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Abstract

In the Large Hadron Collider (LHC), corrections of local
Interaction Region (IR) linear coupling are of importance to
keep a good control of beam sizes at Interaction Points (IPs)
and hence the luminosity performance, as well as to prevent
a significant impact on the beam dynamics. During the LHC
Run 3, the skew quadrupole corrector magnets used on either
side of IPs are expected to exceed their radiation dose limit.
In this contribution, studies on the impact of operating with
limited availability of these magnets are presented, should
one or more become inoperable. Mitigation strategies for
different scenarios are discussed.

INTRODUCTION

The Large Hadron Collider (LHC) has resumed opera-
tions and entered Run 3 in 2022. After Run 2 has uncovered
challenges in IR local linear coupling correction [1-3], a
new method was developed to optimize the use of skew
quadrupole correctors around the IPs [4—7], the MQSX mag-
nets. The Interaction Region (IR) around point 5 is shown
in Fig. 1, where the position of the dedicated correctors is
highlighted in green.
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Figure 1: Simplified elements layout and B-functions around
IP5 at g* = 30 cm collision optics, without crossing angles.

During commissioning, the initial settings for these mag-
nets are found using the Segment-by-Segment technique [8]
in order to compensate for the global coupling originating
at the IRs, which are the main contributors in the machine.
This first correction is essential in order to reach low g*
with good optics control: at g* = 30cm the local errors
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compensated in Run 2 [2] would contribute to the |C~| by
the amount of 0.33, too high for the arc correctors to handle.

In the second stage, using a Rigid Waist Shift an adjust-
ment to these corrections is determined that would optimize
the luminosity by minimizing the coupling at the IP. This
adjustment acts through the colinearity knob, a powering
setting convention that acts anti-symmetrically on the left
and right corrector magnets and does not impact the global
coupling while inducing a closed coupling bump around the
IP [9]. Table 1 provides a definition of the colinearity knob.

Table 1: Definition of one unit of the colinearity knob, a
powering setting of the IR skew quadrupole correctors.

Magnet K;s [m~2]
MQSX.3R[IP] - K;g  +107*
MQSX3L[IP] - K;s  —10-*

The MQSX magnets’ powering settings in the main IRs
(IR1 and IR5) are shown in Table 2, as optimized in the 2022
commissioning and used during the year [7].

Table 2: Powering of the MQSX magnets in IR1 and IRS
after optimizations, as used in operation in 2022.

IR Circuit K, [10™*m™]
RQSX.3L1 11.5

IR1
RQSX.3R1 3.5
RQSX.3L5

IR5
RQSX.3R5 4

Heat load deposition studies done during LS2 have pro-
jected that some magnets in the main IRs will reach their
radiation dose limit during Run 3 [10], including the MQSX
magnets used for local coupling correction. Table 3 shows
the expected total received dose for different magnets in
the main IRs, for various scenarios. One can notice that
the MQSXs at both IR1 and IRS are expected to surpass
their dose limit during Run 3 regardless of the considered
scenario, and it is realistic to expect failures during Run 3.

It is therefore necessary to investigate the operational
impact of losing one or more MQSX magnets in the main
IRs, specifically in terms of machine safety and luminosity
production.
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Table 3: Expected total received dose of the MQSXs in the
main IRs [10]. Their radiation dose limit is 7 MGy.

Peak Dose [MGy]

Magnets
After 395fb~!  After 480 fb~!
MQSX (IR1) 7.5 9
MQSX (IRS5) 8 9.5

OPERATING WITH A MISSING MQSX

Should an MQSX stop functioning the priority is to ensure
safe machine operation. The following presents the impact of
a single corrector failure and investigated mitigation options.

Mitigation Options and Luminosity Loss

Since the skew quadrupole correctors left and right of an
IP have similar optics conditions, the contribution of one
magnet can be replicated by its counterpart with a similar
powering setting. For instance, looking at Table 2, if the
MQSX.3R5 were to fail the loss of contribution to global
coupling would be that of a K;g of 4-10"*m™2 from an
MQSX magnet at this location, which could be compen-
sated by modifying the powering setting of MQSX.3L5 by
4-10~*m™2. In a simulation this would correspond to a trim
of —4 units of the colinearity knob around IP5 (see Table 1).
As such, should one MQSX fail its counterpart could still
compensate for the IR’s contribution to global coupling.

It would therefore be possible to fulfil the first correction
stage mentioned previously and to squeeze the beams down
to * = 30cm. Minimizing coupling at the IP, however,
would not be possible anymore as it requires trimming both
magnets simultaneously. The operational impact of losing
one of the correctors would then be that of a potentially
strong coupling at the IP.

At the LHC IPs with round beams, the betatron coupling’s
impact manifests as an increase of the beam size [7, 11]. Sim-
ulations were done with the MAD-X code [12] to assess the
impact of missing a specific corrector magnet and compen-
sating its effect by carrying its correction setting over to its
counterpart. The powering settings from Table 2 were used,
and beam size increases were determined from Ripken pa-
rameters [13—15], according to [16]. From these, the changes
in instantaneous luminosity were calculated according to:

$ _ NINereva , (1)

2 2 2 2
2”\/(0)6,1 + Ux,2)\/('7y,1 + Jy,Z)

where N,, is the number of protons per bunch in beam n,
[rev the revolution frequency of particles, N, the number
of bunches per beam and o, is the size at the IP of beam
n in the transverse plane z. Figure 2 shows the expected
luminosity reduction from the nominal case for various trims
of the colinearity knob corresponding to different missing
MQSX magnets, for different g* optics.

We find that, should the most powered correctors fail,
the instantaneous luminosity at the affected IP would drop
considerably at §* = 30 cm: by up to = 60 %. Importantly,
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Figure 2: Expected luminosity reduction for various trims
of the colinearity knob at IP1/IP5 for different * optics.

as the powering limit of the MQSXs is K;g =25 - 107 m~2,
it would be possible to compensate for any failing one.

Experimental Measurements of Carry-Over

Measurements were conducted in late 2022 to assess the
accuracy of these predictions. A comparison of instanta-
neous luminosity loss from carrying over the left corrector’s
powering to the right one at IR1 is shown in Fig. 3, at g* =
30 cm. Carrying over the correction to the left magnet was
not done due to time constraints. Figure 4 shows a simi-
lar comparison for IRS, also at §* = 30cm. Due to time
constraints again, however, the trim could not be fully done
when carrying over the correction to the right corrector.
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Figure 3: Luminosity drop from correction carry-over to the
right MQSX at IR1 at g* = 30 cm.

Simulations and measurements show a reasonable agree-
ment in both cases. Simulations systematically overestimate
the loss of luminosity, but some discrepancy is to be ex-
pected as Eq. (1) is a simplified calculation which does not
take into account e.g. the crossing angles.

Impact Through the Operational Cycle

In Run 3 a g*-levelling was introduced in the LHC oper-
ational cycle to limit pile-up at the main IPs [17]. As seen
in Fig. 2, the luminosity losses depend on the g%, thus in
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Figure 4: Luminosity drop from correction carry-overs in
both directions at IRS at 8* = 30 cm.

order to keep operating at the pile-up limit one would have to
take more frequent steps in the levelling, reducing its overall
length, as well as the integrated luminosity over the fill.
For instance, the levelling time would be reduced from
8.2h to 1.23 h in the worst case, where the MQSX.3L1 were
to fail. Studies were done to assess the impact of operating
with a single MQSX on the integrated luminosity over a fill,
with 2023 settings. The resulting integrated luminosity loss
over a day is shown in Fig. 5, for each missing MQSX and
for two different baselines of instantaneous luminosity [18].
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Figure 5: Integrated luminosity loss over a day for each miss-
ing MQSX and for two different baselines of instantaneous
luminosity.

Over a day the integrated luminosity loss is 25 % for the
worst case, failure of MQSX.3L1, relatively to the nom-
inal scenario with an instantaneous luminosity target of
2.2-10%Hz - cm™. It was also observed that operating
with settings at the Beam-Beam Long Range limit would
only improve the loss by a few percents in the worst case.

Impact on the Aperture

The possible impact of this compensation scheme on the
aperture was also considered by assessing the relative change
in beam size around the IP from such a trim. The checks
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were performed for the f* = 30 cm optics where, due to the
high B-functions, the triplet becomes the aperture bottleneck
of the machine. Figure 6 shows the relative change in beam
size around IP1 from the most important trim: carrying over
the correction of the MQSX left to the one right of IP1.

I QUAD BEND
s — -
2
£ I 11 .
o 0 00 E
2 D -
-5 E = —02y2
> ~80 —40 0 40 80
0l —— Horizontal ' MQSX
Vertical Q1 Edge
— 60
X 40 |
e 40 ‘
< 20
20
i b
| ~ |
0 i =T 0 1 |
~80 —40 0 40 80

Distance to IP1 [m]

Figure 6: Relative change in beam size from carrying the
correction from the left to right corrector around IP1.

In all cases of the most important trim, the beam sizes are
significantly affected only in the space between Q1 to QI,
whereas, elsewhere, they are kept close to the nominal ones
at less than a 1 % deviation. This specific behavior was also
observed in [19] where the coupling RDTs themselves are
only significantly affected in the same space for a similar
trim. As the drift space right around the IP is not a constraint
for aperture limitations, one can conclude that the aperture
would not suffer from such a compensation scheme.

CONCLUSIONS AND OUTLOOK

A good correction of the local linear coupling is essential
to ensure operational safety as well as the correct beam size
at IPs. Projections suggest that the skew quadrupole correc-
tors used for IR coupling correction could fail in Run 3 due
to radiation. Studies were carried on the impact of a single
corrector failure both in terms of operational feasibility and
impact on the luminosity, and it was shown that collisions
could be guaranteed at the price up to 25 % integrated lumi-
nosity loss over a day. Should the two correctors at an IP
fail, it would not be possible to squeeze the beams to low
B* and new solutions would be needed. Preliminary studies
are ongoing for such scenarios.

ACKNOWLEDGEMENTS

This work was supported by the STFC Liverpool Centre
for Doctoral Training on Data Intensive Science (LIV.DAT)
under grant agreement ST/P006752/1. The authors would
like to thank the LHC triplet task force members for their
valuable feedback as well as the Deep Lumi working group
members for their collaboration.

MOPL: Monday Poster Session: MOPL
MC1.A01: Hadron Colliders




14th International Particle Accelerator Conference,Venice, Italy

JACoW Publishing

ISBN: 978-3-95450-231-8

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2023-MOPL044

640

MC1.A01: Hadron Colliders

MOPL044

MOPL: Monday Poster Session: MOPL

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


ISBN:

1

—

(2]

(3]

(4]

[5

—

[6

—

(7]

(8]

[9

—

(10]

14th International Particle Accelerator Conference,Venice, Italy

978-3-95450-231-8

REFERENCES

J. Jowett et al., “The 2018 Heavy-Ion Run of the LHC,”
vol. IPAC2019, 2019, Australia.
doi:10.18429/]ACOW-IPAC2019-WEYYPLM2

T. Persson et al., “LHC Optics Corrections in Run 2,”
in 9th LHC Operations Evian Workshop, 2019. https:
//indico.cern.ch/event/751857/contributions/
3259376/attachments/1781875/3033022/optics_
corrections_run2.pdf

F. Carlier et al., “LHC Run 2 Optics Commissioning Experi-
ence in View of HL-LHC,” vol. IPAC2019, 2019, Australia.
doi:10.18429/JACOW-IPAC2019-MOPMPO33

F. Soubelet, O. Apsimon, T. Persson, R. Tomds Garcia, and
C. Welsch, “Prospect for Interaction Region Local Coupling
Correction in the LHC Run 3,” vol. IPAC2021, 2021, Brazil.
doi:10.18429/JACOW-IPAC2021-MOPABOO7

F. Soubelet, O. Apsimon, T. Persson, R. Tomds Garcia, and
C. Welsch, “First Interaction Region Local Coupling Cor-
rections in the LHC Run 3,” vol. IPAC2022, 2022, Thailand.
doi:10.18429/JACOW-IPAC2022-WEPOPT007

F. Soubelet, Pyrws, version 0.2.0, 2022.
doi:10.5281/zenodo.6517668

F. Soubelet, T. Persson, R. Tomds, O. Apsimon, and
C. C.P. Welsch, “Rigid Waist Shift: A New Method for Local
Coupling Corrections in the LHC Interaction Regions,” To
be published, 2023.

R. Tomds et al., “CERN Large Hadron Collider Optics
Model, Measurements, and Corrections,” Phys. Rev. ST Ac-
cel. Beams, vol. 13, p. 121004, 12 2010.
doi:10.1103/PhysRevSTAB.13.121004

S. Fartoukh et al., “First High-Intensity Beam Tests with
Telescopic Flat Optics at the LHC,” CERN, Tech. Rep., 2019.
https://cds.cern.ch/record/2687343

F. Cerutti, “Triplet Luminosity Lifetime,” 10th LHC
Operation Evian Workshop, 2021. https://indico.
cern.ch/event/1077835/contributions/4533356/
attachments/2352134/4012821/Evian.pdf

MOPL: Monday Poster Session: MOPL
MC1.A01: Hadron Colliders

ISSN: 2673-5490

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

JACoW Publishing
doi: 10.18429/JACoW-IPAC2023-MOPL044

T. Persson. “Simulation of the Impact of the IP2 Co-
linearity Knob,” CERN. (2018), https://indico.
cern.ch/event/776442/contributions/3228670/
attachments/1759248/2853676/simulationTilt.
pdf

H. Grote and F. C. Iselin, “The MAD Program,” CERN, Tech.
Rep., 2016.

G. Ripken, “Untersuchungen zur Strahlfiihrung und Stabil-
itdt der Teilchenbewegung in Beschleunigern und Storage-
Ringen unter strenger Beriicksichtigung einer Kopplung der
Betatronschwingungen,” DESY, Tech. Rep. DESY Internal
Report R1-70/4, 1970.

F. Willeke and G. Ripken, “Methods of Beam Optics,” 1989.
doi:10.1063/1.38050

I. Borchardt, E. Karantzoulis, H. Mais, and G. Ripken, “Cal-
culation of Beam Envelopes in Storage Rings and Transport
Systems in the Presence of Transverse Space Charge Effects
and Coupling,” Zeitschrift fiir Physik C Particles and Fields,
1988. doi:10.1007/BF01548283

V.A. Lebedev and S. A. Bogacz, “Betatron Motion with
Coupling of Horizontal and Vertical Degrees of Freedom,”
Journal of Instrumentation, 2010.
doi:10.1088/1748-0221/5/10/p10010

S. Fartoukh. “Machine Configuration and Performance For
the Rest of Run 3,” CERN. (2023), https://indico.cern.
ch/event/1224987/

S. Kostoglou. “Impact on Luminosity Due to MQSX Loss,”
CERN. (2023), https://indico.cern.ch/event/
1255433/

M. Hofer and R. Tomds, “Effect of local linear coupling on
linear and nonlinear observables in circular accelerators,”
Phys. Rev. Accel. Beams, vol. 23, 094001. 11 p, 2020.
doi:10.1103/PhysRevAccelBeams.23.094001

MOPL044
641

e=ga Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.




14th International Particle Accelerator Conference,Venice, Italy

JACoW Publishing

ISBN: 978-3-95450-231-8

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2023-MOPL044

MC1.A01: Hadron Colliders

641

MOPL: Monday Poster Session: MOPL

MOPL044

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


