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Summary

Amplitude detuning at end-of-squeeze is measured during this MD, with both flat-orbit and crossing-
angles in IP5. These measurements are conducted to be able to identify the source of the detuning
found during commissioning in 2018. Further, results from simulations are compared to the mea-
sured detuning. A test for the K-modulation measurement is also run during the MD.
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1 History and Motivation

The linear action-dependent tune shift in a storage ring is called first-order amplitude detun-
ing and has significant impact on the tune footprint of accelerator beams, affecting dynamic
aperture and beam stability [1]. It consists of two direct terms 0Q,/0(2.J,) and 0Q,/0(2J,),
and the cross term 00Q),/0(2.J,) = 0Q,/0(2J;) [2]. In first order, these terms are generated
by normal octupole fields [3, 4].

As octupole fields are also generated through feed-down [5], applying crossing angles in
the machine at low f*-optics will have significant repercussions on amplitude detuning.

First assessments of amplitude detuning at injection energy in the LHC were established
as early as 2011, utilizing free kicks. The detuning was mitigated parasitically by second-
order chromaticity corrections using the main dipoles’ spool pieces [6, 7].

In 2012 the measurement method was improved by making use of the AC-Dipole (ACD),
and then applied at injection- and top-energy [8, 9, 10, 11].

After the first long shutdown, commissioning in 2015 included a repetition of the chro-
maticity corrections at injection energy from 2011, thus verifying the reduction of amplitude
detuning [12].

During 2016’s commissioning, amplitude detuning was studied for the first time at g* =
40 cm and results were used to correct for normal octupolar field errors in IR1 and IR5. To
separate the effects between the IRs, simulations based on magnetic error measurements of
the magnets [13, 14] and feed-down to tune, measured via crossing-angle scans, were taken
into account. In addition, comparison with the simulations showed the measured octupole
errors in IR5 to be smaller than expected, demanding further investigation [15]. Later that
year, the first detuning measurements with a crossing angle (185 prad in IP5) were performed,
but showed no significant difference to flat-orbit [16, 17]. Additional measurements of detun-
ing were done, applying dedicated asymmetric orbit bumps to pin-point the location of the
sources in IR5 [16]. Furthermore, the influence of coupling on amplitude detuning was also
investigated that year and suggested to be responsible for discrepancies from second-order
detuning measurements to simulations seen in 2012 [18].

For commissioning in 2017, amplitude detuning was again successfully corrected at flat-
orbit following the octupole correction scheme established in 2016 [19], even though S*
was squeezed to a smaller value of 30 cm. In contrast to earlier commissioning, the detuning
correction was now an integral part of the commissioning scheme, and linear corrections were
re-evaluated after non-linear corrections [20, 21]. It was discovered during commissioning,
that detuning increased when the full crossing scheme was applied. As octupole errors in
IP5 were already excluded to produce feed-down to detuning due to the measurements from
2016, feed-down from IP1 errors were investigated during a Machine Development (MD)
session later in 2017 at crossing angles of £150prad and a * of 40cm. Yet, the origin
of the seen detuning could not be determined, as the measured detuning terms were small
[22]. At the end of 2017 another MD was dedicated to measuring amplitude detuning during
different stages at top-energy, namely before squeeze and at end-of-squeeze (* = 30cm)
without crossing angles, and end-of-squeeze with the full operational crossing scheme of
2017 applied [23]. The end-of-squeeze measurements showed significant increase in detuning
upon applying the crossing angles, even with the commissioning corrections applied.



2018 commissioning followed the new nonlinear-linear correction scheme introduced in
2017 [20, 21]. At the end of commissioning, detuning measurements with full crossing scheme
were repeated and residual detuning, similar to what was seen in 2017, was verified [24, 25].
Results of that measurement are shown for comparison in Section 2.4. Table 1 shows that the
measured detuning could be corrected by a split of 250 A in Beam 1 and 57 A in Beam 2 in
powering of the focussing (MOF) and defocusing (MOD) Landau octupole families. Strong
detuning of this strength has the potential to affect instabilities at various points during the
squeeze. Since the source of the detuning is not understood, it is not possible to predict how
the tune footprint will vary.

MD3311 was launched to help understand observed instabilities in the machine and to
investigate new sources for amplitude detuning, explaining the disagreement between mea-
surements and magnetic model seen in 2016. A full summary of all amplitude detuning
measurements can be found in Table 2.

Further, the K-modulation software [26] was tested during the MD, as some measure-
ments during commissioning (e.g. [27]) led to results with poor reproducibility. In particular,
problems were encountered when orbit feedback was involved. Also, a dodecapolar resonance
driving term (RDT) was probed to test the ability to measure RDTs of that order.

Table 1: Amplitude detuning during commissioning 2018 and the MO powering necessary
for correction. The powering is given in absolute values, as the MO families are powered
with opposite signs. The current default MO powering is Iy;or/mop = £ 546 A.

LHCB 1 LHCB 2
MO-Type | Value Inrol  Allpol Value Inol  Allpol
- [10°m™1]  [A] [A] [ [0°m7Y [A] [A]
8Q,/9(2J,)  MOF | +34+1 431  -115 | —5+1 557  +11
0Qy/0(2Jy) MOD —38+1 681 +135 +13£3 500 -46
\Inop — Inorl | 250 A 57A




Table 2: Summary of all amplitude detuning measurements from 2011-2018. Measurements for
Beam 1 are shown in blue (top), for Beam 2 in red (bottom). Where AC-Dipole kicks were used,

the results have been corrected for the effect of forced oscillations.

corrections, using the multipolar correctors in the triplet [28], were in place.

Since 2017 comissioning by

[10% m~!] | Case | 0Q,/0(2J,) 0Q,/0(2],) 0Q,/0(2J,) 0Q,/0(2J,) | Ref.

2011 . - - - -

. " Inj. ) [67 7]
flat-orbit, before @) corr. -12.2 4+ 0.2 8.4 4+ 0.5 94 + 1.3 25+ 1.5
2011 Tni - - - - 6, 7]
flat-orbit, after Q" corr. J: -2.9 4+ 0.6 2.7 £ 1.7 0.6 £0.5 2.3 £0.8 ’
2012, MO on Tns - - - - 8]
Aat-orbit ) 29 £ 7 19 + 3 24+ 4 -32.8+04
2012, MO off - - - - - 8]
flat-orbit, Q"+Q" corr. J: 08+1 -14404 24+ 0.7 2.8 + 1
2012 4TeV -0.1 £0.2 0.5 £0.7 - - [11]
flat-orbit f5*=11m 1+1 31 — —
2012 4 TeV - — - — 1]
flat-orbit 6*=0.6m 94+1 17+ 14 - —
2016 commissioning 6.5 TeV 43 + 1 — 0.1 +1 -50 + 1 (16, 20]
flat-orbit 6*=0.4m 38 £ 1 - 03+1 44 + 1 ’
2016 MD1391 6.5 TeV - - 15+5 -42 £ 2 [16, 20]
flat-orbit B*=0.4m - - 10+ 1 43 + 1 ’
2016 MD1391 6.5 TeV - - 154+5 -50 + 3 (16, 20]
IP5 +185 prad 5*=0.4m 41 + 1 - 7T+1 -44 + 1 ’
2017 commissioning 6.5 TeV 3+1 b=£3 - - 129, 20]
flat-orbit (b4 corrected ) B*=0.3m 241 -3+ 2 — 2+1 ’
2017 commissioning 6.5 TeV — — — — 2]
full crossing 5*=0.4m 341 23 + 4 - -
2017 MD2158 6.5 TeV - - - - [29]
IP1 -150 prad 6*=0.4m 0.7 + 0.7 114+ 1 - -
2017 MD2158 6.5 TeV - - - - 120]
IP1 +150 prad B*=0.4m 341 341 - -
2017 MD2723 6.5 TeV 11+ 3 3+ 2 25+ 1.5 3.8+ 1.6 23]
flat-orbit 5 *=1m 2.5 + 0.7 242 -1.9+ 0.6 -1.7+ 1.0
2017 MD2723 6.5 TeV - - - 9+ 2 23]
flat-orbit 6*=0.3m -1.1 + 0.6 142 242 -0.9 £ 1.2
2017 MD2723 6.5 TeV 61 + 15 13 + 8 - - 23]
full crossing 6*=0.3m 0.4 +0.9 94+ 3 -25+ 3 14 + 2
2018 commissioning 6.5 TeV 34 £ 1 8+ 2 18 £ 1 38 £1 [24, 25]
full cross. +160prad (TaPle3) | g*—0.3m 3+1 -10 + 3 14 + 2 13 + 3 | Figs. 4 and 5
2018 MD3311 6.5 TeV 0.8 + 0.5 10+1 8 + 28 3+ new
flat-orbit 6*=0.3m -7.5 + 0.5 8+ 2 2+1 6 + 1 | Figs. 4 and 5
2018 MD3311 6.5 TeV 56 £ 6 -9+£15 108 + 24 3+2 new
IP5 +160 prad (Table 4) B*=0.3m 1.5 +0.5 4+1 443 12 4+ 1 | Figs. 4 and 5




Table 3: Settings for amplitude detuning measurements during comissioning on the
28.04.2018.

Fill #: 6619
Beam Process: MD — SQUEEZE-6.5TeV-ATS-1m-30cm-2018_V1_MD0@Q638_[END]
Date: 28.04.2018

Start Time: 16: 00

End Time: 18:00

Optics: R2017aT_A30C30A10mL300_CTPPS2

Tunes: = 0.31, @y = 0.32

Crossing: [160 /200 /160 /-250 | prad in [IP1/IP2/IP5/IP8], Plane: [V /V /H/H]
Separation: [-0.55/1.4/0.55/-1]mm in [IP1/IP2 /IP5 /IP8], Plane: [H/H/V /V]

2 Measurement Summary
Table 4 summarizes the key parameters and the machine configuration of the MD.

Table 4: Key MD parameters.

Objective: Analysis of the influence of IP5 crossing scheme on the amplitude detuning.
MD #: 3311

Operators: Markus Albert, Theodoros Argyropoulos

Fill #: 6811

Beam Process: MD — SQUEEZE-6.5TeV-ATS-1m-30cm-2018_V1_MD1@638_[END]
Date: 16.06.2018

Start Time: 15:45

End Time: 23:45

Optics: R2017aT_A30C30A10mL300_CTPPS2

Tunes: Q2 = 0.31, Q, = 0.32 (unless otherwise specified)

Crossing: [0/0/160/0]prad in [IP1 /IP2 /IP5 /IP8], Plane: [V /V /H/H]
Separation: [0/0/0.55 /0] mm in [IP1/IP2 /IP5 /IP8], Plane: [H/H/V V]
Offset: [0/0/-1.8/0]mm in [IP1/IP2/IP5/1IP8], Plane: [V/V /H/H]

2.1 Procedure

Tables 5 and 6 detail the time line of the MD. As usual, coupling measurements via ACD and
corrections were done after every change of machine state to exclude coupling as a source
of amplitude detuning. The final coupling correction - after restoring crossing-angles and
beam separation in IP5 - did not succeed. The reason for this failure is still unknown, as it
has never happened before nor has it been seen again during later measurements. Coupling
must have been relatively well corrected as no detrimental effects could be observed during
the continuation of the MD.



Measurements were performed using again the ACD. At first, the standard collision
tunes were utilized, with natural fractional tunes of @, = 0.31 and @), = 0.32. Yet, during
flat-orbit horizontal kicks, a resonance line close to the natural tune became visible in the
spectrum. It was later confirmed to be a decapolar resonance, induced by the vertical driven
tune Q;'“? = 0.33. In Fig. 1 the resonance line (0,4) can be seen at 4Q;/“P = 1.32 ~ Q, +1.
Consequently, the natural tunes for Beam 1 were moved to @), = 0.305 and @, = 0.315, to
avoid disruption of the natural tune measurements. The same tunes were again applied for
Beam 1 during horizontal kicks with crossing angles later on, when the resonance line was
seen again.

K-modulation and RDT measurements were also performed.

1 horizontal 1 vertical
100 (1,0) N(1,0) (-1,3) (0,4) N(0,1) (0,1)
i o T ;
1 1 1 1 1
1 1 1 1 1
J 107 L o
© ! i Lo 1‘
cv i i Lo !
R B o | |
= 1 i i i 1
| | |
10 | " |
ool U1 M [ g1 | it
0.300 0.305 0.310 0.315 0.320 0.325 0.330 0.335

Frequency [tune units]

Figure 1: Beam 1 measured frequency spectrum of the horizontal and vertical plane with
measured tunes and resonances. Driven tunes and resonance lines are marked as “(n,, n,)”
referring to frequencies f = (n,QAP + nyQ;‘CD Ymod 1 and 1 — f if f > 0.5. Natural tunes
follow the same nomenclature preceded by the letter “N”. Q;“CD ~ 0.33, i.e. (0,1), causes
the decapolar resonance (0,4), which interferes with the measurement of the vertical natural
tune N(0,1) close by: 4QjCD mod 1 ~ 0.32 = (),. The resonance at (-1,3) did not disturb
the measurement, as it was far away from the tunes.



Table 5: MD Time-line (Part 1). Key measurements are shown in bold.

15:45—17:30

17:30—17:48

17:48—18:49

18:49

18:54—19:00

19:00—19:20

19:20—20:30

20:30—21:30

20:57

21:30—21:35

Setting up beam to end-of-squeeze, nominal crossing-angles
Coupling Measurements:
Beam 1: +2.8-1073 — 1.43- 1073
Beam 2: —0.7i- 1073
= correcting Beam 1:
Beam 1: —0.2i-1073
K-Mod with crossing-angles:
IP1, 5A, 2 Cycles, orbit feedback off
IP1, 5A, 2 Cycles, orbit feedback and radial loop on
Removed crossing-angles and separation bumps.
— One orbit corrector failed.
= Small orbit error.
Coupling Measurements:
Beam 1: +3.0-1073 —2.0i - 1073
Beam 2: —2.8i- 1073
= correcting Beam 1 and Beam 2:
Beam 1: —0.3-1073 —0.3i- 1073
Beam 2: +0.6-1073 +0.2i - 1073
K-Mod at flat-orbit:
IP1, 5A, 2 Cycles
Vertical kicks for flat-orbit amp. det. (10% horizontal)
— Beam 2: Problems with Multiturn-GUI. Many restarts.
— Not properly logged in elogbook, but good in kickgroups.
Horizontal kicks for flat-orbit amp. det. (10% vertical)
— Beam 2: Problems with Multiturn-GUI. Like above.
— Beam 1: Decapolar resonance showing up at natural tune line.
= changed tune for Beam 1 to @, = 0.305,Q, = 0.315
Changing working point to @, = 0.305, Q, = 0.325
= probing 5 order resonance line Q, — 4Q, = —1




Table 6: MD Time-line (Part 2). Key measurements are shown in bold.

21:35—21:55
21:55—22:10

22:10—23:00

23:00—23:30

23:30—00:20

23:45

Diagonal kicks for RDT measurements at flat-orbit.
Restoring crossing angles and separation bumps.
IP5-XING-H-MURAD = 160
IP5-OFFSET-V-MM = —1.8
IP5-SEP-V-MM = (.55
Coupling Measurements:
Beam 1: —0.4-107% — 1.4i- 1073
Beam 2: +0.5-1073 — 1.4i- 1073
= correcting Beam 1 and Beam 2:
— FAILED for unknown reasons. Example values:
Beam 1: —2.7-1073 +1.9;- 1073
Beam 1: +5.0-1073 —3.4i- 1073
Beam 2: +0.4-1073 +3.5i- 1073
Beam 2: +0.9-107% —5.9i - 1073
= correcting Beam 1 and Beam 2 again:
— FAILED for unknown reasons. At least consistent signs:
Beam 1: —2.6-1073 +1.15- 1073
Beam 2: —1.0-1073 +1.2i- 1073

Vertical kicks for amp. det. with crossing-angles and bumps. (10% horizontal)

— Beam 2: Problems with Multiturn-GUI. Like above.

Horizontal kicks for amp. det. with crossing-angles and bumps. (10% vertical)

— Beam 2: Problems with Multiturn-GUI. Like above.
— Beam 1: Decapolar resonance showing up. Like above.
= changed tune for Beam 1 to @), = 0.305,Q, = 0.315

2.2 RDT Measurement Results

During this MD a dodecapolar RDT was probed by moving the working point close to a
fifth-order resonance line, as shown in Fig. 2. The resonance is ), — 4@, = —1 and the

results of the measurement are investigated in [30].
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Figure 2: Tune diagram with default LHC working points at collision and injection energy
as well as probed working point close to 5th order resonance line (Q, — 4Q, = —1). All
resonance lines up to 6th order have been computed, but 1st and 4th order resonances are
not present in the chosen window.

2.3 K-Modulation Results

The K-modulation procedure was tested during this MD to identify problems with the orbit
feedback system (OFB), which was thought of as culprit for bad K-modulation measure-
ments earlier that year. As Table 7 shows, inconsistent $* and waist values were measured,
during commissioning on the 28.04.2018, especially compared to similar measurements on
the 10.04.2018.

On the 10th of april a waist-shift knob (WK), predicted to shift the Beam 1 vertical waist
in IP1, had no such effect according to K-modulation results.

In the current MD the results were found to be proper and consistent.
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Table 7: Results of the K-modulation measurements in IP1.
During the MD the same machine settings were used as on 28.04.2018 (see Table 3). Nominal
[£* was set to 30 cm in both planes, no waist-shift applied. At full crossing, measurements
were done with orbit feedback (OFB) on and off. On the 10.04.2018 similar settings (Cross-
ing*) were used, but with 145 prad crossing angles in IP1 and IP5. A waist-shift knob for
Beam 1 vertical was also applied (WK) and later removed (no WK). Also measurements at

[* = 25cm were performed on that day.

The error given includes the fitting error, as well as a tune uncertainty of 2.5-107°. Misalign-
ment, coupling, and magnetic field errors were neglected. All measurements were performed
with injection tunes.

Beam 1
I[A] OFB Config. B* [cm] Waist [cm]
X Y X Y
- Off  Crossing* 30.0 £ 0.1 31.8 £ 0.7 30+06 -79+1.2
®© - On  Crossing* 30.02 +£0.04 31.9+0.6 -0.6 £06 -7.74+1.2
S - On  Crossing®, WK 30.08 £ 0.09 31.6 £0.5 28 04 -75£0.9
g - On  Crossing®, no WK 28.98 + 0.02 31.5 £ 0.5 -04+03 -7.74+09
“3 - Off  Crossing*, *=25cm | 26.06 + 0.08 29.1 £ 0.5 4.7+ 0.2 -109 £ 0.5
- On  Crossing™, f*=25cm | 25.30 + 0.08  26.0 + 0.4 1.1+07 -6.6+0.7
X 2 On  Crossing 30.14 £+ 0.06 29.5 £ 0.2 1.3 £ 0.5 -1.3 +£1.2
S 3 On  Crossing 30.09 + 0.03 30.8 +£0.3 14+03 -62+08
g 3 On  Crossing 30.17 4+ 0.06 32.1 £ 0.5 22+04 -8.6 £ 0.7
& 35 On  Crossing 30.30 £ 0.05 29.70 £ 0.09 | 2.3+0.3 -1.6 +£0.7
5 ) Off Crossing 29.81 + 0.04 30.6 £ 0.3 2.0+0.3 -6.1 + 0.6
8 5 On  Crossing 30.18 £ 0.07 31.9+0.5 23+04 -844+0.8
= ) Off Flat-Orbit 30.26 £ 0.05 30.0 £ 0.2 224+0.3 -3.6 + 0.6
Beam 2
B* [cm] Waist [cm]
X Y X Y
- Off  Crossing* 31.2 £ 0.1 30.8 £ 0.1 -2.2 4+ 0.8 4.5+ 0.5
© - On  Crossing™* 37.8 +£2.2 302+02 |-149+22 -25+1.1
S - On  Crossing®, WK 31.4 + 0.2 31.5 £0.3 -3.1+0.9 6.1 + 0.8
= - On  Crossing™, no WK 31.3+£ 0.2 30.11 +£0.08 | 44+0.6 1.7+ 0.6
2 - Off  Crossing*, f*=25cm | 25.88 + 0.03 25.22 £ 0.06 | 0.4 + 0.5 22 4+0.3
- On  Crossing®, f*=25cm | 25.6 + 0.1 253+ 0.3 -01+11 3.6=£08
xQ 2 On  Crossing 32.4 + 0.6 33.0 £ 0.6 71+ 1.1 94+ 0.9
S 3 On  Crossing 30.68 + 0.05  30.5 +£ 0.2 -0.8 +0.6 3.5+ 0.6
g 3 On  Crossing 30.8 £ 00.1 30.6 £ 0.2 2.24 0.8 4.2 +£0.6
&K 35 On  Crossing 30.77 £ 0.03 30.4 £0.1 -0.3+£07 32406
5 5 Off  Crossing 31.13 £ 0.05 30.6 + 0.1 1.7+ 04 3.44+0.5
8 5 On  Crossing 31.1 £ 0.1 29.96 + 0.03 | -3.5 + 0.6 0.7+ 04
= 5 Off  Flat-Orbit 31.33 +£0.09 2998 +0.02| 44+03 -02+04
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2.4 Detuning Results

All amplitude detuning measurements where done using the ACD. Its influence was corrected
for in the data shown, as described in [9].

Measurements with the full crossing scheme applied were done during commissioning on
the 28.04.2018 (see Table 3). Measurements on flat-orbit and crossing in IP5 were done
during this MD. Tune drifts are accounted for by corrections as measured by base-band
tune (BBQ [31]). The BBQ is filtered and averaged as exemplarily shown in Fig. 3. The
averaging algorithm is as follows: First, all data outside of a rough cut around the expected
tune, usually 0.5-1073 to 1073, is discarded, to not include the ACD kicks in the averaging.
Then a rough averaging, using a moving average window of 200-1000 samples, is performed.
To eliminate noise outliers, a second cut of 10~% around this average is applied on all samples
and the remaining data is then again averaged by a moving average of window-length 100.

Qyx o filtered —— moving av.
Qy filtered ~—— moving av.

0.31955
0.31950
Q0319451 PRl S L eI . S s S
0.31940 S R LR B
0.31935

0.31930

0.31010
0.31000

>
© 0.30990

0.30980

©

14:19:00 14:24:00 14:29:00 14:34:00 14:39:00 14:44:00 14:49:00 14:54:00 14:59:00 15:04:00
Time

Figure 3: BBQ measurement. Shown here as an example is the tune from Beam 2 during
horizontal kicks with full crossing from commissioning. The data is filtered with a rough-
cut of 107 around @, = 0.31 and @, = 0.32 first and, after applying a moving average
of window-length 200, a second cut of 107 is applied. The remaining data-points (labled
"filtered”) contribute to the final moving average of window-length 100, which is then used
for tune-drift correction.

Figures 4 and 5 show the comparison between the MD measurements for flat-orbit and
IP5 crossing and also commissioning data at full crossing scheme. While the flat-orbit
configuration seen in Fig. 4a exhibits only a negligible amount of detuning, enabling crossing
in IP5 leads to a detuning even stronger than detuning at commissioning. Consequently,
this indicates the presence of decapole or dodecapole field errors in IP5 which lead to feed-
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down to amplitude detuning upon horizontal orbit deviations. An extensive investigation of
sources of detuning is done by means of simulations in Section 3. It can be seen from Fig. 6
that with the applied crossing scheme, orbit deviations in both planes are present in IP5.
Therefore, both, skew and normal, field-error components are contributing to feed-down.

The horizontal cross-term in Beam 1, seen in Fig. 4b, shows little variation between
flat-orbit and crossing angles: The measurement for the IP5 crossing configuration was very
noisy and should only be considered with caution. Small positive detuning coefficients are
seen for the other two measurements.

Unfortunately, too much noise on the MD measurement prohibited a meaningful analysis
of the vertical plane cross-term in the same beam (Fig. 4¢). Only the data from commis-
sioning yields reasonable results, which are higher than for the 0Q,/d(2J,) cross-term, but
of comparable order.

Flat-orbit and IP5-crossing configurations show almost no detuning present for the beam 1
direct vertical term (Fig. 4d), yet a strong negative detuning is present for the full cross-
ing scheme. It seems to stem from IP1 then, but there is no data available to verify this
assumption.

For Beam 2, the observed behavior of the direct horizontal term is shown in Fig. 5a: a
small negative detuning can be seen in the flat-orbit case, an even smaller for the full crossing
scheme and almost zero detuning is present with IP5 crossing angles.

The cross-terms for Beam 2 in Figs. 5b and 5c¢ show small detuning for this beam for
the MD measurements and no detuning for the full crossing scheme for 0Q),/9(2J,). The
full-crossing measurement of 9Q),/9(2.J,) should be regarded as too noisy to provide valuable
insight.

While there is some detuning visible for the vertical direct term shown in Fig. 5d, which
increases when enabling crossing in IP5, it is only about a third of the 0Q,/0(2J,) term
in Beam 1 or the 0Q),/0(2.J,) full crossing scenario of the same beam. IP5 crossing and
full crossing configurations agree very well, even though only the low-amplitude kicks could
be taken into account in the latter case due to a noise-line emerging at higher amplitudes.
Detuning for flat-orbit is about half the value of the crossing configurations.

Both Beam 2 direct term measurements at flat-orbit indicate, that the octupolar magnetic
field errors are not as well corrected as they were in 2017, when they where only a third of
their current value (9Q,/9(2J,) is (=7+1)-10>m™!, was (—2+1)-10° m~* and 0Q,/9(2.J,)
is (6+1)-10°m™!, was (2+1)-10° m™'; see Table 2).
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- (1%£1)-103m™! 4 Flat-Orbit -——- (10x1)-103m™! 4 Flat-Orbit

(56 = 6) - 103 m~! <4~ IP5 Crossing (-9 + 15) - 103 m™! <4~ IP5 Crossing
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Figure 4: Detuning with amplitude in Beam 1. Comparison between commissioning (full
crossing) and results from MD3311 (flat-orbit and crossing in IP5). Horizontal kicks are
shown in the top charts, vertical kicks at the bottom. The dashed lines and colored area
represent the respective fit and one standard deviation fitting error. Their values are given
in the legend.
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Figure 5: Detuning with amplitude in Beam 2. Comparison between commissioning (full
crossing) and results from MD3311 (flat-orbit and crossing in IP5). Horizontal kicks are
shown in the top charts, vertical kicks at the bottom. The dashed lines and colored area
represent the respective fit and one standard deviation fitting error. Their values are given
in the legend.
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3 Simulations

3.1 Simulation Setup

Table 8: Simulation settings. Signs as set in MAD-X. Set to be close to measurement
settings, see Tables 3 and 4.

Rz  Qy
unes 0.31 0.32

IP1  1IP5
p* [cm] 30 30
Crossing Angle [urad] 160 160
Separation [mm] -0.55 0.55
Offset [mm] 0 -1.8

Table 9: Approximate orbit values in the MQX due to orbit settings in the IP as seen in
Table 8 (signs for Beam 1 left / right magnets). Visualisation in Fig. 6.

IP1 IP5

Az [mm] (-/-)03-08 (-/4+)4-38
Ay [mm] (-/+)3-8 (/)1-3

To identify possible sources of amplitude detuning in the presence of crossing angles,
simulations were run, modeling the machine status, see Table 8. The measurements shown
in Section 2.4 indicate the detuning origin from feed-down in either IP1 or IP5, therefore
crossing-angles were applied in these IPs individually as well as combined. As expected
from measurements, the simulations do not show second-order effects of the magnetic field
strength on amplitude detuning, leaving the contributions from the IPs independent of each
other. Simulations show (see Appendix B), that the amplitude detuning created by (b3)? is
about an order of magnitude smaller than the amplitude detuning direct terms created by
by (Fig. 10). Feed-down to b3 is expected to be even weaker, which is in agreement with the
experience from measurements: the sextupole correction has changed over the years, while
the amplitude detuning changed only by small amounts (e.g. flat-orbit entries from 2016,
2017 and 2018 in Table 2).

In conclusion, by and feed-down to by dominate the amplitude detuning seen. In Table 9
and Figs. 6 and 7 the consequences of these settings on the orbit and S-function in the MQX
are summarized.

Magnetic field multipole errors of different orders are used in the model, namely: normal
octupoles (by), normal and skew decapoles (b5 and a5) and normal and skew dodecapoles (bg
and ag). These errors are provided from WISE [14] models. The uncertainties in the errors
are taken care of by usage of the 60 seeds for 6.5 TeV and 40 cm optics, which can be found
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in [32]. Shown are the mean value of the simulation results over these seeds with errorbars
given by the standard deviation.

It should be noted here, that error values b, of the MQXB and the error values ag
of the MQXA do not change over the range of all WISE seeds. Further, the WISE tables
used contain only b5 errors for MBXW magnets. The distributions are shown in Appendix A.

Amplitude detuning is calculated at different stages during the simulation with the
ptc_normal module [33]. Before each stage, the tunes are matched to their original values.

3.2 Simulation Results

The results of the simulations described in Section 3.1 are shown in Figs. 10 to 16. Sec-
tions 3.2.1 to 3.2.5 investigate the influence of by, bs, as,bg and ag, on detuning independently,
while Section 3.2.6 shows their combined effect. In Section 3.2.7 only the decapolar and do-
decapolar field errors are under test. This configuration represents perfect b, correction in
the machine. As by is assumed to be well corrected in the current machine [20, 21|, these
settings represent closely the state of the machine during measurement and measurement
data is shown for comparison.
The different output stages, at which detuning is calculated, are:

e Nominal: Before applying any errors.

e Arc errors: Errors applied in the arcs (M[B,Q)] of the arcs)

MQX errors: Arc Errors and errors in the MQX (MQX)

Sep. MB errors: All errors above and errors in the separation dipoles
(MB[XW,RC,X,RB,RS,W])

e All errors: All errors above and remaining MQ-errors (MQ[Y,M,MC,ML,TL,W])
e Corrected: All errors above and nominal Triplet and D1 correction applied.

The ‘corrected’ stage shows the best correction possible using the correctors, common to
both beams, in the IP [28].

3.2.1 by Errors

As first-order amplitude detuning (ocJ) is created in first order by normal octupole field
components [3, 4, 9], the normal octuple field errors contribute directly, while higher order
multipoles are contributing via feed-down to b, '. Consequently no orbit offset is required
and, in contrast to the other multipole errors, detuning is present even for flat-orbit, as seen
in Fig. 10. In fact, the detuning does not change with crossing angles for Beam 1 at all,
and there is only a slight difference for Beam 2. Also in consequence, amplitude-dependent

"'While this statement is technically not true for normal dodecapoles, as they contribute directly to
second order amplitude detuning (ocJ?), this contribution is currently assumed to be negligible in the LHC.
See Section 3.2.4.
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detuning caused by b, is larger than for any other error - about twice of the maximum value
of any other component, as seen in the following sections. As normal octupole correctors are
present in the IPs [28], the detuning, though large, can be well mitigated.

The detuning of the measurements varies with crossing scheme, so by cannot be respon-
sible for the experimentally found detuning changes.

3.2.2 by Errors

Normal decapole field errors feed down to by via Az [13]. According to Table 9 the contri-
bution from IP1 should be therefore an order of magnitude less, than from IP5 (assuming
similar error strengths in the two IPs, see Appendix A, and S-function, see Fig. 7). This
can be observed in Fig. 11: The flat-orbit and IP1 crossing configurations show no and very
small detuning, respectively. Activating crossing in IP5 yields strong detuning, especially
in the direct horizontal term (Fig. 11a) and cross term (Fig. 1le) in Beam 1, as well as
the direct vertical term in Beam 2 (Fig. 11d). The strength is between a third and half of
the strength from by errors. As the contribution from IP1 crossing is small, the curve of
combined crossing angles is almost identical to the curve with IP5 crossing only.

A small but noticeable change in detuning can be observed, when adding the field errors
to the IP-dipoles in IP5. As b5 is the only field-error order given in the WISE tables for the
MBXW (see Appendix A), the other orders do not show this behaviour.

3.2.3 a5 Errors

Skew decapole field errors feed down to by via Ay and hence show a great dependency on
[P1 crossing and less so on IP5 crossing, visible in the direct terms of Beam 1 (Figs. 12a
and 12c) and in the vertical direct term and cross term of Beam 2 (Figs. 12d and 12f). The
cross term of Beam 1 on the other hand is dominated by IP5 (Fig. 12¢), and the horizontal
direct term of Beam 2 shows almost equal contributions from IP1 an IP5, but with opposite
sign, leading to a detuning compensation, when both crossing angles are active (Fig. 12b).

3.2.4 bg Errors

Normal dodecapole errors feed down to by via Az? and —Agy?, therefore crossing in either IP
causes detuning. In Beam 1 detuning of similar order of magnitude, but with different signs,
is present for both IP crossings in all terms (Figs. 13a, 13c and 13e). In Beam 2 on the other
hand, the detuning is much stronger, but only present for IP5 crossing in the horizontal term
(Fig. 13b) and only for IP1 crossing in the vertical term (Fig. 13d), while equally strong for
both IPs in the crossing term (Fig. 13f).

As the flat orbit detuning does not change visibly after adding the field errors to the
simulation, and because the contributions from the IPs are independent and add up very
well when both activated, contribution from bg to second order detuning is shown to be
negligible.
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3.2.5 ag Errors

The feed-down from skew dodecapole errors is proportional to the product AxzAy and leads
to strong amplitude detuning with IP5 crossing in all terms but the vertical direct term of
Beam 1, where no detuning is observed (Fig. 14). IP1 does not contribute significantly and
hence the curves for the combined crossing scheme follows that of IP5 very closely.

3.2.6 by, bs, a5, bg, ag Errors

Applying all multipole errors at the same time shows the direct terms to be dominated by
the by components (Fig. 15). Yet, in the case of Beam 1 direct horizontal detuning, the
detuning with IP5 crossing is almost doubled, compared to the same b, detuning term, while
it stays about the same for IP1. This shows already, that in this case the contributions from
the individual field errors above by cancel in IP1, while they enhance each other in IP5. The
opposite is true in the case of direct vertical detuning in Beam 2, where contributions from
feed-down in IP1 lead to a reduction in detuning compared to the flat-orbit case. These
traits can be observed more clearly in Section 3.2.7.

3.2.7 bs, a5, bg, ag Errors

Deactivating the contribution from b, models the case of perfect by correction in the machine
and should be the closest to the machine state during MD3311 measurements. Simulation
and measurement results can be seen in Fig. 16.

All detuning contributions come from feed-down, which is obvious from the unchang-
ing flat-orbit case. The direct terms are dominated by contributions from IP5 crossing
(Figs. 16a to 16¢), apart from the vertical term in Beam 2, where IP1 is the dominant
influence (Fig. 16d).

Measurement and simulation are not in stark disagreement and show at least detuning
values of similar magnitude. Figure 8 shows the change in amplitude detuning between the
IP5 crossing and flat-orbit, for the measurement from MD3311 as well as for the current
simulation setting and when all errors are applied. As there is agreement for only two data
points, there are obviously effects influencing amplitude detuning through crossing angles
not yet accounted for.

3.2.8 Coupling

Linear coupling was checked at the end of the simulations, as it influences the detuning
coefficients [18], using closest tune approach [34]: Matching the fractional tunes as close
as possible (i.e. for collision tunes (), = 62.315 and @, = 60.315), the remaining AQ, i,
equals the global measure |C~| for coupling, which is generated by the difference driving
term figo1 [2], which in turn is generated by skew quadrupolar magnetic field errors ay [35].
As seen in Fig. 9 no coupling is present for flat orbit, but feed-down creates coupling in the
machine, especially from b, and bs magnetic field errors. b5, as and ag cause |C~| < 107°
in the simulations and are not shown here. Also not shown is the coupling result from the
simulation with combined bs, a5, bg and ag errors applied, as with the bg contribution being
two orders above the others, the distribution looks identical to the result from bg alone.
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Coupling is dominated by feed-down in IP5 and contribution from b, is 4-5 times stronger
than from bg. Also, coupling from IP5 in Beam 2 is about 3 times larger than in Beam 1.

Yet, even the highest values, for Beam 2 with IP1 and IP5 crossing active, coupling is
an order of magnitude smaller, than the strong coupling case in [18] of |[C~| =2-1072. All
other values are below of what is considered very well corrected coupling |C~| < 1073| in
[18, 36]. It follows, that coupling should not influence the simulated detuning results.

Beam 1 simulated Beam 2 simulated
¢ Beam 1 measured ¢ Beam 2 measured
8.
T
e 61 ®
<
o
= 4
[@)]
C
.g 2 ]
8 0 0]
<
_2.
80,/0(2)x) 5Q,13(2J,) 80413(2J,)

Figure 8: Change in amplitude detuning from flat-orbit to the IP5 crossing scheme. Com-
parison between measurement from MD3311 and simulation with b5, as, bg and ag magnetic
field-errors applied, before the triplet-correction was conducted. This is the difference of
the data seen in Fig. 16 at the ‘errors all’ stage between the ‘IP5 crossing’ and ‘Flat-Orbit’
line.

3.2.9 Summary

Sections 3.2.1 to 3.2.7 show that the biggest contribution to first-order amplitude detuning
from all multipole sources stem from the MQX. This is not surprising, as the [-function,
influencing the detuning quadratically, reaches values of up to 8 km (Fig. 7) in these magnets.
The other IP magnets seem to play a smaller yet still significant role for amplitude detuning
due to feed-down from b5. Contribution of arc magnets are small for all investigated cases.
Responsible for the largest detuning is by, yet also b5 and bg can cause detuning up to half
of by, each. Apart from these main contributors, the other multipole errors under test show
small but non-negligible contribution to detuning as well.

Simulations with all errors and all decapolar and dodecapolar errors applied, as done in
Sections 3.2.6 and 3.2.7, show a complex detuning behavior. While the results are comparable
to the measurements in strength, they do not agree in most cases.
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Figure 11: Simulation results with only b5 errors.
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Figure 14: Simulation results with only ag errors.
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4 Conclusion

The MD3311 was completed successfully and provided new insights into the sources of am-
plitude detuning: A large contribution originates from feed-down due to crossing in IP5 and
there is much less amplitude detuning present in the flat-orbit configuration. Thanks to the
findings, the amplitude detuning seen during commissioning is now better understood. At
the same time a Hth order resonance line was probed and the K-modulation procedure could
be verified to produce the expected results without any complications.

Simulations have been conducted in the hope to identify specific multipole error compo-
nents, which can explain the measured detuning behavior. It was found, that due to the
large [-functions, the bi-directional orbit distortions and the distribution of errors, all of
the investigated multipole orders contribute to detuning and the resulting dependence is
complex and entangled. Therefore, with the uncertainties and limitations of the magnetic
model, it was not possible to reproduce the measured detuning by simulation perfectly, yet
results from simulation and measurement agree well on an order-of-magnitude basis.

The magnetic model is currently being reviewed in collaboration with the magnet group,
partly due to the inconsistencies found during this study.
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A  WISE 2015 distribution
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Figure 17: Normalized distribution density of by and a4 errors of the 60 seeds of the 2015
WISE error tables for 6.5 TeV [32]. Values are shown for the quadrupole magnets of the IP1
and IP5 triplets, separated into MQXA (left column) and MXQB (right column). The dashed
lines show the kernel density estimation of the respective distribution. For by in the MQXB
there is only the constant systematic error value throughout the seeds, indicated by the straight

lines.
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Figure 18: Normalized distribution density of bs, as, bg and ag errors of the 60 seeds of the
2015 WISE error tables for 6.5 TeV [32]. Values are shown for the quadrupole magnets of the
IP1 and IP5 triplets, separated into MQXA (left column) and MXQB (right column). The
dashed lines show the kernel density estimation of the respective distribution. For ag in the
MQXA there is only the constant systematic error value throughout the seeds, indicated by the

st

raight lines.

35



[ MBXW.E4R1

1 MBXW.C4R1
1 MBXW.F4R1

[ MBXW.A4R1
1 MBXW.D4R1

[ MBXW.E4L1
1 MBXW.B4R1

[ 1 MBXW.C4L1
[ MBXW.F4L1

1 MBXW.A4L1
[ MBXW.D4L1

[ 1 MBXW.B4L1

iy ey
‘0 0
C C
(0] (0]
[a) [a)
-0.6 -0.4 -0.2 0.0 ' 0.2 -0.2
b, Value b, Value
ey )
e £
C C
] o}
[a) [a)
-1.0 -0.5 0.0 0.5 1.0
bs Value
2 2
%] wn
C C
(0] (0]
[a) [a)
ey, = [ |
0.6 0.8 -0.6 -04 -0.2 00 02 04 06 0.8
bs Value

04 -0.2 00 02 04
bs Value

-0.6
(a) MBXW left of IP1 (b) MBXW right of IP1

Figure 19: Normalized distribution density of by, b3 and b5 errors of the 60 seeds of the 2015

WISE error tables for 6.5 TeV and squeezed 40 cm optics [32]. Values are shown for the MBXW

(D1) magnets of IP1, separated into left of IP1 (left column) and right of IP1 (right column).

The dashed lines show the kernel density estimation of the respective distribution. All other

orders of field error are zero in the WISE tables.

36



1 MBXW.E4R5

1 MBXW.C4R5
1 MBXW.F4R5

1 MBXW.A4R5
1 MBXW.D4R5

[ MBXW.E4L5
[ MBXW.B4R5

1 MBXW.C4L5
[ MBXW.F4L5

1 MBXW.A4L5
[ MBXW.D4L5

[1 MBXW.B4L5
iy ey
‘0 0
C C
(0] (0]
[a) [a)
| PRt S = B |
-0.6 -0.5 -04 -0.3 -0.2 -0.1 0.0 0.1 0.2 -0.6 -05 -04 -0.3 -0.2 -0.1 0.0 0.1 0.2
b, Value b, Value
ey )
e £
C C
] o}
[a) [a)
§ |
-1.0 -0.5 0.0 0.5 1.0
bs Value
2 2
%] wn
C C
(0] (0]
[a) [a)
=1 T ; . .'
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 -0.8 -0.6 -04 -0.2 0.0 0.2 04 0.6 0.8
bs Value

bs Value
(b) MBXW right of IP5

(a) MBXW left of IP5

Figure 20: Normalized distribution density of by, b3 and b5 errors of the 60 seeds of the 2015
WISE error tables for 6.5 TeV and squeezed 40 cm optics [32]. Values are shown for the MBXW
(D1) magnets of IP5, separated into left of IP5 (left column) and right of IP5 (right column).
The dashed lines show the kernel density estimation of the respective distribution. All other

orders of field error are zero in the WISE tables.
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Figure 21: Simulation results with only b3 errors. Coupling has been corrected throughout
these simulations.
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