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BPM signal & Optics parameters

Turn-by-Turn BPM signal in the i th BPM:

xi(n) = Ci

√
2βiJ cos(2πnQ + φi) + x i + σnoise

Uncertainties on Q and φi when using FTs on xi(n):

σQ =
σnoise
ANα

σφ =
σnoise

A
√
N

where A = Ci

√
2βiJ is affected by the BPM calibration error Ci .
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Proton beams were successfully steered through the entire ring of the CERN Large Hadron Collider

(LHC) on September the 10th of 2008. A reasonable lifetime was achieved for the counterclockwise beam,

namely beam 2, after the radiofrequency capture of the particle bunch was established. This provided the

unique opportunity of acquiring turn-by-turn betatron oscillations for a maximum of 90 turns right at

injection. Transverse coupling was not corrected and chromaticity was estimated to be large. Despite this

largely constrained scenario, reliable optics measurements have been accomplished. These measurements

together with the application of new algorithms for the reconstruction of optics errors have led to the

identification of a dominant error source.
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I. INTRODUCTION

The LHC has a beta-beating tolerance lower than any
other previous hadron collider. Table I shows the LHC
beta-beating tolerances from Ref. [1], as derived from its
tight mechanical aperture. To achieve the required control
of the beta beating, the use of the most accurate numerical
algorithms, as well as a highly performing beam position
monitor (BPM) system, is mandatory. After dedicated
studies spanning over several years, the procedures to
measure and correct the optics of the LHC ring have
been established via numerical simulations and measure-
ments in existing accelerators [2–5]. In parallel, a complete
and accurate magnetic model of the LHC has been devel-
oped based on measured field and alignment errors [6,7].
These studies show expected beta-beating levels at injec-
tion close to the above tolerances. Higher-order nonlinear
magnetic errors can generate quadrupolar errors via feed-
down. The specifications given in Ref. [1] aimed at provid-
ing beam-dynamical driven bounds on the components bn,
an of the multipolar expansions of the magnetic field. The
definition of the components bn, an is also given in
Ref. [1].

On 10 September 2008 the first beams were successfully
injected and circulated for multiple revolutions along the
LHC ring. This was the result of a meticulous preparation
as well as several synchronization tests performed during
the summer of 2008 [8]. In particular, following the
achievements of September 10th, the counterclockwise

beam was circulated in the LHC with an excellent lifetime
on September 12th, after rf capture was established [9]. A
typical beam consisted of a single bunch of about 2� 109

protons, with transverse rms geometric emittances of 5:6�
10�9 m and 2:3� 10�9 m in the horizontal and vertical
planes, respectively, and as measured in the transfer line
[10]. The rms bunch length was about 0.5 ns. At this stage
of the beam commissioning it was possible to acquire the
turn-by-turn beam positions over the first 90 turns at about
500 double-plane BPMs using the YASP [11] software. At
this commissioning stage the BPM system was set up to
acquire 90 turns, but it was planned to increase this number
at a later stage. The ring rms horizontal and vertical closed
orbits were corrected to 1.3 and 2.1 mm, respectively. The
injection oscillations enabled measuring optics parameters
by means of the techniques developed in previous years
to extract the maximum information from the available
data set.

TABLE I. Relative peak beta-beating tolerances for the LHC
as extracted from Ref. [1]. The off-momentum tolerances are
given at the maximum momentum deviation of �p ¼ 1:5� 10�3

and �p ¼ 0:86� 10�3 for injection and collision optics, respec-

tively.

On-momentum Off-momentum

ð��x

�x
Þpeak ð��y

�y
Þpeak ð��x

�x
Þpeak ð��y

�y
Þpeak

Injection optics 14% 16% 7% 5%

Collision optics 15% 19% 10% 6%
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F LHC BPMs worked perfectly in the 1st injections into the LHC!

Design performance: σnoise=100µm at 1010ppb in TbT mode
2000 BPM channels working with less than 5% failure

F β-beating of 100%!

F Main quadrupole error identified
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Since 2015 the LHC has been operating at 6.5 TeV. In 2016 the β-functions at the interaction points of
ATLAS and CMS were squeezed to 0.4 m. This is below the design β� ¼ 0.55 m at 7 TeV, and has been
instrumental to surpass the design luminosity of 1034 cm−2 s−1. Achieving a lower than nominal β� has
been possible thanks to the extraordinary performance of the LHC, in which the control of the optics has
played a fundamental role. Even though the β-beating for the virgin machine was above 100%, corrections
reduced the rms β-beating below 1% at the two main experiments and below 2% rms around the ring. This
guarantees a safe operation as well as providing equal amount of luminosity for the two experiments. In this
article we describe the recent improvements to the measurement, correction algorithms and technical
equipment which allowed this unprecedented control of the optics for a high-energy hadron collider.
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I. INTRODUCTION

The 2012 optics commissioning of the LHC reached a
new record low β-beating for hadron colliders [1]. Since
then, many improvements have been made to equipment,
algorithms and analyses to further reduce the errors and
uncertainties of the optics measurements and corrections.
Improvements to the reconstruction of both β-functions and
transverse coupling from turn-by-turn (TbT) data have been
made [2,3]. In 2016dedicated couplingcorrections in theLHC
brought the closest tune approach to about 2 × 10−4 [4]. This
is the lowest level of coupling ever measured in the LHC.
A new online K-modulation application has also been

developed, which enables direct measurement of the β� [5].
It is very important to provide the two main experiments
with the same amount of luminosity and hence the same
discovery potential [6]. A better understanding of the
nonlinear magnetic errors has also been obtained. This
includes studies and correction of chromatic coupling [7],
nonlinear coupling [8,9], amplitude detuning [10], non-
linear chromaticity [11], and higher order errors in the
interaction regions (IRs) [12]. This is an area which will
continue to grow in importance as the LHC enters a more
challenging regime with an even lower β�, however the
focus of this article is the improvements which enabled the
achievement of the 1% control of linear optics in the LHC.

The optics configuration in the LHC is normally referred
to by the β� at the ATLAS and CMS experiments, located in
Interaction Point 1 (IP1) and IP5. In 2012 the LHC operated
at a β� of 0.6m.When themachinewas restarted in 2015 this
was increased to 0.8 m and in 2016 it was reduced to 0.4 m.
This change to the operational configuration makes optics
correction even more challenging since the imperfections in
the IRs are responsible for a large part of the overall
deviation from the design optics [1]. The low β� is one of
the ingredients that has enabled the LHC to reach 1.5 ×
1034 cm−2 s−1 which is 50% above the design value [13,14].
In this paper we describe the changes that have been

made since 2012 to obtain an rms β-beating below 1% in
the two general purpose and high luminosity experiments.
Section II presents the improvements done to the 2015
commissioning and the factors that were limiting the
corrections. In 2015 a systematic offset of the longitudinal
β-function waist in IP1 and IP5 was discovered which led
to a new correction strategy described in Sec. III. The
new method incorporated the results from the online
K-modulation to further constrain the corrections [5].
Furthermore, the improvements in methods and procedures
to obtain the unprecedented low-level β-beating for a high
energy collider are described. The result from the optics
measurements, after corrections, are presented in Sec. IV.
In Sec. V we discuss how the global corrections perform at
different configurations and what impact this might have on
the foreseen β�-leveling.

II. 2015 COMMISSIONING

LHC optics commissioning in 2015 took place after
more than two years of shutdown, referred to as

*tobias.persson@cern.ch

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW ACCELERATORS AND BEAMS 20, 061002 (2017)

2469-9888=17=20(6)=061002(9) 061002-1 Published by the American Physical Society

lead to the need for different corrections. This was initially
believed to be due to the higher energy, but during a special
run at 2.51 TeV in 2015 it was measured that the errors
were consistent at the two energies [32]. The sources of the
difference between 2012 and 2015 remain unknown, but
could derive from longitudinal misalignments or aging of
the magnets. The difference in the corrections between
2015 and 2016 derive from the before mentioned correction
of the waist shift.
Corrections were also calculated using the Action Phase

Jumps method [33,34]. The suggested corrections from this
method were similar to the 2015 corrections [35].
In the case of well calibrated BPMs it is possible to

reconstruct the β-functions from the amplitude of the
oscillations [36,37]. The initial strategy was to use the
ballistic optics where the triplets were turned off to calibrate
the BPMs and then use them with the new calibrations in
the calculation of the local corrections. While the method
was not accurate enough to constrain the corrections, it
provided important information for debugging the new
K-modulation software.

C. Global corrections

Application of the local corrections reduced the β-
beating to a peak of about 20%. To reach a lower β-beating
a global correction approach is needed. This is required since
not all the errors are originating from the IRs. The better
corrected optics also provides more margin for other effects
such as beam-beam and reduces the luminosity imbalance
between the experiments. Global correction in the LHC is

based on a responsematrix approach. The correctionmethod
was improved in 2016 by taking the measurement uncer-
tainties into account as weights. Additionally the quantity
specificweights can be specified, i.e., giving a higherweight

TABLE II. Local correction strengths from 2012, 2015, and
2016 for (IR) quadrupoles. The circuits of the final focusing
quadrupoles are highlighted with a bold font. The powering of the
triplets has been jK0j ¼ 0.008730 m−2 throughout the years. The
polarity indicates if K0 is positive or negative using the LHC
Software Architecture (LSA) convention.

Δk (10−5 m−2) Polarity
Circuit 2012 2015 2016 LSA

IR1 ktqx1.l1 1.23 −
ktqx1.r1 1.0 −1.23 þ
ktqx2.l1 1.0 0.35 0.65 þ
ktqx2.r1 −1.4 −0.7 −1.0 −
ktqx3.l1 1.22 −
ktqx3.r1 −1.22 þ
kq9.l1b1 1.5 −

IR5 ktqx1.l5 2.0 2.0 −
ktqx1.r5 −2.0 −2.0 þ
ktqx2.l5 0.7 1.9 0.27 þ
ktqx2.r5 1.05 1.9 1.48 −
ktqx3.l5 1.49 −
ktqx3.r5 −1.49 þ
kq4.l5b2 3.80 −

FIG. 8. β-beating at 40 cm β� for beam 1 (upper) and beam 2
(lower) plot.

TABLE III. Normalized dispersion and min, max and rms of
the β-beating (in %) in 2015 and 2016.

2015 2016

Beam Min Max rms Min Max rms

ΔDxffiffiffiffi
βx

p ½ ffiffiffiffimp � 1 −2.2 2.5 0.78 −1.7 1.9 0.52

ΔDxffiffiffiffi
βx

p ½ ffiffiffiffimp � 2 −3.1 2.5 1.13 −1.8 1.6 0.62

Δβx
β 1 −7.6 9.6 3.18 −3.8 7.7 1.42

Δβy
β 1 −4.8 5.0 1.69 −4.2 4.5 1.35

Δβx
β 2 −9.5 11.3 4.24 −5.3 5.8 1.79

Δβy
β 2 −6.8 6.8 2.07 −4.9 3.8 1.42
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to the β-functions close to the IP than to the phase advance.
In every column, the response matrix contains gradients of
weighted observables for a change in the model of a
quadrupole strength as shown in Eq. (1). The division of
two vectors is defined as a vector containing the division of
the components with the same index. Quadrupole strength
correction, which minimizes the parameters of interest, is
obtained through the pseudoinverted response matrix and
the measurement vector as shown in Eq. (2). By including
results fromK-modulation the β-functions at the IP are better
corrected, this way minimizing the luminosity imbalance
between experiments. In order to find a good trade-off
among the observables, corrections are evaluated before
they are applied to the machine. The evaluation consists of
corrector strengths checks as well as of a prediction of the
optics parameters after the correction. This in turnmay serve
as a figure of merit for the correction weights optimization.

R⃗i ¼
 ffiffiffiffiffiffiffiffiffiwϕx;y

p · dϕx;y

⟶

dki

σϕx;y

⟶ ;
ffiffiffiffiffiffiffiffiffiwβx;y

p · dβx;y
⟶

dki

σβx;y
⟶ ;

ffiffiffiffiffiffiffiffiffiffiwNDx

p · dNDx

⟶

dki

σNDx

⟶ ;

ffiffiffiffiffiffiffiwQ
p · dQx;y

dki

σQx;y

!
T

ð1Þ

Δk⃗ ¼ −R−1 ·

� ffiffiffiffiffiffiffiffiffi
wϕx;y

p �
Δϕx;y

⟶

σϕx;y

⟶

�
;
ffiffiffiffiffiffiffiffiffi
wβx;y

p �
Δβx;y
⟶

σβx;y
⟶

�
;

ffiffiffiffiffiffiffiffiffiffi
wNDx

p �
ΔNDx

⟶

σNDx

⟶

�
;
ffiffiffiffiffiffiffi
wQ

p ΔQx;y

σQx;y

�
T

ð2Þ

where, Δk⃗ is a vector with the change of k-values, R is the
response matrix composed of the column vectors R⃗i wβx;y ,

wϕx;y
, wQx;y

wNDx
, are the quantity specific weights, ϕ⃗ is a

vector containing the phase advances, β⃗ is a vector with the

β-functions close to the IPs, ⃗NDx ¼ D⃗xffiffiffiffi
βx

p is a vector with

the normalized dispersion, Qx;y are the tunes, and σ⃗ are the
vectors of the uncertainties of the measurements.

IV. RESULTS

After application of local and global corrections, a final
set of measurements with the AC dipole and K-modulation
were performed. As a result of the previously mentioned
improvements an unprecedented rms β-beating below 2%
was achieved in 2016. Figure 8 shows the β-beating for both
beams at β� of 40 cm. The final results have been filtered
frommalfunctioning BPMs. The filtering was done through
removing faulty BPMs using the SVD and removing the
BPMswith too high noise levels [38,39]. A small number of
BPMs were also removed due to incorrect synchronization
of the TbT data. The peak and rms values of the β-beating
measured usingK-modulation are detailed inTable III.More
important than the reduction of the overall β-beating is the
improved control at the IP1 and IP5. Table IV shows
the measured β� before and after the different corrections.
The final rms β-beating at the IPs is below 1% resulting in an
expected luminosity imbalance below 1%. The larger
uncertainty in the measurement of the β� for horizontal
beam 1 at IP1 derives from a poor tune measurement.
Figure 9 shows a comparison of the average shift of the β�
waist. TableV shows thewell correctedwaist after the global
correction with a maximum deviation of 5.5 cm.
Correction of normalized dispersion was seen to have

improved significantly since the problem of orbit drifts
were corrected before the 2016 commissioning. The
improvements are detailed in Fig. 10 and Table III.

V. BEYOND 2016

The β� in 2017 is planned to be between 0.33 m and
0.4 m [14]. This will bring the LHC into a regime where the

TABLE IV. The measured β� before correction, after local correction and after global corrections for the β� ¼ 40 cm optics.

IP 1 β� [cm] IP 5 β� [cm]

Beam 1 Beam 2 Beam 1 Beam 2

H V H V H V H V

Before Corr 62.3� 1.2 73.1� 1.0 41.7� 1.3 75.4� 3.0 48.0� 0.8 30.9� 0.1 45.8� 0.2 45.0� 0.8
After Local 41.2� 0.3 40.9� 0.1 36.6� 0.1 40.4� 0.4 35.7� 0.2 40.9� 0.2 40.4� 0.3 40.4� 0.1
After Global 39.8� 0.5 40.1� 0.1 39.8� 0.1 40.1� 0.1 39.9� 0.2 40.1� 0.1 39.5� 0.1 39.6� 0.2
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FIG. 9. The average shift of the waist of the β-function at IP1
and IP5 for the β� ¼ 40 cm optics.
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Main ingredients:

F AC dipole for TbT

F β from phase
(BPM calibration poor)

F K-modulation for β∗ & IR4

F β∗ = 0.4 m, design was 0.55 m

F rms β-beating below 1.8%

F rms β∗-beating below 1%
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AC dipole Vs Single kick
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AC dipole gives more turns for analysis and it is non-destructive.
Limitations: Maximum 6600 turns & 1 min. wait for cool-down.
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Singular Value Decomposition cleaning

Removing uncorrelated noise from the 1000 BPMs/beam with SVD
improves Q and phase measurement uncertainties:

VI. DATA PROCESSING AND ANALYSIS

Approximately 500 BPMs are spread around each of the
LHC rings providing as many independent signals to be
combined for frequency analysis. In order to compute the
amplitude detuning both the action and the natural tune
must be derived from the turn-by-turn data. This is done
using an analysis package developed for the LHC. A
description can be found in [3,9]. The action is derived
from the measured � functions and represents the average
of all BPMs in the ring. The natural tune measurement is
extracted from a frequency analysis of the LHC BPMs and
will be described in more detail in the following section.

BPMs could be malfunctioning or subject to noise that
can degrade the measured signals. This is particularly
relevant in the case of an ac dipole excitation where the
frequency spectrum is dominated by the drive frequency.
The natural tune peak amplitude is typically a few orders of
magnitude smaller than the ac dipole peak. The first step in
the analysis is therefore to perform a singular value decom-
position (SVD) analysis allowing to remove the faulty
BPMs and retain only the real physical modes of the
beam, removing those related to noise as described
in [10].

The SVD of an arbitrary matrix M is given by

M ¼ U�VT ¼ X
i

ui�i�
T
i ; (35)

where ui and �i are the normalized eigenvectors of MMT

and MTM, respectively. � is a diagonal matrix of singular
values �i. Performing an SVD analysis of a matrix com-
bining the turn-by-turn data from all ring BPMs, one can
therefore extract a collection of singular vectors character-
izing the temporal and spatial variation of modes, which
describe the beam motion. Only the dominant modes are
representative of the real physical motion of the beam.

Performing a truncation over the singular values and in-
verting the SVD transformation therefore allows one to
restore the turn-by-turn data from which the irrelevant
modes are removed, and hence reduce the noise floor of
the frequency spectrum. We can define the SVD cut as the
number of singular values considered for the analysis.
The effect of the SVD preprocessing of the data is

illustrated in Fig. 5 where it is seen that an SVD cut of
10 is necessary to measure a clean natural tune signal
above the noise floor. The data set shown on this plot is
for an excitation amplitude of 1�. Once the data is cleaned,
the natural tune seen by each of the available BPMs is
computed using an interpolated FFT algorithm. The global
tune of the machine and its statistical error bar are derived
from the mean and standard deviation of these values.
Typical tune distributions obtained for the LHC are shown
in Fig. 6 where it is seen that a proper cleaning of the raw
turn-by-turn data not only allows one to observe the natural
tune but also significantly improves the resolution of the
measurement.
As mentioned in Sec. II, the observation of the natural

tune spectral line relies on the fact that the ac dipole is not
perfectly adiabatic. The nonadiabaticity of the ramping
process is mostly driven by the machine nonlinearities
and should increase with the oscillation amplitude. In
case of strong nonadiabaticity, the approximation Jx � A
does not hold anymore and the theoretical derivations
presented in Sec. IV cannot be applied. The relative am-
plitudes of the natural tune and drive frequency spectral
lines give a good measurement of the importance of this
effect. This is illustrated on the top plot of Fig. 7 where the
ratio of these spectral lines in both planes is shown as a
function of the horizontal oscillation amplitude. The ratio
in the horizontal plane, in which the ac dipole kick strength
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BPMmatrix =
∑
i

uiσiv
T
i

Clean: Keep i ≤ cut
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Phase measurement uncertainty
3. LHC optics measurements
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Figure 3.16.: Uncertainties of the measured betatron phase advances for both beams
for optics with β∗ = 60 cm (2012) and β∗ = 80 cm (2015).

signal to noise ratio and therefore increase the measurement uncertainty, cf. Fig. 3.17.
This happened because the strengths of the ac dipole kick need to be set manually
and different values are required in both planes to achieve the same oscillation am-
plitude. This seemed to favor lower oscillation amplitudes for the horizontal plane.
The graphical user interface (GUI) for these settings has been improved to display
the peak-to-peak amplitudes of the betatron oscillations which should avoid this im-
balance for future measurements [133].

Another contribution comes from the technical problem with the ac dipole which was
already observed in Section 3.4.1. Figure 3.18 shows how the phase advance uncer-
tainty depends on the number of turns analyzed. For beam 1 horizontally, where the
measured ac dipole tune unexpectedly changes in between turn number 2000 to 3000,
also the phase advance uncertainty increases with larger numbers of turns analyzed.
The small deviation of the ac dipole frequency became only visible in a combined
analysis of the TbT data from all BPMs, which made it difficult to find the source
for this issue. In 2016, an amplifier of the beam 1 ac dipole for the horizontal plane
stopped working and had to be replaced [134]. Measurements after the replacement
confirmed, that the problem with the small frequency deviations disappeared. This
highlights the resolution of the TbT analysis, which made discrepancies of the ac
dipole visible before a complete defect occurred.

78

Phase uncertainty of about 2π mrad tipically achieved.
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K-modulation

corrections which correct the β-beating and the normalized
dispersion simultaneously [1].
During the 2016 winter shutdown the reason of the

movement was traced to cryogenics pressure and temper-
ature regulation and an adequate stabilization system
was introduced [20]. These kind of orbit drifts were not
observed in 2016.

C. Systematic offset of the β�

In 2015 it was discovered that there was a systematic
offset of the β� waists in both IP1 and IP5 resulting in an
increase of the β�, causing about 5% luminosity loss [21]. In
this article we define the positive waist shift in the direction
of the focusing magnet for that plane. Since the two beams
travel in opposite direction the direction of positive waist
shift will be in opposite physical direction for the two
beams in the same plan. This is shown graphically in Fig. 4.
The measured β� and the waist offset measured using
K-modulation are shown in Table I. We clearly observe a
systematic offset of the waist in the direction of the focusing
quadrupole and about 10% β-beating. This was unexpected

since the estimates of the magnetic errors were unlikely to
create such an offset. The assumptions of the gradient
uncertainties were based on WISE [22,23], which provides
smaller uncertainty values than presented in [24]. In order to
estimate whether the measured errors are compatible with
the corrections a test of the significance was done. The
assumption is that the corrections from2016 are reproducing
the errors. Using this as an input we performed a z-value test
[25], which showed that it was less than 4% chance that the
errors are following a normal distributionwith 0.11% [24] as
standard deviation and 0 asmean error. This suggests that the
optics errors in the IRs are not well represented by the given
rms uncertainty in the triplet quadrupoles. It is possible to
propagate the measured β-functions at the BPMs to the IP
assuming good knowledge of the model and the size of the
imperfections. It was simulated that if quadrupole gradient
errors are below0.04%, as expected in [22], it would result in
an accurate estimate of the β� from the TbT measurement.
Offsets of the waist of the β-functions are also important
to avoid since it may reduce the available aperture.
Furthermore, we also investigated the impact of a longi-
tudinal misalignment of the triplet magnets with an rms of
6 mm. The result shows that the impact is too small to
explain the discrepancy.

III. 2016 COMMISSIONING

As described in the previous sections there were several
factors limiting optics correction in 2015. In 2016 a
regulation of the cryostat was implemented which miti-
gated the rapid orbit drifts [20]. The problem with the
systematic β-function waist offset led to the integration of
K-modulation data in optics calculations. K-modulation
[5,27] for LHC optics correction is performed using the
two most inner magnets close to the IP. This provides a
measurement of the β-function in the entire drift space
between the magnets. The β-functions which are evaluated
at the location of the two most inner BPMs are used for the
correction tool. Already during the ion optics commission-
ing in 2015 additional corrections were performed to
mitigate the waist shift [28]. After this experience, the
tool for K-modulation measurements was fully automated
to obtain the result on-line [26,29], which then could be
used in the corrections. The details of this improved
procedure and corrections are described in the following
sections.

FIG. 3. Uncertainties of the measured betatron phase advances
for both beams for optics with β� ¼ 60 cm (2012) and β� ¼
80 cm (2015). The y-axis shows the frequency for each level of
uncertainty. The total area under each line is normalized to 1.

FIG. 4. The conceptual layout and nomenclature for the
parameters close to the IP. The read line represents the β-function.
The figure is taken from [26].

TABLE I. The measured β� and waist shift after the final
corrections for the 2015 run.

IP Beam β�x [cm] β�y [cm] wx [cm] wy [cm]

1 1 88� 1 86� 1 25� 2 23� 1
1 2 82� 1 83� 1 18� 2 21� 1
5 1 86� 1 86� 5 22� 2 24� 9
5 2 87� 1 83� 2 24� 2 16� 5
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061002-3

βAV ≈ ±4π
∆Q

∆Kquad
, β∗ and waist ω are interpolated.

Having accurate tune measurements is fundamental.
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Dr. Rhodri Jones – CERN Beam Instrumentation Group            Beam Instrumentation and Diagnostics - CAS 2017 

 

LHC Tune System Performance 

Sensitivity down to the 10 nanometre level 
Enough to see residual beam oscillation without added excitation 



K-modulation to measure β @ instruments

M. Hofer, G. Trad



Issues with β∗ from K-modulation this year

β∗ measurements less reproducible than before. Possible reasons:

F Change in amplitude detuning (non-linearities)

F Poorer tune stability. Related to Orbit Feedback?

Q-stability

Tuesday, April 24, 2018 3

with OFB

without OFB Beam 1

Beam 2

Beam 1 𝑸𝒚 Beam 2 𝑸𝒚

 But OFB required when measuring with crossing angle, otherwise error from feeddown

6
?
5× 10−4

-�

5min

Further investigations needed in 2018.
→Search for alternative β∗ measurement techniques is required.
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β∗ from K-modulation: challenge in HL-LHC

δQ = 4× 10−5

← LHC today

←HL-LHC

M. Hofer

In HL-LHC, expected β∗ error is 4% with only machine uncertainties,
while goal is 2%. If δQ > 4× 10−5 disaster.
→Search for alternative β∗ measurement techniques is required.



β∗ from amplitude A = Ci

√
βi2J

F Using Q1 BPMs betatron amplitude measurement

F Requirement is about 1% accuracy in calibration, i.e.
|Ci − 1| < 0.01
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BPM Calibration with ballistic optics

Switching off IR quadrupoles β(s) = β∗ + s2/β∗ and a very precise
β-measurement is possible to even compute Ci :
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position [m]
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β
x
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]

βx from phase

βx from amplitude

A. Garćıa-Tabarés Valdivieso et al., IPAC 2016
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BPM Calibration with ballistic optics
BPM calibration errors are well above requests
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after calibration [rms = 4.0%]

before calibration [rms = 7.2%]

This optics-based calibration reduces rms calibration errors by about
a factor 2 but does not reach 1%. Changes over time observed.



Phase advance for β∗?
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A. Wegscheider

IR BPMs have better phase
uncertainty, σφ ≈ 5×10−4,
thanks to the larger β.

In order to use phase for
β∗ calculations we need
σφ ≤ 10−4, a factor 5
improvement in σnoise .

We have not checked
DOROS BPMs for this.
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DOROS BPMs (see Jakub Olexa’s talk)
Normal BPMs and DOROS

DOROS have higher resolution but are at the moment not gated so we will 
pursue both paths

T.Persson et al. ''Experience With Doros Bpms For Coupling Measurement 
and Correction'', IPAC 2016

T. Persson, M. Gasior et al. CERN-ACC-NOTE-2015-0033

Noise level after SVD improves by about a factor 5!
Need to check DOROS for measuring β∗ from phase.
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Automatic coupling correction tool

The ADT is used as an AC dipole to excite the beam. All normal
BPMs are used to measure coupling, computing a correction:

The new tool
1. The operator will trigger the measurement which will excite the beam using 
the ADT.

2. The data will be recorded with the normal BPMs and the DOROS BPMs.

3. The correction will be calculated using the omc tools. 
4. Correction will be presented to the operator for a 
direct implementation. 

T. Persson et al., IPAC 2018
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3D kicks
Combined AC dipole + fast RF modulation speeds up off-momentum
optics measurements:

OPTICS MEASUREMENTS IN STORAGE RINGS BASED ON
SIMULTANEOUS 3-DIMENSIONAL BEAM EXCITATION

L. Malina1, J. Coello de Portugal, CERN, Geneva 23, Switzerland
1 also at University of Oslo, 0316 Oslo, Norway

Abstract
Optics measurements in storage rings usually employ si-

multaneous excitation in both transverse directions. This
needs to be repeated at several different beam energies and
is time-consuming. In this paper, we develop a new optics
measurement technique, which excites the beam in all three
spatial dimensions simultaneously. It allows measuring the
linear optics and chromatic properties at the same time,
leading to speed up of the optics measurements. The mea-
surement method has been successfully demonstrated in
the LHC using AC-Dipoles and RF frequency modulation.
Analysis methods have been derived for the 3-dimensional
beam excitation case. We quantify the resolution of the
measured optical quantities. The first results suggest that
the added complexity does not deteriorate the resolution of
the linear optics measurement. In the future, this method
can serve as an operational tool to quickly check the optics
or even to correct it.

INTRODUCTION
One of the ways to perform optics measurements in a

storage ring is to excite the beam and acquire turn-by-turn
(TbT) beam position monitor (BPM) data showing the co-
herent betatron motion [1]. The beam is excited using ei-
ther kickers or AC-dipoles [2], which ramp up and down
the oscillation adiabatically [3], i.e. without any measur-
able emittance growth. Typical optics measurement con-
sist of several kicks at each of few different beam energies,
in order to measure the linear optics as well as the chro-
matic properties. For the machine safety reasons, multiple
tasks are not automated. For example, human judgement
of amount and location of observed beam losses is needed
to choose beam excitation amplitude. Based on the experi-
ence with optics measurements in the LHC, there are two
main sources of delay during the measurements. First, the
human intervention to change beam energy by adjusting the
RF frequency and check other beam parameters for the new
set of measurements usually takes few (2-15) minutes. Sec-
ond, the AC-dipole needs about 70 seconds to cool down
after every single excitation.

BEAM EXCITATION
In the LHC, the beam is excited using AC-dipoles in

both transverse directions simultaneously. This gives the
BPM reading as shown in Figure 1. Once the beam en-
ergy is changed the measurement is repeated. This time-
consuming process can be avoided by fast modulation of
RF-frequency. RF-frequency change is normally used to

adjust the beam energy, or it is modulated in order to mea-
sure the chromaticity. However, the frequency of the mod-
ulation for the chromaticity measurement is typically about
0.1 Hz, such that Base-Band Tune (BBQ) system can mea-
sure the tune.

We employ the same system at its maximal frequency
of 5 Hz, such that during 6600 turns acquired (with LHC’s
revolution frequency of 11.3 kHz) three periods of driven
synchrotron oscillation fit within. The sample TbT reading
at dispersive BPM is shown in Figure 2.
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Figure 1: Sample BPM TbT data of beam excited by AC-
dipole performing the driven coherent betatron oscillation.
Note the ramp-up and ramp-down of the oscillation ampli-
tude, which is important to avoid emittance growth [3] (in
hadron machines).
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Figure 2: Sample of TbT data at dispersive BPM of beam
excited by AC-dipole when the frequency of RF system has
been simultaneously modulated. The beam performs the
driven coherent betatron and synchrotron oscillations.

The adiabaticity of this mode of excitation has been ex-
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First measurement and correction of nonlinear errors in the experimental
insertions of the CERN Large Hadron Collider
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Nonlinear magnetic errors in low-β insertions can contribute significantly to detuning with amplitude,
linear and nonlinear chromaticity, and lead to degradation of dynamic aperture and beam lifetime. As such,
the correction of nonlinear errors in the experimental insertions of colliders can be of critical significance
for successful operation. This is expected to be of particular relevance to the LHC’s second run and its high
luminosity upgrade, as well as to future colliders such as the Future Circular Collider. Current correction
strategies envisioned for these colliders assume it will be possible to calculate optimized local corrections
through the insertions, using a magnetic model of the errors. This paper shows however, that reliance purely
upon magnetic measurements of the nonlinear errors of insertion elements is insufficient to guarantee a
good correction quality in the relevant low-β� regime. It is possible to perform beam-based examination of
nonlinear magnetic errors via the feed-down to readily observed beam properties upon application of closed
orbit bumps, and methods based upon feed-down to tune have been utilized at RHIC, SIS18, and SPS. This
paper demonstrates the extension of such methodology to include direct observation of feed-down to linear
coupling in the LHC. It is further shown that such beam-based studies can be used to complement magnetic
measurements performed during LHC construction, in order to validate and refine the magnetic model of
the collider. Results from first attempts of the measurement and correction of nonlinear errors in the LHC
experimental insertions are presented. Several discrepancies of beam-based studies with respect to the LHC
magnetic model are reported.

DOI: 10.1103/PhysRevSTAB.18.121002 PACS numbers: 29.20.-c, 29.27.Bd, 41.85.-p

I. INTRODUCTION

Correction of nonlinear errors in low-β insertions is
expected to be of significant importance for both existing
[1–5] and future colliders. Inparticular, operationof theLarge
Hadron Collider (LHC) after its high luminosity upgrade
(HL-LHC) [6,7] will rely upon good quality correction of the
nonlinear magnetic errors in the experimental insertions [8].
Similar limitationsmay also exist for SuperKEKB [9] and the
Future Circular Collider (FCC) [10,11].
During its first operational run (run 1) the LHC perfor-

mance was not critically limited by the presence of non-
linear errors in the experimental insertions, and no attempt
was made to correct these errors in regular operation.
However, upon reduction of the LHC β� from 1 to 0.6 m
in 2012, a significant degradation of the beam lifetime
was observed [12]. Optics studies at injection [13] and

top energy [14] also revealed larger than expected discrep-
ancies between the measured and predicted first and second
order amplitude detuning. Nonlinear errors in the triplets
and separation dipoles are one of several candidates for the
source of these reductions in performance. Furthermore,
during its second operational run the LHC will shift to
operation in the more challenging β� ≤ 0.4 m regime:
under such conditions the compensation of these errors
is expected to become a significant factor in determining
the performance of the collider. Correction of nonlinear
errors in experimental collider insertions is therefore a topic
of both immediate relevance to the LHC, and has been and
will continue to be of considerable significance in regard to
the design of existing and future colliders.
Previous methods for the correction of nonlinear errors

in experimental insertions, which have been employed for
example at RHIC, focused on compensation of observable
symptoms of the errors: either via beam-based minimiza-
tion of tune shifts due to feed-down from the nonlinear
errors (with linear coupling held constant) [1], or through
beam-based optimization of the lifetime via scans of
relevant correctors [2]. Attempts to use the former method
were successful for errors of sextupolar order, however
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III. SIMULATION OF THE IR NONLINEARITY

As described in the preceding sections, the goal of the
beam-based measurements is the validation and refinement
of the LHC magnetic model in the IRs. To this end it was
necessary to compare the observed dependence of tune and
linear coupling on crossing angle with the predictions of the
LHC model.
Measurements of the field quality in LHC magnets were

performed for low current conditions at industry (the so-
called “warm” measurements), and on a fraction of the
magnets under operational conditions following their
delivery to CERN (the so-called “cold” measurements).
The Windows interface to simulation errors (WISE [25])
generates estimates of the magnetic errors from these
measurements, and from knowledge of associated uncer-
tainties. Uncertainties included in the WISE simulation are
measurement uncertainties, power supply accuracy, hyste-
resis, and the uncertainty on a warm-to-cold correlation
introduced for those magnets which were not measured for
magnetic field quality under operational conditions. Sixty
instances of the LHC errors (known as “seeds”) are
produced, which encompass the likely magnetic configu-
ration of the LHC. A description of the production of the
magnetic error estimates may be found in [26].

WISE estimates of magnetic errors from order ðb3; a3Þ to
ðb11; a11Þ were applied to the triplet quadrupoles (Q1,Q2,
Q3), the separation dipoles (D1,D2), and the matching
quadrupoles (Q4–Q7), in the experimental insertions of a
thin lattice MAD-X [27] model of the LHC. As the linear
optics of the LHC is extremely well understood and
corrected [28], with an rms beta-beat of ∼2%, the impact
of linear optics errors on the observed feed-down from
nonlinear multipoles in the IR was neglected as a first
approximation in these studies. The validity of this
approximation will be addressed in later sections.
Closed orbit bumps, equivalent to those implemented in

the real machine, were applied to this model. Predictions of
the variation in tune and linear coupling with crossing
angle, as determined from these simulations, could then be
compared with observations. To facilitate such compar-
isons, the modeled tune and coupling were matched to the
measured values at a given point during the closed orbit

bump scan. While simple to implement in regard to the
tune, the matching of the simulated linear coupling to the
conditions of the real-world scan is not necessarily
straightforward. Linear coupling is driven by two
resonance driving terms (RDTs) [29]: f1001 driving the
difference coupling resonance, and f1010 driving the sum
coupling resonance. Of relevance to the LHC is the f1001
RDT, approximately related to the difference coupling
coefficient through Eq. (1) [29],

jδQminj ¼ jC−j ≈ 4jΔjhjf1001ji; ð1Þ

where h i indicates the average value around the ring, Δ is
the unperturbed tune split (which at collision in the LHC
has the nominal value ofΔ ¼ Qx;unperturbed −Qy;unperturbed ¼
−0.01), and δQmin is the minimum tune split defined by the
coupling coefficient. Thus, under typical conditions with
Qx ¼ 0.31 and Qy ¼ 0.32, a measured hjf1001ji ¼ 0.05
would correspond to jC−j ¼ jδQminj ¼ 0.002. The relation
between resonance driving terms and the coupling coef-
ficient is discussed in more detail in [29]. The regime of
validity for the approximation defined in Eq. (1) (which
breaks down at the coupling resonance) is considered
in [30].
The coupling measurement obtained from the LHC BBQ

provides jC−j, but does not provide details of the phase of
f1001 (which is a complex quantity). During the crossing
angle scans, feed-down to a skew quadrupole introduces a
coupling shift (Δf1001) which is summed with the initial
f1001 of the machine. The observed change in jC−j depends
therefore on the relative phase of Δf1001 to the initial f1001.
While the magnitude of the initial f1001 may be known, this
ambiguity in the phase may result in an ambiguity of the
simulated evolution of jC−j with changing crossing angle.
Ideally therefore, the coupling should be corrected close to
zero, such that the initial f1001 is negligible in comparison
to that generated by feed-down. In this case the question of
the RDT phase is rendered moot, and the simulated
coupling can be matched to zero at the crossing angle
corresponding to the observed minimum. It is in any case
worth ensuring the linear coupling is well corrected prior to
measurements as this also reduces the chance of a growth in

FIG. 3. Corrector layout in the LHC experimental insertions [16].
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model, however the measured value appears to oscillate
about the prediction from simulation with an amplitude
∼3 × 10−4. Such a variation is considered to be negligible,
and is likely the result of drifts in the base tune.
The results above validate the use of first order feed-

down to both tune and linear coupling as a method to study
nonlinear errors in the LHC IRs. To demonstrate the
technique for higher order multipoles however, a larger
orbit excursion in the IR elements was required. Local
aperture measurements during the 2011 commissioning of
LHC heavy ion optics (β�IP2 ¼ 1 m) provided the oppor-
tunity to observe feed-down from excursions of up to

y ≤ 25 mm (compared to y ≤ 4 mm during the spectrom-
eter polarity reversal tests).
Unlike the measurements performed during reversal of

the IR2 external crossing angle, the initial coupling of LHC
during the aperture measurements was not small in com-
parison to the coupling generated through feed-down, and
the simulated coupling could not be matched to zero. As
part of the commissioning procedure however, linear optics
measurements had been performed on the β�IP2 ¼ 1 m
configuration during the LHC fill immediately prior to
that used for study of the aperture. The phase of f1001 in
BPMs adjacent to the IR2 separation dipoles, measured
during the linear optics studies, was therefore used as a
constraint for the matching to initial conditions in the
MAD-X simulation of the aperture measurement. Figure 6
presents comparisons of the jC−j measured by the BBQ to
MAD-X simulations in LHC beams 1 and 2.
A good agreement is seen between the observations and

the predictions of the magnetic model (variations between
the WISE seeds were negligible) for the coupling data. This
includes feed-down from multipoles of order higher than
b3, which it had not been possible to observe for smaller
orbit excursions. As found during tests of the Alice
spectrometer polarity reversal the feed-down is dominated
by the b3 component of the separation dipoles. Tune data
collected during these measurements was of limited value.
The transverse planes of the two beams were fully coupled
at the start of the scan, and tune variations were in general
dominated by changes of the δQmin meaning no additional
information was gained. A discrepancy between simulation
and measurement was observed above 250 μrad in Qy of
beam 2, however the large coupling makes interpretation
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FIG. 5. Modeled and measured tunes and coupling of LHC
beam 2 at β�IP2 ¼ 1 m, plotted versus the external crossing angle.
The model has been matched to produce zero coupling at the
crossing angles corresponding with the projected minimum of the
observed jC−j variation. Gray points indicate data where the BBQ
measurement was apparently influenced by the LHC chirp in a
way which is neither normally observed in the LHC, nor
understood.

TABLE II. Verified b3 components of the D1 separation dipoles
left and right of IP2 at 3.5 TeV. The quoted multipole coefficients
are values relative to the main dipole field, in units of ½10−4�, at a
reference radius of 0.017 m.

Magnet b3 [10−4] at 3.5 TeV

D1 left −2.873
D1 right −0.977
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FIG. 6. Modeled and measured linear coupling of LHC beam 1
(top) and beam 2 (bottom) at β�IP2 ¼ 1 m, plotted versus the total
vertical crossing angle of IR2.
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Observables:

F Tune & coupling shifts versus orbit bumps

F Amplitude detuning Q = Q(J)

F Resonance Driving Terms

F Lifetime
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IR octupolar corrections & lifetime

ATS optics at β∗ = 0.14m:
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E.H. Maclean

Non-linear corrections are critical for integrated luminosity, specially
for HL-LHC.
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Issue with non-linear corrections in 2018
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E.H. Maclean

Larger amplitude detuning than in the past measured in 2018.
Need further investigations and new corrections.



Resonance Driving Terms

For the first time in 2018 we implement IR skew octupolar
corrections from Resonance Driving Terms measurements.
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Skew octupolar resonance driving term
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F. Carlier

Successful correction in Beam 1 (Beam 2 limited by missing
corrector). Many sextupolar, octupolar and decapolar resonance
terms to explore!
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Outlook

F β∗ control is highly challenged:

K-mod distorted by orbit feedback? Maybe needs more stable
BPM orbit readings and better tune measurements?
β∗ from amplitude distorted by Q1 BPM calibration error.
Can we reach 1% BPM calibration accuracy?
β∗ from phase needs a factor 5 lower σnoise → Explore DOROS

F Control of non-linearities is critical, specially for HL-LHC:

Many resonances to study
Relying on BPMs with very low aberrations
What changed amplitude detuning in 2018?

F Looking forward other techniques presented in the workshop:
Schottky, BTF & beam size from BPMs.
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Flat and round ATS optics (βarc×4)
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BPM non-linear aberrations

Let x̂(N) be the real beam position versus turn:

x̂(n) =
√

2βxJx cos(2πnQx + φx)

ŷ(n) =
√

2βyJy cos(2πnQy + φy )

then the BPM reading with aberrations is

x(n) = x + σnoise + Cx̂(n) + cŷ(n) + Bx̂(n)2 + Dx̂(n)ŷ(n) + ...



Measured tune jitter in MDs
Measurements versus predictions from power converter stability
(sampling at 1 minute):
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General agreement, need better accuracy →MDs in 2018.



K-modulation with tune feedback I

This was tried in the LHC in 2016:

Late response of feedback, partial correction...



K-modulation with tune feedback II

Systematic error from Q1 β-beating in MQTs:
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