PHYSICAL REVIEW ACCELERATORS AND BEAMS 26, 051001 (2023)

Rigid waist shift: A new method for local coupling corrections
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Successful operation of large-scale particle accelerators depends on the precise correction of magnet
field or alignment errors present in the machine. In the Large Hadron Collider (LHC), transverse linear
coupling has been shown to have a significant impact on the beam dynamics. However, current
measurement methods are not sufficient for precise local coupling measurement at the interaction point.
In this paper, an approach to determine interaction region local coupling corrections with a rigid waist shift
based on correlated global variables such as the closest tune approach |C~| is presented. The validity of the
method is demonstrated through simulations and experimental measurements taken during the LHC Run 3
commissioning in 2022, where determined corrections were applied and led to a measured luminosity
increase of 9.7% and 3.5% at the ATLAS and CMS detectors, respectively.
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I. INTRODUCTION AND MOTIVATIONS

Beam-based corrections of linear optics and nonlinear
dynamics in colliders are essential for both beam control
and in order to achieve the desired luminosity goals. The
determination of corrections is based on measurements of
global quantities—tune, chromaticity—or on local devia-
tions from model values such as phase,  beating, or
resonance driving terms (RDTs). The linear optics and
coupling correction usually constitute the first phase of
machine commissioning as both are major contributors to
the performance of colliders and are required to be under
good control for the next phases of commissioning. In the
LHC, correction of linear coupling is based on the
minimization of linear coupling RDTs [1].

The global effect of linear coupling in hadron colliders is
quantified by the closest tune approach AQ,;,, the mini-
mum achievable distance between the fractional parts of the
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tunes [2]. To identify sources of coupling and determine
corrections, in the LHC, the difference and sum coupling
RDTs fio01 and fio19 are computed from turn-by-turn
measurement data and compared to model values. The
relation between coupling RDTs and the AQ,;, can be
found in [1,3]. In recent years, significant efforts have been
made to improve the measurement and correction of linear
and nonlinear global coupling both in the LHC [4-13]
and other synchrotrons [14-26], as its effect can lead to
instabilities and unwanted dynamics in the machine
[12,27-30]. Though global coupling may be well con-
trolled, local variations of the coupling RDTs left after
corrections have the potential to degrade target quantities,
especially in complex machine segments such as collider
insertion regions. For example, during the late 2018 ion run
in the LHC, it was observed that while global coupling was
well corrected, a local coupling bump around the ALICE
detector had a significant impact on beam size and led to a
reduction of the luminosity by up to 50% [31-33]. Figure 1
shows the expected beam size growth and luminosity
decrease from various strengths of such a local coupling
bump at the main experiments, highlighting the necessity of
its proper handling for the LHC and High-Luminosity LHC
(HL-LHC).

In the LHC local coupling correction is done by
measuring the RDTs in the vicinity of the IP and using
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FIG. 1. Relative values of the rms beam size at IP1 (blue) as

well as luminosity (orange) for different strengths of a local
coupling bump around the IP made with skew quadrupoles, for
the LHC and HL-LHC V1.5. Beam sizes are calculated according
to Eq. (6) and luminosities according to Eq. (7). In the case of the
HL-LHC, the relative beam size increase and subsequent lumi-
nosity loss are greater due to the larger f functions in the triplet.

two dedicated skew quadrupole correctors for compensa-
tion, based on a propagation done with the segment-by-
segment (SbS) technique [34]. While the method is highly
efficient for local phase corrections, it suffers inherent
weaknesses making it not local enough for coupling
corrections: unsuitable phase advances, an inability to
disentangle the contributions of corrector magnets, and
no information provided at the IP location.

In this paper, we present a new method that was
developed—which breaks the degeneracy of the SbS
technique—to determine the corrections of linear coupling
at the interaction points, thus reducing beam sizes and
hence improving the luminosity.

A brief introduction to the formalism and quantities of
interest is given in Sec. II, followed by an explanation of the
existing correction methods’ limitations in Sec. III. The
new method’s concept along with simulations are exposed
in Sec. IV, and experimental results from the LHC 2022
commissioning are presented in Sec. V. Finally, Sec. VI
discusses the relevance of the method to other colliders.

II. RELEVANT THEORY

In the normal form formalism, the generating function of
the transformation to normal form coordinates is the sum of
various elements dictated by the f;;, resonance driving
terms [2,35-45]:

h-.
o Jjkim
Sjkm = T mRori=me, (1)

where £, is the Hamiltonian coefficient containing con-
tributions from multipoles of order n = j + k + [ + m, and
Q,, O, are, respectively, the horizontal and vertical tunes.
The difference and sum resonance coupling RDTs,

respectively, figor and fgj9, are reconstructed from turn-
by-turn data measured at beam position monitors (BPMs)
through the Courant-Snyder variable

h.-=2—ip,  ze€{xy}, (2)
where Z and p, are normalized transverse position and
momentum, respectively. As the momentum is not a directly
measurable quantity with a BPM, it is reconstructed using
two consecutive BPMs. The momentum at the nth BPM can
be written as

A 2n+1 - 2n cos (A¢z)
P g ?

with A¢, the phase advance between the nth and (n + 1)th
BPM in the transverse z plane.

The closest tune approach, AQ,;,, is a conventional
measure of the global transverse coupling in a circular
hadron machine. In the LHC, the fractional tunes (Q,, Q,)
during the cycle are chosen close to the difference reso-
nance [46] and as a consequence |fgo1| > |f1010| during
normal operation. The AQ,;,, also denoted |C~|, is then
related to the fg9; RDT through [1]:

4A

ZER% dsflome-i(l/'x—z/)y)ﬂm/k ’ (4)

IC7] =
with A being the fractional tune separation between the
uncoupled tunes.

In [47], the equations of motion are solved perturbatively
under the influence of a weak skew quadrupole strength
Jj(s). Assuming that the machine is close to the difference
coupling resonance A = Q, —Q, — 0, the |C™| can be
approximated as

|c—|=$‘ s\ [0, 00 | (5)

where s is the position around the ring, . and f, are the
horizontal and vertical § functions, ¢, and ¢, are the
horizontal and vertical phase advances and R is the radius
of the machine. These quantities are used throughout the
presented studies and measurements.

In the presence of betatron coupling, usual Twiss
parameters calculations in the formalism of Edwards and
Teng [48] need to be adapted. One approach is to use the
C-matrix [6] to do so but in these studies, the formalism of
Ripken, developed in [49] and more accessible in [50,51] is
used. It provides so-called Ripken parameters f3;, a;;, and
Ykj» where k = 1...3 refers to the plane (x,y,...) and the
index j refers to the eigenmodes, which are accurate in the
presence of coupling. In the absence of coupling, it holds
that f, = p11, By = P, and B, = f5; = 0. In the coupled
case, all fy are nonzero and f;;, f, are distinctively
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different from S, f3,, respectively. The relations linking
these quantities can be found in [52].

At the LHC IPs with round beams, the effect of the
beam’s tilt induced by betatron coupling [53] is negligible
and its impact manifests as an increase in the beam size. In
these studies, sizes were calculated from Ripken parameters
according to [52]:

(z) = V&b + e,

where ¢; and &, are the horizontal and vertical emittances,
respectively. Figure 2 shows a reconstruction of trans-
verse beam sizes at IP5 under varying the strength of
a local coupling bump. While the beam ellipses show a
> 99% overlap indicating a negligible tilt effect, the beam
size in the most affected case is about 250% of the
uncoupled case.

Instantaneous luminosities calculated for Fig. 1, in the
absence of crossing angles, are done so according to [54]:

z € {x.}, (6)

r— NINZfreva
277\/(0}2(,1 + 5)%,2)\/(55,1 + 63,2)

: (7)

where N, is the number of protons per bunch in
beam n, f,, the revolution frequency of particles, N,
the number of bunches per beam, and o, , is the size at the
IP of beam 7 in the transverse plane z, calculated according
to Eq. (6).
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FIG. 2. Transverse beam sizes at the IP5 location at 6.8 TeV and
p* = 30 cm with normalized emittances ¢, = &, = 3.75 pm, for
different strengths of a local coupling bump around the IP made
with skew quadrupoles. The ellipses are reconstructed through
the 011, 013, and o33 terms of the sigma matrix.

III. CURRENT CORRECTION METHODS AND
THEIR LIMITATIONS

The approach to local coupling correction in the LHC
has been to use the segment-by-segment technique [34] to
calculate the powering of the skew quadrupole correctors
left and right of the IP. The IR around IP1—the ATLAS
detector—is shown in Fig. 3, where the position of the
dedicated correctors is highlighted in green.

A more detailed view of the corrector package for the
LHC experimental insertions is shown in Fig. 4, where the
dedicated skew quadrupole (a2 order) correctors are in
the blue block C2 located right before triplet quadrupole
Q3, on the IP side. In Table I, one can find the definition of
the colinearity knob, a powering setting convention for the
skew quadrupole correctors—the MQSX magnets—which
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FIG. 3. LHC IR1 for a round optics configuration at 6.8 TeV
and f* = 30 cm. The upper plot shows the machine layout with
dipoles in blue and quadrupoles in red. The lower plot shows S
and dispersion functions for both transverse planes. The vertical
green lines highlight the location of the skew quadrupole
correctors used for corrections.

Lead end
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FIG. 4. Layout of the triplet magnets and the linear and
nonlinear correctors in the LHC experimental insertions [56],
showing common aperture magnets. The Q1, Q2a/b, and Q3 are
triplet quadrupoles while the CO, C1, C2, and C3 are corrector
packages with the field order indicated below. D1 is the
separation dipole, diverging Beam 1 and Beam 2 to their
respective beamlines. The skew quadrupole correctors corre-
spond to order a2 and are located in the C2 package.
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TABLE 1. Definition of one unit of the colinearity knob, a

powering setting of the IR skew quadrupole correctors.
Magnet K [m™2]
MQSX.3R[IP] - K g +107#
MQSX.3L[IP] - K g —107*

was originally designed for a flat optics experiment [55]
and acts antisymmetrically on the powering of the left and
right corrector magnets. Since for round optics, the p
functions are by design identical at the correctors and given
the ~180° phase advance between the two magnets,
assuming a good enough S beating correction, the knob
does not impact the global coupling while inducing a
closed coupling bump around the IP.

The SbS technique treats a segment of the accelerator as
an independent line and propagates measured optics
properties through this segment using the MAD-X code
[57]. One then tries to find correction settings—powering
changes of selected magnets—that would best reproduce
the propagated optics. Thereby, inverting these settings and
applying the inverted values in the machine corrects the
measured errors. Coupling corrections calculated with the
SbS technique mostly aim to compensate for the coupling
coming from the IR. These corrections are essential in
commissioning in order to reach low f* with good optics
control: at #* = 30 cm, the local errors compensated in
Run 2 [33] would contribute to the |C~| by the amount of
0.33—too high for the arc correctors to handle.

However, due to unfavorable phase advances in between
BPMs in the IRs, it is difficult to get a good measurement of
the coupling RDTs in these regions. When looking at
Eq. (3) and knowing that the phase advance in the IR is ~0
from BPM to BPM, and ~x from one side of the IP to the
other, one can see why the reconstruction of the momentum
and later on the coupling RDTs is very difficult at BPMs
around the IP. Figure 5 shows the coupling RDTs propa-
gated with the SbS technique in the IR1 segment, from
measurements taken during the LHC 2021 beam tests and
2022 commissioning. Large error bars can be noticed, and
while no given case appears specifically better than the
other, the orange line corresponds to a better correction.

Furthermore, the SbS technique does not allow one to
differentiate the contribution of one individual corrector
from the other, making it difficult to find the correct balance
of left and right powering settings: as both correctors can
compensate each other one might find a good compensa-
tion of the overall IR contribution to global coupling which
also deteriorates the coupling situation at the IP.
Additionally, the method cannot provide a measurement
for operators to estimate the coupling at IP, as there are no
BPMs at the location.

The usual technique to get a measurement of  functions
at the IP is K-modulation [58,59]. However, it has been
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FIG. 5. Propagation of the measured |f1o;| and |fo10| for
beam 1 around IP1, measured with two different corrector
settings. The orange line corresponds to a —4 trim of the

colinearity knob compared to the blue line and leads to a beam
size smaller by 9.2%.

shown that K-modulation measurements are robust against
the presence of local coupling, both analytically [60,61]
and experimentally [62], preventing the possibility of
directly measuring the beam size variation at an IP from
the local coupling.

In order to be able to correct the coupling in the IRs—
and more specifically at the IP—during commissioning
with low intensity pilot beams, a new method comple-
mentary to SbS is needed. Section IV presents the concept
of such a method.

IV. RIGID WAIST SHIFT FOR LOCAL
COUPLING CORRECTION

In order to circumvent the issues related to measuring the
local coupling at the IP, it became necessary to find a way to
relate it to other measurable quantities.

A. Concept and simulations

In order to do so, the idea is to apply a rigid waist shift
(RWS) to the beam—meaning all four betatron waists
moving simultaneously—in order to break the (anti-)
symmetry of the optics in the IR. An RWS can be achieved
by unbalancing the strength of the triplet quadrupoles on
either side of the IP, antisymmetrically. Table II gives the
definition of the RWS knob used to achieve this goal.
Making away with the symmetry allows to break the
locality of a coupling bump, making the impact of even
truly local coupling errors measurable everywhere.

051001-4
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TABLE II.  Definition of one unit of the rigid waist shift knob,
acting on the powering of triplet quadrupoles (KQX) left and
right of the IP.

Circuit Powering A
KQX.R[IP] -0.5%
KQX.LI[IP] 0.5%

However, this simple implementation of the RWS has a
strong effect on the optics across the machine. For instance,
simulations show that its application causes a 15%
deviation from the achieved |C~| to the target value set
through the LHC coupling knob. The RWS is also expected
to lead to a 20%—30% increase in f beating in the machine,
depending on the observed plane. These optics deviations
will change the impact of probed errors, namely the skew
quadrupolar impact on the |C~|. In order to limit this impact
on the optics, a new correction knob has been developed
that also makes use of the individually powered quadru-
poles Q4 to Q10 (included) to tune the optics functions and
rematch them at the edges of the IR. This rematching was
done with the MAD-X code and a specifically made PYTHON
package [63].

Figure 6 shows the coupling RDTs from a closed
coupling bump created through the colinearity knob in
the presence and absence of an RWS. When applying the
waist shift and breaking the optics symmetry in the IR, one
can observe a leakage of the RDTs outside the limits of the
coupling bump. These RDTs will then have a residual
presence in the machine, which can be measured and
reconstructed from turn-by-turn data from BPMs with more
suitable phase advances.

In the case of only skew quadrupolar coupling sources,
Eq. (5) becomes a summation of the individual sources and
the j(s) term becomes J,,—the integrated skew quadrupole
strength of the source indexed by w—in that summation,

- 1 W —i(py—ep,)+i2

+0(4). (8)

1 .
- ’zz BrBY T, i)

Taking into account the phase advances between the two
contributing corrector magnets, the contribution to the
global coupling can be written as

— 1 W QW 1 rRr T
AC =3 SR S= 5 (VPBKL S JBBL).
©)
with k¢ L = J,, the integrated strength of the skew quadru-

pole at position w, and / and r superscripts denoting the
corrector left or right of the IP, respectively. From the
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FIG. 6. Linear coupling RDTs in the vicinity of IP1 under a
coupling bump, with and without an RWS. The vertical green
lines represent the positions of the skew quadrupole correctors
used to implement the coupling bump. A colinearity knob setting
of 10 and a rigidity waist shift knob setting of 1 were used, which
results in a 0.5% change in the triplet powering knob and a
43.5 cm shift of the beam waists at f* = 30 cm.

symmetry of the optics in the IR as seen in Fig. 3, and with
identical lengths and opposite powering settings as seen in
Table I, this reduces to 0. When applying an RWS, the
/PP, terms and the phase advances change enough that
the contribution to global coupling becomes nonzero.

As a consequence, under an RWS a local coupling bump
will have a direct impact on the global coupling, measured
as the |C~|. This is shown in Fig. 7, where changes in the
setting of the colinearity knob now have a strong effect on
the |C~|. The behavior seen in Fig. 7, though theoretical,
has been tested in the machine [62].

This behavior opens the possibility of using an RWS to
probe IR local coupling through the measured global
coupling. Simulations have been done with the MAD-X
code to investigate the feasibility of finding local coupling
correction settings using an RWS. For the conducted
studies, the LHC Run 3 lattice [64] and * = 30 cm optics
were used and the IRs around LHC points 1 (ATLAS) and 5
(CMS) were considered. A local coupling bump was
created by introducing identical tilt errors in triplet quadru-
poles Q3—thus giving a skew quadrupolar component—
and compensation was done by acting on the setting of the
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FIG. 7. TImpact of the colinearity knob on the global |C~|,

calculated according to Eq. (4), with and without applying
an RWS.

colinearity knob. Figure 8 shows the values of the resulting
|C~| across the parameter space when an RWS is applied.

Figure 9 shows the resulting beam size increase as a
ratio to the nominal beam size across the same parameter
space, highlighting that minimization of the growth is

10.5
2
£ 9.0
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N 60 =
oy =
= 45
(]
£
= 3.0
@)
15
0.0

.8 0.0 0.8
MQXA.3[RL]1 Tilt [mrad]

FIG. 8. Resulting |C~| [Eq. (4)] for various combinations of tilt
error and colinearity knob settings, when applying an RWS.

NooNN
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._.
o
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Colinearity Knob Setting
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MQXA.3[RL]1 Tilt [mrad]

FIG. 9. Resulting beam size [Eq. (6)] increase for identical
settings of tilt error and colinearity knob settings as Fig. 8 but
without an RWS.

possible though a wrong setting would enhance the
phenomenon.

Simulations replicating more complex scenarios akin to
operational conditions were performed. The simulations
were run in MAD-X with the LHC 2022 lattice [64] and
p* =30 cm optics. Tilt errors were introduced in the
triplet quadrupoles Q3 around IP1 as mentioned above to
create a closed local coupling bump. Additionally, tilt
errors were added to an individually powered quadrupole
in IRS (for instance QS5) to include the presence of
expected residual local coupling errors in the other main
IP, which contributes to the global coupling by the amount
of 1073. Some global coupling sources are also added with
a dedicated knob [65] that bring the global coupling to
1072, which is then corrected through a routine, bringing it
down to 3 x 1073, a level similar to what is achieved in
the machine [66,67]. The RWS and colinearity knobs
were then powered to different settings, and the resulting
|C~| and IP beam sizes were determined in all settings
combinations.

Similar to studies made in Figs. 8 and 9, an entire
parameter space of implemented errors and corrections has
been explored. The evolution of both the |C~| under an
RWS and the beam size growth at IP1 without an RWS for
one of these simulations can be seen in Fig. 10.

It can be observed that settings minimizing the measured
|C~| under an RWS are close to minimizing the local
coupling and beam size increase without said RWS. In this
case, these settings compensate also the contribution of the
other added sources to the global coupling, on top of the
local ones. Similarly to previous studies a great correlation
is observed, and across the parameter space one computes a
0.96 Pearson correlation coefficient between the
two quantities shown in Fig. 10. This confirms the link
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IP Beam Size Increase w/o RWS [%]
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FIG. 10. Resulting |C~|[Eq. (4)] under RWS and IP1 beam size
[Eq. (6)] without RWS relative to the nominal scenario, for
various powering of the skew quadrupole correctors, after
introducing a l-mrad tilt error on the Q3s left and right of
1P1, a 0.5-mrad tilt error in the Q5 right of IPS and some global
coupling sources (coupling knob at 1072). The black dotted line
represents the threshold of a 1% beam size increase from the
nominal scenario.
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between the measured |C~| and quantities of interest at the
IP location: thanks to the RWS the local coupling and its
effect on beam size can be related to and probed via the
measured |C~|.

B. Determining corrections

The corrections that would compensate only the local
sources are determined by comparing the measured |C~| to
simulations, such as the orange line in Fig. 10. In the real
machine, some coupling will remain in the arcs due to a
nonperfect global correction and nonlocal SbS corrections.
As the method probes local errors’ impact through the |C~|,
it will naturally be sensitive to the global coupling in the
machine, which should be replicated: simulations need to
include a model of the global coupling from the measured
machine. Although the overall behavior of simulations
remains similar when including this component, an impor-
tant change from the line seen in Fig. 10 is the location of
the setting that minimizes the |C~|. The relevance of this
property will be discussed below.

The reproduction of the machine’s global coupling in
simulations becomes necessary as soon as strong non-IR
sources are present and can be done in different ways. In
studies, various implementations were tested: random tilts
in all quadrupoles, LHC-specific knobs [65], longitudinal
misalignment of sextupoles, field errors in specific mag-
nets, or random combinations of the above. It was found
that to the levels of coupling we achieve after correcting
the machine, the distribution and implementation of
sources had little impact on the minimization point of
the |C~| curve under an RWS, as long as the overall
pattern of the fo9; and the level of coupling measured in
the machine were accurately reproduced. As a conse-
quence, in simulations this reproduction was done by
including the coupling correction knobs implemented in
the machine, as determined during earlier commissioning
steps.

By comparing measurements from a colinearity knob
scan to simulations—where the former includes the impact
of local errors, but the latter assumes no local errors—one
can single out the contribution of the local sources to the
global coupling. Figure 11 shows the resulting |C~| values
under an RWS during a colinearity knob scan, for one of the
simulation scenarios mentioned previously (Fig. 10), and a
similar scenario in which no local coupling sources were
implemented in IR1. The former represents what would be
measured in the machine, including the contribution of
local sources, while the latter represents the simulations to
compare such a measurement to, which include all con-
tributions to global coupling except for the IR local sources.

Applying a trim of the colinearity knob setting linearly
translates the curves of Fig. 11 horizontally. This behavior
is valid and verifiable in both simulation and measure-
ments. Therefore, one looks to determine a colinearity knob
trim that, if applied in the machine, would bring the

—s— With Local Errors —=— No Local Errors

18
15
12
T A=4
2 >
& 09
o
—
0.6
0.3 ><
0.0
-20 -15 -10 =5 0 5 10 15 20
Unit Setting of the Colinearity Knob
FIG. 11. Resulting |C~| in simulations as done for Fig. 10, with

(blue) and without (orange) local coupling sources in IR1. The
former is representative of the effects included in a machine
measurement, while the latter is representative of simulations to
compare such measurements to.

measurement’s |C~| minimization point to that of the
simulation. As this difference if fully explained by local
sources, this trim contains the information on the local
error in terms of colinearity knob setting: powering of the
corrector magnets. In Fig. 11, the minima are highlighted
with vertical lines and the aforementioned correction trim
is determined from the relative position of these two
minima. The value is different from that of the minimi-
zation in Fig. 10 as there global sources are also
compensated while this correction aims at compensating
only the local sources.

When only considering the local sources used for the
results in Fig. 11 and inputting the correction trim sug-
gested, one obtains a good compensation of the beam sizes
at IP1. Figure 12 shows the impact of these local errors and
the effect of applying the suggested correction trim. The
exactitude and effectiveness of the determined correction
can be improved by performing more granular scans of the

B Nominal mm Errored B Corrected

Size Relative to Nominal Scenario[%]

o

Horizontal

Vertical

FIG. 12. Relative IP beam sizes when compared to the nominal
scenario (blue) when inputting the local errors used in the study
for Fig. 11 (orange) and after applying the suggested correction
(green). The black dotted line represents the threshold of a 1%
beam size increase from the nominal scenario.
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colinearity knob, but the values used are representative of
what can be done in measurements.

C. Rigid waist shift procedure

The correction procedure for local linear coupling is
then made of three steps. First, calculating and applying a
correction of the IR contribution to global coupling based
on RDTs from turn-by-turn measurements, using the SbS
technique. Second, breaking the optics symmetry between
the right- and left-hand side of the IP by applying an RWS
and performing a scan of the colinearity knob. Finally,
analyzing the measurement data and comparing it to
simulations in order to find a colinearity knob adjustment
setting that minimizes the global coupling, without
impacting the correction found in step 1.

These measurements can be performed for each IR and
for each beam, and the subsequent determined corrections
can then be directly applied to the machine.

V. EXPERIMENTAL RESULTS

A first set of local coupling corrections were determined
during the LHC 2021 beam tests and 2022 commissioning
using the SbS technique. The RWS method was then
implemented in both IR1 and IRS at 6.8 TeV and f* =
30 cm to determine final correction settings in the form of
adjustments from the SbS corrections. Figure 13 shows the
additional f beating induced across the machine for beam 1
from applying the RWS in IRS, before and after the
application of the optics rematching knob. The f functions
in these measurements are reconstructed according to [68].

The measured impact is in agreement with what was
expected from earlier simulations, leading to a 15%-25%

DByl Bx [%]

AByIBy [%]
o

R
4

o
43 %0
Ho 6® 0glo® 3 %o,

10000 15000 20000 25000

Longitudinal location [m]

FIG. 13. The beam 1 additional § beating observed in the
machine from the implementation of the RWS in IR5 at 6.8 TeV
and f* = 30 cm, using only triplet quadrupoles (blue) and with
the optics rematching using all quadrupoles in the IR (red). The
highlighted area (orange) shows where magnetic elements are
affected by the knobs.

additional f beating in the machine depending on the
observed beam and plane; while the rematching knob
brought this beating back to about 5% where it was
previously kept thanks to existing corrections. This
showcases the great efficiency of the optics rematching
knob. Naturally, some strong deviations are noticed close
to IP5 (going out of range of the y axis) as the optics,
there are changed on purpose, but also because f
functions reconstruction close to the IPs is of relatively
low quality.

With the waist shift in the machine, scans of the
colinearity knob (Table I) were performed. At each
setting, a few measurements were taken by method of
beam excitation, from which the coupling RDTs were
computed. As the optics are affected—and rematched—
differently for beam 1 and beam 2, a scan of the
colinearity knob is performed for each beam and for each
IR. Different scans were done with different granularity
due to time constraints.

For each measurement, the RDTSs across the machine are
normalized to the base case with the RWS applied, global
coupling corrected and no colinearity knob trim; and only
then the |C~| is computed according to Eq. (4). This way,
only the variations due to the changes of the colinearity
knob are visualized and compared to simulations. In said
simulations, the global coupling of the machine is repro-
duced by introducing the coupling correction knobs imple-
mented in the machine.

In Figs. 14 and 15, comparisons are shown between
scan measurements and simulations for IR1 beam 2
and beam 1, respectively. Measurements at IR5 are not
shown for brevity but are compiled in the table below.
The delta between minimization settings, corresponding
to the suggested adjustment, is highlighted on each plot.
The relatively low range of values is due to the afore-
mentioned RDTs normalization, and the different

—— Simulation —s— Measurement

-15 -10 -5 0 5 10 15
Unit Setting of the Colinearity Knob

FIG. 14. Measurement scan done at IR1 for beam 2 and
simulations for the same setup. The minima of both curves are
highlighted by vertical dashed lines and the delta between the
two, suggesting the remaining error to correct, is displayed on
the graph.
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—— Simulations —e— Measurements

N
52
S
—
2
-15 -10 =5 0 5 10 15
Unit Setting of the Colinearity Knob
FIG. 15. Measurement scan done at IR1 for beam 1 and

simulations for the same setup. The minima of both curves are
highlighted by vertical dashed lines and the delta between the
two, suggesting the remaining error to correct, is displayed on the
graph.

behavior of beam 1 and beam 2 simulations is explained
by the different coupling situation in each beam: through-
out commissioning, beam 2 has showcased little natural
coupling while beam 1 required significantly stronger
global coupling corrections.

Simulations for beam 2 suggest that the reproduced
global coupling has little effect on the procedure, and the
colinearity knob scan could almost be used alone to
determine the corrections. For beam 1 simulations, how-
ever, the impact of the reproduced global coupling appears
much more substantial, as was the case in the machine, and
these highlight the need to compare the scan measurements
to simulations. Overall, this comparison is needed in the
case that there are significant coupling errors in the arcs. It
is worth noting that both beams’ measurements converge to
similar correction suggestions.

TABLE III. Correction adjustments suggested by rigid waist
shift scans, on top of the existing segment-by-segment correc-
tions that were in the machine.

Suggested Ak [10™* m™?]

Scan Beam 1 Beam 2
IR1 -3.5 -3
IR5 -2 -1.5

TABLEIV. Luminosity gains observed at the main experiments
ATLAS and CMS from the method’s suggested corrections.

Luminosity gain (%)

Experiment p* =30 cm p* =42 cm
ATLAS (IP1) 9.7 5.2
CMS (IP5) 35 1.5

Table III shows a summary of the suggested correction
settings for each beam and IR. While slightly different
corrections are suggested from independent measurements
of beam 1 and beam 2, it is possible that both values are
simultaneously true. While most of the error contribution is
expected to come from the dual-beam triplet quadrupoles
and be common to both beams, errors in double aperture
magnets Q4 to Q10 would affect each beam individually.
Furthermore, the orbit and hence feed-down but also the
ratio between sources and correctors are different for both
beams.

The suggested adjustments were applied, and their
impact was assessed based on instantaneous luminosity
measurements. Figure 16 shows the performed trims and
subsequent measured luminosity changes at IP1. The
instantaneous luminosity signal slightly trails up after
the end of the correction adjustment trim as the ATLAS
experiment publishes a time-averaged value. Similar
trims were done in both IR1 and IR5 at f* = 30 cm and
pF =42 cm.

For each measurement, values around the suggested
adjustment were also tested in order to look for the best
local setting. Table IV gives a summary of the observed
luminosity improvements for each performed trim.

It is expected to observe lower gains at a higher * since
the /p,f, term of Eq. (5) is substantially lower in the
triplets for the less squeezed optics. It is also expected to
notice a lower improvement at the CMS detector based on
the numbers in Table III: a lower suggested adjustment
indicates a smaller coupling error remains in IR5 than in
IR1, and the subsequent smaller applied correction recovers
less luminosity.

The adjustments determined with the RWS have been
incorporated into the nominal corrector settings and the
LHC now uses the resulting skew quadrupole powerings in
normal operation.

_35 — 10

-2.0

Colinearity Knob Trim (Units)

—— |IR1 Colinearity Knob Trim
—— ATLAS Instant Luminosity

Instant Luminosity Change [%]

0 20 40 60 80 100
Time [s]

FIG. 16. Trim of the colinearity knob setting (blue) and
observed IP1 instantaneous luminosity change (orange) at
6.8 Tev and f* =30 cm. The blue area highlights the trim
values suggested by the RWS method, which varies for beam 1
and beam 2.
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VI. RELEVANCE TO OTHER COLLIDERS

For any collider, the requirement of small $ functions for
collisions is a key design parameter and leads to using a
doublet or triplet of quadrupoles to achieve the necessary
intense focusing of the beams at the IP. On either side of
the collision point, in the drift space leading to the first
quadrupole, the § functions evolve as

S2

[? s

where f* is the f function at the IP and s denotes the
distance from the IP. Using L* as the length of this
drift space, the phase advance from IP point to said
quadrupole is

—L*ld—L*iﬂ* d 11
“= LB S—A gt

which one can integrate to obtain

u=p [%tan‘1 (%)] : = tan~! <z—:> (12)

Then, for traditionally L* > f*, one gets

p(s) ="+ (10)

(13)

u~tan~!(co)

SRS

As a consequence, for a typical collider layout, the phase
advance from left to right doublet/triplet quadrupoles is ~z
and tilts in said quadrupoles are susceptible to create a
coupling bump around the IP.

Furthermore, SbS limitations encountered in the LHC
would also be present: no observation point at the IP, and
due to the large § functions in these quadrupoles, the phase
advance from element to element close to the IP is very
close to 0, making the accurate reconstruction of coupling
RDTs difficult [see Eq. (3)].

These conditions were confirmed in existing and future
machines: the High Luminosity LHC and FCC-hh lattices
being based on the LHC’s, they share the same issues.
The FCC-ee [69] V22 lattice was used in simulations
to confirm these conditions and the possibility of a close
coupling bump from doublet tilts. Another existing
machine, SuperKEKB, has also encountered nontrivial
issues with local coupling in its High Energy Ring [70].

For the aforementioned accelerators but also more
generally for most circular collider layouts, the presented
use of an RWS could provide a useful method to tackle
local linear coupling.

VII. CONCLUSIONS

A good correction of the local coupling in the LHC IRs is
essential to ensure the design beam size at IPs. The existing

correction methods, while crucial for safe machine oper-
ation and squeezing of the beams, do not provide an
accurate way to determine correction settings of the
coupling inside the IRs and specifically at the IP locations.

In this article, we have presented a newly developed
method to determine these correction settings which relies
on the application of a rigid waist shift and a necessary
rematching of the optics. The method was implemented
during the LHC 2022 commissioning, and corrections were
successfully determined from beam-based measurements.
These corrections were applied in the machine and con-
firmed through luminosity measurements, leading to sub-
stantial instantaneous luminosity gains.

This new method allows us to determine corrections
early on in commissioning with low intensity beams and
without requiring a collimation setup for luminosity scans.
Furthermore, it enables distinguishing between the two
beams, which could require different types of adjustments:
magnet realignment, orbit corrections, etc.

This new method is of relevance for colliders where the
local coupling is of concern, such as the High Luminosity
LHC, SuperKEKB, or FCC-ee.
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