working point close to the 1/Zsjon tunes at injection energy was performed to probe the

integer is also attempted. tune space around this working point. A low intensity pi-
lot bunch was first injected at nominal tunes.The tune scan
INTRODUCTION was performed (see Fig. 1) in 10 steps for both beams si-

. . . multaneously to reach collision tunes.
Due to improved dynamic aperture of aboutr s in-

dicated by tracking studies [1], the LHC operates with a —— —— '

different fractional tunes at injection (0.28,0.31) andalt 033

lision energy (0.31,0.32). In addition, the large tunetsgli )

injection is to reduce the effects of coupling errors at in- 032 F I
jection and throughout the energy ramp. However, the op- /

timized sorting scheme [2] of the LHC magnets and the > 0-31 f I
smaller than nominal emittances together with excellent
beam diagnostics tools to measure and correct linear op- 03
tics in the present LHC call for a single tune throughout the
energy cycle. This provides operational stability for tune  0.29 ]
feedback systems and reduces operational complexity. In
addition, removing the tune swing reduces the overall cycle 0.28
time and potentially has an impact on the integrated lumi-
nosity. Qx

There_fo_r_e, a bea_m_ study was conducted to inVeStiga‘l‘;—?gure 1: Tune scan at injection energy from nominal:io
tr:e fgasmlhty of collision tunes throughout the energy Y collision tunes in 10 steps for both beams.
CeA[n];elttempt was made to operate close to the 1/2 in- F.igure 2 shows the corresponding b.e.am intensities and
teger (0.456,0.466). The primary motivation to move tén‘eUme along_thgtune scan. 'I'.he.onIyV|S|_bIe effect appear
this working point is substantially large tune space whict! the beam lifetimes, which indicates slightly betterifc
can accommodate a large head-on and complex Iong-rarﬁ{@e_ for the collision tunes. Transient effects on the beam
beam-beam footprints for the bunches in the LHC. The 06'—et'me close to the 7 or_dgr (14:30) and the ¥Dorder
tics at this working point was measured and is reported ift#4:36) resonances are visible.
this paper.
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Optics and Coupling Measurements

COLLISION TUNESEXPERIMENT AC dipole excitations were applied to measure the op-
Prior to the b tudv the local i . IRltics at the nominal injection tunes and at collision tunes.
rior 1o the beam study the local coupling errors IN IRy, yitterences in the optics is measurable due to the tane

IRZt’ (IjR5 _ano:hIR_B Werte_ |fleint||(f|ed andd succlessf;JI:ISySC_?r- ange as expected from calculations. It should be nuted
rected using the Inner triplet Skew quadrupoles at 3.5 1€y, - 1he final optics at this working point will correspond-to

duzlndgttkl:ettt(ta]st?f the optlcsdwnzﬁl* =90m [41t. Irt]SEOl#c: be the first step of thes-squeeze using IR1 and IR5 insertian
noted that the fransverse gamper was swilched ot to avg agnets to match the tunes to collision working point [5].

any interference with AC dipole excitation measurements. Due to proximity of collision working point to the cou-

* This work was partially performed under the auspices of tBed@E  pling resonance, an initial ramp with nominal settings was
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Figure 2: Beam lifetimes, intensities, coupling and beam
sizes during the tune scan at injection energy.
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Figure 3: Comparison of 3 energy ramps at low intensity
necessary to measure coupling and compute correctiofos beam 2.

along the energy ramp. The coupling for beam 1 did not re—,

quire further corrections sin¢€'~ | was already in the level % 100 EM ]
of 5x10~3. The corrections for beam 2 were computed % 10 | %
for the Igrgest coupling value along the energy ramp (0.95 1} . BlL - ]
TeV) using the arc skew quadrupoles. The computed cor§ 0.1 + Lj B2 -« 1
rections were applied as linear ramp function to reach the§ 0.01 £ = ‘ E 4
maximum value at the measured value and linearly ramped 17:15 17:20 17:25
down. It was observed that the phase_ o_f thg coupling reso— 12 , o
nance driving term changes between injection and 0.9 Te\, 10 ] : E% .
but remains constant afterward. Therefore, a single couf;' 2 i . 1
pling knob with different strength can be used to correct ‘§ 4t ¢ -
the coupling between 0.9 TeV and 2 TeV. g S P ‘ ]
h 17:15 17:20 17:25
Time

Energy Ramp with Collision Tunes

A ramp with the new working point was subsequentlyFigure 4: Beam lifetimes, intensities, coupling and beam
programmed through the energy cycle along with the consizes during the energy ramp.
puted coupling correction. A tune feedback was used to
keep the tunes constant. Figure 3 shows the beam 2 lifetirié0se envelope can be fitted by an exponential of the form
and Coup]ing parameter a|0ng the ramp for three cases: (‘iy? wherer is the rise time of the instability, here around
nominal tunes without any correction (from [4]), (ii) nom-1.1 s for beam 1 (both planes) afd5 s for beam 2 (both
inal tunes with local coupling correction and (jii) colisi ~ Planes). For beam 1, rise times of the dipolar mode as
tunes with local and global coupling correction. Figure 3 function of negative chromaticity can be computed us-
shows a slight improvement in beam lifetime after the cound the impedance model in the Sacherer formula [6] with
pling correction plus a reduction €|~ by a factor 2. This the bunch length, intensity and tunes measured during the
coupling correction is also valid for the nominal ramp. ~ beam study. The horizontal and vertical rise times are very

An energy ramp with collision tunes and nominal bunct§imilar, and around.1 second for 8" = —1. This insta-
intensity followed. The transverse damper was switche@ility is notvisible during a nominal ramp as the transverse
off to allow for a clear measurement of the tune and coudamper is used to suppress any growth of dipolar modes.
pling along the ramp. The collimators were ran with nomJhe appropriate cure for both nominal and collision tune
inal settings. Figure 4 shows the tunes, beam lifetimes afi@Mp would be a measurementand correction of chromatic-
intensities along the energy ramp. Tunes and coupling riy to slightly positive values. This might not only avoiceth
main fairly constant all along the ramp. ApproximatelyinStab”ity but also reduce the effect of the damper on the
60% of the intensity was lost in the initial part of the ramp?&am to avoid any emittance blowup.
as seen in Fig. 4.

An instability in the vertical plane is evident from the 1/2 INTEGER
fast increase of the vertical amplitude by almost a factor
of 200. The turn by turn BBQ signals for both beams and An attempt was made to operate the LHC beams close
both planes, clearly reveal the coherent bunch oscillationto the 1/2-integer at injection energy in a subsequent beam
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Figure 5: 5* due to dynamic beam-beam effects normal- m-]ﬂ_ﬂm_ﬂ

ized to the unperturbdgta* as a function of tune.
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_ 1/2-integer as inferred from phase advance.
X
S 1 - . .
& . 0.31) and the caollision tunes (0.31, 0.32) in terms of life-
< o1y 1 time, emittance growth and optics. Coupling was identified
001 L e as a potential obstacle for an energy ramp with collision
/\ﬁ__/mwm"”” tunes. A ramp with nominal tunes was used to measure
000t E ‘ ; : : : — and correct the coupling through the ramp which reduced
0.32 0.34 036 0.38 04 042 044 046 0.48 . . .
Q, the coupling and allowed for successful acceleration of pi-

lot bunches with collision tunes to 3.5 TeV.This correction

is now used also for the nominal LHC operation. A ramp
with nominal bunch intensity (10 protons) and collision
tunes was performed where both beams experienced a 60%

Figure 6: Accuracy of thg-function as obtained from am-
plitude and phase advance with and without local errors.

study. The motivation for this study was three fold: (i)

enhance the optics errors to thereby allow for improveﬁ'tenSi_ty IOSS_ .d-ue to trqnsver§e instabilitieg. The ortg‘i(: 1
correction, (ii) enhance significantly the tune space to adhese instabilities was identified as negative chromaticit

!~ i
commodate the large head-on and the complex Iong-ran%;@ ~ —1) from the observed growth rate compared to tfiat
ro

beam-beam footprints, (iii) reduce the 8 from dynamic Tom impedance simulations.

beam-beam effects enhanced close to the 1/2 integer (seéA‘n attempt to oper_ate the LHC beams at injection en
Fig. 5). ergy close to the 1/2 integer proved to be successful. This

Low intensity pilot bunches were injected into the Lchorking point, with appropriate optics correction, allos

rings and tunes were moved close to the 1/2_imegé9rS|gn|f|cantlylargertune space. The peakealing was

(0.44,0.46) in a single step with the aid of the trimenhanced up to 100% in the beam 2 vertical plane wkich
quad;upoles. Some beam losses were observed cmlyrlehquires dedicated corrections to operate at this working
beam 1 during the tune trim. Optics were only succes®0nt safely.
fully measured for beam 2. When measuring the beta func-

tion, a large discrepancy was discovered between the betas ACKNOWLEDGMENTS
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