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Abstract

The correction of the local optics at the Interaction Re-
gions of the LHC is crucial to ensure a good performance
of the machine. In this paper, we compare two different
techniques for local optics correction: Action-Phase Jump
and Segment-by-Segment techniques. The comparison is
made in view of future machine configurations such as Run
3 LHC optics and HL-LHC optics.

INTRODUCTION

Local corrections of magnetic errors in the interaction
regions (IRs) of the LHC are essential to achieve the max-
imum possible luminosity for the experiments located in
these regions and to improve the overall performance of the
accelerator. Several techniques have been applied in the past
to correct both linear and non-linear optics [1]. However, the
demands for LHC Run 3 and its future upgrade HL-LHC re-
quire new techniques to provide accurate optics corrections
in order to meet the design performance of the machine not
only in terms of integrated luminosity but also in terms of
luminosity imbalance between the two main experiments:
ATLAS and CMS, which must remain below 5%.

Before being used in commissioning or regular opera-
tions, new optics correction techniques performance must
be tested in simulations and compared to current correction
techniques. In this paper we consider the Action and Phase
Jump technique [2] as a promising alternative to the current
technique based on Segment-by-Segment [3,4] correction in
the LHC optics configuration and the performance of both
techniques under the same machine conditions is compared.

IR LOCAL CORRECTION TECHNIQUES

In the IR, linear optics is usually corrected locally using
the Segment-by-Segment (SbS) technique. However, other
alternative methods are considered. In this section the Action
and Phase Jump technique is compared to SbS.

Segment-by-Segment Technique

The Segment-by-Segment technique was developed at
the LHC for the computation of optics corrections for local,
strong error sources. The idea is to run the MAD-X code in
a section of the accelerator in between two beam position
monitors (BPMs). The optical functions derived from the
measured turn-by-turn data are the start parameters of the
simulation. For the correction of the optics, the simulated
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Figure 1: Sketch of the Action and Phase jump technique
principle.

phase advance between BPMs is compared to the measured
one. Any deviation between the two values can be, in prin-
ciple, corrected with quadrupoles inside the segment. This
technique has proven to work very well for correcting local
optics in the LHC during Run 1 and Run 2. However, for
the HL-LHC upgrade, new correction techniques are being
explored.

Action-Phase Jump Technique

Action and Phase Jump (APJ) technique is one of the avail-
able methods to perform magnetic error correction. This
method is based in the principle of preservation of Action
and Phase variables in the absence of magnetic errors. In
Fig. 1 the principle of the Action Phase Jump technique is
shown. Before entering the IR, the action is equal to J, and
changes to J; due to the magnetic errors present in the left
triplet of the IR. Similarly for the phase: it changes from
8 before entering the IR to § after exiting it and at the IP
takes the value §,. The idea is to use the action and phase
jumps to find the magnetic errors or, at least, the corrections
that suppress those jumps. A more detailed description of
this technique can be found in [2].
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TRIPLET AND MATCHING SECTION
QUADRUPOLE ERRORS

In order to accurately reproduce the optics present in the
real machine, magnetic errors have been introduced in the
triplet quadrupoles and matching section quadrupoles have
been included in simulations. In Table 1 the distribution of
absolute magnetic errors in the inner triplet and the matching
section quadrupoles used in simulations is shown. One can
see that the errors assigned to the matching quadrupoles (Q4,
Q5, Q6) are particularly high. These values significantly dif-
fer from the values reported in dedicated measurements [5].
However, these values are not meant to represent the actual
IR magnetic errors and can be interpreted as the effective
errors. A more detailed understanding of the nature of these
effective errors in the matching section quadrupoles is ongo-
ing.

Table 1: Magnetic Errors Assigned to the Inner Triplet and
Matching Section Quadrupoles

Magnet  Error [10°m~2]
QILR -0.6/0.70
Q2L/R 1.17/0.74
Q3L/R -1.31/2.60

Q4L/R.B1 -7.00/5.70
Q4L/R.B2 7.00/-5.70
Q5L/R.B1 -6.86/2.98
Q5L/R.B2 7.01/-3.45
Q6L/R.B1 41.34/-23.71
Q6L/R.B2 -31.51/20.44

SIMULATION METHODOLOGY

The optics used in simulations is the 2016 LHC collision
optics with g* = 40 cm. This low-* optics is particularly
sensitive to any non-corrected linear or non-linear errors.
These errors are translated into a S-beating and an increase
of the B-function at the IP. The errors introduced in previous
section have been included in the simulations following a
normal distribution centered at 0 with a standard deviation
corresponding to the value shown in Table 1 and cut for
values beyond 3. Tracking data was used to obtain the
simulated BPM readings. A transverse displacement in the
initial amplitude of the particles was performed. Then, the
position at each BPM was recorded for 6600 turns, which
is the number of turns usually used during machine mea-
surements. These data were then used as input for both the
SbS and APJ algorithms. In addition, data from simulated
K-modulation measurements [6,7] was used to obtain a more
reliable value for the B-function at the IP. Then, the SbS
matching tool used the phase advance between BPMs and
the K-modulation data to constrain the algorithm that per-
forms the optimization to find the best correction using the
corrector magnets found in the inner triplet region.
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CORRECTION COMPARISON

In Fig. 2 and Fig. 3 the residual B-beating is shown for B1
and B2 respectively after applying both methods. When the
results obtained using SbS and APJ techniques are compared
we can see that the later works better for reducing both
the residual B-beating in the ring and for correcting the
B-function at the interaction points.
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Figure 2: Computed f-beating along the ring for B1 in
the horizontal plane (top) and vertical plane (bottom) after
adding the errors shown in Table 1.
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Figure 3: Computed S-beating along the ring for B2 in
the horizontal plane (top) and vertical plane (bottom) after
adding the errors shown in Table 1.

In Table 2, the RMS and the maximum S-beating before
and after correction using APJ and SbS is shown. In particu-
lar, using APJ, the residual RMS is always below 2% while
SbS technique results in one case with 3.6% rms value. A
peak B-beating of 14% is reached for SbS. However, the
local deviations observed around IP1 when using SbS sig-
nificantly affects the total RMS p-beating since, as we can
see in Fig. 2, in this case SbS performs better all around the
ring but in IR1.

The residual g-beating at the IP translates into a devia-
tion of #*. In Table 3, the 8* value in IP1 obtained before
and after correction using both methodologies is shown for
B1 and B2 respectively. We can see that, in general, APJ
performs better in the correction and delivers a 8* closer to
the nominal value (40 cm). In addition, in the case where
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Table 2: Computed RMS and Maximum g-beating Along
the Ring Before Correction and After Applying APJ and
SbS Correction Techniques in B1 and B2

B1 B2

AB/B [%] H A" H \"
Uncorrected RMS  8.14 12.8 11.8 6.16
APJ RMS 0.63 055 0.73 1.57
SbS RMS 256 085 1.19 3.57
Uncorrected Max 117 98.6 53.6 79.19
APJ Max 092 108 1.06 221
SbS Max 145 631 4.62 7.08

Table 3: g* Values Obtained in IP1 Before Correction and
After Applying APJ and SbS Correction Techniques in B1
and B2

B1 B2
Bx By Bx By
[cm] [cm] [cm] [cm]
Design 40 40 40 40
Uncorrected 87.0 794 61 72
APJ 40.3 404 3996 40.5
SbS 458 425 3898 38.7

SbS is used, there is a clear §* imbalance between B1 and
B2.

‘We can conclude that, for the distribution of errors con-
sidered, the APJ technique shows a better performance than
SbS and hence it looks as a promising technique for optics
correction in the LHC.

SMALLER ERROR DISTRIBUTIONS

When the magnitude of the errors considered in the triplet
magnets is reduced (Table 4), then both techniques, SbS
and APJ, perform on average equally well as can be seen
in Fig. 4 and Table 5. Therefore, in future work, one must
understand if the error distribution considered in previous
section is representative of a realistic error distribution in
the LHC.

CONCLUSION

In this paper we have compared two different techniques
for local correction of the LHC optics in the IRs: the Action
and Phase Jump technique and the Segment-by-Segment
technique. Under the assumption that the magnetic errors
in the matching section quadrupoles have a significant con-
tribution to the IR B-beating, we have seen that it is very
beneficial to include those magnets in the correction pro-
cedure. Under these assumptions, APJ techniques shows a
better performance over SbS in the correction of the local
optics in the IRs. Due to the promising results obtained in
the local correction of the IR optics using the APJ technique,
this methodology will be applied to different optics with
different sets of errors in the IR magnets. The idea is to
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Table 4: Magnetic errors assigned to the inner triplet and
matching section quadrupoles for the case with small errors
in the matching section.

Magnet  Error 10> m™2
QIL/R -0.6/0.70
Q2L/R -1.17/0.74
Q3L/R -1.31/2.60
Q4L/R.B1 0.34/-0.55
Q4L/R.B2 0.23/0.19
Q5SL/R.B1 0.25/-0.08
Q5L/R.B2 0.03/0.22
Q6L/R.B1 0.05/-0.009
Q6L/R.B2 -0.12/0.03
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Figure 4: Comparison of the B* values obtained in IP1
before correction and after applying APJ and SbS correction
techniques in B1 and B2 for the case with smaller errors in
the matching quadrupoles as shown in Table 4.

Table 5: Computed RMS and maximum g-beating along
the ring before correction and after applying APJ and SbS
correction techniques in B1 and B2

B1 B2
AB/B [%] H A" H \"
Uncorrected RMS  6.10 125 139 6.22
APJ RMS 0.22 0.17 0.17 0.20
SbS RMS 0.07 0.87 148 0.40
Uncorrected Max 102 73.5 793 105
APJ Max 0.33 026 025 0.29
SbS Max 041 124 218 0.59

test this technique during the commissioning of the LHC at
the beginning of Run 3 [8]. If this technique proves to be
suitable to correct the LHC optics, the next step will be to
test it for HL-LHC optics configurations [9]. In [10], pre-
liminary results on the application of APJ on the HL optics
are presented.
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