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Abstract

Compensation of the 30, resonance at injection energy
in the LHC is of significant interest, given its potential to
degrade the lifetime of high-intensity beams. In the absence
of dedicated corrector circuits for the 3Q,, compensation of
each beam at low energy, an alternative approach is needed.
Using skew-sextupoles in the four common experimental
insertions it has been possible to develop a scheme to inde-
pendently control the 3Q,, resonance of the two LHC beams.
Beam-based measurements and corrections of the 3Q,, reso-
nance at injection were performed, with beneficial impacts
on lifetime and emittance growth.

30, MEASUREMENT VIA FORCED RDT

The 3Q,, resonance can have a detrimental impact on LHC
operation at 450 GeV: for example, during the 2023 ion run
shifting working point (WP) from Q,, = 0.310to Q,, = 0.306
improved beam-lifetime by a factor 4.

During proton operation, the role of 3Q,, can be somewhat
mitigated by lowering Q,, at the cost of increasing detrimen-
tal impacts of Landau octupole (MO) driven resonances
40, and 2Q, - 20Q,. None-the-less, in simulation the 30,
resonance has still been linked with potential for unwanted
emittance growth and tail generation [1,2], and in measured
loss maps with breaking of collimator hierarchy [3-6]. In
future runs, changes to operational polarities of the MO will
increase relevance of 3Q,, such configurations demanding
WPs closer to the resonance.

The 3Q,, resonance has been studied in the LHC via res-
onance driving terms [7-10] (RDT) measured via forced-
oscillations with an AC-dipole [11-13] (ACD). While con-
ventional RDT measurements with kicked beams have been
used to good effect in many machines [9, 14—-18], forced
oscillations offer considerable advantages. Forced oscil-
lations do not decohere, allowing spectral analysis on the
full 6600 turn ACD excitation (compared to typically a few
hundreds of turns for LHC single kicks), and removing the
need to correct RDT measurements for distortion by deco-
herence [9]. Figure 1 (right) shows the measured spectra
from an ACD kick, the component at =2 x Q| 4 ¢ relating to
the 3Q,, resonance being clearly visible.

The Forced-RDT f;,4, characterizes the perturbation of
forced oscillations by the resonance Qy, 4 +20,, [19], which
is a proxy of the free 3Q,, in forced motion. This is measured
via the amplitude of the frequency component which appears
at =20, 4 ¢ in the vertical turn-by-turn (TbT) data. Figure 2
compares the measured f{j 3, in LHCBI at 450 GeV during
dedicated tests in 2022, to predictions of the LHC model.
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Figure 1: Example of spectra from an ACD excitation.
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Figure 2: Measured/model fj;, of LHCBI at 450 GeV.

The bare LHC lattice (Fig. 2, red) shows negligible 30,
strength. Introducing nonlinear errors based on magnetic
measurements [20,21] increases f{,, (Fig. 2, purple), dom-
inated by the skew-sextupole component of the main bends.
A small increase in 3Q,, from matching linear coupling to
the approximate amplitude and phase seen during the mea-
surements is shown in Fig. 2 (dark green). Finally, Fig. 2
(light green) shows the prediction of the best-knowledge
LHC model, including all known magnetic and alignment
errors, plus effective models approximating observed lin-
ear coupling and optics distortions at the time of the mea-
surement. Even with this model a large discrepancy exists
with measured 30, strengths. Consequently model-based
optimization, as proved effective for normal sextupole reso-
nances [22], is not possible and a beam-based approach is
required.

DA simulations used to inform LHC operation do not nor-
mally include sources of nonlinear errors (primarily study-
ing roles of chromaticy and MO tune spread). To assess
the relevance of the observed 30, effective models were
generated, artificially introducing skew-sextupole sources
to match the magnitude of f;,5,. Figure 3 compares the
standard LHC DA prediction for 2022 operation in Xsuite,
to those including the effective 3Q,. A clear reduction of
the good DA region is visible. Degradations were similarly
observed in 20 x 103 turn in PTC (Polymorphic Tracking
Code) Frequency Map Analysis [23], while simulations of
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the 2022 operational configuration in Xsuite, including e-
cloud effects, also showed an increase to emittance growth
in the 5 — 10 % range upon including the effective 30, [2].
Correction of the resonance at LHC injection is therefore
well motivated.
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Figure 3: LHCB1 DA simulations in Xtrack, for 2022 op-
eration at 450 GeV, for the standard LHC simulation setup
(left), and including an effective model of £, (right).

SINGLE BEAM CORRECTION TESTS

The LHC was designed without correctors for control
of 30, at 450GeV: skew-sextupole magnets in the arcs
being purposefully arranged to control chromatic coupling
without perturbing 3Q,. The only other skew-sextupoles
are seven correctors in the experimental insertions, for local
compensation of nonlinearities at top energy [24]. While
these IR-skew-sextupoles (MCSSX) have sufficient strength
to help control 30, at 450 GeV [25], they are located in
the common aperture region of the collider [26], and thus
simultaneously influence both beams.

Initial studies focusing on single-beam 30, compensation,
were performed during dedicated beam-tests in 2022 [23].
Figure 4 shows the LHCB1 model’s f{} 5, response of indi-
vidual MCSSX to a powering change of AK; = +0.5m™3
(at arbitrarily selected BPM.30R1.B1). Following initial
measurements of the £, and noting the highly orthogonal
responses of the MCSSX left of IP8 (LHCb), with those right
of IP1 (ATLAS) and IP5 (CMS), these three correctors were
powered to minimize the observed 3Q,, of LHCBI1. Figure 5
shows the measured f6030 of both beams before (red/orange)
and after (dark/light blue) application of the optimal settings
found for LHCBI1. Figure 5 encapsulates the challenge of
correcting 3Q,, via common aperture MCSSX. In correcting
LHCBI1, LHCB2 has been substantially degraded. Several
studies were performed to confirm with operational MO
and chromaticity that variation of RDT amplitude translated
to changes in beam-lifetime. In Fig. 6 (left) vertical tune
was increased to Q, = 0.33 resulting in low beam-lifetime
(~ 0.6h). On application of the LHCB1 correction shown in
Fig. 5 lifetime was observed to double. In Fig. 6 (right) the
lifetime of LHCB2, even while much further from the reso-
nance (Q, = 0.31), showed clear degradation corresponding
to the increase of |f;5| as the LHCBI1 correction was ap-
plied. Similar RDT and lifetime results were obtained for
optimization of LHCB2 [23]. While not useful for opera-
tion, these single-beam tests confirm the basic premise that
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Figure 4: f;5, response of LHCB1 to MCSSX in 2022.
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Figure 5: Measured |f6030| of LHCBI1 (left) and LHCB2
(right), before and after application of the best correction
found for LHCBI1.
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Figure 6: Lifetime of LHCB1 (left) and LHCB2 (right) on
application of LHCB1 optimized 3Q,, correction.

globally optimizing f{),, using the MCSSX translated to a
lifetime improvement.

DUAL BEAM COMPENSATION SCHEME

In 2023, a new injection optics was deployed [27]. Fig-
ure 7 (top) shows the LHCB1 and LHCB2 MCSSX response
at BPM.30R1. By combining the circuits, several knobs
were identified allowing independent control of the beams,
Fig. 7 (bottom). For example, powering MCSSX left of IP8
plus MCSSX right of IP2 (at 30 % of L8 strength) generates
a large shift in LHCB2, while self-cancelling in LHCB1
(Fig. 7, bottom, grey). Relatively orthogonal knobs were
identified in LHCB2, though LHCB1 was more restricted in
phase. Approximate orthogonality and independence was
preserved around the ring.

The new optics (coincidentally) gave a substantial change
to 30, degrading LHCB2 but improving LHCBI. In dedi-
cated beam-tests a simple response matrix correction could
compensate the RDT, shown in Fig. 8. The large RDT in
Beam? was considerably reduced, while the already small
Beam1 was slightly improved.
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Figure 7: LHCBI1 (left) and LHCB2 (right) f6030 response
to MCSSX for 2023 LHC injection optics (top) and indepen-
dent beam knobs (bottom).
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Figure 8: 30, correction of 2023 LHC injection optics.

The corrections were employed during e-cloud beam-
studies to examine the impact on LHC trains. Figure 9 shows
surviving beam-intensity along several trains in LHCB2,
for differing Q,. As the WP approaches 3Q,, a pattern of
losses appears, as e-cloud Q-spread induces higher losses
on the resonance. After correction, the losses were substan-
tially reduced. Separate tests also demonstrated that correc-
tion yielded improvements to transmission of high-intensity
bunches on resonance crossing [2]. A reduction in emittance
growth was also observed for working points approaching
30,. Figure 10 compares emittance measurements at the
end of the train for O, = 0.29 (blue) and Q, = 0.32 (red).
Before correction (left, red) substantial emittance growth
was observed, after correction (right, red) this was signif-
icantly reduced. The 3Q, correction scheme was used for
2023 LHC operation. Following optics changes in 2024, the
exercise was repeated, and once again operational correc-
tions of both beams were found.
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Figure 9: Surviving intensity vs working point along LHC
bunch trains before (left) and after (right) 3Qy correction.
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Figure 10: Vertical beam profile at end of a train before
(left) and after (right) 3Q, correction, for working points
0, = 0.29 (blue) and Q,, = 0.32 (red).

CONCLUSIONS

Although the LHC does not have any correctors intended
for 3Q,, compensation at injection, it has been possible to
co-opt common aperture IR-skew-sextupoles in the experi-
mental insertions to achieve meaningful reductions in forced-
RDT strength. In single-beam tests this was clearly associ-
ated with improvements in lifetime of low-intensity bunches.
By using combinations of the MCSSX magnets to define
independent knobs for the two beams, operational correc-
tions have been achieved. These exhibited improvements
to losses and emittance growth with nominal beams when
approaching the resonance, increasing the viable WP range
for LHC operation. This will be of particular relevance to
future operation with reversed polarity Landau octupoles in
the LHC, where WP closer to the 30, resonance than today
is required.
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