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Summary

The hadron collider options currently investigated as part of the FCC study rely on the use of
dipoles with a field strength of 16 T or above in order to achieve the targeted collision energy.
From simulations of the current design of these dipoles, a systematic sextupole component of up to
factor 10 larger than in the LHC dipoles could be present in these magnets. A similar systematic
mispowering of the corrector circuits as is assumed in the LHC may thus have a significantly larger
impact on the dynamic aperture and in turn potentially also on the operational performance. Dur-
ing this MD, the dynamic aperture in the presence of large sextupole fields in the LHC at injection
energy was measured. By deliberately mispowering the sextupole spool pieces attached to each
dipole, a large systematic b component is generated and the subsequent change in chromaticity is
corrected by the chromaticity sextupoles. Using both the aperture kicker and the AC-dipole as ex-
citers, free and forced dynamic aperture as well as amplitude detuning were measured. Additional
linear optics measurements provide insight into the contributions to coupling from the sextupole
spool pieces.
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1 Introduction

In the LHC as well as in other colliders using superconducting magnets, the correction of the
systematic sextupole component of the main dipoles is critical both in terms of operation and
dynamic aperture. This systematic field harmonic stems both from static contributions such
as the coil geometry and persistent currents in the conductor as well as dynamic contributions
from current redistributions in the superconducting cables leading to a change of the allowed
harmonics such as the sextupole component at static current called decay. Once the ramping
of the current starts, another dynamic change is observed, where the sextupole component
changes back to the value before the decay, an effect which is called snap-back. Due to the
large amount of dipoles, the integrated sextupole contribution would, if uncorrected, lead to a
large chromaticity. Though easily correctable with chromaticity sextupoles and a feedforward
system, the presence of this strong sextupole fields in turn also drives multiple resonances
as well as leads to the generation of higher order chromaticity and amplitude detuning. In
the LHC, a local correction provided by sextupole spool pieces (MCS) attached to each
dipole [1] together with a dipole sorting strategy [2] was implemented. In addition, a large
effort was put into assessing the field quality of the main dipoles, as well as understanding
the influencing factors to the evolution of the harmonics. The results, aggregated in a
magnetic model called FiDeL. (Field Description for the LHC) [3], allow to predict the
required corrector settings along the LHC cycle in order to compensate field errors.

To achieve the target 16T in the dipoles for the FCC-hh and the HE-LHC, a change
of the superconductor from the NbTi, which was used in the LHC dipoles, to NbsSn is
necessary. This superconductor features a larger filament size, which leads to a different
persistent current contribution [4, 5], which is a major contribution to the field quality
of the 16 T dipoles. In the case of the HE-LHC, where the option of injecting from the
current Super Proton Synchrotron (SPS) at CERN with an injection energy of 450 GeV is
considered, the large foreseen energy swing leads to another increase of the persistent current
contribution at low field. To reduce this effect, measures were taken such as the reduction of
the filament size from 50 pm to 20 pm and the inclusion of artificial pinning centers to reduce
the magnetization at low fields. For the LHC dipoles, where NbTi is used, the filament size



is around 7 pm [6]. The field quality tables for the 16 T dipoles, showing both the systematic
and persistent current contributions, are presented in [7].

Due to this large sextupole component of e.g. 50 units (at a reference radius of 17 mm)
at 450 GeV [7] in the HE-LHC, a similar systematic setting error of the MCS of 10 %, as
was assumed for the LHC [8], would result in a drastically more challenging situation. For
comparison, in the LHC a systematic by between 4.5 to 5.7 units (with one notable excep-
tion being arc 78 with 2.5 units) is corrected for [9]. MCS setting errors could potentially
occur due to a limited magnetic measurement accuracy, imperfect models of the dynamic
contributions as well as from a rapid change in the order of a few seconds [10] coming from
the snap-back. Again, while the first order chromaticity generated from this uncorrected
sextupole component is easily corrected, for the other effects such as amplitude detuning
the identification of the contribution in the presence of other multipoles and subsequent
correction might prove significantly more difficult. This temporary situation of a large local
bs could represent the overall limitation for the DA during the cycle, and as such possibly
the overall collider performance.

A large systematic by was studied in the LHC during this MD. Due to the better field
quality of the LHC dipoles in comparison to what is expected for the 16 T Nb3Sn dipoles,
the MCS are used to mimic a large systematic bs in the dipoles. The chromaticity was then
corrected using the main sextupoles (MS). Following the change in the spool piece corrector
powering, the dynamic aperture was measured and results are presented in this report.

The change of powering of the MCS also allows to study possible changes in the linear
optics and coupling due to misalignments of the sextupole spool piece correctors.

2 Measurement summary
In Tab. 1 the key parameter of MD3603 are summarised.

Table 1: Summary of the MD parameters.

MD # : 3603

FILL # : 6971
RAMP_PELP-SQUEEZE-6.5TeV-ATS-1m-
2018_V3_V1_HeatLoad@0_[START]

Beam Process:

Date: 24/07/2018

Start Time: 09:00

End Time: 16:15

Beam : LHCB1

Note: MD3623 in parallel in Beam 2

2.1 Procedure

The time-line of the MD is presented in Tab. 2. In parallel, MD3623 took place in Beam
2. While mostly independent, certain activities such as the chromaticity measurements had



Table 2: Time-line of the MD.

9:00 Start of the MD
Turning off MCS spool pieces arc by arc, correcting
10:45 — 11:45 chromaticity after each arc depowering using the main
sextupoles (MS)
11:16 — 11:37 During the depowering AC-Dipole kicks were conducted
12:00 Issues with bunch profile requiring TL steering
12:07 — 12:20 Optics measurement with AC-Dipole
Setting MCS spool pieces to twice nominal strength with
13:00 — 13:45 opposite sign and correction of chromaticity with main
sextupoles
13:45 — 14:05 Measurement of horizontal amplitude detuning

Optics measurement with AC-dipole excitation and

13:57 — 14:00 RF-modulation

14:07 — 14:25 Measurement of vertical amplitude detuning
14:40 — 16:15 DA Measurement with the aperture kicker
16:15 End of MD 3603

to be coordinated as they affected both beams. The MD was performed at the injection
energy of 450 GeV using one pilot bunch ( with a beam intensity ~ 5 - 10° p™) and the
nominal injection optics. The fractional tunes were set to 0.28/0.31 and chromaticity was
corrected to Q;vy = 3 units. Upon the start of the MD, collimators including the injection
protection were retracted to coarse settings to provide ample aperture for AC-dipole and
aperture kicker (MKA) excitation. Before the change of powering, the initial coupling was
assessed, and a coupling correction was deemed not necessary ( residual coupling equivalent
to coupling knob settings [11] of C~ = —2.3-107% —1.3i- 1072 in an ideal machine). Starting
with Arcl2, the current for the MCS was set to 0 arc by arc, as illustrated in Fig. 1.

After each sector depowering, the chromaticity was corrected using the arc sextupoles.
Due to issues with the beam quality traced backed to injection oscillations, transfer line
steering was carried out at this point. Additionally, linear optics measurements using the
AC-dipole were conducted after the depowering of all MCS. In the following, the MCS
currents were set to twice the nominal strength but with opposite polarity. After each
change in the circuit powering, the chromaticity was corrected with the MS. Linear optics
measurement were performed to assess the impact of a possible misalignment of the MCS
on coupling and beta-beating. These were followed by single plane AC-dipole excitation
to assess amplitude detuning and also for potential assessment of forced dynamic aperture.
Lastly, large amplitude excitation with the aperture kicker (MKA) were performed to assess
the free dynamic aperture. Before each MKA kick, the previous pilot bunch was dumped
and a new bunch was injected. The kick strength of the MKA was limited to 7 ¢,omina and
9.5 Thomina 0 the horizontal and vertical planes, respectively, where ,omina refers to the
beam size using the LHC design normalized emittance of €, =3.75 pm.



<
2 |
£ ol (]
= —— MCSA12 —— MCS.A45 —— MCS.A78
; —— MCS.A23 —— MCS.A56 —— MCS.A81
Lz) — MCS.A34 — MCS.A67
|
—100 IDepov'\:leclgng of I I:g;‘i;":alzzomucs st DA
'"Ve:t‘::ngtﬁmplltu:: :?Itcu':lmg
T
()
=— —— MSD1.A81 —— MSF1.A81
g< ]
= Yl
so O e
(%
c S
' Y =251
=

09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00
TIME

Figure 1: Evolution the current from the power supplies of the sextupole spool piece (MCS)
correctors (top) and of the arc sextupole, grouped into sextupoles close to the focussing
(MSF) and defocussing quadrupoles (MSD) (bottom). Here, only the current for the MS in
Arc81 is displayed. The MS in the other arcs were powered with the same current.

2.2 Results

As the optics at the beginning of the MD is the nominal injection optics, which has already
been thoroughly analysed during the LHC commissioning phase, no in-depth optics measure-
ments were conducted at this point. A comparison between the beta-beating obtained from
a single kick at the beginning of the MD to the beta-beating assessed during the LHC optics
commissioning in April 2018 is presented in Fig. 2. As expected, no significant difference is
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Figure 2: Comparison between beta-beating measured for injection optics during the LHC
optics commissioning in April 2018 and in the beginning of the MD.

observed. As for coupling, a small difference in the amplitude is observed, shown in Fig. 3.
During the MD the fractional tunes were set to 0.28/0.31, whereas during commissioning
the injection tunes 0.275/0.295 were used. No notable difference in the coupling structure
is observed. Assuming that coupling sources have remained the same between commission-
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Figure 3: Comparison between difference coupling resonance driving term measured for

injection optics during the LHC optics commissioning in April 2018 and in the beginning of
the MD.

ing and MD and neglecting the slight change of the S-functions, this change of the tunes
leads to a change of the resonance driving term (RDT) amplitude of the difference resonance
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Single AC-dipole excitations were performed after some arc depowering steps to assess
the change in coupling. One example is presented in Fig. 4 for the case of Arcl2. A drastic
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Figure 4: Change in Coupling after depowering the MCS in Arcl2.

increase of about a factor 2 is observed in | f1g1| before any coupling corrections were applied,
highlighting the contribution of the MCS to the coupling in the LHC [12]. After reaching the
final MCS powering and the subsequent chromaticity correction with the main sextupoles



linear optics measurements were conducted, which are presented in Fig. 5 together with
the beta-beating for the nominal MCS powering. In the mispowered MCS configuration
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Figure 5: Comparison of beta-beating between the nominal MCS setting and powered with
twice the strength and opposite sign.

a significantly higher beta-beating than in the nominal case is observed, especially in the
vertical plane where a maximum beta-beating of 25% is obtained. The change in the linear
optics can mostly be attributed to feed-down via horizontal misalignment of the sextupole
spool pieces or main sextupoles. Similarly, a change in the coupling structure between
the two MCS powering cases, as presented in Fig. 6, can be noted. However, the overall
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Figure 6: Comparison of coupling between the nominal MCS setting and powered with
twice the strength and opposite sign.

coupling is similar between the two cases and no special correction was considered necessary.
Presented in Fig. 7 and Fig. 8, no drastic change in the closed orbit is observed.

The amplitude detuning measurements were analysed following the same algorithm as
described in [13]. During the measurements, a tune drift was observed, for which the meas-
urements were corrected for. In Fig. 9, the horizontal and vertical tunes, measured by the
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Figure 7: Comparison of closed orbit between the nominal MCS setting and powered with
twice the strength and opposite sign.
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Figure 8: Difference between the closed orbit of the nominal MCS setting and when powered
with twice the strength and opposite sign.

BBQ [14], during the horizontal excitations are presented, showing a tune drift of roughly
1073 over a time span of 20 minutes. The results of the amplitude detuning measurements
are presented in Fig. 10.
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Figure 9: BBQ tune measurement during AC-Dipole excitations in the horizontal plane.
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Figure 10: Measured amplitude detuning during MD3603 for the targeted MCS powering.
Note that here the direct amplitude detuning is factor 2 larger compared to the case of free
excitations due to the use of the AC-Dipole [15].
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In Fig. 11, the spectrum at the BPM.10L1.B1 is presented during one vertical AC-
dipole excitation. In both planes, spectral lines corresponding to decapolar resonances are
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Figure 11: Horizontal and vertical spectrum of BPM.10L1.B1 for one AC-Dipole excitation.

found close to the natural tunes. In the horizontal plane, the 4@’;0 spectral line, where
Q;‘C = (,+0.012 is the driven tune of the AC-Dipole, is found close to the natural tune @),.
The driven tune in the horizontal plane is Q4¢ = @Q, — 0.01. For the vertical case, Qy is in
the vicinity of the —Q4¢ + BQ;C spectral line. However, these do not disturb the amplitude
detuning measurements as the resolution of the frequency analysis is sufficient to distinguish
between the lines. Strong decapolar lines, disturbing amplitude detuning measurements have
already been reported in [13], although at a beam energy of 6.5 TeV.

During the vertical kicks, increasing losses are visible in the intensity, measured by the
fast beam current transformer (FBCT) [6] and displayed in Fig. 12. Such losses were not
seen in the preceding horizontal kicks, where the highest amplitude kicks were more than a
factor 2 smaller than the largest vertical excitations.

Given the kick amplitude below 60,0mina and the fully retracted collimators, these losses
during the vertical excitations with the AC-dipole are attributed to particles crossing the
boundary of stable motion, called forced dynamic aperture [16]. In a simplified one dimen-
sional model the forced dynamic aperture relates to the intensity losses via

Al
D Aforeed _ szorced —¢.In - (2)
where % is the relative intensity loss, z the excitation plane, J/°*? the action of the

excitation and ¢, the emittance of the bunch.

The emittance in between the kicks was logged using the BSRT and beforehand a ref-
erence measurement using the wire scanner (BWS) was performed. Horizontal and vertical
normalized emittance during the amplitude detuning measurements are displayed in Fig. 13.

11
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a moving average of the measured BSRT emittance was performed using the

The emittance measured with the BWS beforehand agrees well with the BSRT measure-
ments and no correction has been applied to the BSRT measurements. For the calculation of

Figure 13: Measured normalized emittance as measured by the BSRT and the BWS dur-
the forced DA,

ing the AC-dipole excitations and the beam intensity from the FBCT. The kick times are

displayed as vertical dashed lines.
current value and three measurements before and after the current timestamp. Beforehand,



sudden drops of emittance were removed from the dataset, these being assumed to be false
readings caused by the AC-dipole excitation. Notably, the emittance in both planes increases
drastically during the two last horizontal AC-dipole excitations. This is observed in both
BSRT and BWS measurements. Following the vertical kicks, a decrease of the normalized
emittance of about a factor 3 in the horizontal plane and about factor 2 in the vertical
plane is observed. In Fig. 14, the projection of the image captured by the BSRT to the
horizontal and vertical planes is displayed, together with mean and standard deviation of
the fitted Gaussian profile, indicated by white lines. At around 14:04, a sudden dip of the

Horizontal cross-section

N memmm%w wmr‘wrwwmmwww A Mw

1 A T
I

Vertical cross-section

13:50 14:00 14:10 14:20 14:30
Time

Figure 14: Logged cross-section from BSRT.

peak signal is observed, together with a sudden increase of the standard deviation, more
visible in the horizontal plane. In Fig. 15, the measured density and the fitted Gaussian
profile are displayed before the emittance blowup, during the vertical AC-dipole excitations
and afterwards.

From Fig. 15b top, the increase of the spotsize in the horizontal plane is observed together
with an overpopulation of the tails. The subsequent decrease of the horizontal spotsize
may stem from particles with large horizontal action being lost due to an excitation, either
through coupling with the vertical plane, due to a small excitation provided by the AC-dipole
also in the horizontal plane to allow for measuring the crossplane amplitude detuning, as
is already described in [17], or, given the positive measured cross plane amplitude detuning
and thus particles with large horizontal action being closer to the driven vertical tune Q’y“c,

13
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Figure 15: Projections of the logged BSRT signal to the horizontal and vertical plane.

receiving a stronger kick from the AC-Dipole and subsequently being lost. As the readings
in vertical plane appear to have been less distorted by this effect, no correction to the
measured emittance in the vertical plane was applied. The unwanted beam blow-up went
unnoticed during the MD and as such, no corrective measures such as reinjecting a new
pilot bunch were taken. In Fig. 16 the relative losses of the beam intensity are shown.
Unfortunately, the overpopulation of tails in the horizontal plane and loss of these particle
with large horizontal action spoil the measurement of the vertical forced dynamic aperture.
Given the significant contribution to the beam losses from the horizontal large amplitude
particles, from the given data is not possible to extract just the beam loss of particles
with large vertical amplitude and as such no vertical forced dynamic aperture fitting the
observed beam loss could be found, showing a clear point to watch for in future forced DA
measurements. Using the last point as reference, it can however be stated that the forced
dynamic aperture is above 5.61 + 0.35 00minar, assuming a nominal normalized emittance of
3.75 pm. Due to occurrence of additional resonances as well as an increase of the amplitude
detuning during forced oscillations [15], the forced DA is in general smaller than the free
dynamic aperture [16].

Following the AC-dipole kicks, the free dynamic aperture was measured using the MKA®.
After each excitation, the beam was dumped and a new beam was injected. The beam losses

1 As was already reported in [18], the horizontal and vertical kicker are swapped with respect to what is
set in the software.

14
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Figure 16: Measured losses of beam intensity during vertical AC-dipole excitation together
with expected losses following formula (2).

were calculated using the intensity from the FBCT before the excitation and 11s after the
excitation. The kick amplitudes and the associated beam intensity losses are shown in
Fig. 17.

Here, significant losses can only be seen for diagonal excitations above a kick-amplitude
of 9 0,0minai- For horizontal excitations no losses are observed even at the maximum amp-
litude the MKA could provide during the MD. Assuming an uncertainty of 1% on the losses
measured with the BCT for the largest horizontal excitation with a kick amplitude of N,
together with [17]

DA - N,
—% (3)

would put the DA in this plane above 9.8 0,omina- Due to time constraints, no single kick
excitations in the vertical plane were conducted. Using the data obtained from the diagonal
excitations the free DA can be calculated following the same procedure as in [19]. Two
datasets of kicks were used, one using kick angles between 40° and 50° and another one
between 47° and 63°. The measured losses for these kicks are presented in Fig. 18.

For both datasets, the free DA obtained via fitting gives results above 10 0,ominai-
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1

= erf !
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Figure 17: Excitations with the MKA and corresponding intensity losses from the FBCT.
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Figure 18: Measured beam intensity losses during the diagonal excitations and fit for ob-

taining free DA.

3 Comparison to simulation

Tracking studies using the tracking code SixTrack [20] were performed to provide an estimate
for the DA expected during the MD. The nominal injection optics as used during the MD
is used in the model, with both Landau octupoles and octupole spool pieces depowered
as was also the case during the MD. Tunes were set to 0.28/0.31 and the chromaticity was
corrected to +3 units using the MS, following the same procedure as used in the MD. For the
errors in the magnets, 60 WISE [21] seeds were used, excluding linear errors such as coupling
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and [-beating. In the model, the sextupole spool piece correctors and decapole spool piece
corrector circuits were used to correct for the average sextupole and decapole field errors of
the dipoles in each arc. Particles were tracked for 10° turns, equivalent to 11s in the LHC,
and using 5 angles in x-y-space. Due to the exclusion of linear errors in the magnets as well
as no misalignments, these simulations were considered optimistic. The resulting DA from
these tracking studies with the double inverted MCS powering is compared to the case with
the MCS powered with the nominal settings in Fig. 19.

90° 80°

Double inverted
MCS powering

-------- Nominal correction

Uy, nominal

0 2 4 6 8 10 12

ox, nominal

Figure 19: Dynamic Aperture from tracking studies with 10° turns using the WISE model
with MCS and MS powered as in the MD and with nominal powering.

A clear reduction in the horizontal plane is observed of about 4 ¢,,0mina. For horizontal
excitations, a dynamic aperture below 6 0,0minai t0 8 Tromina Was expected, whereas during
the MD the horizontal excitations, no significant losses even at 7 0,omina kick amplitude
were observed. With the estimated DA in the vertical plane being above 12 ¢,mina;, DO
dedicated free DA measurements were conducted during the MD as it would lie significantly
above the maximum possible kick amplitude. For diagonal excitations, the measured DA of
> 10 0pominal tends to be on the upper bound of the tracking studies results. As such, even
the simple model, expected to provide an optimistic estimate, seems to rather underestimate
the DA in the LHC. Comparing the results from the amplitude detuning measurements to
the amplitude detuning in the models, calculated using PTC, shows a significant discrepancy
in the vertical detuning term. The comparison for all terms is presented in Fig. 20.

As the Landau octupoles are depowered in the model, three major sources of amplitude
detuning detuning remain. The first contribution comes from the uncorrected octupole errors
from the dipoles, which are already taken into account by the WISE model. The second
contribution is from feed-down of the decapole spool piece correctors, due to misalignment
or orbit excursions. From non-linear chromaticity studies, presented in [22], it was concluded
that in the LHC a systematic horizontal misalignment of the decapole spool piece correctors
(MCD) of about 0.2mm should be taken into account. The last potential contribution,
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Figure 20: Comparison between the measured amplitude detuning and the amplitude de-
tuning for the WISE seeds.

particularly relevant for this MD, is the second order contribution from the sextupoles to
amplitude detuning. While the first two options with its measurement uncertainties are easily
implemented in the model, in the third option care has to be taken to properly adjust the
phase advances between the sextupole sources to allow for comparing the model amplitude
detuning and measured one. In these simulations, the amplitude detuning coming from the
uncorrected dipole octupole errors and the misalignment of the MCD were shown to be
negligible compared to the contribution from the sextupoles. As a simple study to evaluate
the impact on the DA from the change in amplitude detuning without adjusting phase
advance between sextupoles, the Landau octupoles were used instead to match the amplitude
detuning to the measured values. The tracking results using the updated model together
with the DA from measurements are presented in Fig. 21.

Compared to the previous results, an increase of the dynamic aperture in the horizontal
plane is noted whereas in the vertical plane and for diagonal excitations a slight decrease
of the DA occurs. The measured DA is now in good agreement with the simulations. The
amplitude detuning was therefore a key ingredient for particle stability. In Fig. 22, the forced
dynamic aperture from single particle tracking simulations is presented using the same model
as employed also for the free dynamic aperture studies. Contrary to those studies however,
only one realization of the magnetic errors (seed) is used. The AC-Dipole settings were set
as was used in the MD. The driven tunes were Q3¢ = @, — 0.01 in the horizontal and Q}° =
@y + 0.012 in the vertical plane. The oscillation amplitude is ramped up over 2000 turns
and is kept constant for 6000 turns. The action is then obtained by performing a frequency
analysis on the first 200 turns, captured at the beam position monitor BPM.22L1.B1, at
flattop and scaling the amplitude of the mainline with the S-function. The obtained action
is then normalized using the nominal emittance of 3.75 um. The tracking simulation show a
forced DA above 9 0,0mina for a pure vertical excitation. Given the aforementioned issues
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Figure 21: Dynamic Aperture from tracking studies with 10° turns using the WISE model
and matched amplitude detuning to the measured values together with DA inferred from
the measurements. The physical aperture is indicated with black lines.

during the forced dynamic aperture measurements, no conclusion on the validity of the model
can be drawn. Using Eq. 2 and the vertical forced DA from the simulations, no loss should
have been observed at the maximum kick amplitude of 5.4 ¢,0minai-

4 Conclusion

During MD3603, the dynamic aperture in the presence of strong local sextupole fields was
successfully assessed. The measurements of free and forced dynamic aperture show a DA
above 7 0,omina for horizontal excitations, above 10 o,omina for diagonal excitation and a
forced DA above 5.6 0,0mina in case of vertical forced excitations. Initial tracking studies
using a simple model, thought to provide optimistic estimates, were shown to actually provide
lower values than what is measured. One key difference between the simple model and
measurement was identified to be the amplitude detuning. Once corrected for in the model,
simulation and measurement tend to agree better, showing that the DA in the LHC in the
presence of large uncorrected sextupole error is of no concern. In turn, the situation for the
HE-LHC or FCC-hh does not seem as severe as initially estimated. As for this case, the
amplitude detuning, in part stemming from the strong sextupolar sources, was identified to
have the largest impact on DA, a careful assessment of this could allow to find a correction
using the octupoles to allow for minimal impact on the operational performance.
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