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Abstract

So far, the LHC has operated without any dedicated com-
missioning of the nonlinear optics at top energy. Asβ∗ is
reduced however, the impact of nonlinear errors in experi-
mental insertions may become sizable. Belowβ∗ = 0.8m,
and in particular with possible LHC configurations ap-
proaching0.3m, an operational impact from uncompen-
sated nonlinear errors in the IRs is to be expected. Notably
the contribution of normal octupole errors in IR1 and IR5
to the tune footprint becomes comparable to that created
by the Landau octupoles, with implications for the per-
formance of instrumentation and Landau damping of in-
stabilities. In the HL-LHC compensation of IR-nonlinear
sources may become a critical issue, with feed-down from
IR-sextupole errors having the potential to generate sub-
stantial linear optics perturbations. This effect will require
an evolution of the linear optics commissioning strategy in
the LHC and HL-LHC. Current understanding of the im-
pact of these errors and our ability to correct them will be
reported. Nonlinear optics commissioning activities under-
taken elsewhere in the machine cycle will also be intro-
duced.

IR OCTUPOLE COMPENSATION

Normal octupole fields create an amplitude dependent
tune spread, or tune footprint, within a bunch. For damp-
ing of instabilities in the LHC it is generally desired to
introduce such a tune spread in a well controlled manner
using the Landau octupole magnets located in the LHC
arcs, however any octupole source present in the ring will
contribute (discussion here is restricted to octupoles which
dominate the tune spread for the configurations being con-
sidered, however feed-down from higher-order multipoles
and feed-up from lower orders will in principle also apply).

The shape and size of the tune footprint may be quanti-
fied by its amplitude detuning coefficients. These are first
and higher-order terms in a Taylor expansion describing the
tune as a function of the action coordinates (Jx,y, where
x =

√
2βxJx cos φx). At top energy amplitude detuning

can be measured directly using the AC-dipole [1]. Figure 1
shows the amplitude detuning measured atβ∗ = 0.4m dur-
ing 2016 commissioning. Also shown is the detuning pre-
dicted by sixty seeds of LHC magnetic errors.

The measured amplitude detuning is∼ 2/3 of what is
expected from the LHC magnetic model. This discrep-
ancy precludes simple application of corrections calculated
directly from the magnetic model. Correction is desired
however, since in-spite of being smaller than expected the
measured detuning is still∼ 1/3 of that generated by the

Landau octupoles in 2016. As linear optics in the IP is
squeezed further, the contribution of IR octupole errors to
the amplitude detuning increases with∼ (1/β∗)2. This
is illustrated for the detuning coefficients in Fig. 2, which
are quoted in terms of equivalent Landau octupole currents
required to generate the same value of the detuning coeffi-
cient as due to the IR octupoles.

The impact of normal octupole errors in experimental in-
sertions on tune spread is not a small effect, and can have
several operational impacts. Since 2012 it has been ob-
served that online measurement of linear coupling using
the LHC BBQ could not be trusted with strongly powered
Landau octupoles present in the machine [2, 3]. This is the
result of an increased noise floor in the frequency spectrum
due to larger tune spread with Landau octupoles powered.
At low-β∗ however, IR octupole errors mean the LHC op-
erates in a comparable regime regime even with Landau
octupoles powered off. Below∼ 0.8m therefore the on-
line BBQ measurement of linear coupling should not be
trusted.

During operation for luminosity production the LHC op-
erates with strong Landau octupoles. The settings of these
magnets are generally constant during theβ∗ squeeze, and
being located in the arcs the tune spread they generate is
effectively unchanged throughout a nominal squeeze. The
detuning generated by IR octupole errors, which as seen in
Fig. 2 changes significantly during the squeeze, sums with
the contribution from the Landau octupoles. Since the pat-
tern of detuning generated in the IRs can differ quite sig-
nificantly from that conventionally applied with the MO,
this leads to considerable distortion of the tune footprintas
the squeeze progresses. This is illustrated in Fig. 3 which
shows the tune footprint obtained from effective models of
detuning measurements, with Landau octupoles powered
as applied during 2016 operation. Grey regions show the
footprint expected in the absence of the IR contribution,
red regions show the expected footprint in the real LHC if
IR octupole errors are left uncompensated.

The distortion of tune footprint shown in Fig. 3 at small
β∗ is substantial. Due to self cancellation of the IR con-
tribution the detuning cross term is largely unaffected. De-
tuning ofQy with Jy features a cancellation between the IR
and Landau octupole contributions. In contrast detuning of
Qx with Jx is significantly enhanced. By0.33m the foot-
print in the machine will bear little relation to that desired
through application of the MO. Such a distortion of the tune
spread within a bunch will impact the stability of the LHC
beams. Figure 4 shows the stability diagram calculated
from the expected tune spread atβ∗ = 0.33m. A sig-
nificant reduction to stability is seen in the vertical plane,
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Figure 1: Measured amplitude detuning at0.4m with Landau octupoles powered off.
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Figure 2: Extrapolated amplitude detuning due to normal octupole errors in IR1 and IR5, expressed in equivalent powering
of the Landau octupoles. Extrapolation is based on effective models which reproduce the observed detuning at0.4m and
0.6m. The maximum powering of the Landau octupoles is570A.



Figure 3: Distortion of tune footprint through theβ∗ squeeze. Plotted footprints are defined by first-order detuning coef-
ficients obtained via simulation with PTCNORMAL. The model used consists of an effect model of the normal octupole
errors in IR1 and IR5, which reproduces the observed detuning atβ∗ = 0.4m, together with Landau octupoles powered
as per operation for Luminosity production in late 2016. Grey regions show the footprint expected in the absence of the
IR contribution, red regions show the expected footprint inthe real LHC if IR octupole errors are left uncompensated.



while the horizontal increased. The predicted change to
stability threshold implied by Fig. 4 is unlikely to be a crit-
ical challenge to operation at this stage, however it may re-
quire an increase to minimum Landau octupole powering.
At someβ∗ however, perhaps in the HL-LHC, it can be ex-
pected that the Landau octupoles will run out of strength
to generate the tune spread required for the damping of in-
stabilities in the presence of the IR octupole contribution.
More generally the variation of the tune spread through
the squeeze significantly complicates any attempt to under-
stand and compensate for instabilities in the beam motion.
For these reasons implementation of local corrections for
IR octupole errors is now becoming a priority from the op-
tics commissioning perspective.

Figure 4: Simulated stability diagram of the LHC atβ∗ =
0.33m, with and without the IR octupole detuning contri-
bution.

Local correction of the IR octupole errors can in prin-
ciple be performed using dedicatedb4 correctors located
on the left and right sides of the experimental IRs. As
discussed previously however, straightforward correction
based upon the magnetic measurements is not possible due
to the observed discrepancy with the beam-based measure-
ments (Fig. 1). Amplitude detuning coefficients relate di-
rectly to the octupole Hamiltonian terms it is desired to
correct, and given the small phase advance over the exper-
imental IRs locally correcting the contribution of each IP
to the detuning coefficients should also minimize the res-
onance driving terms generally. Amplitude detuning how-
ever is a global observable and cannot distinguish between
the contributions of IR1 and IR5, which together dominate
the observed detuning.

To assess locally the octupole errors in the insertions,
feed-down to tune was measured as a function of crossing
angle in each IP individually. It was found that the second
order feed-down to tune in IR1 agreed well with predic-
tions based upon magnetic measurements. This is shown
in Fig 5. In contrast the IR5 observations did not agree,
and showed a notably reduced second order feed-down rel-
ative to expectation. The feed-down measurements alone
are too under-constrained to facilitate an understanding of

the observed discrepancies or for straightforward calcula-
tion of octupole corrections. By validating the magnetic
model of normal octupole errors in IR1 however, it allows
the contribution of IR1 and IR5 to the amplitude detuning
to be distinguished. Corrections for the normal octupole er-
rors were therefore determined by applying the nominalb4

in IR1 (as calculated from the validated magnetic model)
then minimizing the residual detuning with correctors in
IR5. The success of the correction was then validated by
measuring directly thef ′

4000 resonance driving term (which
contributes to the4Qx resonance) before and after applica-
tion of the corrections. Figure 6 shows that application of
corrections in IR1 and IR5 both served to compensate the
octupole resonances in the accelerator.
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Figure 5: Measured and modelled feed-down toQy atβ∗ =
0.4m, as a function of a vertical crossing angle orbit bump
applied through IR1. Simulated predictions for the sixty
wise seeds are shown in blue. An effective model for the
skew sextupole errors has been utilized to compensate for
a discrepancy in the linear part of the feed-down.

One of the key advantages to correcting IR-octupole er-
rors locally is that the corrections are approximately inde-
pendent ofβ∗. The IR1 correction applied to minimize
detuning at0.4m was also observed during 2012 to com-
pensate second-order feed-down to tune as a function of
crossing angle at0.6m [4]. More significantly when life-
time challenges were encountered during an ATS MD [5]
atβ∗ = 0.14m application of theb4 correction determined
at0.4m was observed to give a significant improvement to
beam lifetime. This is illustrated in Fig. 7, which shows
the fractional intensity change calculated from two min-
utes prior to application of the IR octupole correction (red),
compared to the fractional intensity change calculated from
the end of theb4 correction trim. Data during the time the
correction was being applied is excluded due to transient
losses generated by tune feed-down.

The studies of IR octupole correction performed during
2016 commissioning and MD time have validated our abil-
ity to compensate IR octupole errors in the LHC. For the
reasons outlined above it is desired to implement these cor-
rections operationally in 2017. The corrections have been
consistent between 2012 and 2016, and shown to be valid
over a wide range ofβ∗. Commissioning of this aspect
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Figure 6: Histograms of thef4000 resonance driving term measured at the location of∼ 500 LHC BPMs. Measurements
are shown without correction for normal octupole errors in the experimental insertions, with only corrections in IR1
applied, and with corrections in IR1 and IR5.
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Figure 7: Surviving fractional intensity determined from LHC BCT data. The fractional intensity is calculated from a
time 2 minutes prior to application of the IR octupole correction (red), and for two minutes from the time the correction
trim completed. Data while the trim was taking place is excluded due to transient losses generated by tune feed-down.



of the nonlinear optics should therefore be straightforward,
requiring only∼ 1/2 shift for re-validation of theb4 cor-
rection tested in 2016.

IR SEXTUPOLE IMPACT

Normal octupoles are not the only errors in experimental
insertions which are of concern in regard to beam optics.
During operation for luminosity production the LHC and
HL-LHC will operate with significant crossing schemes ap-
plied. Due to the offset of the beams through IR magnets
however, the nonlinear errors will feed-down to generate
linear optics perturbations. Given the smallβ∗, optics er-
rors in the HL-LHC have the potential to pose serious op-
erational challenges. Figure 8 shows histograms of sim-
ulated beta-beating in the HL-LHC atβ∗ = 0.15m due
to feed-down from normal and skew sextupole errors for
a 295µrad crossing scheme. Simulations were performed
over sixty seeds of the target error tables for the HL-LHC.
The peakβ-beating around the HL-LHC ring is shown in
blue, and theβ∗ imbalance between ATLAS and CMS is
shown in red.

In several of the seeds considered IR-sextupole feed-
down alone generated aβ-beat which exceeds safe limits
for machine operation. A significant number of seeds also
fail to provide sufficient margin in the linear optics quality
to accommodate residuals from the linear optics commis-
sioning orβ-beating from beam-beam within machine pro-
tection limits. Finally theβ∗ imbalance between ATLAS
and CMS is intolerably high in the majority of seeds con-
sidered. Correction of IR-sextupole errors is likely there-
fore to be an operational issue in the HL-LHC.

Measurements of beta-beating in the LHC in 2016 im-
ply a peak beta-beat from IR feed-down at about the3%
level [6], however measurements were not performed con-
currently and may therefore include a contribution from the
drift of β-beating with time. The3% figure is of a compa-
rable magnitude to theβ∗ imbalance obtained in simula-
tion with effective models of the sextupole errors, which
reproduce measurements of tune feed-down as a function
of crossing angle at0.4m. While not a concern in regard
to machine protection in the LHC, such an imbalance will
scale linearly with∼ 1/β∗ and is thus a key limitation to
achieving the desired optics quality in the LHC. Further,
given the significant challenge IR feed-down may pose to
optics commissioning in the HL-LHC, it will be important
for the optics team to gain experience commissioning for
b3 anda3 errors in the LHC before compensation becomes
a machine protection issue.

Initially optics commissioning should proceed as nor-
mal, with local and global corrections determined for a flat
orbit. As the IR-sextupole correction does not currently
represent a machine protection issue, commissioning of the
nonlinear optics may then proceed in parallel with other
commissioning tasks. Feed-down to tune and coupling will
be measured as a function of the crossing scheme, and
where beam-based and magnetic measurements agree the

nominal corrections determined from the magnetic model
can be applied [4]. Where magnetic measurements are in-
consistent with observations of the machine, beam-based
corrections can be performed by minimizing the tune shift
with crossing angle using dedicated correctors in the IRs.
In simulation this is shown to reduce beat-beating. Lin-
ear optics quality can then be rechecked with crossing an-
gles applied. If necessary additional corrections to the
quadrupole magnets can be applied to optimize the linear
optics quality with the crossing scheme present in the ma-
chine. Nonlinear optics commissioning would therefore re-
quire two shifts: one to perform initial measurements of the
sextupole errors (in conjunction with validation of the nor-
mal octupole corrections), and one to implement the sex-
tupole correction and perform final linear optics checks.

CHROMATIC COUPLING

Chromatic coupling is the first-order change of|C−|
with ∆p

p
. It is generated by skew sextupoles in horizon-

tally dispersive regions, and normal sextupoles in regions
of vertical dispersion, with the former being the dominant
source. It can be quantified by measuring the change of the
f1001 resonance driving term as a function of relative mo-
mentum offset with AC-dipole kicks. Consequently it can
be measured for free when measurements of normalized
dispersion are performed during linear optics commission-
ing.

Correction of the chromatic coupling using skew sex-
tupole correctors in the LHC arcs was demonstrated during
dedicated machine development tests in Run 1 [7]. An ex-
ample of a successful correction at4TeV in 2012 is shown
in Fig. 9. Corrections were also calculated in 2015, but
compensation of chromatic coupling has never been imple-
mented operationally. Since correction should allow for an
improved control of linear coupling with a negligible com-
missioning overhead, it is desired to incorporate correction
of chromatic coupling into the standard suite of optics com-
missioning activities in 2017.

NONLINEAR DYNAMICS AT INJECTION

At injection in the LHC, octupole and decapole er-
rors in the main dipoles are supposed to be compensated
via octupole and decapole spool piece corrector magnets
mounted on the ends of every second dipole. Measure-
ments of amplitude detuning and nonlinear chromaticity at
450GeV during Run 1 revealed normal octupole sources
in the arcs approximately an order of magnitude larger than
expected [9, 8]. This has since been explained through hys-
teresis effects of the octupole spool pieces in combination
with an unexpected influence of the decapole spools on the
octupole fields [8, 12]. The decapole correction was also
found to be a factor∼ 2 stronger than required to com-
pensate the decapole errors, leading to substantially larger
third-order chromaticity than expected. The source of the
decapole discrepancy remains unknown.
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Figure 8: Simulatedβ-beat due to IR sextupole feed-down in sixty seeds of the HL-LHC error tables atβ∗ = 0.15m,
295µrad.

Figure 9: Change of thef1001 linear coupling resonance driving term with relative momentum offset, as measured in the
LHC BPMs, before (red) and after (blue) correction of chromatic coupling using skew sextupole correctors in the arcs.

Annual measurements of second and third order chro-
maticity have demonstrated the situation at injection to be
extremely stable. Figure 10 compares the nonlinear chro-
maticity measured in 2011 to that measured in 2015.

Beam-based minimization of the nonlinear chromaticity
using the octupole and decapole spool pieces was tested in
MD during Run 1 [11]. It was shown to also improve am-
plitude detuning, dynamic aperture, and the decoherence of
kicked beams [10]. Figure 11 shows an example of the de-
coherence of kicked beams before and after application of
the beam-based octupole and decapole corrections. During
Run 2 beam-based correction of the nonlinear chromatic-
ity at injection has been implemented in conjunction with
linear optics commissioning [12].

The above discussion concerns the situation at injection
with depowered Landau octupoles. During regular opera-
tion the Landau octupoles are powered. In 2016 there was
a substantial increase in their strength applied at injection,
leading to some concerns over the impact on dynamic aper-
ture.

In 2012 Landau octupoles were powered∼ 6 times
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Figure 10: Tune vs relative momentum offset in the LHC
at injection during 2011 and 2015.
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Figure 11: Decoherence of kicked LHC beams at injection,
before and after application of beam-based corrections for
the nonlinear chromaticity.

weaker than in 2016. In this case the single particle
dynamic aperture (for∼ 3 × 105 turns) was limited
by the third and fourth order resonances, reached at∼
9σnominal [10]. In 2016 DA was measured at injection us-
ing both AC-dipole and single kicks during MD. The short
term DA with AC-dipole was again limited at the third or-
der resonance, around∼ 2σnominal. This is consistent with
the expected change in detuning relative to 2012 due to
increased octupole powering and the effect of the driven
oscillation [1]. Single kicks encountered the third order
resonance at∼ 4σnominal, consistent with the AC-dipole
measurement. Unlike 2012 however only modest losses
were observed. It was possible to kick the beam beyond
the third order resonance, reaching an ultimate DA limit at
∼ 7σnominal. Figure 12 shows the fractional intensity loss
after 1 × 105 turns for the applied kicks during the 2016
dynamic aperture MD. Figure 13 compares the measured
DA to the predicted DA over the same time-scale in SIX-
TRACK. It is seen that the simulated DA agrees well with
the DA limit observed beyond the third order resonance.
Losses at the third order resonance were not observed in
these SIXTRACK simulation however, potentially imply-
ing some missing sources in the model. Still, while DA
has clearly been reduced relative to 2012, with the3Qy

resonance now being reached at4σnominal as opposed to
9σnominal, the situation in terms of dynamic aperture does
not appear to be critical in-spite of the dramatically in-
creased Landau octupole powering in 2016.

CONCLUSION

As β∗ is reduced in the LHC, the contribution of nor-
mal octupole errors in experimental insertions to the tune
footprint becomes an operational concern. Their influence
is expected to be detrimental to the performance of beam
instrumentation, and distortion of the footprint through the
squeeze has a negative influence on the damping of insta-
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Figure 13: Comparison of105 turn DA simulations in SIX-
TRACK, to single-kick measurements performed in the
LHC at injection.

bilities. Correction of IR-octupole errors was achieved dur-
ing 2016 through a combination of feed-down and ampli-
tude detuning based studies. The positive effects of the
correction have been validated through direct observation
of octupole resonances and beam-lifetime. It is desired to
incorporate this correction operationally in 2017.

Sextupole errors in experimental IRs also become a con-
cern at smallβ∗, as feed-down from these errors has the
potential to generate linear optics perturbations. In the HL-
LHC compensation of these errors is a concern in regard
to both machine protection and the luminosity imbalance
between the ATLAS and CMS experiments. At this stage,
correction of IR-sextupole errors is not believed to be a crit-
ical issue in the LHC. Given the considerable challenges
facing optics commissioning in the HL-LHC however, it
is desired to incorporate these effects into the LHC optics



commissioning strategy with a view to gaining the expe-
rience necessary to ensure successful operation after the
high-luminosity upgrade.

It is also desired to incorporate correction of chromatic
coupling operationally in the LHC. Control of coupling is
essential to the successful operation of the LHC, and com-
pensation of it’s momentum dependence can be achieved
with a negligible commissioning overhead. At injection
beam-based compensation of octupole and decapole errors
has been applied operationally since the start of Run 2,
again with a negligible overhead. During operation in 2016
Landau octupoles were powered significantly stronger than
in previous years, however measurements and simulations
do not reveal any critical challenge to such an operational
scenario arising from the dynamic aperture.
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