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Abstract

The future upgrade to the High-Luminosity Large Hadron
Collider (HL-LHC) will impose tight tolerances on Interac-
tion Point (IP) optics measurements. k-modulation is cur-
rently the preferred method in the LHC for IP optics mea-
surements and will play a critical role in the HL-LHC. As
such, Run 3 of the LHC provides an ideal test-bench for
addressing challenges in k-modulation. In the first commis-
sioning year of Run 3, this method was used to measure and
validate optics with §* ranging from 30 cm to 24 m. How-
ever unsatisfactory reproducibility was observed for low g*
measurements. This paper presents the k-modulation results
for the start of Run 3 with in depth analyses, and highlights
the sensitivity of this method in view of the challenging
HL-LHC runs.

INTRODUCTION

The method of k-modulation has been successfully used in
many accelerators [1-14], and has been the preferred method
for IP optics measurements since Run 2 of the LHC [2, 14—
16]. This method played a central role in achieving record
low B-beating levels during Run 2 [17]. It also played a key
role in successfully commissioning the LHC optics in the
first year of Run 3 [18,19].

While it has been successfully used, its reproducibility
has, in some cases, been unsatisfactory at low 8* conditions.
This resulted in longer periods of commissioning spent on
k-modulation measurements then desired. This paper gives
a short overview of the k-modulation method, discusses
possible causes for low reproducibility resulting from data
quality and timing issues, and finally presents the measured
B* for collision optics.

The Method of K-Modulation

The current implementation of the k-modulation method
in the LHC relies on a sinusoidal gradient modulation of
the two quadrupoles closest to the IP [2]. By measuring
the change in tunes and quadrupole strengths, the average
B-functions in the triplets can be accurately measured by
numerically fitting Eq. (1),
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Figure 1: Variation of calculated §* for consecutive mea-
surements ranging from g* = 0.60 m to 8* = 0.30 m in IP1.
The results for Beam 1 are shown in the top plot, while the
results for Beam 2 are shown in the bottom plot.

From the measurements of average $ in the inner triplets
the quadratic betatron equation of a drift is solved numeri-
cally to obtain 8* measurements, as well as the location of
the waist where the minimum S-function is located [14, 16].
Furthermore, the S-functions at the nearest BPMs are also
obtained, and serve as valuable inputs for global optics cor-
rections [17,18].

REPRODUCIBILITY CHALLENGES IN
THE LHC

While k-modulation provides very accurate measurements
of IP optics at large 8* values, uncertainties tend to in-
crease through the 8* squeeze. Indeed, the effects of tune
noise and waist offsets become increasingly problematic
at f* = 30 cm [14]. Figure 1 shows the measured §*-
beating for both beams for multiple k-modulation measure-
ments at various settings of 8* on the 11" and 12" of June
2022. While the measurements show good reproducibility
at 5% = 60 cm this deteriorates moving towards 8* = 30 cm.
This reduced reproducibility increases the required commis-
sioning time and needs to be understood. Several sources
will be discussed in this paper, such as the BBQ tune data
quality and timing offsets between the BBQ data and triplet
current measurements.
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Figure 2: Comparison of tune data received from the BBQ

system (in red) and tune obtained from the re-analysis of the

BBQ raw data in post-processing (in blue). The step-like

behaviour of the tune disappears with the new FFT analysis.
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Figure 3: Analysis of the BBQ binning resolution compared
to the measured tune data from the Continuous High Sensi-
tivity (CHS) BBQ source.

BBQ Data Quality

The LHC tune measurements are performed by a
diode-based base-band-tune (BBQ) technique. This high-
sensitivity device records turn-by-turn transverse position
data and performs spectral analysis. The current imple-
mentation of the k-modulation measurements in the LHC
rely on the internal spectral analysis performed by the BBQ.
More specifically, the LHC.BQBBQ.CONTINUOUS_HS
tune data source is used for k-modulation measurements.
During 2022, several k-modulation measurements showed
significant perturbations of tune measurements during the
modulations, causing a step-like behaviour in the tune re-
sponse. Figure 2 clearly shows the step-like tune measure-
ments obtained from the BBQ (in red), and serves as an
extreme example of such perturbed responses. Such dis-
torted tune measurements can have a significant effect on
the quality of k-modulation measurements and can further
affect the reproducibility of this method, thus motivating
closer inspection of the tune data source.

The steps in the BBQ data come from the frequency reso-
lution of the 2048 point FFT that is used in the BBQ system,
as is shown in Fig. 3. A smoothing function is then applied
by the BBQ peak-search algorithm, which in some rare cases
generates steps in the tune signal.

Since the raw transverse turn-by-turn BBQ data is con-
tinuously stored online, the data can be re-analysed using
different spectral analysis methods or parameters. In this
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Figure 4: Tune data from the internal BBQ analysis (red) and
the re-analysis of the raw BBQ data (blue) versus measured
triplet strength. The resulting fit is displayed as in black.

study the BBQ raw data has been re-analysed using zero
padding and a Hamming filter to provide smooth interpola-
tion. The comparison between the default BBQ tune data,
and the tune signal from re-analysed raw BBQ data is shown
in Fig. 2, where the resulting new analysis is shown in blue
and displaced by -0.001 to avoid overlapping data. The new
spectral analysis offers a more robust calculation of machine
tunes during the modulation of the triplet quadrupoles. This
clearly motivates the post-processing of raw BBQ data for
future k-modulation measurements.

Timing Offset Data

k-modulation measurements rely on accurate phasing be-
tween triplet quadrupole strength measurements and tune
measurements. During Run 2 of the LHC it has been gener-
ally assumed that the timing was accurate. However, analy-
sis performed in 2022 shows that a timing mismatch in the
stored data may be affecting the obtained results.

The average S-functions are calculated by fitting Eq. (1)
to the measured triplet strengths and tunes. The resulting
fit parameters can be compared to the measurement data.
Figure 4 compares the measured tune data as a function of
quadrupole strength, and the fit of the data. At first sight the
fit appears to be very good. However, looking more closely
at the difference between the data and the fit a pattern is
observed. Figure 5 shows the residual between the measure-
ment data and the fit » = Q™ — Qi a5 a function of the
rate of change of the quadrupole strength. Perfect synchroni-
sation between the tune and quadrupole strength data would
result in a flat residual dominated by the noise of the mea-
sured tunes. However, a small but clear slope is observed
in the residual, indicating a possible mismatch in synchro-
nisation. Figure 5 is representative for all k-modulation
measurements performed in 2022 for all IPs and beams.

The re-analysis of the raw BBQ data shows clear im-
provements in the synchronization of the tune data with the
quadrupole current measurements. Figure 5 also shows the
residual between the data and the fit obtained from the new
analysis. The residual is independent of the rate of change of
the quadrupole strength, thus indicating an improved timing.
Furthermore, the variance of the residual is improved in the
new analysis with respect to the internal BBQ tune analysis.
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Figure 5: The residual between the tune data of the internal
BBQ analysis (red) and the re-analysis of the raw BBQ data
(blue) with their respective fit results, versus the rate of
change of the triplet strength.

2022 g* COLLISION OPTICS RESULTS

Final k-modulation measurements were taken on the 17th
of June 2022 after all optics corrections were applied. Table 1
shows the results obtained for two consecutive k-modulation
measurements at 8 = 0.3 m in IP1 and IP5 respectively.
The results from the online analysis with the Continuous
High Sensitivity (CHS) tune data source, and the refined
offline analysis with the raw BBQ data (Raw), are compared
in the Table 1. While both methods generally agree with
each other, differences of up to a few percent are observed,
specifically in the second measurement of IP1 Beam 2, where
the measured SB*-beating increases significantly with the
new analysis. Also, some variation can be observed in the
calculated 8* as well as the estimated measurement error
between consecutive measurements with the same settings.
In some cases the errors appear to be underestimated, and
motivate further studies to better estimate the individual
measurement errors.

By using the average over the two consecutive k-
modulation measurements, an effective 8* can be calculated
for each IP, and an estimate of the luminosity imbalance
between ATLAS and CMS can be obtained. Table 2 shows
the effective §* for both IP1 and IP5, as well as the calcu-
lated luminosity imbalance. The new method, based on the
raw BBQ data, now predicts a small imbalance in favor of
CMS (IP5) by 1.3%, which is still within the operational
tolerances.

CONCLUSIONS

The method of k-modulation forms the basis for IP optics
measurements in the LHC and the HL-LHC. The repro-
ducibility of this method is a critical issue for its successful
deployment in the HL-LHC, and this will become more
important at lower 8*. The current use of k-modulation in
the LHC thus provides valuable insights for its use in the
HL-LHC.

In 2022, k-modulation measurements played a central
role in validating the IP optics for operation and ensuring
a low luminosity imbalance between the ATLAS and CMS
detectors. However, varying results have been observed for
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Table 1: Comparison of Two Consecutive Measurements
of g*-Beating Between the Online Analysis Using the BBQ
CONTINUOUS HS (CHS) Tune Data and the Re-analysed
Raw BBQ Data (Raw), for Two Consecutive Measurements,
for Both IP1 and IP5

Analysis 22 [%] % [9o]

CHS1 -18201 1.7:06

CHS2 -19+01 0404

IPLBl — AW T 182011 29208
RAW?2 -15+03 0.7+04

CHS1 24:08 4500

CHS2 13+07 27+06

IPIB2 — AW T 35200 45208
RAW?2 64+12 79+12

CHS1 21+08 0503

CHS2 33+09 08+04
IPSBl — AW T 20207 012012
RAW2  18+06 000.1

CHS1 21+10 00=z11
CHS2 15+10 -0.6<09

IPSB2 —RAWT 23209 17z11
RAW2 18+09 21+1.1

Table 2: Effective 8* Averaged Over the Two Final Measure-
ments, and the Expected Luminosity Imbalance Between
ATLAS and CMS

Source eff. B, eff. Bl IP1/IPS £
CHS 0.303 0.304 1.002
RAW 0.308 0.304 0.987

consecutive measurements generating interest in improving
the analysis for low §* values.

The tune data obtained from the BBQ system shows po-
tential issues arising from the internal smoothing algorithms
used. Improvements can be made by analysing the raw BBQ
signal in post-processing. Observed steps in BBQ tune data,
are interpolated much more smoothly with the new method,
and better reflect the tune response to the quadrupole gradi-
ent modulation.

A potential timing delay between the extracted tune data
and the quadrupole strength data has been discovered. The
re-analysis of the raw BBQ data also improves the synchro-
nization of the tune and quadrupole strength data sources in
the analysis.

A comparison between the calculated IP optics using the
new and old analysis has been presented. The new analysis
can lead to significant changes in calculated 8*, further high-
lighting the extreme sensitivity of this method to variations
of tune, currents and timing offsets.

The improvements discussed in this paper lead to impor-
tant refinements of the k-modulation method in the LHC, and
help better prepare for the challenging HL-LHC conditions.
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