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Abstract

2012 has been an extraordinary year for the control and
understanding of the LHC optics. A record lowβ-beating
of about 7% has been achieved during nominal operation.
Consequently the luminosity imbalance between the two
main experiments has also achieved a record low value.
Magnet experts have found 1% gradient errors in some
MQY quadrupoles, which are in good agreement with the
beam-based optics corrections. A large effort has been put
into probing the polarity of the non-linear correction cir-
cuits. So far more than 60 sextupolar and octupolar circuits
have been probed revealing some inconsistencies. A large
collection of new optics has been tested, including the post
LS1 baselineβ∗=0.4 m. Dedicated MDs have brought first
time achievements in the LHC non-linear beam dynamics
regime, namely: (i) measurement of DA at injection, (ii)
chromatic coupling correction, (iii) IR non-linear correc-
tions atβ∗=0.6 m, and (iv) the direct measurement of am-
plitude detuning with AC dipoles. All of these accomplish-
ments give a comfortable basis to make projections and rec-
ommendations towards 6.5 TeV.

1 RECORD LOW β-BEATING

High energy colliders have not traditionally required
high precision control of their optics. The maximum rel-
ative deviation of theβ-function with respect to the model
(β-beating) is an appropriate figure of merit to compare
different colliders. An illustration of the achieved peakβ-
beating in various high energy colliders is shown in Table 1
as collected during the “Optics Measurements, Corrections
and Modeling for High-Performance Storage Rings” work-
shop [1]. References for the various machines on the
table are: PEP II [2], LEP [3], KEKB [4], CESR [5],
HERA-p [6], Tevatron [7] and RHIC [8]. The record low
β-beating is held by CESR, the smallest of these collid-
ers with a 768 m circumference. The achieved peakβ-
beating in these machines is far from the 1-2% in modern
light sources such as DIAMOND [9], SOLEIL [10] and
ALBA [11].

A 10% peakβ-beating at top energy was already demon-
strated in the LHC in 2010 [12]. However, owing to the
change in the hysteresis branch of some quadrupoles in-
volved in the correction, it was not possible to keep this
10%β-beating during regular operation. In 2011 this tech-
nical obstacle was solved [13] and aβ-beating near 10%
became operational [14, 15]. 2011 started with aβ∗= 1.5 m
and intensive optics corrections following the same strate-
gies as in [12]. In August a beta squeeze down toβ∗= 1 m
was successfully commissioned [15], apparently without

requiring further optics corrections, although preciseβ∗

measurements were not performed. Between these two pe-
riods of differentβ∗ the luminosity imbalance between the
ATLAS and CMS experiments increased from roughly 5%
to 10% [16] (providing more luminosity for CMS). Squeez-
ing further down to 0.6 m in 2012 could have increased the
luminosity imbalance to intolerable levels. It was therefore
decided to place special attention to the optics commission-
ing following the procedure below:

1. Measure the machine in the absence of any beam-
based corrections (virgin machine) throughout the en-
tire magnetic cycle.

2. Reduce the measurement uncertainty compared to
previous years by increasing the excitation amplitude
of the AC dipole.

3. Compute new local IR corrections, which can remain
constant throughout the beta squeeze process.

4. Compute global corrections to minimizeβ-beating
and dispersion beating simultaneously.

5. Use of localβ∗ and IP waist knobs to equalize lu-
minosities if required. These knobs must use inde-
pendently powered quadrupoles excluding the triplet
quadrupoles as these act on both beams.

All β-beating and coupling corrections prior to 2012
were removed all along the LHC magnetic cycle. The
LHC AC dipoles [17] were used to measure theβ-functions
along theβ∗-squeeze process. A peakβ-beating of about
100% is reached forβ∗= 0.6 m. Theβ-beating rms and
peak values corresponding to all measurements during the
β-squeeze are shown in Fig. 1. A monotonic increase of
the peak and rms values is observed while reducingβ∗,
suggesting the need for local optics corrections in the In-
teraction Regions (IRs).

Local corrections are best suited for the IRs where the
β functions are large and there are independently powered
quadrupoles. However, the small phase advance between
quadrupoles introduces some degeneracy in the possible
corrections. To minimize the level of degeneracy, multi-
ple optics were corrected simultaneously for both beams
in 2012. Figure 2 shows an illustration of a simultaneous
correction for six different optics (three per beam) using
the segment-by-segment technique [18] for IR5. The good
quality of the corrections, as illustrated in Fig. 2, in this
tightly constrained scenario provides confidence in this ap-
proach.

Global corrections are required to take care of the optics
errors in the arcs and the residuals from the IR local correc-
tions. All available singly powered quadrupoles were used



Lepton Circumference Peak∆β/β Hadron Circumference Peak∆β/β
Collider [km] [%] Collider [km] [%]
PEP II 2.2 30 HERA-p 6.3 20
LEP 27 20 Tevatron 6.3 20

KEKB 3 20 RHIC 3.8 20
CESR 0.8 7 LHC 27 7

Table 1: Peakβ-beating of various high energy colliders as collected during the Optics Measurements, Corrections and
Modeling for High Performance Storage Rings workshop [1].

 0

 0.2

 0.4

 0.6

 0.8

 1

 1  10

∆β
/β

y

IP1&IP5 β* [m]

 0

 0.2

 0.4

 0.6

 0.8

 1

 1  10

∆β
/β

x

LHCB1 4TeV
rms

peak

 0

 0.2

 0.4

 0.6

 0.8

 1

 1  10

IP1&IP5 β* [m]

 0

 0.2

 0.4

 0.6

 0.8

 1

 1  10

LHCB2 4TeV
rms

peak

Figure 1: β-beating of the virgin machine along the
squeeze. Beam 1 (left) and Beam 2 (right), horizontal (top)
and vertical (bottom) plots showing the peak and rmsβ-
beating values versusβ∗.

-0.06
-0.05
-0.04
-0.03
-0.02
-0.01

 0
 0.01

 9800  10000  10200  10400  10600

∆φ
x[

2π
]

3 m
1.0 m
0.6 m

Reconstructed error

-0.02
 0

 0.02
 0.04
 0.06
 0.08
 0.1

 9800  10000  10200  10400  10600

∆φ
y[

2π
]

s [m]

K
1L

IP5 LHCB1

-0.1
-0.08
-0.06
-0.04
-0.02

 0
 0.02

 16200  16400  16600  16800

s [m]

 0
 0.02
 0.04
 0.06
 0.08
 0.1

 16200  16400  16600  16800

IP5 LHCB2

Figure 2: Illustration of the segment-by-segment technique
applied to IR5 simultaneously to the two beams and three
differentβ∗. The black lines show the reconstructed error
model.

to minimize theβ-beating and the normalized dispersion
beating at all BPMs in an inverse response matrix approach.
Figure 3 shows the evolution of theβ-beating along the
squeeze after local and global corrections. The record low
β-beating of about 7% is reached forβ∗= 0.6 m; see [18]
for further details.
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Figure 3:β-beating after local and global corrections along
the squeeze. Beam 1 (left) and Beam 2 (right), horizontal
(top) and vertical (bottom) plots showing the peak and rms
β-beating values versusβ∗.

2 COUPLING CORRECTION

The global coupling knobs for Beam 2 were improved
before the 2012 run by optimizing their performance in
computer simulations using their orthogonality and re-
quired skew quadrupole strength as figures of merit. The
new knobs required substantially less strength of the skew
quadrupole while providing a better orthogonality to the
complex space off1001 [19].

From the measurements of the the virgin machine new
local coupling corrections were calculated for 2012. The
local corrections have remained very constant throughout
the magnetic cycle and very stable throughout the year.
This is of big importance, for the use of the global knobs
requires that the strong local sources are corrected.

The global knobs are used by the shift crew in an iter-
ative manner to correct the coupling. The best setting is
found by testing different settings of the global knobs while
observing the|C−| in the TuneViewer [20]. This can be
time consuming operation. The fact that the measurement
is based on a pickup at a single location is also a limit-
ing factor. This is because minimizing the coupling at this
location might not be the same as minimize the coupling
globally.

In 2012 a new software to measure the coupling from the



 0

 0.05

 0.1

 0.15

 0.2

 0  5000  10000  15000  20000  25000

|f 1
00

1|

Longitudinal location [m]

LHCB1 Injection 450GeVBefore correction
Im f1001 corrected

After full correction

Figure 4: Coupling corrections using the turn-by-turn from
the pilot injections in the LHC.

injections oscillations was developed. It uses the recorded
turn-by-turn data for the first 1000 turns after an injectionto
calculate thef1001 at each individual BPM. It uses the un-
damped oscillations from the pilot bunches that are preced-
ing every fill in the LHC. From thef1001 the optimum set-
ting for the coupling knobs are calculated and presented in
the software. This correction scheme has now been tested
for both beams and proven itself successful in normal op-
eration of the LHC. An example of a correction using this
method is shown in Figure 4. In this case the correction
was done in two steps, first correcting the imaginary part
of thef1001, and then later correcting the real as well as the
imaginary part. However, in normal operation both parts
of thef1001 can be corrected simultaneously. The correc-
tions were successful and the results were in good agree-
ment with the values received from the TuneViewer sys-
tem. Hence, we can conclude that we were able to reduce
the |C−| by about a factor 4. In 2011 there was a problem
with large drifts of the coupling of Beam 2. In 2012 this
problem seems to have disappeared and the need to change
the coupling knobs is now less frequent.

3 MQY 1% CALIBRATION ERRORS

After revising the FiDeL existing magnetic measure-
ments and the LHC LSA databases, inconsistencies of up
to 1.5% where found in the transfer function of some MQY
magnets. These errors seem in good agreement with those
previously found from the optics measurement [18]. Ta-
ble 2 compares the errors found from magnetic measure-
ments (FiDeL) to the values from beam-based optics cor-
rections. In most cases similar errors are found by both
methods. The largest discrepancy (marked in red in the
table) is for a rather strong error in IR8. The beam-based
correction used a quadrupole right of IP8 while FiDeL finds
an error in a quadrupole left of IP8.

In order to experimentally verify that the new FiDeL pre-
dictions are correct an MD was performed in November
2012. The magnet strength of the MQY quadrupoles was
corrected according to the suggestions from FiDeL. The
correction was performed via a knob in a virgin machine,
without any other corrections, and starting from the pre-
cycle up to the energy of 4 TeV to avoid any hysteresis
effects. No beta-squeeze was performed during this MD.

Quad b-based FiDeL Quad b-based FiDeL
beam2 [10−4] [10−4] beam1 [10−4] [10−4]
q4.l1 13 0 q4.l1 0 0
q4.r1 0 0 q4.r1 0 0

q4.l2 0 0 q4.r2 0 0
q4.r2 0 0 q4.l2 0 0
q5.l2 0 36 q5.l2 0 41

q5.l4 0 0 q5.l4 0 0
q6.r4 0 0 q6.r4 0 0
q6.l4 0 61 q5.r4 0 21
q5.r4 0 10 q6.l4 0 72

q4.l5 100 153 q4.l5 0 32
q4.r5 0 0 q4.r5 0 0

q5.r6 10 0 q5.l6 60 72
q4.l6 0 0 q4.r6 0 0
q5.l6 70 73 q5.r6 10 0
q4.r6 0 0 q4.l6 0 0

q5.r8 80 95 q4.r8 0 0
q4.l8 0 119 q4.l8 100 122
q4.r8 240 0 q5.r8 270 99

Table 2: MQY errors as seen from beam-based optics cor-
rections (b-based column) and FiDeL magnetic measure-
ments. The largest discrepancy between these two ap-
proaches is marked in red.

Optics measurements with the AC dipole were carried out
at flat-top. Figure 5 compares the resulting local phase-
beating to measurements before the optics commissioning
in 2012 for IR6 and IR8 of Beam 1. A clear improvement
is achieved with the new calibrations. These improvements
are also seen for other IRs and represent the experimental
verification of the new MQY calibration.

4 POLARITY CHECKS

Polarities and strengths of the focusing and defocus-
ing octupoles (MOF and MOD), spool piece octupole cor-
rectors (MCO), arc skew sextupole correctors (MSS), and
interaction region sextupoles (MCSX and MCSSX) have
been extensively checked. Table 3 summarizes the results
of all the polarity checks.

Each arc contains between 8 and 13 octupoles of each
of types MOF and MOD, and 77 type MCO. All octupoles
of a type in each arc are powered as a group. More details
about these magnets can be found in [21].The polarity of
each octupole group in each arc was verified by trimming
one group and measuring the resulting change in second
order chromaticity. In each case the measured second order
chromaticity agreed well with predicted value, indicating
that all octupoles have the correct polarity.

Each arc contains four skew sextupoles MSS, powered
as a group. The MSS polarities were checked by mea-
suring the change to chromatic coupling when a magnet
family was trimmed. A comparison of the measured chro-
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Figure 5: Phase beating with the old (red) and the new
MQY calibrations (blue) for IR8 (top) and IR6 (bottom),
showing a clear improvement with the new calibrations.

matic coupling with model predictions indicated that all
measured MSS magnets have reversed polarity.

Each interaction region contains pairs of normal sex-
tupole correctors MCSX and skew sextupole correctors
MCSSX. The polarities of the skew sextupoles in IR1,
where the crossing angle is vertical, and the normal sex-
tupoles in IR5, where the crossing angle is horizontal, were
verified by trimming the magnets and measuring the result-
ing tune shifts. Comparison of the measured tune shifts
with model predictions shows that the polarities of MCSSX
in IR1 and MCSX in IR5 are correct.

5 DA MEASUREMENT AT INJECTION

During the June 2012 MD block non-linear optics stud-
ies were performed on LHC Beam 2 at injection. The Aper-
ture Kicker (MKQA) was used to excite high amplitude
betatron oscillations for the measurement of the dynamic
aperture (DA) and first and second order anharmonicities.

Type Location polarity Location polarity
MOF A12 B1 Correct A12 B2 Correct
MOF A23 B1 Correct A23 B2 Correct
MOF A34 B1 Correct A34 B2 Correct
MOF A45 B1 Correct A45 B2 Correct
MOF A56 B1 Correct A56 B2 Correct
MOF A67 B1 Correct A67 B2 Correct
MOF A78 B1 Correct A78 B2 Correct
MOF A81 B1 Correct A81 B2 Correct
MOD A12 B1 Correct A12 B2 Correct
MOD A23 B1 Correct A23 B2 Correct
MOD A34 B1 Correct A34 B2 Correct
MOD A45 B1 Correct A45 B2 Correct
MOD A56 B1 Correct A56 B2 Correct
MOD A67 B1 Correct A67 B2 Correct
MOD A78 B1 Correct A78 B2 Correct
MOD A81 B1 Correct A81 B2 Correct
MCO A12 B1 NA A12 B2 NA
MCO A23 B1 Correct A23 B2 Correct
MCO A34 B1 Correct A34 B2 Correct
MCO A45 B1 Correct A45 B2 Correct
MCO A56 B1 Correct A56 B2 Correct
MCO A67 B1 Correct A67 B2 Correct
MCO A78 B1 Correct A78 B2 NA
MCO A81 B1 Correct A81 B2 NA
MSS A12 B1 Reversed A12 B2 Reversed
MSS A23 B1 Reversed A23 B2 Reversed
MSS A34 B1 Reversed A34 B2 Reversed
MSS A45 B1 - A45 B2 Reversed
MSS A56 B1 - A56 B2 Reversed
MSS A67 B1 - A67 B2 Reversed
MSS A78 B1 - A78 B2 -
MSS A81 B1 NA A81 B2 -

MCSSX L1 Correct R1 Correct
MCSX L5 Correct R5 Correct
MQS A23 B1 Reversed R2 B2 Reversed
MQS A45 B1 Reversed R4 B2 Reversed
MQS A67 B1 Reversed R6 B2 Reversed
MQS A81 B1 Reversed R8 B2 Reversed
MQS L2 B1 Reversed L1 B2 Reversed
MQS L6 B1 Reversed L3 B2 Reversed
MQS L8 B1 Reversed L5 B2 Reversed
MQS R1 B1 Reversed L7 B2 Reversed
MQS R5 B1 Reversed A12 B2 Reversed
MQS R7 B1 Reversed A78 B2 Reversed
MQS A56 B2 Reversed

MQSX L1 Reversed R1 Reversed
MQSX L2 Reversed R2 Reversed
MQSX L5 Reversed R5 Reversed
MQSX L8 Reversed R8 Reversed

Table 3: Polarities of arc octupoles, arc sextupoles, and in-
teraction region sextupoles as resulting from beam-based
comparisons between LSA and MAD. “NA” stands for not
available and the sign “-” means that the corresponding cir-
cuit was not tested.
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Measurements were performed on the nominal injection
settings, and with the Landau octupoles (MO) depowered
andQ′′ andQ′′′ corrections applied to obtain as linear a
machine as possible.

By examining how losses experienced by the beam var-
ied with amplitude of excitation it is possible to determine
the DA. In particular by linearising the machine in the sec-
ond stage of the MD and repeating the measurement, the ef-
fect of the DA was clearly revealed. Figure 6 shows the sur-
viving beam intensity following horizontal excitation with
the MKQA versus the amplitude of excitation. Our best
available model of the LHC (which well reproduces the
measured detuning with amplitude) has been used to per-
form DA simulations with SIXTRACK. The result of this
simulation was found to be8.2 ± 0.5σnominal

1 and is also
displayed in Figure 6. Our measurements and simulation
are in excellent agreement.

Later in 2012 the polarity of the MO were reversed for
operation. Figure 7 shows the results of SIXTRACK sim-
ulations with our best model for both polarities of MO,
showing a clear improvement with the new polarity.

6 CHROMATIC COUPLING
CORRECTION

The systematic skew sextupole components in the
dipoles are known to cause significant chromatic coupling
if left uncorrected. There are several skew sextupoles in-
stalled to compensate for this known systematic effect [22].
The spurious skew sextupole errors will produce additional
chromatic coupling since the dispersion is largely horizon-
tal. Normal sextupoles produce chromatic coupling in re-
gions of vertical dispersion. Once linear coupling is well

1By σnominal we refer to the beam size with normalized emittance
of ǫ = 3.75 µm.
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corrected, chromatic coupling should be corrected as well
for optimal machine performance.

In 2012 the first beam based chromatic coupling correc-
tion was performed in the LHC. The correction was tested
for the nominal 2012 optics, meaning aβ∗= 0.6 m. Beam 2
had 9 independent skew sextupole circuits while Beam 1
had 8 available at this time. In Figure 8 the chromatic
coupling before and after correction are presented. The
weighted mean value of∂f1001/∂δ was measured to be
somewhat larger for Beam 2 than Beam 1, approximately
50 units for beam 2 and 30 units for Beam 1. The chromatic
f1001 was decreased by about 20 units for both beams,
proving that the corrections were successful.

7 IR NON-LINEAR CORRECTION

Non-linear errors in the the LHC IRs may have a signif-
icant detrimental impact on lifetime and dynamic aperture.
By examining the feed down to tunes and free coupling
while varying the crossing angles in IP1 and IP5, we have
performed first attempts at the local correction of higher
order magnetic errors in the LHC IRs.

Table 4 displays the feed down to tune and coupling
from higher order multipoles for horizontal and vertical
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Figure 9: Beam 1 tunes vs IP1 crossing angle from mea-
surement and simulation witha3 + b3 anda3 + b3 + b4

correction applied.

excursions.

Table 4: Tune (∆Q) and Coupling (∆C) feed down from
non-linear Multipoles

b3 a3 b4 a4 b5 a5 b6

H bump ∆Q ∆C ∆Q ∆C ∆Q ∆C ∆Q

V bump ∆C ∆Q ∆Q ∆C ∆C ∆Q ∆Q

Measurements performed on the uncorrected machine
during theβ∗ = 0.6 m MD in November 2012 showed
a good agreement with simulations incorporating magnetic
measurements of the errors in the IRs. The magnetic mea-
surements were therefore used for the calculation of local
corrections of theb3, a3 andb4 multipoles in IP1 and IP5.

During dedicated MD time the crossing angles in IP1
and 5 (vertical and horizontal respectively) were varied,
firstly with a3 + b3 corrections applied, then on further ad-
dition of theb4 correction. The tunes as measured by the
LHC BBQ system and found in simulation, are plotted ver-
sus the IP1 crossing angle in Figures 9 and 10 for Beam 1
and 2 respectively.

The coupling data was of too low quality to draw
any conclusions; however the method has previously
been successful observing feed down from errors in IP2.
Analysis of IP5 data is ongoing.

Measurement and simulation witha3 + b3 corrections
applied show a good agreement for both beams (note how-
ever that this verifies only thea3 correction in IP1: theb3

feeds down to coupling for a vertical excursion). On ap-
plying theb4 correction, measurement and simulation re-
main in good agreement for Beam 2; however Beam 1 dis-
plays a large linear discrepancy in the variation of tune with
crossing angle. This may be explained by a∼ 5mm ver-
tical misalignment of theb4 corrector with respect to the
b4 sources. Results of simulation incorporating such a mis-
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Figure 10: Beam 2 tunes vs IP1 crossing angle from mea-
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Figure 11: Beam 1 tunes vs IP1 crossing angle from mea-
surement and simulation witha3 + b3 + b4 corrections ap-
plied and a 5mm vertical misalignment of theb4 corrector.

alignment are shown in Figure 11, which is seen to be in
good agreement with the measurements.

The additionala3 component resulting from feed-down
from theb4 corrector must be incorporated in any final cor-
rection scheme, however these results demonstrate the fea-
sibility of applying this method to the LHC.

8 MEASUREMENT OF AMPLITUDE
DETUNING

The amplitude detuning is a critical parameter for the un-
derstanding and control of beam instabilities. Yet, measur-
ing the amplitude detuning at top energy represents a real
challenge as the only available exciters that can provide a
few sigmas oscillation are the AC dipoles. Furthermore, the
AC dipoles force oscillations at frequencies different from
the natural tunes of the machine and, ideally, the machine
tunes should not be excited during the flat-top. We relied on
the residual non-adiabaticity of the AC dipole ramping pro-
cess to measure the tunes during a dedicated MD in 2012.
The actual observation of the machine tunes required ag-
gressive cleaning using SVD techniques. The measured
horizontal and vertical tunes are shown in Fig. 12 versus
the horizontal oscillation amplitude for Beam 2. This rep-
resents the first successful direct measurement of amplitude
detuning with AC dipoles. The comparison to model pre-
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dictions is under study [23].

9 OPTICS MEASUREMENTS AT
β∗=0.4 M

During the 2012 MDs two different optics featuring
β∗=0.4 m were tested and measured in the LHC. One op-
tics corresponds to the continuation of the nominal squeeze
and the other uses the ATS [24]. In both cases IR lo-
cal corrections were implemented while global corrections
were considered less critical and, consequently, they were
not applied. Theβ-beating from these optics is compared
in Fig. 13, both showing similarly acceptable levels ofβ-
beating.

The off-momentum optics aberrations have been a con-
cern for the LHC machine protection at lowβ∗ values since
these could degrade the collimation performance. A direct
measurement of the off-momentumβ-beating for the nom-
inal optics atβ∗=0.4 m is shown in Fig. 14. Measurement
and model predictions are in very good agreement.
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Figure 13: Horizontal (top) and vertical (bottom)β-beating
as measured during 2012 MDs for two different optics at
β∗=0.4 m.
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Figure 14: Chromaticβ-beating (Montague function) for
the nominal LHC optics atβ∗=0.4 m compared to the
model prediction (blue line).

10 INJECTION TUNES AND β∗ AFTER
LS1

The first step of the LHC beta-squeeze at top energy con-
sists in shifting the fractional tunes between the injection
(0.28, 0.31) and collision (0.31, 0.32) working points. Fig-
ure 15 shows the tune jump crossing 7th and 10th order res-
onances. This was decided to reduce the effects from trans-
verse coupling at injection and during the energy ramp, and
to profit from the larger Dynamic Aperture at the injec-
tion tunes [25, 26]. However, nowadays this tune jump is
found to be too violent for the orbit feedback and, further-
more, in the scenario of a smallerβ∗ at injection and/or at
flat-top the tune jump would be seen as even more violent
(not only for the orbit feedback but also for beam losses
due to stronger resonances). A possible way to avoid los-
ing the orbit feedback during the tune jump would be to
lengthen the time used for the jump. This would cause
softer changes in the orbit but, on the other hand, it would
increase the time that the beams sit on the 7th and 10th order
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Figure 15: Tune jump between injection and collision tunes
together with the relevant resonances.
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Figure 16: Comparison of lifetime and coupling along 3
energy ramps with injection tunes (2 successive coupling
corrections) and collision tunes.

resonances.
The feasibility of injecting and ramping with colli-

sion tunes was already demonstrated during the MDs of
2011 [27]. Figure 16 shows how after correcting the trans-
verse coupling along the energy ramp the collision tunes
performed as well as the injection tunes in terms of life-
time.

As shown in Section 5 Landau octupoles have an impact
on dynamic aperture. Figure 17 shows the DA using colli-
sion tunes at injection for the two 2012 octupole settings.
This is to be compared to Fig. 7 with nominal injection
tunes. For the defocusing octupole polarity (used during
the first months of 2012) a DA increase of about 4σ is ob-
served moving to the collision tunes. For the focusing oc-
tupole polarity (used towards the end of 2012) a reduction
of about 1σ is observed. In the scenario of using collision
tunes and the octupole focusing polarity a reduction of the
octupole strength should be investigated in order not to lose
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Figure 18: Aperture in terms of N1 for Beam 1 and IR5.
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p
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this 1σ in the DA. As a matter of fact the strength of the oc-
tupoles at injection was not optimized during 2012.

In [28] it was already proposed to use collision tunes at
injection and reduce a couple of meters theβ∗ in IP1 and
IP5. The minimumβ∗ at injection is limited by the avail-
able aperture in the IR and by the minimum current allowed
in the MQY magnets, which is nominally 120 A. This limit
is just above the 116 A needed for theβ∗ =5 m; how-
ever, magnet experts would consider acceptable to reduce
the 120 A nominal limit to 116 A. The available aperture
puts tighter constraints in theβ∗. The half crossing an-
gle scales asθ[µm] = 170

√

11ǫ/(β∗3.75), whereǫ is the
emittance inµm. The largest emittance expected in 2015
at injection isǫ = 3µm. This sets aβ∗=7 m as an abso-
lute minimum as shown in Fig. 18. However, it might not
be needed to push so much theβ∗ since there will be the
possibility to squeeze theβ∗ during the energy ramp.



11 RAMP & SQUEEZE AND COLLIDE &
SQUEEZE

The IR2 and IR8 triplets in their injection optics config-
uration can only be ramped up to 6.45 TeV. Therefore to
reach the planned 6.5 TeV after LS1, the optics has to be
modified during the energy ramp. This qualitative step in
optics control and commissioning should be used to start
the beta-squeeze during the ramp and save time for lumi-
nosity production. This is known as Ramp & Squeeze [29].

It has been proposed to put the beams in collision before
the end of the beta-squeeze. This could help to suppress
instabilities and/or to increase integrated luminosity viaβ∗

leveling.
The challenge being faced by both Ramp & Squeeze and

Collide & Squeeze is the optics measurement resolution
with just a single AC dipole shot (since it has to be run
while magnets ramp). Some test measurements during the
energy ramp in 2012 revealed about a 10% resolution on
theβ-functions. Doubling the length of the AC dipole flat-
top excitation from 200 ms to 400 ms might be the only
way to improve the measurement resolution. Currently it
would not be straight forward to reconstruct the optics sta-
tus of the machine at any given time, e.g. between two
matching points during the squeeze. Some tools will need
to be developed to address this point.

12 DA AND OCTUPOLE REACH AT
β∗=0.4 M

Since MO octupoles were used close to their maximum
strength at 4 TeV it is feared that they will not be strong
enough for 6.5 or 7 TeV. However it is possible to resort
to the inner triplet octupoles to provide extra amplitude de-
tuning. This has the inconvenience that the the inner triplet
octupoles affect both beams with opposite effects in the
amplitude detuning. Therefore when using these octupoles
the maximum amplitude detuning will need to have oppo-
site signs for the two beams. Table 5 shows the maximum
amplitude detunings in terms of MO equivalent current for
both beams in the two possible configurations. The direct
term of the amplitude detuning can be doubled with respect
to using only the arc MO octupoles.

In these extreme octupolar configurations a reduction of
the single particle dynamic aperture is expected. Figure 19
shows DA calculations in four configurations at 7 TeV and
atβ∗=0.4 m corresponding to: IR correction, No IR correc-
tion, Maximum octupole focusing and Maximum octupole
defocusing. The ideal configuration is with IR correction,
feature the largest DA. Removing the IR non-linear correc-
tion reduces the DA by almost 3σ. This is a strong rea-
son to make available all inner triplet correctors after LS1.
Using all octupoles with the above extreme configurations
cause a significant loss of DA even below the settings of
the primary collimators. The minimum DA is summarized
in Table 6.

Beam 1 Beam 2
Maximum focusing in MO, MCO & MCOX

∂Qx/∂2Jx [Amps (MO equiv.)] 1191 -1012
∂Qy/∂2Jy [Amps (MO equiv.)] 619 -1319
∂Qx/∂2Jy [Amps (MO equiv.)] 650 -2638

Maximum defocusing in MO, MCO & MCOX
∂Qx/∂2Jx [Amps (MO equiv.)] -586 1540
∂Qy/∂2Jy [Amps (MO equiv.)] -1086 1082
∂Qx/∂2Jy [Amps (MO equiv.)] -1482 1976

Table 5: Amplitude detunings for two configurations of the
available octupoles in the LHC at 7 TeV yielding a maxi-
mum focusing for Beam 1 and a maximum defocusing for
Beam 1 atβ∗=0.4 m.
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13 LUMINOSITY PROJECTIONS AT
6.5 TEV

Table 7 shows peak luminosities for variousβ∗ and
crossing angles at 6.5 TeV with the 50 ns bunch spac-
ing configuration and assuming normalized emittances of
ǫ = 1.6 µm. The crossing angle is chosen to provide a sep-
aration of 9.3σ in the horizontal plane. The upper part of
the table shows luminosities for round beams yielding up
to 2.41034cm−2s−1 with the lowest foreseenβ∗ of 0.3 m.
The lower part of the table shows flat optics with tentative
β∗s that might be achievable if the lowestβ∗ is set in the
plane where the beam chamber has the largest aperture in
the triplets. A 23% increase in luminosity might be avhiev-
able with flat optics if the corresponding minimumβ∗ were

Minimum DA [σ]
IR correction 10
No IR correction 7.5
Maximum octupole focusing 5.5
Maximum octupole defocusing 6.5

Table 6: Minimum DA for two configurations of the avail-
able octupoles for Beam 1 at 7 TeV andβ∗=0.4 m.



β∗

x β∗

y θ Pile-up Luminosity ∆
[m] [m] [µrad] [1034cm−2s−1] [%]
0.5 0.5 201 110 1.90
0.4 0.4 225 130 2.14 13
0.3 0.3 260 150 2.41 13

0.6 0.4 184 130 2.08
0.6 0.3 184 140 2.40 15
0.6 0.2 184 180 2.94 23

Table 7: Luminosity projections for variousβ∗ and cross-
ing angles at 6.5 TeV with the 50 ns configuration and as-
suming normalized emittances ofǫ = 1.6 µm. The last
column shows the relative differential luminosity with re-
spect to the previous row.

β∗

x β∗

y θ Pile- Luminosity ∆
[m] [m] [µrad] up [1034cm−2s−1] [%]
0.5 0.5 282 47 1.60
0.45 0.43 298 50 1.71 7
0.37 0.33 326 56 1.92 12

0.5 0.33 282 58 1.97
0.5 0.23 282 69 2.36 20

Table 8: Luminosity projections for variousβ∗ and cross-
ing angles at 6.5 TeV with the 25 ns configuration and as-
suming normalized emittances ofǫ = 1.9 µm. The last
column shows the relative differential luminosity with re-
spect to the previous row.

avhievable.
Table 8 shows peak luminosities for variousβ∗ and

crossing angles at 6.5 TeV with the 25 ns bunch spac-
ing configuration and assuming normalized emittances of
ǫ = 1.9 µm. The crossing angle is chosen to provide a sep-
aration of 12σ in the horizontal plane. The upper part of
the table shows luminosities for almost round beams yield-
ing up to 1.91034cm−2s−1 with the lowest foreseenβ∗ of
0.33 m. The lower part of the table shows flat optics with
tentativeβ∗s that might be achievable if the lowestβ∗ is set
in the plane where the beam chamber has the largest aper-
ture in the triplets. A 20% increase in luminosity might
be avhievable with flat optics if the corresponding mini-
mum β∗ were avhievable. The 25 ns configuration gives
about 20% lower luminosity than the 50% for similarβ∗

settings. It is important to note that the peak luminosity is
almost insensitive to theβ∗ in the crossing plane between
β∗ =0.37 m andβ∗ =0.6 m since a reduction ofβ∗ implies
an increase in the crossing angle.

14 SUMMARY & OUTLOOK

2012 has been an extraordinary year for the LHC Op-
tics Measurement and Corrections. A long list of first time
achievements has been accomplished:

1. Record low beta-beating of 7% for hadron colliders

2. First LHC Dynamic Aperture measurement at injec-
tion benchmarking simulations

3. First LHC beam-based chromatic coupling correction
improving existing model-based corrections

4. First demonstration of triplet non-linear corrections in
LHC

5. First direct measurement of amplitude detuning using
AC dipoles.

Furthermore, probably all the quadrupole errors in the 1%
level have been identified and the databases will be fixed for
2015. All these accomplishments give a comfortable ba-
sis to make projections and recommendations for the post
LS1 era. Starting from injection the tunes should be al-
ready set to the collision tunes to avoid tune jumps at low
β∗ since it is foreseen to squeeze during the energy ramp.
If the squeeze during the energy ramp needed to be boosted
the IP1 and IP5β∗ at injection could be reduced to some
value above 7 m. The Landau octupoles have a significant
impact on the dynamic aperture at injection. The lowest
strength needed to suppress instabilities from collectiveef-
fects should be used. The optics measurements during the
ramp and squeeze with the 2012 performance would not be
good enough to guarantee corrections atβ∗ values close to
1 m. In order to reach aβ∗=1 m in the ramp and squeeze
it is recommended to extend the AC dipole plateau and to
provide tools to reconstruct the machine status at any given
time.

A β∗=0.4 m was already demonstrated in 2012 with two
different optics concepts. Achievingβ∗=0.3 m should be
equally feasible. It is recommended to make available all
IR non-linear correctors as they can significantly improve
the DA at these lowβ∗ values. If the arc MO octupoles
were not strong enough to suppress instabilities the IR oc-
tupoles could be used to considerably enhance the ampli-
tude detuning. However the DA could also be severely re-
duced and therefore compromises should be adopted. The
two bunch spacing configurations of 25 ns and 50 ns have
been considered for luminosity evaluations. The 25 ns
bunch spacing tends to give a 20% lower peak luminosity
than the equivalentβ∗ setting at 50 ns.
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