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Summary

For the first time the LHC is running for luminosity-production with local coti@ts for nonlinear errors in
the ATLAS and CMS insertions. While a major step forward in LHC optics commigsipstrategy (and one
which has yielded clear operational benefits) considerable challeegesir to be overcome, both in regard
to the optimization of LHC optics and in order to ensure successful commisgiohime High-Luminosity
LHC. MD 2158 sought to follow up several aspects of the 2017 nonlioptics commissioning which are
not yet understood, and by enhancing sextupole and dodecapotesau the ATLAS and CMS insertions
explore the prospects for linear and nonlinear optics commissioning in thieHqL-
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1 Motivation and description

Beam commissioning in 2017 saw, for the first time, correciofinonlinear errors in low# in-
sertions implemented operationally in the LHC. Normal/slsaxtupole and normal/skew octupole
errors were compensated in IR1, while normal sextupoles angboles were compensated in IR5.
The benefits of this beam-based nonlinear compensation @ dpération were clear, specifically:
improved stability of linear optics, improved control ofidiar coupling, improved performance of
beam-instrumentation, reduced variability of the tunetfoat throughout the LHC cycle, and re-
duced strength of key sextupole and octupole resonad¢ép [

While extremely successful, 2017 commissioning left opemialver of questions. No correc-
tions for skew errors were applied in IR5. In the case.p{skew octupole) this was justified by
studies in 2016, which showed a significantly smaller quazraariation of linear coupling as a
function of crossing-angle than was present in IBL [In the case ofu; (skew sextupole), the
observed feed-down to linear coupling during commissignis also comparatively small. With
limited time available for measurement and correction ektherrors, priority was therefore given
to a large feed-down ta”'~| observed in IR1. None-the-less, compensation;ofemains of par-
ticular interest for both the LHC and HL-LHC, due to its roledriving the 3@, resonance, while
footprint distortion and amplitude-dependent closesetapproach driven by skew octupoles is also
gaining traction as a potential limit on HL-LHC operability, 4, 5]. For the MD2 session in 2017
it was desired to follow-up study of skew sextupoles by exaingj feed-down from a crossing-angle
bump in the vertical plane of IR5. The nominal crossing angléR5 lies in the horizontal plane,
resulting in a feed-down from skew sextupole errors to lireeapling. By scanning crossing-angle
in the vertical plane thes errors instead feed-down to tune. This represents a maiglstiorward
measurement than feed-down to coupling, and in IR1 (wheradh&nal crossing angle is vertical)
minimization of tune feed-down during commissioning wasersé reduce f{,,|, an AC-dipole
resonance driving term (RDT}] related to the strength of ths), resonance .

During 2017 commissioning, corrections for normal octep@l,) errors were applied in IR1
and IR5. This correction had been tested in previous yearssaen to substantially reduce the
strength of thel@, resonanced] and improve lifetime a3* = 0.14m [3]. Upon application at
the start of the commissioning block, the correction was observed to improve the performance
of tune and coupling measurement by the LHC BBQ{]. Measurements at* = 0.3m, with a
flat-orbit, explicitly demonstrated an excellent correntof the amplitude detuning. At the end of
the commissioning block however, when measurements weferped at0.4 m with the nominal
crossing scheme applied in all IPs, a substantial amplitiediening was measured, [8]. The tune
shift was non-negligible, corresponding to the equivatént +90 A of Landau octupole powering
(dependent on the beam and plane in question). BBQ data iadieadrift of the unperturbed tune
during the measurement, which offers a potential explanatiowever BBQ data during the anoma-
lous measurement was also of poor quality (with noise coaiparto the shift in question). Another
possible explanation for the extra detuning, was as thédtrefSieed-down tah, from an even higher-
order error. Measurements of IR5 in 2016 showed no notablegehto amplitude detuning when
the IP5 crossing angle was appli&].[IP1, however, had never been studied and remained a poten-
tial source. It was planned to measure amplitude detuniegoasing angles of 150 urad in IR1,
with a flat-orbit elsewhere in the machine. This would confimether IR1 was the source of the
anomalous detuning observed during commissioning, alevah identification of the multipole
order of any source.

While further optimization of LHC nonlinear optics is a piitgr prospects for linear and non-



linear commissioning of the HL-LHC also need to be addres§iukrating at lowe* and larger
crossing-angles, the impact of nonlinear errors on botkalirand nonlinear optics is expected to
increase significantly. This may be detrimental to comroissig efforts, with increased nonlin-
earity of the accelerator leading to deterioration in beprality; but also advantageous, with new
observables becoming viable. It is not possible to direpficate the conditions of HL-LHC com-
missioning at smalb* during LHC MDs. By using the nonlinear correctors in the IP€bthance
the nonlinear sources however, it is possible to make a capgeoximation of conditions which
may be present in the HL-LHC. For this MD the skew sextupoleemtor on the right side of IP1
was powered td00 A, compared to itsv 20 A setting obtained via beam-based correction. This
scaling is both representative of the, strength (scaling as (1/5*)3) at0.15m which may be
expected in the HL-LHC, and of the feed-down to linear optiegyrbations (which scale dg/5*
and linearly with the expected increase in crossing anglé¢hfe HL-LHC). In this configuration
linear optics measurements were performed at flat-orbityath +150 purad crossing-angle in IR1.
This enables a first study into how strong skew sextupolecgsumay impact linear optics mea-
surement in the HL-LHC. Beyond this initial motivation, it itsa of interest to study whether the
segment-by-segment technique (normally used for locahliptics correction in the LHCP[10]
can be applied to sextupolar feed-down in the HL-LHC. Findahg enhancement of the sextupole
resonances should provide an indication of the likely mesmant quality which can be obtained in
the HL-LHC.

In the HL-LHC even decapole and dodecapole compensatiorpecéed to be essential for
successful operation. With the lix-correctors returned to their operational values ptheorrectors
in IP1 and IP5 were ramped up to their maximum available oayre order to reproduce the second-
order amplitude detuning expected in the HL-LHC. Large atagé kicks were performed at flat-
orbit to check the possibility to measure dodecapolar RDTss@eond-order detuning. A crossing
angle was then applied in IP1 to check the viability for measwent of feed-down frorhg to b, as
a potential observable for dodecapole correction in theLHIC.

2 Measurement Summary

Table 1 summarizes key parameters of the MD. A detailed timelinehefNID is given in Tab2.
As many of the measurements performed during this MD invdb@mparisons between nonlinear
observables measured in different machine states, it wesseary to ensure coupling was well
controlled throughout the MDL[1] (otherwise it may be unclear whether shifts in a given pai@m
relate directly to the change of machine state or are indbgeshifts to coupling). Consequently
AC-dipole based coupling corrections were applied follaywavery significant change in machine
state. Injection tunes were utilized throughout the MD idesrto prevent the linear coupling stop-
band interfering with feed-down measurements, and movevtitking point further from the&@,
resonance. This procedure was the same as that employediott Run 2 commissioning. Finally
corrections for orbit leakage were implemented followimg ahange in crossing angle.



Table 1: Measurement summary.

Objective: Various studies of nonlinearities in the lgWnsertions
MD #: 2158
FILL #: 5995
Beam Process: MD — SQUEEZE-6.5TeV-1m-40cm-201V1_MD2@467[END]
Date: 25/07/2017
Start Time: 07:30
End Time: 15:30
3 Results

Results from measurements indicatedbatd in Tab.2 are discussed in the following sections.

3.1 \Vertical crossing angle scan in IP5

The horizontal orientation of the crossing angle in IR5 ressinl skew sextupole erroray) feeding-
down to linear coupling. By contrast a vertical offset causesl-down to normal quadrupole, re-
sulting in a tune shift. In simulation, using skew sextupmerectors in IR5 to compensate the linear
tune shift with vertical crossing angle, also elicited a pemsation of feed-down to linear coupling
with horizontal crossing angle. This is illustrated in Flgwhich shows a simulation of feed-down
from theas errors of WISE seed 1 for vertical (left) and horizontal (tjgtrossing angles in IR5.
Only a3 sources were applied. Errors were only applied in the IR. R&liddicates the uncompen-
sated feed-down. Blue data shows the feed-down obtained thbeViCSSX3.[LR5] were powered
in simulation to compensate the linear variation of tundnwértical crossing angle. These same set-
tings were applied to simulations of the horizontal crogsioan (right plots, blue data) resulting in
a correction of the feed-down to coupling. Measurement o€ tus crossing angle is more straight-
forward than the coupling study, which requires AC-dipoleition. Simultaneous compensation
of feed-down in both crossing planes also provides a morestdiest of the nonlinear corrections
than is possible with a single variable, helping ensurelloompensation of errors within the IRs
and making feed-down studies in the non-conventional glangotentially useful tool for study of
the nonlinearities.



Table 2:

Timeline of the MD. Key measurements are indicatetoid.

07:00:00
07:30:00
07:30:00—-07:45:00
07:45:00
08:00:00
08:35:00
08:40:00-09:18:00
09:20:00—-09:55:00
09:55:00
09:58:00—-10:03:00
10:05:00—10:19:00
10:19:00-10:34:00
10:36:00—-10:54:30
10:56:00
10:58:00
11:02:00
11:06:00—11:30:00
11:11:00-11:15:00

11:30:00
11:38:00
11:39:00
11:43:00
11:40:00—11:55:00
11:43:30—12:04:00
12:05:00
12:06:15
12:12:12
12:12:30
12:22:00-12:31:00
12:31:30—12:37:00
12:37:00—~12:53:30
12:54:00
12:55:30
12:57:00-13:18:30
13:20:30
13:24:00-13:40:00
13:41:30
13:43:00-13:50:00
13:51:00—-13:55:00
13:55:00-14:07:00
14:07:00—14:45:00
14:45:00—14:53:00
14:54:00
14:55:00—15:03:00
15:04:00
15:05:00-15:21:00
15:21:00—15:26:00
15:27:00

Scheduled start of MD

First injection for MD (previous MD over-ran)

epop too large. Re-steering performed

Injection of bunches for MD

Start of ramp

Arrive at40 cm

Retracting collimators

Move to flat-orbit. Orbit correction

Move to injection tunes((28, 0.31)

Chromaticity corrected t8 units. Tune correction.
Coupling correction via AC-dipoldC~| < 1 x 1073
Take flat reference orbit for rest of MD

IP5-V crossing angle scan

IP1-V crossing angle ta-150 urad. Leakage correction.
Tune correction

Coupling correction via AC-dipole

Amplitude detuning with IP1V crossing angle
Detuning measurement interrupted.

(Jorg/Lukas apply orbit bump to check something with BPMs)

IP1-V crossing angle te-150 urad. Q-FB on. Leakage correction.
B1 coupling correction via AC-dipole

B2 coupling correction via AC-dipole

B2 coupling correction via AC-dipole {2 iteration)

Beam 1. amplitude detuning with—IP1V crossing angle

Beam 2: amplitude detuning with—IP1V crossing angle

Back to flat-orbit. Leakage correction.

Tune correction

B1 coupling correction via AC-dipole (no B2 correction needed)
AC-dipole measurement for RDT baseline

MCSSX trimmed to+100 A. Q-FB on.

Coupling correction via AC-dipole

Linear optics measurement via AC-dipole. Flat-orbit. Stong MCSSX.
IP1-V crossing angle ta-150 urad. Leakage correction.

Tune correctionNo coupling correction.

Linear optics via AC-dipole. IP1V crossing angle. Strong NLSSX.
IP1-V to —150 urad. Q-FB on. Leakage correctioilo |C'~| corr
Linear optics via AC-dipole.—IP1V crossing angle. Strong MCSSX.
Return to flat-orbit. Q-FB on. Leakage correction.

MCSSX trimmed to nominal setting. Q-FB on.

IP1/5 MCTX trimmed to +50 A. Q-FB on.

AC-dipole coupling correction

2d-order detuning measurement. Flat-orbit. Strong MCTX.
Diagonal kicks for RDT. Flat-orbit. Strong MCTX.

IP1V crossing angle ta-150 urad. Q-FB on. Leakage correction.
Attempt detuning measurement. Losses too high.

IP1V crossing angle ta-75 urad. Q-FB on. Leakage correction.
Amplitude detuning.0.5xIP1V crossing angle. Strong MCTX.
Return to flat-orbit. MCTX td) A

MD ends
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Figure 1: Simulation of feed-down to tune with vertical IP5 crossing angle (left), asdifdown to

coupling with horizontal crossing angle (right), for skew sextupolererod WISE seed 1 applied to
Q12,3 andD;. Red data indicates the feed-down from uncompensated errors. Blue tsamsilshow

feed-down for both cases when MCSSX.3[LR]5 are applied to minimize tharlivegiation of tune with

vertical crossing angle.

Figure2 shows the tune shifts measured for Beam 1 (left) and Beam 2)digining a scan of
the vertical crossing angle. Measurements were perforowdi0 purad without difficulty, allowing
sufficient range to examine the skew sextupole feed-dowte that this study is concerned with the
linear component of the tune variation. The quadratic gagenerated via normal octupolg)feed-
down, and occurs for horizontal and vertical crossing angl® try and determine corrections for
skew sextupole errors, settings of the MCSSX in IR5 were solagitgproduce the linear variation
of tune. Application of these settings in reverse should pemsate the; feed-down in the real
machine. Since the errors and correctors are located indimenon region of the IR corrections
cannot be considered independently for the two beams.

Blue lines in Fig.2 show the best match obtained to the linear variation of tumhevas not
possible to find a single pair of settings for the MCSSX3.L5 BI@SSX3.R5 which simultaneously
minimized the tunes of Beam 1 and Beam 2. In patrticular it is $kahthe proposed correction
does not compensate the linear variationtpf for Beam 2. It was not possible to improve this
term without also significantly deteriorating the compeiosaof the other terms. This can also be
observed in study of horizontal feed-down to coupling. Fegsi shows the feed-down to linear
coupling measured for a horizontal crossing angle scan®llring 2017 commissioning. While
corrector settings obtained from the vertical scan do a goleaf matching the linear variation of
the Beam 1 coupling, the effect on Beam 2 would be to deteridea:-down.

The discrepancies between Beam 1 and Beam 2, and between thoaugting, are highly sug-
gestive of feed-down from even higher-order errors (fomepi@ due to alignment or orbit effects).
While the vertical crossing angle scan performed in this M&f igmited use to plams corrections in
2018 therefore, it establishes the need for accurasndb, corrections to be applied in IR5 before
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Figure 2: Feed-down to tune measured during a scan of the vertical crossingabgleump through
IRS5. Note that the operational crossing angle for IR5 is oriented haafign
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Figure 3: Feed-down to linear coupling measured during a scan of the IR5 horzootsing angle,
during 3* = 0.4 cm commissioning in 2017.
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Figure 4. Nominal correction calculated from old and new versions of the WISE tabteapared to
MCSSX settings based upon minimization of linear tune shift during a vertioaktrg angle scan in
IR5.

considering sextupole compensation. It is interestingatie that the best correction obtained from
linear variation of tune with crossing-angle agrees wethwiat implied via the magnetic measure-
ments, to which no reference was made during determinafittileedoeam-based correction. While
neither the beam-based nor magnetic corrections would fwinpensate the observed feed-down
from a3, it appears to suggest that the magnetic model is not farvedhfsom the true sources in
the machine.

As regardsiz correction, there are clearly issues between the two be2@18 commissioning
therefore will require good initial corrections of the ogtlle errors in order to minimize additional
sources coming from higher-order feed-down. Improved tngpneasurement will be important,
since the observations in Fig§show large variation between AC-dipole kicks, creatingdatgcer-
tainties in anyu, andas corrections. Higher quality coupling measurements maytdained, at the
cost of additional commissioning time, via a dedicated seiin reduced tune separation. Finally it
will be essential to validate; compensation of both beams via RDTs.

3.2 Effect of IP1 crossing angle on amplitude detuning

While amplitude detuning measurements during 2017 comanissy at3* = 0.3 m/flat-orbit demon-
strated an excellent correction of the biR-observations at* = 0.4 m with the operational crossing-
scheme applied showed a non-negligible increase, poligntiaicating feed-down from higher-
order errors in the experimental IRs. Measurements of ang@itletuning with and without IR5
crossing-angles applied were performed in 2016 and did maw significant change between the
configurations 3, 12]. This implies decapole and dodecapole errors in IR5 arelsahplesent. No
comparable study had been performed in IR1 however, and gieepotential implications to beam
stability during operation with crossing angles it was dedito check the influence of IR1 vertical
crossing-angle on amplitude detuning.

Figure 5 shows tune shift versus horizontal action measured for igssof the IP1 vertical
crossing angle. Kicks were only performed in the horizoptahe due to aperture constraints with
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Figure 6: Amplitude detuning of Beam 1 in the horizontal plane, for vertical crossigies in IP1 of
£150 prad.

large vertical orbit excursions in the IR. The measured kitadas been corrected for drifts of the
unperturbed tune as measured by the LHC BBQ. Very small deguwvas measured in both cases. It
is possible that some marginal change to the detuning was\disbetween the two crossing angles,
however these shifts are negligible compared to detuningrgéed by either the uncompensated IR-
b, or the Landau octupoles, and are therefore not relevantriddiadamping during operation.

In Beam 1 an insufficient amplitude range could be probed teigecaccurate measurements of
the amplitude detuning. Results of the measurements arensimoitig. 6. Crudely speaking, the
data appear consistent with measurements performed atfié#30cm during 2017 commissioning
(shown in gray), and does not explain the anomalous obsemait40 cm during 2017 commission-

ing.

Table 3 gives values for the first order detuning coefficients of Beaab®ined from the AC-
dipole measurements (with direct terms adjusted for theachpf the driven oscillation). Values
obtained from measurements at flat-orbit and with the fulraponal crossing-scheme during 2017
commissioning are also provided. Betweeh50 urad of the IP1 vertical crossing-angle, shifts to
the detuning of the order dfx 10 m~! and8 x 10® m~* were observed for the direct- and cross-terms
respectively. This does not explain earlier observatidrtb® detuning ab.4 m with the complete



crossing-scheme, which were substantially larger. Thisvaies additional studies with the com-
plete crossing-scheme and improved control of unpertutlyeel drift at flattop and end-of-squeeze
to identify sources in IR2/8.

Table 3: Measured first-order detuning coefficients obtained from linear fits tal#Gle detuning data.
Quoted coefficients have been adjusted for the effect of the driv@habi®ns. Quoted uncertainties are
the1 o standard error on the fit parameters. The reduceis given as a measure of goodness of fit. Fits
are performed via orthogonal distance regression (ODR).

8Q/d(2J) [10°m~]

Simulation: 2017 commissioning: 2017 commissioning: MD: IR@150 prad MD: IR1@ —150 prad
(Inmo = 340A) (0.3 m, flat-orbit ) (0.4 m, crossing-schemg
0Qx — —
%LHCBZ +89.5 —2+1 —3+1 -3+£1(x2%,=055) 07+£0.7 (x?,=14.8)
8Q1
3@ Licns —68.4 -3+1 23+4 —3+1(x%,=07) -11+£1 (%,= 1.4

3.3 Optics measurements with strong skew sextupoles

Figure7 shows a histogram of the absolute valuefgf,, (an AC-dipole RDT closely related to the
strength of the3), resonanced]), as measured in all available BPMs around the ring. Red data
indicates the RDT measured with beam-based correctionsedpplr theas errors in IR1 (found
during 2017 commissioning). The correction which redudedRDT to the level shown in Fig.
(red) corresponds to approximatel\2@A powering of the MCSSX in IR1. Blue data shows the
RDT measured when the; corrector on the right side of IP1 (MCSSX3.R1) was powereddo it
maximum current of+100 A. With the a3 artifically increased in this manner the LHC is placed
in a state which (very crudely) resembles that which mighexeected in the HL-LHC with un-
compensateds errors. In the enhanced configuration, it was possible tosoreaspectral lines
corresponding ta; sources even at AC-dipole excitation amplitudes typicadigdifor linear optics
studies. Normally measurement of the RDTs requires a dedicand comparatively slow, ramp
of the excitation amplitude. In the HL-LHC, uncompensatextiggole errors in the IRs should be
parasitically observable during linear optics measurdmdfurther analysis should be performed to
compare the change in RDTs with predictions from simulation.

Of particular interest in respect to the RDT measurementhaisfor the+150 urad crossing-
angles in IP1, clear shifts to tlag RDTs could be observed, most probably resulting from feedrdo
of by. As measurements were performed with the beam-basedrrections applied (which had
successfully compensated amplitude detuning globallgl, gave significant reductions to second-
order feed-down ob, — b,) it will be important to understand whether the observe@tsim f/,
point to a non-locality of thé, correction, or whether this represents the minimimal reslidor
b, feed-down which can be obtained while optimizing normatpole corrections on the amplitude
detuning. In either case this observation clearly dematedrthe potential of feed-down to sextupole
RDTs as a new observable for compensation of IR-nonlinearseribalso highlights the relative
significance of the sextupole and octupole errors, sincedsieual variation off/,,;, due to feed-
down is comparable to that naturally generated by skew pelgwsources. Given such a situation,
the difficulty in finding appropriate corrections for sextlgerrors (as exhibited in Se&.1) is hardly
surprising.

10
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Figure 8: Histogram of] f{,5,| measured over all LHC BPMs, with strong MCSSX3.R1. Data is shown
for flat-orbit and+150 urad vertical crossing angles in IR1.

Feed-down from the sextupole errors themselves is also gmnwdtserious concern. With the
vertical crossing-angle in IP1, skew sextupole errors-g&an to generate tune shifts afiebeating
(b5 errors in conjunction with the horizontal crossing angléR play a similar role). In the HL-
LHC these effects may be critical to operation (of compaallperhaps greater importance than the
influence ofaz on DA) [13, 14]. During 2017 commissioning feed-down fraim errors in IR1 was
compensated by powering the MCSSX to minimize linear vanmatf the tune shift with crossing-
angle. This was also observed to significantly improve thengtth of the3(), resonance, and the
differential 5-beat betweer-150 urad. Global correction fop3-beat was then implemented to opti-
mize the linear optics at the operational crossing-scheme.

As (* is reduced the impact of feed-down will increase. At end@idieeze in the HL-LHC, the
quadrupole perturbation from feed-down of uncompensabadinear errors in the IR, can become
comparable to that generated by the linear LHC triplet sradg* = 1 m. In such a situation it will
make sense to adapt the nonlinear commissioning strateggke use of observables and correction
methods tailored to the compensation of large local errothe IRs. Specifically th&sgment-by-
Sgment (SbS) techniqued, 10], which has been used in the commissioning of the lineaicemuf
the IRs since the LHC first began operation. This is of intdse#it as a new observable to determine
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SbS measurement with X’ing angle applied in IP1. MCSSX3.R1 at 100A
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Figure 9: Propagated phase error through IR1 obtained with the segment-by-demetbiod. Data is
shown for Beam 1 (left) and Beam 2 (right), for positive and negaiiyessof the vertical crossing-angle
inIP1.

corrections with the MCSSX, and to apply local correctionstfi@ residuals using insertion quads
(superseding the global optimization utilized so far). Asst step in this direction it was desired to
attempt to measure the local phase advance error throughitPihe segment-by-segment method,
with two signs of the vertical crossing-angle in the enharecgeconfiguration previously described.
Compared to the LHC at* = 0.4m, it is crudely expected that the feed-down from a comparable
nonlinear error should be appriximately a factotarger at end-of-squeeze in HL-LHC (a factor
~ 2.5 from linear scaling of the feed-down to quadrupole wittr! and a factor~ 2 from the
larger crossing angles in HL-LHC). THE0 A powering of the MCSSX is therefore a representative
(although very crude) scaling of the feed-down from the umgensated IR%; errors (compensated
by 20 A) to HL-LHC-like conditions. The deviation of the propagafgthse advance with respect to
the nominal model, obtained via the SbS techniquetts0 purad in IP1 is shown in Fig9.

The effect of the large skew sextupole source can be cleadyg,swhile the propagated phase
error is indeed comparable to cases where local compensattithe linear triplet errors has been
successfully applied in Run 1. Direct local, as opposed tbajlaccompensation of the quarupole
errors generated by sextupole feed-down should be vialtheirlL-LHC. The SbS method has also
proved effective in localizing linear errors within the LHRs. Having performed a first test of the
SbS method as a means to examine the sextupole sourced atseibe of interest to follow up in
simulation whether the SbS can prove more effective thaplsituine measurements as a means to
identify and localize sextupole sources within the IRs.
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Orbit Data w/o Nonlinearities @2017-07-25 10-55-00 Orbit Data w/ Nonlinearities @2017-07-25 12-53-01
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Figure 10: RMS arc orbit measured during application of the IP1 vertical crossngdeawith beam-
based:s corrections applied (left) and withy artificially increased using the MCSSX3.R1 (right).
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Figure 11: RMS arc orbit measured for various changes in the IP1 vertical cgpssigle. Leakage
corrections with the orbit feed-back have been applied.

As the sextupole errors become more significant, the pdissibito measure are clearly im-
proved. However such large nonlinearities also introduee challenges to operation. It was
observed when applying the crossing-angles with strong MG3S&L, that leakage from the IR1
crossing-angle bump was considerably worse than with veetiectedas sources. FiguréO (left)
shows the RMS closed orbit measured in the LHC arcs as the Wgalerossing-angle is trimmed
to +150, urad with the beam-base@; corrections applied. FigurgO (right) shows the same mea-
surement and procedure, but witherrors enhanced by the strong powering of MCSSX3.R1.

Orbit leakage during crossing-angle scans is of considei@mncern to commissioning of the
nonlinear optics, since leakage to the IPs not under irgegstin can compromise the measurments.
Fortunately the leakage observed in Hif.could be well controlled with the orbit feed-back (OFB),
as seen in Figl1l. While not of critical concern therefore, this behaviourl\uéve to be monitored
during any optics commissioning of the LHC or HL-LHC withatg nonlinearities in the IRs.

Figure 12 compares the nomina} 150 urad crossing-angle bump from MAD-X to that mea-
sured in LHC BPMs before (gray) and after (colour) applioatié the OFB. While an effect on
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Figure 12: Modelled and measured orbit in the IR1.

the crossing angle can be seen before the OFB was applied,agfplication the measured bump
shows an excellent agreement with the expected closed wiliit the same degree of accuracy as
obtained with well corrected;. While sextupole feed-down can have a non-negligible infteen

on the closed-orbit, both in regard to crossing angle ankblge, this appears straightforaward to
control during measurements with the relevant feed-back.

Of far more profound concern to the optics measurement arréatmn prospects of the HL-
LHC was an observation that AC-dipole excitation in the emlean; configuration led to a dramatic
blow-up of the LHC beams. Figute8 shows thel o beam-size of Beam 1, as recorded by the BSRT
both before and after the; errors were enhanced with the MCSSX. With beam-based camnact
for a3 applied, no blow-up was observed during linear optics mreaseants, and only slight increase
in beam-size was observed during amplitude detuning meamnts. In contrast, after tlag was
enhanced even the very small kicks used to perform segnyeseédment measurements (which at
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Figure 13: Beam size of LHCB1 during AC-dipole exciting with and without enhanceméttte skew
sextupole sources with MCSSX.

1.3 mm peak-to-peak were already small compared to the tygiaah kicks used for linear optics
commissioning) resulted in dramatic blow-up.

The mechanism leading to increase of beam-size during AGlaipxcitation is unclear. To
first order the nonlinear RDTs are not expected to lead dyreotloss of adiabaticity during the
AC-dipole ramp 6], though it is unclear the extent to which the width of @, stop-band, and
detuning, chromaticity and chromatic coupling generatedhe a; source may compromise this
assumption. Alternatively the blow-up may reflect a reductf dynamic aperture for the duration
driven oscillations are applied §], leading to diffusive beam-growth during AC-dipole extita,
followed by particles then becoming frozen in newly stablaits upon the end of excitation. Given
the small kick amplitudes considered however, this woufitesent a dramatic degradation of dy-
namic aperture in the presence of forced oscillations.€Eithse, direct loss of AC-dipole adiabatic-
ity or indirect loss of adiabaticity due to chaotic diffusiduring excitation, represents an interesting
topic for study which should be followed up in simulation.

Regardless of the underlying mechanism however, loss of AGleiadiabaticity (as seen in
Fig.13) presents a very serious challenge to HL-LHC commissianiiitgr around 12 kicks with the
strongas configuration Beam 1 was rendered to all intents and purpasgsable for the remainer
of the MD. To place this figure in context it should be consadethat the lows* commissioning
of the LHC in 2017 required- 460 kicks at 5* < 0.6 m. Commissioning strategy can be adapted:
for example through greater emphasis corrections catuifsom magnetic and alignment data, or
through an itterative approach to linear and nonlinear c@sioning at progressively smallgr.
However, it will still be essential to follow up this obseti with further studies in the LHC to un-
derstand the implications uncompensated nonlinearitesfaling nonlinear correctors have upon
our ability to measure and correct even the linear opticevatd* in the HL-LHC, in addition to un-
derstanding whether other higher-order errors can gemenailar behaviour. One possible strategy
for mitigation would be to attempt to find a more optimal wadgipoint for the natural and driven
oscillations, however this too will require further stuaythe machine.
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Figure 14: Measured change @}, with horizontal amplitude in LHC Beam 2, for uniforaf A power-
ing of the MCTX in IR1 and 5. Measurements were performed at flat-orbit

3.4 Optics measurements with strong dodecapoles

Dodecapole correction in the HL-LHC experimental insersics of considerable concern, with a sig-
nificant impact of these errors expected on dynamic apemimelodecapole compensation has been
attempted so far in the LHC, where the errors have not yet apgéabecome operationally relevant.
Correction oftg is expected to be particularly challenging largely due toreative paucity of well
established observables from which to determine beandbameections. Direct compensation of
lifetime or dynamic aperture is one possibility, however B¥asurement lacks the straighforward
relationship tobg which would facilitate precise correction, and with four@etors and a single
observable would necessarily represent an undercorstiaioblem. Experience of LHC commis-
sioning has also well established the benefits arising frompensation and validation based on a
combination of observables.

Amplitude detuning potentially represents a complemgntéaservable to dynamic aperture for
bs. A global measure of thg;, weighted according to thé-functions at the location of the errors,
can be obtained by examining second-order detuning witHiaudp detuning at flat-orbit. A local
observable to each IR can be obtained by considering thedewd frombs — b4, generating a
change of the first-order detuning terms as a function ofstingsangle. As a first test of these ob-
servables dodecapole sources in the IRs were artificallyresasby powering all MCTX in IR1 and
IR5t050 A (K¢ = 24950.0 m~%). Amplitude detuning was measured with the AC-dipole follogv
the usual procedure. It was only possible to perform the oreasent on LHC Beam 2 due to earlier
blow-up of Beam 1 preventing a sufficient amplitude rangedpeirobed. For this first test measure-
ments were only performed in the horizontal plane. The @&tune was not visible in the vertical
spectrum, likely due to intensity loss earlier in the MD résg in a degraded BPM signal when
measuring with smaller beam currents towards the end ofdbsian. The variation of horizontal
tune with horizontal amplitude could however, be obserwest a sufficient amplitude range to study
the detuning. The raw variation of tune with amplitude altal from the AC-dipole kicks is shown
in Fig. 14 (left).

Some variation of the unperturbed tune could be seen in BBQuaitag the amplitude detuning
study, however noise on the measurement was large. Figusbows a moving average window
applied to the BBQ data. This moving average was used as ameéefer the tunes obtained from
the AC-dipole kicks. Adjusted data is shown in Figt (right). The impact of the tune variation on
measured detuning was small.
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Figure 15: Horizontal tune of LHC Beam 2 monitored by the BBQ throughout amplitudenditegu
measurements with strong MCTX.

Table4 shows the results of fits of detuning coefficients to the BBQstdpidata (controlling for
the influence of driven oscillation). Only including the fiarder coefficient gives a low quality of
fit as characterized by the’_, statistic. The exact value of the second-order coefficeabmewhat
sensitive to whether or not the unperturbed tuné,at 0 is forced to the value obtained from the
LHC BBQ. If left as a free parameter, the unperturbed tune sleodeviation from the value given
by the BBQ of around x 10~5. This can result from a tune offset due to the small vertiozk kdue
to cross-term detuning) which is held constant during thiezbatal detuning measurement, however
as the cross-terms do not feature any enhancement frormdraallations, and the quadratic shift
should not generate significant tune shifts at small angeuthis seems unlikely. If the fits of de-
tuning coefficients are forced to value of the BBQ at zero ambditthe second order term changes
by around25 %. To improve this situation would require more tune data aalkmamplitudes. It
may be possible to achieve improved resolution in futuresuesments if intensity can be better
preserved throughout the nonlinear studies. The measaoethd-order detuning agrees within the
standard fit error, to the value predicted by PTC for thigrsgvf the MCTX.

Following measurement at flat-orbit it was attempted to mesadetuning with the vertical cross-
ing angle of IP1 set ta-150 urad. Due to high losses this measurement was abandoned, and the
crossing angle was instead trimmedit@5 prad. Figurel6 show the unperturbed tune recorded by
the BBQ during the amplitude detuning measurement. This dasaused to compensate AC-dipole
kicks for changes to the unperturbed tune. Figlifeshows the raw AC-dipole data (left) and cor-
rected data (right) together with fits of the detuning cogffits. The detuning clearly changed upon
application of the crossing-angle.

Table5 compares detuning coefficients obtained through variosigfithe measured data. While
a clear change to the detuning can be observed inlHFighe comparatively small number of data
points and small amplitude range limits the ability to drawantitative conclusions from the mea-
surement, particularly due to corellations between thedind second order terms in the polynomial
fit. As such the change of first order detuning with crossingla looks at present to be a useful
method for validation of locals correction, but of limited use to actually calculate thereotion in
the first instance. Further studies will be required to sebisf limitation can be surpassed, in par-
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Table 4: Detuning coefficients obtained from fits to adjusted AC-dipole tune shift, dataseveral dif-
ferent fitted functions. FactoZx and3x in the detuning equations correspond to the enhancement of
direct detuning terms by a factar/2 (wheren = 4 implies octupolepn = 6 implies dodecapole...) due

to the driven oscillations. The second order detuning coefficient olatdioen PTC_NORMAL for the

applied powering of MCTX is also shown. These results correspond teureraent at flat-orbit, with a
uniform 50 A powering of MCTX in IR1 and IR5.

Xred AQqo 0Q./0(2J,) 0%Q,/0(2J.)?
[103111_1] [1012m_2]

FIT. AQo + (2 x %)

16.1 0.00008 4= 0.00001 —32£2

FIT: AQo + (2% 55%5) + (3% 215%2s)

5.8 —0.00004 £ 0.00002 1+£5 —5.50=%1

2
FIT: 0.0 + (2% 5235) + (3% 1505

6.3 - -8 x1 —41+04
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Figure 16: Horizontal tune of LHC Beam 2 monitored by the BBQ throughout amplitudenitegu
measurements with strong MCTX anrd’5 urad crossing-angle.
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Figure 17: Measured change @}, with horizontal amplitude in LHC Beam 2, for uniforaf A power-
ing of the MCTX in IR1 and 5, and-75 urad crossing-angle in IR1. Grey data indicates the measurement

performed with strong MCTX at flat orbit (shown previously in Fid).

ticular whether measurement with better beam-current &ed @ larger amplitude range can help
remove corellation between the first and second order terms.

Table 5: Detuning coefficients obtained from fits to adjusted AC-dipole tune shift, dataseveral dif-
ferent fitted functions. Factox and3x in the detuning equations correspond to the enhancement of
direct detuning terms by a facter/2 (wheren = 4 implies octupolep = 6 implies dodecapole...) due

to the driven oscillations. The second order detuning coefficient olatdioen PTC_NORMAL for the
applied powering of MCTX is also shown. These results correspond teurgzaent with a uniformio A
powering of MCTX in IR1 and IR5, and &75 prad crossing angle in IR1.

Xred AQzo 0Q;/0(2J,) 0°Q./0(2J,)?
[103m™!] [1012m~2]

FIT. AQo + (2 x %)

13.0 0.00000 £ 0.00001 —5=£1 -
FIT: AQo + (2% 55%%5) + (3% 2i9%2s)
8.4 —0.00002 £ 0.00001 945 —3.7+2

FIT: 0.0 + (2% 5225) + (3% £55%25)
10-4 - +2+4 941

As previously mentioned, attempts to measure detuninglab urad failed due to increased
losses with kicks following application of the crossing BngA peak-to-peak amplitude dfmm
could not be exceeded. In contrast, the flat-orbit measuremigh strong MCTX performed im-
mediately prior was able to reaeh 2.4 mm peak-to-peak with little difficulty. Figurd8 shows
beam losses recored by the Beam 1 (red) and Beam 2 (blue) BLM®tbaathe primary colli-
mators. The green area of plot represents kicks performed & urad. Losses at flat-orbit, even
with strongly powered MCTX, are characteristic of typical Afpole excitation: a sharp spike in
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Figure 18: BLM data for AC-dipole kicks performed before (white region) and aftgeén region)
application of the IR1 crossing-angle with strong MCTX.

the BLM signal followed by a return to the previous level ofdes. In contrast, kicks performed
with the crossing-angle applied show persistent lossestwdlowly decay following the kick. This
is characterisic of beam-loss on the single-particle dyoaperture. Figuré.4 provides a strong
indication that feed-down from dodecapole errors may beeditgr importance to dynamic aperture
than the direct impact of thi; itself. Clearly this has only been seen in a single configonasio
far, however since optimized settings of the MCTX can charegeedding on whether feed-down or
directd is the preferred target of correction, these observatibasld be followed up to help define
the commissioning strategy for HL-LHC.

4 Conclusions

MD 2158 was very successful. All desired measurements wampleted in some form. Four new
observables for IR-nonlinear errors were tested for thetiir: RDT variation with crossing angle,
application of the segment-by-segment method to sextupeld-down, second-order detuning for
b, and feed-down from, to change first-order detuning versus crossing angle. T$teofiservation
of second-order amplitude detuning, in good agreementtivittexpectation from theory/simulation,
is particularly encouraging in view of HL-LHC commissioginUseful information was gained in
regard to theu 4 errors in IR5, which has helped plan 2018 commissioningegsat New topics
for study in regard to commissioning strategy for the HL-LH&e also been revealed, in particular
comparing the relative importance to dynamic aperturk; dééed-down as opposed to thgerrors
themselves, as well as the potentially very serious quesfitoss of AC-dipoole adiabaticity in the
presence of strong nonlinear errors.
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