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Summary

Nonlinear errors in low3* insertions can have a significant impact upon the beam-dynamics. In jearticu
reductions in the LHC dynamic aperture of the ordes 6f,,mina (10° turns) are expected due to the presence
of such errors in IR1 and IR5 @* = 0.4m. This represents a slight risk #® cm operation in 2016. More
optimistically correction of nonlinear errors in experimental insertions haslgidnificant gains in luminosity
production in other accelerators>a4d % increase in integrated luminosity per fill was achieved in RHIC from
the correction of such errors. The nonlinear errors of the ATLAS@NIE insertions were therefore studied
at top energy during machine development time in 2015. During one of thediesit was also possible to
perform AC-dipole kicks at injection, which have indicated a reduction imadtyic aperture off-momentum.
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1 Introduction

Nonlinear errors in experimental insertions can have aifgignt impact on beam dynamics in the
LHC. Correspondingly large rewards to accelerator perfomaaend luminosity production can
therefore be gained through their correction. As an exajgqaeection of normal decapole and
dodecapole errors in the RHIC experimental insertions gdedras % increase in the integrated
luminosity per fill [1]. During LHC Run | the nonlinear errors in the ATLAS and CMS irisms
were studied via their feed-down to tune and linear couplinder the influence of varying closed
orbit bumps through the IRZ]. These same techniques were applied during machine gevelat
in 2015, with the aim of further studying the errors and tegtorrections prior td0 cm operation
in 2016.

2 MD description

MDs to study nonlinear errors in the IRs were allocated in MDckk 2 and 3. The first MD
took place between 31-08-2015 00:00 and 31-08-2015 06:00.4302-4303). A single bunch
(1019 [p]) at 6.5 TeV was squeezed t6* = 0.4m. Upon arriving at0.4m an AC-dipole based
coupling correction was applied. Due to a tripf)SX3.R1 the time available for measurements
was extremely limited. Two closed orbit scans were perfarmehe crossing angle planes of IR1
and IR5. The crossing angle knobs were varied-ir20 yrad increments, and feed-down from
nonlinear errors was monitored using the BBQ system. Goodtguddta was obtained for the
tunes, however linear coupling data was unusable due tdailzd noise on the measurements.

The second MD took place between 06-11-2015 20:00 and ®0815-04:00 (FILL:4593, BEAM-
PROCESS: SQUEEZE-6.5TeV-80cm-40cm-v3-2016@494[END] and FILL:4594, BEAM-PROCESS:
RAMP-6.5TeV-2015MD1_40cm@Q[START]). The MD procedure for the second IR-nonlinear er-
rors MD was intended to be similar to the first: utilizing agpibunch at.5 TeV, 0.4 m to study the
nonlinear errors via feed-down. In addition to the BBQ howgtlex feed-down was to be studied
using the AC-dipole. Corrections for several nonlinear rpoles were also to be tested. Due to dif-
ficulties in correcting the closed orbit at Flattop arrivabal m was delayed. Upon reachirigd m
and initiating a closed orbit scan through IR1 the beams wenepad by a trip oRSD1.A34B2,
RSF1.A34B2 andRSF2.A34B2. Problems with the LHC Beam Dump System following the pre-
cycle then prevented injection until there was not enougte tremaining in the MD to perform
another ramp to top energy. No data regarding the nonlinearsein the experimental insertions
was therefore obtained from this MD. While not enough timeairad to study the IR nonlinear er-
rors, during the final hour of the allocated MD block it was gibke to inject Beam 2 (but not Beam
1) and AC-dipole kicks were performed at injection, both cormentum and aipﬂ = £0.8 x 1073,

3 Nonlinear corrector circuits

Table 1 details the maximum powering of the nonlinear correctoruits in the LHC experimental
insertions. Note these are the limits for the 2015 nominalgyong of the orbit correctors used for
the crossing angles. It may be possible to have greater nsafigyi thebs andbs.



Table 1: Maximum possible currents in the nonlinear corrector dfscim the LHC experimental insertions, for

nominal powering of the RCBXH3 and RCBV3.

Multipole  Circuit Maximum poweringA]
as RCSSX3.L1 50
RCSSX3.R1 100
bs RCSX3.L1 10
RCSX3.R1 10
ay RCOSX3.L1 NOT AVAILABLE
RCOSX3.R1 100
ba RCOX3.L1 100
RCOX3.R1 100
be RCTX3.L1 10
RCTX3.R1 10
as RCSSX3.L2 NOT AVAILABLE
RCSSX3.R2 100
bs RCSX3.L2 10
RCSX3.R2 10
ay RCOSX3.L2 NOT AVAILABLE
RCOSX3.R2 100
ba RCOX3.L2 NOT AVAILABLE
RCOX3.R2 100
be RCTX3.L2 10
RCTX3.R2 10
as RCSSX3.L5 100
RCSSX3.R5 100
bs RCSX3.L5 10
RCSX3.R5 10
a4 RCOSX3.L5 100
RCOSX3.R5 100
bs RCOX3.L5 100
RCOX3.R5 100
be RCTX3.L5 10
RCTX3.R5 10
as RCSSX3.L8 100
RCSSX3.R8 100
bs RCSX3.L8 10
RCSX3.R8 10
a4 RCOSX3.L8 100
RCOSX3.R8 100
ba RCOX3.L8 100
RCOX3.R8 100
be RCTX3.L8 10
RCTX3.R8 10

The restrictions imposed by these powering limits are noeculy believed to limit the ability to
correct the nonlinear errors in the experimental insestidtowever, during the second IR-nonlinear
errors MD attempts to trim the octupolar correctors in IR1efdi In particular, when the magnetic
strength of the circuitRCOSX3.L1 andRCOSX3.R1 were trimmed akK level, the correction was
not propagated to the next parameters in the hierarBhynfooth, I andI_ref) and consequently
never driven to the power converter. An offline analysiscatis that the problem was most likely
due to zero settings contained in the kidbCBEAM /TRIPLET_CORR_IP1_ON. This is a spe-
cial knob directly connected to tHe_smooth level, which allowsS it to work like a switch. When
the knob containg the corrections are active, but when the knob contains zleeds level of the
triplet correctors are not transmitted downstream therpater chain. Special attention should be
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Figure 1. Comparison between feed-down to tune with changes of vertical croasgig in IR1, mea-
sured in 20124 TeV) and 2015 ¢.5 TeV).

paid to these settings during future correction attemma/elver the difficulties encountered during
this particular MD did not influence its outcome, as the measent was curtailed due to hardware
issues before it would have been possible to measure argctedrconfiguration.

4 IR nonlinear error measurements

Scans of the vertical crossing angle in IR1 were performeddat in 2012 and during 2015. Fig-
urel shows a comparison of the feed-down measured in 2012 cothjmatieat seed during the 2015
MD. The feed-down from the nonlinear errors in IR1 observedda5 is consistent with that seen
in 2012. This suggests that corrections of the nonlinearealculated from 2012 MD data should
still be valid for commissioning in 2016. As no measurement&5 were performed dt4 m during
Run 1 no comparison is possible for this IR.

Measurements of the feed-down were compared to MAD-X sitimiia including nonlinear er-
rors in the insertions determined from magnetic measur&nerigure2 shows the comparison
between modelled and measured feed-down with verticaborgsngle in IR1. As in 2012 a sub-
stantial discrepancy is observed between the predictecobsérved linear tune variation, corre-
sponding to feed-down from;. Octupolar feed-down t@), agrees very well between model and
measurement, feed-down €@, from multipoles of higher-than-octupole order appearslEnan
the measured data than predicted by the magnetic measusenk@ed-down ta@), shows signif-
icant feed-down from multipoles higher than sextupole orddis is consistent with studies from
Run 1 P], but from the data collected so far it is not possible to datee from which multipole



order the feed-down occurs. This will be further studied bgnbining the feed-down observations
with measurements of the detuning with amplitude performedseparate MD.

Figure 3 shows the comparison between modelled and measured fewdadith horizontal
crossing angle in IR5. Substantial differences are seendegiihe measured feed-down and the
predictions of the magnetic model which have yet to be undeds It is noted though that in gen-
eral the feed-down from octupole observed in the machineagpo be significantly smaller than
that predicted by the magnetic measurements. This situetigualitatively similar to that observed
in IP5 at0.6 m in 2012.

5 Dynamic apertureat injection

AC-dipole kicks were performed in the horizontal plane ond aff- momentum % = +0.8 x

1073) at injection. Kicks were made with increasing amplitudesf2 % to 18 % of the maximum
AC-dipole excitation and driven tune offsets #f).012 (corresponding to an amplitude range of
approximately0.4 - 2.5 opomina)- Kicks on-momentum and éjg = —0.8 x 1073 showed beam-
losses typical to AC-dipole excitation, namely a step-likepdin intensity at the time of the kick
followed by a return to the previous lifetime after drivercidlations end. Beam intensity data for
these two configurations are shown in Figand>.

When identical kicks were performed épﬁ = +0.8 x 1073 however, losses were observed
to persist long after the AC-dipole excitation had ended. seh&ow losses, shown in Fi§, are
characteristic of beam-loss from the dynamic aperturehSiaw losses are observed even for very
small kicks (.4 o,0minal), indicating a sizable reduction in the DA for an off-momantbeam.

It should be noted that the beam-losses following the AC-dipacitiations cannot be straight-
forwardly related to dynamic aperture as in the case of aesikigk or losses from an unkicked
beam. Dynamic aperture of a beam under the influence of daoseillations differs from that of
undriven motion, while blow-up during the AC-dipole excitet alters the beam-profile from which
losses occur following the end of AC-dipole excitation.

6 Conclusions

Two crossing angle scans have been performed in 2015 to &edydown from nonlinear errors
in LHC experimental insertions IR1 and IR5@6 TeV, 0.4 m. The observed feed-down in IR1 is
very similar to that observed for the same optics but loweargyin 2012. In IR5 the situation is
qualitatively similar to that af.6 m in 2012, however no direct comparison is possible as.am
measurements were made during Run 1. Large discrepanciasiieetween predicted and observed
feed-down fromus andbs in IR1 and IR5 respectivelyy, errors in IR5 appears significantly smaller
than expected. Octupolar feed-downdq in IR1 is consistent with the predictions of the LHC
magnetic model, while discrepancies of octupole or highideoappear in the feed-down @..
These errors will continue to be studied with the aim of impdating corrections in 2016.

While it was not possible to perform any measurements of tidimemar errors in the IRs during
the second MD block allocated for these activities, AC-d#pkicks at injection did reveal a sub-
stantial reduction in the dynamic aperture when shiftirgglibam to positivé}f. These observations
remain to be analysed in more detail.



LHCB2 2015,3'=0.4m ' Q, measurement
0.320 S Model .
5 % = Sy
£3 =3
3
.. 0318 - Dl i
04 =
' L)
0.316 T i
0.314 ' ' ' ' '
-300 -200 -100 0 100 200 300
' ' ' Qxlmeasurerr']ent bo
0.312 - Model — A
0.310 .
X
o
0.308 .
0306 | | | | |
-300 -200 -100 0 100 200 300

Vertical crossing angle in IP1 [prad]

Figure 2. Comparison between measured and simulated feed-down to tune in IR1.
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Figure 3: Comparison between measured and simulated feed-down to tune in IR5.
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Figure 4: Measured beam intensity following horizontal AC-dipole kicks on-momentuimjection
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Figure 5. Measured beam intensity following horizontal AC-dipole kicks \Aﬁiﬂwz —0.8 x 1073 at
injection.
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Figure 6: Measured beam intensity following horizontal AC-dipole kicks with= +0.8 x 10~ at
injection.
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