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the Frenet-Serret coordinate system is indicated. The tangential dimen-
sion with regard to the reference trajectory is symbolized with §. The
orthogonal, horizontal dimension with regard to § is abbreviated as Z.
The orthogonal, vertical dimension in relation to § is defined as §. On
the right, a single particle is illustrated in relation to the reference parti-
cle [37]. The space vector of the Frenet-Serret coordinate system always
describes the displacement between the position of the reference particle
and the actual position of the real particle. The reference particle is an
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5 On the left, the magnetic field lines of a quadrupole magnet are illustrated
[32]. The resulting Lorentz-force is indicated for a positively charged
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relative position of the real particle with respect to the reference particle. 5
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1 Introduction

After world war IT, CERN was created to establish a research facility which unites Eu-
rope by trying to answer the fundamental question on how matter is built. Over the
time, the accelerator facilities have become larger and larger to reach higher center of
mass energies for the beam particles. In 2008 the Large Hadron Collider (LHC) run for
the first time [40]. The circumference of the LHC is about 27km [40]. The left picture in
figure 1 visualizes the dimensions of the LHC. In the spirit of the cosmopolitan attitudes
of CERN the facilities were build on the border between Switzerland and France. The
guiding dipoles as well as the experiments are placed underneath the surface. The inner
life of the tunnels is illustrated on the right picture in figure 1. The design of the LHC
was dimensioned to proof the existence of the Higgs-Boson. In 2012 this milestone has
been achieved [40]. But there is still more to investigate about. Especially, the theory of
supersymmetry needs to be evaluated by further measurements at higher beam energies.
If the theory of supersymmetry is correct we should be able to find for each standard
particle the corresponding superpartner. Consequently, there is a huge potential to find
a large family of new, undiscovered particles. Therefore, further optimizations of the
LHC will be undertaken to improve the production rate of such rare events. For real-
izing those improvements it is necessary to have a good knowledge about the machine
parameters of the LHC. This includes the evaluation of the uncertainties of those pa-
rameters and even the uncertainties of the uncertainties. As a consequence, this thesis
will elaborate on the stability of one of the most important quantities of an accelerator,
the natural tune. As a result, this thesis contributes to the prerequisites for the high
luminosity upgrade of the LHC [43].

Figure 1: On the left side, the LHC is indicated as a yellow line on the map [42]. On the
right side, the LHC-tunnel is shown [41]. The blue tubes are superconducting
electromagnetic dipoles which bend the particle beam.
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2 Motivation and theoretical background

2.1 Operating cycle

The Large Hadron collider (LHC) has different phases to reach the collision plateau.
In figure 2 the time dependency of the beam energy for the LHC is illustrated. The
categorization of the beam phases corresponds to the current setting of the electromag-
nets. At injection a new particle beam is injected from the pre-accelerator (Super Proton
Synchrotron (SPS)). If the new beam is stable the particles will be accelerated to higher
energies wherefore the magnetic field of the electromagnets has to become stronger.
Therefore, the magnet current has to rise. This phase is called ramp. If the necessary
energy is reached the current stabilizes at the collision plateau. The beams are then at
flattop energy. Due to the acceleration of the beam particles in radio-frequency cavities
(RF-cavities) the particles are accumulated in particle bunches. When the beam bunches
interact in one of the interaction points (IP’s) then there is a certain possibility that the
particles of the beam bunches collide. This possibility correlates to the cross section. If
the particle density in the bunches gets higher the collision likelihood increases. There-
fore, the extended cross section will lead to a rise of the production rate. For increasing
the density of the particle bunches the beams are squeezed. The squeezing is reached
by additional electromagnetic optic elements (triplet magnets), which shrink the beta
function at the IP. In the LHC there are four IP’s where different experiments are placed
as visualized in figure 3. The average time for the flattop phase of the operating cycle is
5.9 min [31]. Comparing this value with the average time for the injection phase (72 min
[31]) and the ramping phase (20 min [31]) gives an insight of the effort that is needed to
prepare the beams for the collision plateau. In the actual setting of the LHC the flattop
energy is 6.5 TeV. Consequently, the centre of mass energy is 13 TeV. By accelerating
protons to a flattop energy of 6.5 TeV a velocity of vp = (1 — 1 ppm) - ¢ is reached.
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Figure 2: Time dependency of the beam energy in the LHC [32].
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Figure 3: On the left side, a schematic layout of the LHC collision points and beams is
shown [29]. On the right side, a sketch of the LHC ring is presented showing
the locations of all experiments [32]. CMS and ATLAS are two general purpose
experiments while ALICE and LHCb are dedicated for heavy-ion physics.

2.2 Frenet-Serret coordinate system
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Figure 4: On the left, a sketch of a circular accelerator is shown [27]. In blue the reference
trajectory of the particle beam is illustrated. An example for a single parti-
cle trajectory is provided as a dark dashed line. In orange the Frenet-Serret
coordinate system is indicated. The tangential dimension with regard to the
reference trajectory is symbolized with §. The orthogonal, horizontal dimen-
sion with regard to § is abbreviated as . The orthogonal, vertical dimension
in relation to § is defined as . On the right, a single particle is illustrated in
relation to the reference particle [37]. The space vector of the Frenet-Serret
coordinate system always describes the displacement between the position of
the reference particle and the actual position of the real particle. The reference
particle is an imaginary particle which follows the reference trajectory.
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The schema of the Frenet-Serret coordinate system is illustrated in figure 4. In a circular
accelerator the coordinate system is related to the resting frame of the particle bunch
which follows the reference trajectory. A particle bunch is composed by an accumulation
of beam particles and describes the average behaviour of the beam particles. The real
trajectory of a single particle of the bunch can vary from the reference trajectory. To
characterize the space position of the beam particles a right handed coordinate system
is invented which is based on the resting frame of the particle bunch. Therefore, the

origin of the Frenet-Serret coordinate system is always based on the reference trajectory.

2.3 Electromagnetic optics

The reference trajectory of the particles is determined by the homogeneous electromag-
netic field generated by the dipole magnets of the LHC. The electric charged particles are
effected by the Lorentz force of the electromagnetic field. The Lorentz force is defined

in equation (1).

Fi=q (E+7 xB) (1)

The Lorentz force will act as a centripetal force against the centrifugal force caused by
the particle momentum. If the forces are in equilibrium the reference trajectory of the
beam will be a cycle. The radius r of the cycle is determined by the equilibrium condition

and results in equation (2).

r:q-% = Apx AB (2)
As a consequence, the radius r of the accelerator and the strength of the magnetic field
B of the dipoles are the physical limitations regarding the momentum p of the particles.
The LHC was built with a circumference of 27 km and can reach a kinetic energy of 6.5
TeV for protons in the current stage.
To accelerate the particles with radio frequency cavities (RF-cavities) the injected parti-
cles are accumulated as beam bunches. It is the goal to control those bunches as accurate
as possible but a single particle can always show a random disturbance. For example if
a particle shows an injection angle with regard to the tangential vector § of the reference
trajectory then this particle would be lost without further disturbance handling. To keep
the proportions of the beam bunch stable it is necessary to focus the beam continuously.
Otherwise, a perturbation of the particle trajectory would lead to a lose of beam inten-
sity. To ensure a stable reference trajectory a restoring force has to be installed. This is
done by electromagnetic lenses and achieves an average movement of the particle bunch

along the reference trajectory. In first order, quadrupoles are used as electromagnetic
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lenses. According to the electromagnetic field properties, quadrupoles focus either in the
horizontal or in the vertical plane and defocuse at the same time in the perpendicular
plane. This behaviour is illustrated in figure 5. Consequently, the quadrupole strength
k (1/r in equation (2) for the dipole strength) depends on the partial derivative of the
vertical magnetic field component By with regard to the horizontal dimension x [32].

The entanglement of the field components is mathematically expressed by equation (3).

_q 0By
b ox z=y=0

k: (3)
The partial derivative in equation (3) is determined by the magnet structure of the single
quadrupole. Considering, that the quadrupoles are arranged along the circular accelera-
tor the partial derivative becomes periodic with regard to the 8-axis. Consequently, the
quadrupole strength k is periodic which leads to the Hill’s differential equation presented

in equation (5).

off-axis beam
trajectory

Figure 5: On the left, the magnetic field lines of a quadrupole magnet are illustrated [32].
The resulting Lorentz-force is indicated for a positively charged particle moving
perpendicular into the drawing plane. Particles which show a transverse offset
with regard to the quadrupole center will be focused in the vertical plane
and defocused in the horizontal plane. On the right, the beam alignment
with a quadrupole is visualised [37]. As a blue line the reference trajectory
is indicated. The reference trajectory is not affected by the Lorentz-force
because of the force equilibrium in the center of the quadrupole. A trajectory
of an electron beam with a vertical offset is sketched as a red line. Due to the
Lorentz-force the electron trajectory is bent and defocused in the vertical plane.
Furthermore, a beam position monitor (BPM) is shown which is capable to
measure the relative position of the real particle with respect to the reference
particle.
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In a nutshell, if quadrupoles are used to focus the particle beam in a circular accelerator
it is indispensable to have an alternating structure of quadrupoles where the quadrupole
strength k is negated pairwise. The alternating sequence of quadrupoles with a certain
distance L and same absolute strength |k(s)| is commonly known as a FODO-cell. The
schema of a FODO-cell structure is visualized in figure 6. In general, for electromagnetic
optics the same physical concept can be used as for photonic optics. Therefore, the single
lenses in the FODO-cell structure are visualized as convex and concave lenses like in ray
optics. For the mathematical description of the electromagnetic lens system in the LHC

matrix optics is used to characterize the beam trajectory.

v
-
V2

OJ'__

IS'O l AS")

Figure 6: Structure of a FODO-cell. Focusing and defocusing electromagnetic optics
alternate within a certain length L of free propagation [37].

(€p)*/?

Figure 7: As black lines, examples for single particle trajectories in a FODO-cell struc-
ture are illustrated [38]. The elongation of the particles from the reference
trajectory is determined by equation (6). The ensemble of all single particle
trajectories characterizes a ceiling function for stable particle beams. The ceil-
ing function is given by the square root of the product of the g-function and
the emittance e.

With the aid of the FODO-cells the bunch trajectory can be well controlled. Despite

that, the trajectories of the single particles vary from each other within the limits of
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the square root of the S-function times the emittance. Therefore, the S-function is also

called the envelope function. Figure 7 visualizes this behaviour.

2.4 Hill’s differential equation

In a periodic arrangement of electromagnetic quadrupole lenses like a FODO structure
the derivation of the particle position from the reference trajectory is described by equa-
tion (4).

dy = —k(s) - y-ds (4)

Where k correlates to the focusing strength of the quadrupole. Considering that the
periodic structure is closed the focusing strength of the quadrupoles k is a periodic
function with a periodicity equal to the circumference of the accelerator. Keeping this
fact in mind and rewriting equation (4) yields us to Hill’s differential equation which is

presented by relation (5).
— 4+ k(s)-y=0 (5)

In a nutshell, Hill’s differential equation describes a harmonic oscillator with a spring
constant that follows a periodic function.

The solution for the differential equation (5) is given by relation (6).

= m - cos(oy) (6)

Where J is the action in the vertical plane and f is the envelope function of the trajectory.

The phase ¢ and ( follow the same periodicity as the focusing strength function k(s).

2.5 Natural tune and phase
The phase ¢ and the envelope function g are linked according to equation (7).

d¢ 1
= 7
ds  B(s)
The phase difference over one turn in the accelerator (with an explicit circumference L)
is defined as the natural tune Q). Therefore, the phase difference is directly connected to

the tune which expresses equation (8).

L
1 1
Q=5r =5 O/ 85" ®
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2.6 Luminosity and natural tune jitter

In future stages of the Large Hadron Collider (LHC) it is the goal to increase the lumi-
nosity L of the accelerator to achieve a higher event rate. The luminosity is the quantity
that measures the ability of a particle accelerator to produce the required number of
interactions [20]. As a consequence, the luminosity is the proportionality factor between
the interaction rate and the production cross section ¢ as shown in equation (9).

dN

2

The unit of the luminosity is cm™2 - s~! and therewith equivalent to the unit of a flux

density. The luminosity of two head-on colliding gaussian beams depends reciprocally

on the width of the interacting beams as shown in equation 10.
N;-Ny-f-Np

5 2 D 5
27 - \/UBlH + oBon - \/UBW + oBav

L= (10)

Where N; describes the number of particles per bunch, f represents the revolution fre-
quency and Ngp is defined as the number of bunches. The width o; of the gaussian shaped
bunches can be different for the horizontal and the vertical plane.

To detect very rare events significantly a higher event rate is necessary. For realizing
that, the bunch width has to become smaller and consequently the beta function too.
This will be realized by using stronger magnets in the LHC. As a result, for the high
luminosity upgrade of the LHC it will be mandatory to determine the beta function very
accurate at the interaction points. Those values are calculated by using k-modulation
(for further details regarding k-modulation see [21]) which uses in principle the relation
between natural tune and the beta function from equation (6). Therewith, it will be-
come indispensable to determine the natural tune with an accuracy down to +107° [21]
before the upgrade can be realized. As a consequence, the stability of the natural tune
Q will be the main important aspect of this thesis. The quantity which characterizes
the fluctuations of the natural tune is called the natural tune jitter (RMS-jitter) and
is defined as the standard derivation of the natural tune. The RMS-jitter £ is defined

according to formula (11).
N 2
. (i = {x))”
s.—du - 1)
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2.7 Amplitude detuning

Previous studies of Courant and Snyder [14] resulted in the knowledge of the linear
dependency of the natural tune @ from the action J. According to equation (6) the
action J has a quadratic dependency from the elongation y of the reference trajectory.
Consequently, the natural tune depends on the elongation itself which is called amplitude
detuning. Without crossing angles the cosine function reduces to one what makes it

possible to give a simplified version of the relation in equation (12).

A2
v _4F) 12

Where @ describes the peak to peak elongation and beta star the beta function at the
interaction point.

Since 2017, the impact of amplitude detuning on the natural tune is compensated au-
tomatically by a post analysis. Therefore, the measurement files already contain the
values levelled on the same reference amplitude. But for analyzing data sets from 2016
and earlier it will be necessary to compensate the tune shift manually. Therefore, it
is important to determine the coefficient of the quadratic dependency of the natural
tune from the peak to peak elongation for those measurements. This will be done by a
linearisation of the problem and finding the optimal parameters for the line of best fit

(the method is described in the appendix - chapter 8.1).

2.8 [-function at the interaction point

The S-function at the interaction point is usually abbreviated as $*. Electromagnetic
optics with a positive k-value act as focusing lenses. On the contrary, electromagnetic
lenses with a negative k-value act as defocusing lenses. As explained in section 2.3,
quadrupoles focus in one direction and defocus at the same time in the perpendicu-
lar plane. The principle of the FODO-cell structure can also be noticed in the upper
diagram of figure 8. Focusing and defocusing lenses alternate within an equidistant dis-
tance L. As a consequence, an oscillation of the beam with regard to the beta function
is observable. Whereby, the oscillation movement of the horizontal and vertical plane
is displaced by a phase shift of m due to the fact that the quadrupole lenses focus in
one plane and defocus at the same time in the perpendicular plane. The FODO-cells
are used in almost every part of the LHC to stabilize the beam around the reference

trajectory except at the interaction points. At the interaction points it is the goal to
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collide the beams. For reaching a high event rate it is important to influence the beam in
a way that the luminosity is maximized (see equation (9)). To maximize the luminosity
of the beam a small beam width is necessary wherefore a small envelope function must
be parameterized (see equation (10)). In the lower plot of figure 8 it is shown that a
small beta function at the interaction point is reached by using a unique combination of

electromagnetic lenses which fulfill the goal for both planes.

q'uads ]

IIJ-IJ-I ...... R — s |||_bendsl-| ...... I-ld-|.-‘ll

T T T T T T T T T

IP LHCB1 3*=0.6 m

k1 and 0

By.y [km]

-400 -300 -200 -100 0 100 200 300 400
Longitudinal location from IP [m]

Figure 8: In the upper plot, the lattice structure of the LHC is shown. As red bars
are the quadrupoles indicated. In the lower plot, the dependency of the beta-
function from the longitudinal position around the interaction point is shown.
Whereby, the red line represents the horizontal dimension and the blue line
indicates the vertical dimension of the two-dimensional beta-function [26].
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2.9 Chromaticity

Equation 3 defines the correlation between the focusing strength k(s) of a quadrupole
and the particle momentum p. As a consequence, particles which show a momentum
deviation will experience a different focusing strength. This effect is in general known
as dispersion. Therefore, a momentum spread in the bunch causes a position offset and
influences the beta-function. As a result, the natural tune Q will also be shifted by the
momentum spread Ap. This phenomena is called chromaticity. The relation between

the natural tune shift AQ and the momentum shift Ap is expressed in equation (13).

-1

L
/ B(s) - k(s)ds] (13)

0

A
PN R
p

11
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3 Measurements

For analyzing the dependency of the natural tune jitter £ from the optics parametriza-
tion several data sets have been created. The AC-dipole excitations (Kicks) have been
clustered in data sets of the same measurement day. In the majority of cases the optics
parametrization is constant for a data set. In table 1 are the key settings of the indi-
vidual data sets presented. The data files for each data set are listed in the references
(Ref.). Ep is defined as the beam energy and the abbreviation Fill describes the fill
number. The fill number is the name of the LHC logbook folder for the corresponding

machine development (MD) session. At correlates to the measurement time window.

Table 1: Definition of measurement sets according to the measuring day.

Data set Optics Beam Status Ep B* Fill At Kicks Ref. Date

[TeV] m] [min]  [#] [dd:mm:yyyy]

A round optics LHCB1 flattop 6.5 0.65 6800 ~27 18 [1] 15:06:2018
round optics LHCB2 flattop 6.5 0.25 6800 ~19 8 (1]

B omeps2 LHCBI flattop 65 04 562 ~5 4 [2] 08:05:2017
CTPPS2 LHCB2 flattop 6.5 0.4 5624 ~13 9 2]

©C ballsticopties  LHCB2 flattop 65  —— 5600 ~15 6 [3]  04:05:2017

D ballsticopties  LHCBI flattop 65  —— 4734 ~9 8  [4]  28:03:2016
ballistic optics LHCB2 flattop 6.5 —— 4734 ~10 8 [4]

B ats LHCB2 squeese 65 04 5135 ~14 10 [5]  30:07:2016

COF fatobi LHCBI squeese 65 03 6811 ~62 31 [6] 16:06:2018
flat orbit LHCB2 squeeze 6.5 0.3 6811 ~67 32 [6]

Y LHCBI flattop 65 90 6739 ~54 9  [1]  20:05:2018
high * LHCB2 flattop 6.5 90 6739 ~73 11 [7]

" H injectionnominal  LHCBI imjection 045 11 7002 ~30 18 [§  830:07:2018
injection nominal ~ LHCB2 injection 0.45 11 7002 ~7 7 8]

1 flatoptis  LHCBI flattop 65 060/015 6445 ~92 10 [9] 01:12:2017
R flattop nominal ~ LHCBI flattop 65 10 6496 ~22 10 [0 02:04:2018
flattop nominal LHCB2 flattop 6.5 1.0 6496  ~T7 5 [10]

K ATS(60mares) LHCBL flattop 65 025 5893 ~4 4 [1]  30:06:2017

ATS (600m arcs) LHCB2 flattop 6.5 0.25 5893  ~3 4 [11]

L CTPPS2 (200m arcs) LHCB1 flattop 6.5 0.3 5708 ~35 11 [12]  25:05:2017
CTPPS2 (200m arcs) LHCB2  flattop 6.5 0.3 5708  ~37 13 [12]
M g LHCBI injection 045 100 6327 ~7 4 [13 26102017
high 8* LHCB2 injection 045 100 6327 ~10 7  [13]

12
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4 Spectrum analysis

The machine nonlinearities of the accelerator can impact the key parameters and result
in performance limitations. A nondestructive way to characterize the nonlinearities is the
amplitude detuning measurement with AC-dipole excitations [36]. The turn by turn data
[34] of the beam position monitors (BPM’s) are available as sdds-files. Those files can
be analyzed with a smart phython algorithm [39] which uses fast Fourier transformation
(FFT) [24] and singular value decomposition (SVD) [35] to evaluate the spectrum data
for the regarding AC-dipole measurement [23]. Therefore, the amplitude and frequency

values can be used to create a spectrum for the individual data set.

4.1 Round optics at flattop energy (data set A) - 15" of June in 2018

The AC-dipole spectra for the measurement set A [1] is shown in figure 9.

Spectrum: B1H Spectrum: B1V
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Figure 9: The red line is the AC-dipole kick (QAC) in the corresponding plane and
the magenta line is the natural tune (QNAT) in the corresponding plane. The
yellow lines in the vertical planes are sidebands (QM) which will be the subject
of further analysis’s.
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The domain of definition for the frequency is [0, 1]. The spectra are mirror-symmetric
at f=0.5. The marked lines are a forecast for the results and can not be characterized by
only taking a closer look to the spectrum. Although a noise cleaning has been applied,
which uses an amplitude threshold as criterion, there is still very much noise which
covers a lot of information. The question could be asked why the threshold was chosen
so small. With regard to the average noise level the threshold is definitely too low. But
if the average noise level would have been chosen as the threshold, a lot of information
about the significant peaks would be lost and all measurements for the natural tune
would be withdrawn.

The previous amplitude filter was not sufficient enough for extracting the significant
peaks in the spectrum. Therefore, a density cleaning was applied to the spectrum data.
In a two dimensional histogram the data density can be visualized. A threshold of
N=5 measurements for each bin area was set as a density threshold. If the threshold is
exceeded the signal will be classified as significant. In addition to the density threshold
there is also a second step of cleaning the data. A signal is defined as reliable if more
than 50% of all BPM’s measured a significant signal. If a signal is not reliable, it will
be handled as it would not have been passed the density threshold. The scale for the
data density was chosen as logarithmic to guarantee that even small densities can be
visualized clearly.

In figure 10 are the 2D-histograms for each plane and beam shown. The y-axis carries
the frequency information and the x-axis shows the longitudinal position of the BPM
in the LHC. In the horizontal plane of beam 1 two lines are visible which are close
together. This is against the expectations and will be a key question in this Bachelor-
thesis. Three significant lines can be observed in the vertical plane of beam 1. Only one
of the lines can be the natural tune. The line with the lowest frequency value shows a
low information density wherefore it is high likely that this line could be caused by a
faulty measurement. The other two lines contain much more data points. None of them
can be explained by higher order harmonics. As seen for the vertical plane of beam
1 there is also in the vertical plane of beam 2 more than one line observable. This is

contrary to all expectations.

14
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Figure 10: Two-dimensional histograms of the frequency data for measurement set A.

The task will be to distinguish between the different spectral lines and to decide which
line represents the natural tune. Furthermore, it is also important to find out what
causes the unexpected lines. To analyze the shape of the profile the dimension of the
longitudinal position was eliminated and a projection on the tune axis was made. Figure
11 shows the frequency distribution of the horizontal natural tune for different measure-
ments with the same setting as well as for beam 1 and beam 2. The reason for the
second line in the histogram can already be explained with this figure. The natural tune
in the horizontal plane drifted over time. Figure 12 shows the frequency distribution
of the vertical natural tune for different measurements with the same setting as well
as for beam 1 and beam 2. For beam 1 three lines were observed in the 2d-histogram.
The first line is caused by only one data file, wherefore this event can be declared as a
faulty measurement. The shapes of the accumulated peaks for beam 1 and beam 2 share
almost the same shape. Especially, the profile of the line with the highest frequency

value seems to follow a Lorentzian distribution (Lorentzian fit in red).
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Figure 11: Frequency spectrum for the horizontal plane of measurement set A.

The third spectral line appears symmetric around the driven frequency of the AC-dipole.

Therefore, those lines are called sidebands. According to the exclusion principle the sec-

ond line is indicated as the natural tune. From a physical point of view, the frequency

profile of the natural tune describes the interference of all single natural tune distribu-

tions. Those single distributions are shifted by the tune jitter. Therefore, the shape

of the envelope function of the frequency profile strongly corresponds to the jitter of

the natural tune. Consequently, the stacked frequency profile for the natural tune will

appear as a smudged convolution of the single AC-dipole measurements.
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Figure 12: Frequency spectrum for the vertical plane of measurement set A.
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The shape of the sideband in figure 12 seems to be characteristic, wherefore a further pro-
file analysis was made with regard to the AC-dipole kick and the sideband on the other
side of the symmetric spectrum. This analysis is visualized in figure 13. As expected,
the tune separation (difference of frequency between AC-dipole kick and sideband) is in
light of the parameter uncertainties the same for both sidebands. The tune separation is
AQ = 0.0078141075. Unfortunately, neither the shape of the sideband nor the shape of
the AC-dipole can be classified as a classical Lorentzian or Gaussian curve. For further
studies about the envelope function of the frequency profile of the sideband a linear

combination of both functions should be assumed.
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Figure 13: Profile analysis of the tune measurements from data set A. The analysis was
focused on the sidebands (leftsided and rightsided) and the AC-dipole kick
(in the middle).

As a result, a characteristic probability density function (pdf) for the frequency profile of
the AC-dipole kick and the sideband could not be determined. Therefore, the similarity
of the shape of the frequency profile between the sideband and the AC-dipole kick can
not be quantified. From this perspective, the AC-dipole could not be concluded as the

reason for the sideband.
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4.2 CTPPS2 optics (data set B) - 8" of May in 2017

It is of utmost interest to find out if the observed sidebands are reproducible or not.
Therefore, an analysis of a measurement set B [2] was made. The spectra of measure-
ment set B is shown in figure 14.

As for measurement set A the data density analysis was executed to extract the signifi-

cant and reliable lines out of the spectra. Those lines are marked in the spectra.
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Figure 14: The red line is the AC-dipole kick (QAC) in the corresponding plane and
the magenta line is the natural tune (QNAT) in the corresponding plane.
The yellow lines in the vertical planes are sidebands (QM) which will be the
subject of further analysis’s.

In conclusion, the sidebands are also visible in the spectra of measurement set B. There-
fore, the reason for the sidebands must be a setting which was the same in May 2017
and in June 2018. That is remarkable keeping in mind that the operational settings of
the LHC has been completely different for data set A and B. This points to a problem

with the AC-dipole. Therefore, further analysis’s are needed to check the waveform of
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the AC-dipole excitations. This is elaborated in section 5.3.
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Figure 15: Profile analysis of the tune measurements from data set B. The analysis was
focused on the sidebands (leftsided and rightsided) and the AC-dipole kick
(in the middle).

In figure 15, the profile analysis of the sidebands and the AC-dipole kick is shown for the
measurement set B. As seen in the profile analysis for measurement set A the distribution
of the sidebands can not be described uniformly by a Gaussain or a Lorentzian curve.
But both measurement sets support the quantity for the tune separation of the sidebands
with a value of AQ = 0.00781 £ 10~°.

At this point it has to be emphasized, that in some files the sidebands are not significantly
noticeable as for example the rightsided sideband in measurement set B (compare to

figure 15, upper right corner).
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5 Sidebands

As sidebands are those symmetric peaks defined which can not be explained by the
excitation frequency (QAC) or the natural tune (QNAT) nor higher harmonics of the
linear combination of QAC and QNAT. Such sidebands were noticeable in the previous
spectrum analysis of chapter 4. The properties of those sidebands need to be character-
ized to elaborate on possible reasons for the appearance of the sidebands. The sideband

frequency is abbreviated as QM.

5.1 Overview of observation

In Chapter 6 several measurement sets for different optics have been analyzed. In some

of those files there are also sidebands provable. In table 2 all observations are condensed.

Table 2: Tune separation between sideband and QAC.
Plane Optics QM left QAC QM right  QNAT oQ +—|AQ)| |AQ|—
B1V Round 65  0.316858 0.324663 0.332481 0.310053 0.015 0.007805 0.007818

B2V Round 25  0.317119 0.324930 0.332742 0.309493 0.015 0.007811 0.007812
B1V  CTPPS2 40 0.298900 0.306701 0.314509 0.294742 0.012 0.007801 0.007808
B2V CTPPS2 40 0.299065 0.306878 0.314692 0.294706 0.012 0.007813 0.007814
B1V Flat orbit  0.322007 0.329818 0.337635 0.320000 0.010 0.007811 0.007818
B2V Flat orbit  0.322007 0.329821 0.337640 0.319909 0.010 0.007815 0.007819
B2V Ballistic 0.317202 0.325008 0.332815 0.310465 0.015 0.007806 0.007807
B2V ATS 40 0.313736  0.321552  0.329365 0.309641 0.012 0.007816 0.007813

In table 2, the frequency difference between QM left and QAC is abbreviated as «|AQ)].
Furthermore, the frequency difference between QAC and QM right is abbreviated as
|AQ|—. In the column "0Q" is the tune separation between the vertical natural tune Qy
and the horizontal natural tune Qx indicated. Without coupling of the horizontal and

vertical tune the relation is given by 0Q = Qy - Q.

According to the measured tune separation AQ between the sideband and the excitation
frequency QAC the sidebands appear symmetric around QAC with a tune separation of
AQ = 0.00781 £ 10~°. In some files the sidebands are very strongly pronounced where-

fore even sub-sidebands are observable. As an example, with the ATS 40 cm optics there
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also appeared sub-sidebands with a tune separation of AQ = 0.00391 &+ 10~ (compare
to table 3). This is barely half of the frequency of the sidebands.

Table 3: Tune separation between sub-sideband and QAC.
Plane Optics QM left QAC QM right QNAT 0Q +—|AQ| |AQ|—
B2V ATS 40 0.317645 0.321552 0.325458 0.309641 0.012 0.003907 0.003906

5.2 Phase

The analysis algorithm which is used to extract the spectrum out of the raw data also
returns the phase ¢. The phase is related to the beta function according to equation (7).
Figure 16 shows that the absolute value of the phase advance of QM right and the ab-
solute value of the phase advance of QM left share a common range with respect to
the statistical uncertainties. Therefore, it is possible that they share the same expecta-
tion value, which would be reasonable having in mind that the sidebands are symmetric
around the AC-dipole frequency. Figure 17 visualizes the phase differences for beam
2 and underpins the thesis that the sidebands share the same absolute phase value in
light of the statistical uncertainties. The quantities regarding the phase analysis of the

sidebands are listed in table 4.

Table 4: Phase analysis regarding data set A.

Ao uncertainty A uncertainty
Plane QM left QM left QM right QM right Optics  g*
B1V -0.09 + 0.03 0.15 + 0.02 round 65cm
B2V -0.11 + 0.01 0.13 + 0.01 round 25cm

In a nutshell, the absolute phase advance |A¢| between AC-dipole and sideband is given
by approximately [A¢| ~ 0.12 £ 0.01 & 43° + 4° [68%).
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Figure 16: Phase difference between sideband and driven frequency for beam 1 in the
vertical plane. Each colour represents a single AC-dipole measurement file
illustrating the different AC-dipole kicks. In the plot on the upper left side are
the phase differences between AC-dipole kick (QAC) and leftsided sideband
(QM:L) shown. On the upper right site are the leftsided phase differences
visualized in a histogram. In the plot on the lower left side are the phase
differences between AC-dipole kick (QAC) and rightsided sideband (QM:R)
shown. The histogram on the lower right side visualizes the distribution of
the rightsided phase differences.
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Figure 17: Phase difference between sideband and driven frequency for beam 2 in the
vertical plane. Each colour represents a single AC-dipole measurement file
illustrating the different AC-dipole kicks. In the plot on the upper left side are
the phase differences between AC-dipole kick (QAC) and leftsided sideband
(QM:L) shown. On the upper right site are the leftsided phase differences
visualized in a histogram. In the plot on the lower left side are the phase
differences between AC-dipole kick (QAC) and rightsided sideband (QM:R)
shown. The histogram on the lower right side visualizes the distribution of
the rightsided phase differences.
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5.3 AC-dipole waveform check

A possible reason for the occurrence of the sidebands in the frequency spectra could
be a malfunctioning in the driven waveform of the AC-dipole kick. Therefore, the time

5% of June 2018 was analysed.

dependency of the current of the AC-dipole for the 1
To do that, fast Fourier transformation (FFT) was used. The spectrum of the flattop

waveform for beam 1 is shown in figure 18 and for beam 2 in figure 19.
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Figure 18: On the left side, the time dependency of the current of the AC-dipole is shown
for beam 1. It includes the ramping-process. For the FFT analysis only the
flattop of the AC-dipole current was used. In the middle, the spectrum of
the driven current is shown. The amplitude scale was chosen as logarithmic
to identify sidebands more easily. But there are no sidebands visible. On the
right side, the observed sidebands from the profile analysis are marked as red
vertical lines in the figure.

Figure 18 manifests that the AC-dipole current has only one main frequency. Therefore,
an artifact in the power supply of the AC-dipole can be excluded as a reason for the

appearance of the sidebands in beam 1.
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Figure 19: On the left side, the time dependency of the current of the AC-dipole is shown
for beam 2 with a zoom into the flattop area. The AC-dipole current shows
in the flattop area a clearly noticeable drift. In the middle, the spectrum of
the driven current is shown. As for beam 1, there are no sidebands visible in
the spectrum for beam 2. On the right side, the observed sidebands from the
profile analysis are marked as red vertical lines in the figure.

Despite the fact that the flattop current is showing a drift (for both beams) the spectrum
analysis for beam 2 also does not show any sideband. Wherefore the AC-dipole power

supply can be excluded as a reason for the sidebands.
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6 Natural tune jitter

As elucidated the implemented algorithm uses raw data from AC-dipole excitations
to execute a spectrum analysis of the tune. In addition, there is also an alternative
approach. One of the beam position monitors (BPM’s) in the LHC is also able to

measure the tune directly. Those measurements are called base band tunes (BBQ).

6.1 Analysis algorithm

The BBQ-data for data set A - beam 1 - horizontal plane - is shown in figure 20. The
BBQ-measurements are totally independent from the AC-dipole method. Therefore, it

is possible to confirm or to reject conclusions which are only based on AC-dipole data.
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Figure 20: On the left, the BBQ-data and the AC-dipole data are plotted for the natural
tune regarding measurement set A. Furthermore, the dp/p values are shown
for each AC-dipole measurement quantifying the chromaticity impact on the
natural tune (compare to section 2.9). On the upper right, the BBQ-frequency
spectrum of the natural tune is shown for the horizontal plane of beam 1
(B1H). On the lower right, the AC-dipole frequency spectrum of the natural
tune is shown for B1H. Each colour represents a single AC-dipole kick.
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Figure 20 unifies the previous spectrum analysis regarding the horizontal plane of beam 1
on the 15" of June 2018 (compare to figure 10) with the corresponding BBQ-measurements.
As a result, the BBQ-data and the AC-dipole measurements agree regarding the natural
tune shift observed in the frequency domain.

For the BBQ-data an average smoothing was used to reduce the noise and the AC-dipole
excitations were cleaned. The AC-dipole data points are the mean values of the indi-
vidual tune distributions from each measurement file. As shown in the previous profile
analysis, each file contains one peak for the natural tune. The peak of the single mea-
surement file is not strongly influenced by the natural tune jitter because the timescale
for a single excitation measurement is very small compared to the effect of tune jit-
ter. Therefore, a Gaussian bell curve can describe the fluctuations of the measurements
around the natural tune. To get the best set of parameters, a profile likelihood algorithm
was implemented. Furthermore, it is important to determine the statistical uncertainties
of the fitting parameters, wherefore a toy Monte-Carlo study was done. For accelerating
the algorithm a multiscale gradient descent procedure was used to find the minimum
of the multivariate profile likelihood. In order to execute the toy Monte-Carlo study
bootstrapping is used to select a random sample from the data for which the profile like-
lihood algorithm will be executed. The cardinality of the bootstrapping sample is chosen
as 25% of the cardinality of the raw data sample to accelerate the algorithm. For each
of the 5000 bootstrapping samples results an optimal parameter set for the Gaussian
bell curve. In figure 21 those results are shown for file A16, regarding measurement set
A [1]. In theory, the mean value and the standard derivation of a Gaussian bell curve
are completely independent parameters. As a consequence, the resulting covariance of
the toy Monte-Carlo study should be negligible. If this is not the case the suspicion of
selecting the wrong model would arise. At this point it has to be mentioned that the
chosen cardinality of the bootstrapping sample strongly influences the uncertainty of the
parameters if the ratio between cardinality of the bootstrapping sample and cardinality
of the raw data falls short of 25%. This threshold was determined in a verification check
of the algorithm comparing the resulting uncertainty of the mean value with the param-
eter uncertainty given by the scipy package curve fit. The verification check is illustrated
in figure 22. The standard derivation of the Gaussian bell curve is an estimator for the
statistical uncertainty of the observed measurement for the natural tune. Therefore, the
value for sigma can be used in figure 20 as the value of the error-bars.

The uncertainty of the RMS value can be obtained by doing a toy-Monte Carlo study
using the determined statistical uncertainty for each mean value and the corresponding

systematical uncertainty. At this point, the systematical uncertainties for the frequency
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measurements must be estimated. A systematical uncertainty for the AC-dipole mea-

surements of 5 ppm seems to be reasonable and a systematical uncertainty for the BBQ

measurements of 10 ppm was taken into account.
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Figure 21: Toy Monte-Carlo study of the single natural tune peak from measurement file

A16. 5000 random samples were taken from the data and for each of them
a profile likelihood analysis has been executed. As a result, the distribution
of the expectation value of the mean <mean> and the distribution of the
expectation value of the standard derivation <sigma> can also be visualized.
Furthermore, the covariance between the two fitting parameters is visualized
in the scatter plot on the lower left side.
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Figure 22: The blue dotted line represents the uncertainty dependency of the mean pa-
rameter from the chosen cardinality ratio (MC-ratio). The red dotted line vi-
sualizes the dependency of the algorithm duration from the chosen MC-ratio.
The green dashed line shows the fitting uncertainty of the mean parameter by
using the scipy package from python. The violet line symbolizes a reasonable
minimum threshold of 25% for the MC-ratio.

Consequently, all single natural tune measurements carry a statistical uncertainty ac-
cording to the fluctuations around the mean parameter. Therefore, the data set of all
natural tune measurements, composed by the single AC-dipole kicks, can vary according
to the statistical and systematical uncertainties. Those fluctuations also influence the
expectation value for the natural tune, which is the mean value of all natural tune values
from the individual measurement files.

For the error propagation a Monte-Carlo simulation was combined with bootstrapping to
cover all uncertainty sources of the RMS-jitter. On the one hand, the single AC-dipole
tune measurements are contaminated by the statistical and systematical uncertainty.
On the other hand, the natural tune measurements show a linear drift which biases the
RMS-jitter and sometimes there even occur natural tune jumps. Furthermore, for the

data set E the amplitude detuning had to be corrected manually by subtracting the
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quadratic dependency of the natural tune from the kick amplitude. To handle all this
uncertainty sources the error propagation simulation was structured in two levels. In
the first step, a new data set was generated from the raw data by letting the fluctua-
tions act on the single measurement points. The fluctuations are simulated by random
Gaussian numbers with the properties of mean equal one and sigma equal to the rela-
tive statistical respectively systematical uncertainty. The second step is a bootstrapping
method, which will be different for the AC-dipole and the BBQ-data. Before we go into
more detail, bootstrapping is theoretically a method were a random sample is chosen
from the data with replacement to avoid correlations [16]. If the cardinality of the boot-
strap sample is set as equal to the cardinality of the measurement set a random sample
without replacement would automatically let to the raw data set. But for the case of
the RMS-jitter it is important to reconsider that this value describes the fluctuation of
the natural tune and therefore a random sample with replacement would result in an
unobserved small RMS-jitter. Consequently, a bootstrapping method with replacement
would bias the distribution of the RMS-jitter to smaller values. Therefore, the question
must be asked if there is an alternative way to extract more information out of the raw
data without biasing the results. A new approach in this thesis is to reduce the cardi-
nality of the random sample in comparison to the raw data and to execute the drawing
without replacement. As in the initial idea of bootstrapping the random sample space is
also limited for this approach. The cardinality of the random sample space ||, for the
bootstrapping method with replacement and equal cardinality N of the bootstrapping

sample and the raw data set, is given by equation (14).
Q4 = N¥ (14)

For the new approach all permutations, without replacement and without taking care
of the order of the bootstrapping sample, will be considered as possible choices. In this
case, it is important to emphasize that the cardinality of the bootstrapping sample must
be variable otherwise the result would be the initial data set. Therefore, all sub per-
mutations with a cardinality smaller than the cardinality of the raw data will also be
taken into account. At this point, an additional constraint was introduced regarding a
minimum cardinality for the bootstrapping sample of three. This seems to be reason-
able for an RMS-value. The cardinality of the random sample space |Q2|g for the new

bootstrapping approach is given by equation (15).

N N
=2 () ¥ Long 1

q=3 q=3
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In equation (15), N represents the number of natural tune measurements and q is defined
as the cardinality of the chosen bootstrapping sample. The question might be asked if
this method is able to extract as much information out of the data as the initial version
of bootstrapping. To answer this question it is advisable to have a look to the entropy
definition of Shannon [17] who described the information richness of a data sample M
by formula (16).

H=—3 p - logs(p) (16)
i=1

In formula 16, n describes the number of realizations whereby each realization has a
certain probability p;. Bootstrapping methods need to fulfill the Laplace assumption
of equal probability in the bootstrapping sample space to avoid a bias of the raw data
[18]. In the introduced bootstrapping method the requirement of a uniform distribution
for the random sample probability is already ensured for a fix cardinality. Usually,
|Q|p is too large to cover all permutations with a bootstrapping algorithm. Therefore,
the bootstrapping samples have to be chosen randomly from the space. To fulfill the
requirement of uniformity for the whole bootstrapping sample space the cardinality
has to be chosen first with a none uniform probability density distribution (pdf). The
probability of each cardinality is chosen according to the cardinality of the subset with
constant cardinality. For example, if we consider a raw data sample with cardinality five
then the probability for choosing a bootstrapping sample with cardinality four is five
over |Q|p. In a nutshell, the ratio of the binomial coefficient and |Q|p represents the
pdf for choosing a cardinality of a bootstrapping sample in the implemented algorithm.
Therewith, the Laplace assumption is also totally fulfilled by the introduced approach.

By using the Laplace assumption it is possible to rewrite equation (16) as relation (17).

19
H=—Y pi-logy(pi) 2 log,(|9) (17)
i=1

Figure 23 shows the information entropy dependency from the cardinality of the raw

data for the initial concept of bootstrapping and for the new approach.
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Figure 23: Information entropy for bootstrapping method A which is related to the initial
idea of bootstrapping and for bootstrapping method B which is related to the
new introduced approach regarding bootstrapping of a RMS-quantity.

As a result, the new approach of bootstrapping for the RMS-jitter of the natural tune
will be able to extract information efficiently from the raw data. For the avoidance of
doubt, despite the information technology point of view there might also appear the
question of how this approach of bootstrapping reduces the significance of the raw data.
For extracting more information about the natural tune jitter from the raw data it was
necessary to vary the cardinality of the bootstrapping sample. Therefore, the significance
is decreased for the single random bootstrapping sample but it is compensated by an
increased information content of the stacked array composed by all bootstrapping sam-
ples. As mentioned before, the natural tune shows almost always a linear drift behaviour
and sometimes there even appear frequency jumps. A smaller sampling rate increases
the sensitivity for this effects and includes those into the distribution of the RMS-jitter
for the natural tune. For a study with infinity calculations of the RMS-jitter the re-
sult would be the truth distribution of the RMS-jitter. But with respect to the limited
computation capacity the toy Monte-Carlo study evaluates for 1k simulated data sets,

10k bootstrapping samples and therewith 10M values for the natural tune RMS-jitter
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of the LHC. On account of this data acquisition it is possible to analyze the pdf of the
RMS-jitter which is shown as an example for data set A in figure 24 for the AC-dipole
data and in figure 25 for the corresponding BBQ-data.

At this point it is important to elaborate the differences of the bootstrapping algorithm
between the AC-dipole and the BBQ-data. All previous explanations were related to
the AC-dipole data. In case of the BBQ-data the cardinality of the raw data is mostly
between 200 and 3000 samples. To get the same sampling rate and sensitivity for the
RMS-jitter with the BBQ-data as for the AC-dipole data it is appropriate to use the
same maximum cardinality as for the corresponding AC-dipole data. Consequently, the
same algorithm was applied to the BBQ-data whereby the number of natural tune mea-
surements in relation (15) was changed to the corresponding number of measurements
with the AC-dipole method.

Furthermore, the ATS-optics measurements from 2016 had to be corrected regarding the
effect of amplitude detuning. For that reason, the quadratic dependency of the natural
tune from the excitation amplitude was fitted with linear regression (quadratic abscissa).
The optimal set of parameters which minimizes the residual sum of squares are fraught
with additional statistical uncertainties. The upcoming statistical uncertainty can be
characterized by the reaming residual sum of squares according equation (26). This er-
ror will be intercepted by the the toy Monte-Carlo study in the implemented algorithm
because the variation of the raw data set will also result in different parameter sets
for the linear regression. Therefore, the error propagation of the fitting parameters is
considered. It is significant noticeable that the pdf’s of the natural tune jitter mostly
show an inclination wherefore the expectation value is not equal to the mode value. Fur-
thermore, in case of a pdf with an inclination the width, defined as the 68% confidence
interval, is asymmetric. To characterize the individual pdf’s of the RMS tune jitter the
equations in 18 have been applied for the expectation value (x), the left handed width
o_ and the right handed width o.

| [T T C)) | [+
(x) i/ x - pdf(x)dx , 0.34 = / pdf(z)dx , 0.34 i/ pdf(z)dx (18)

—o0 o- (z)

In conclusion, the profile likelihood analysis’s of the single natural tune peaks combined
with a toy Monte-Carlo study which uses a new approach of bootstrapping returns the
best estimator for the expectation value of the RMS-jitter and furthermore it provides

a reliable quantity for the common uncertainty of the RMS-jitter of the LHC.
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Figure 24: Distribution of the AC-dipole RMS-jitter regarding data set A - beam 1 -
horizontal plane. Elicited by the toy Monte-Carlo algorithm.
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6.2 Results overview

In a nutshell, the RMS-jitter and the corresponding uncertainty can be quantified. Ta-
bles 5 till 15 show the results for each beam and plane as well as for different optics.

The names of the raw data files are listed in the references for each data set.

During analyzing the measurement files it was noticeable that most of the data is influ-
enced by a linear drift. Therefore, the natural tune jitter £ was also calculated for the
drift corrected data. The ratio between the corrected natural tune jitter and the natural
tune jitter without drift correction is accounted in the column "lin. drift". The left sided
value is related to the AC-dipole data and the right sided value to the BBQ-data.

Moreover, some data sets showed a frequency shift in the natural tune at some point.
For those measurements, the absolute shift of the natural tune was related to the nat-
ural tune jitter £(BBQ). A natural tune shift has been classified as significant if the
ratio was larger than 0.5 and the jump was succeeded under a minute. The shift ratio
is accounted in the column AQ. The shift ratio has been based on the natural tune
jitter of the BBQ-data because the BBQ-data is taken with a higher measurement clock
frequency than the AC-dipole data. It is important to emphasize that both methods
have to show the jump-phenomena. As a consequence, the tune jump will be noticeable
in the BBQ-spectrum and in the AC-dipole spectrum as a second accumulated peak.
For data set A, a tune jump in the horizontal plane of beam 1 has been observed which

can be seen in the spectra of diagram 20.

Table 5: RMS-jitter for the natural tune, regarding round flattop optics [DS: A].
Plane §(AC)  o0¢(AC) &(BBQ) 0¢(BBQ) p* lin. drift AQ

107 [107° 1077 [107°]  [em]  [%]
BIH 63 -14| 47 66  -14|+13 65 19]12 A [+2.3]
BIV 26  -5| +3 24 71413 65 19] 0 —
B2H 64 37421 41  -16|+32 25 4] 6 ——
B2V 25 9| +6 20 8|+11 25  12] 0 ——
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Table 6: RMS-jitter for the natural tune, regarding CTPPS2 optics [DS: BJ.

Plane &(AC) o0¢(AC) £(BBQ) 0¢(BBQ) p*  lin. drift AQ
[0~ [0~ (0= [107°]  fem]  [%]

B1H 20 -13 1 +3 18 -8 | +12 40 281 0 ——

B1V 23 -12| +4 15 6] +9 40 45|13 ——

B2H 26 -10 | +6 28 -10 | +12 40 52123 ——

B2V 41 8|46 290 11| +9 40 63|50 ——

Table 7: RMS-jitter for the natural tune, regarding ballistic optics.

Plane &(AC) 0¢(AC) &(BBQ) o0¢(BBQ) DS lin. drift AQ
[107°]  [107°]  [107°]  [107°] (%]
B2H 7 2|42 10 4| 45 C 29]17 ——
B2V 16 4|43 17  8|+414 C 13|11 ——
BIH 11  -5|+4 8 3] 45 D 0] 0 —-—
BIV 7 2|42 16  -7|+14 D 29| 5 ——
B2H 10 -3|+3 7 2| 44 D 0] 0 —-—
B2v 12 7|42 11 4| 47 D 8] 8 ——

Table 8: RMS-jitter for the natural tune, regarding ATS optics [DS: EJ.
Plane ¢(AC) 0¢(AC) &(BBQ) 0¢(BBQ) p*  lin. drift AQ
10 [0 [10°% [0 fem]  [%]

B2H 74 -25 | +16 48 -16 | +15 40 @ ——|— ——
B2V 128 -29 | +18 48 -16 | +16 40 ——|—— ——
B2H 34 -10| +6 48 -16 | +15 40 638 ——
B2V 28 5| +4 48 -16 | +16 40 7112 ——
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Remark: The rows which are marked cursively in table 8 are influenced by the effect of
amplitude detuning (see section 2.7). To make the results comparable this effect has to

be corrected which results in the not cursive rows for the same data set.

Table 9: RMS-jitter for the natural tune, regarding flat orbit [DS: F].
Plane ¢(AC) o0¢(AC) ¢(BBQ) 0¢(BBQ) p*  lin. drift AQ

(107 [107°]  [107°]  [107°]  [em]  [%]
BIH 51 -11|+8 46  -8|+10 30 2335 \,[1.0]
BIV 47 7|45 52 8| +8 30 8| 2 ' [+3.1]
B2H 54  6|+5 5l 9410 30 0| 4 [+21]
B2V 52 9|47 60 9| +8 30 23|57 \,[-0.8]

Table 10: RMS-jitter for the natural tune, regarding high 5* measurements at flattop
energy [DS: G| and high £* measurements at injection [DS: M].

Plane ¢(AC) o¢(AC) £(BBQ) 0¢(BBQ) g* DS lin. drift AQ

[107] [107] [107] [107] [m] (%]
BIH 28 8| 46 58 36| +28 90 G 19| 0 ——
BIV 27 7| 46 62 28] +31 90 G 53] 2 ——
B2H 39  -11| 46 43 16| +16 90 G 1] 0 —-—
B2V 50 13| +16 60 25| +26 90 G 2710 ——
BIH 281 -116| 466 233  -104|+114 100 M 61|63 ——
BIV 338 -152| 420 237  -114|+108 100 M 80|43 ——
B2H 276 -118| 454 309  -114|+110 100 M 69|62 ——
B2V 316 -93|+101 241 92| 495 100 M 53|48 ——
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Table 11: RMS-jitter for the natural tune, regarding injection nominal [DS: HJ.
Plane ((AC) 0¢(AC) &(BBQ) 0¢(BBQ) p* lin. drift AQ
[0~ [0~  [107°]  [107°] [m]  [%]

B1H 171 -56 | +47 315 -99 | 488 11 5166 ——
B1V 424  -59 | +45 306 68| 4+64 11 69|64 ——
B2H 159 -80|+33 122 52| +473 11  1]20 ——

B2V 219 59| +50 201 78 |+91 11 69|45 ——

Table 12: RMS-jitter for the natural tune, regarding flat optics [DS: I].
Plane §(AC) 0¢(AC) £(BBQ) 0¢(BBQ) g*  lin. drift AQ
[07° [0~  [107=°]  [107° [cm] [%]
B1H 114 -28 | +15 69 -23 | +43 60/15 56 |19 7 [+1.6]
B1V 80 -22 | +14 70 -50 | +20 60/15 40|33  \,[-1.§]

Table 13: RMS-jitter for the natural tune, regarding flattop nominal [DS: J].
Plane &(AC)  o0¢(AC) &(BBQ) 0¢(BBQ) f* lin. drift AQ

[10-%  [107°  [107°]  [107°]  [em]  [%]
BIH 90 -22|+17 98  -31|+37 100 55|34 ——
BIV 42  -11]+411 45  -15|421 100 38|11 ——
B2H 26 -16| +3 22 8] +12 100 79|27 ——
B2V 22 9| +5 30  -14|429 100 71|10 —-—
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Table 14: RMS-jitter for the natural tune, regarding 600m arcs [DS: K].
Plane £(AC)  o0¢(AC) &(BBQ) 0¢(BBQ) p* lin. drift AQ

0= 107 [107°  [107°%  [em]  [%]
BIH 34 -19| +7 27  -11|+20 25 13| 1 ——
BIV 44 22| 42 25  -11|+14 25 1120 ——
B2H 23 -16| +2 31  -12|+29 25 15| 0 @ ——
B2V 27 9| +4 45 21| +45 25 0| 1 \, [-0.6]

Table 15: RMS-jitter for the natural tune, regarding 200m arcs [DS: L].
Plane {(AC) o0¢(AC) £(BBQ) 0¢(BBQ) B* lin. drift AQ

[10-°  [107°  [107°]  [107°  [em]  [%]
BIH 81  -57|+12 72  -23|+19 30 82|62 ——
BIV 62 33| 49 63  -18|+18 30 73|56 ——
B2H 35 9| +6 49  -12|+19 30 17|34 ——

B2V 114 -33 | +16 100 -32 | +40 30 68140 ——

Finally, it is convenient to have an overview of all results with the corresponding theo-
retical value for each beam optic. The resulting overview is provided in figure 26. For
each plane is the RMS-jitter of the natural tune shown. The tune jitter of the BBQ-data
is marked as a blue cross and the tune jitter of the AC-dipole measurements is marked
as a red cross. The simulated values are visualized as magenta dots.

For the simulated values of the RMS-jitter an error of 1 ppm regarding the magnet
current is applied to the computation in MAD-X (software for beam optic calculations
at CERN - for further information on MAD-X see [33]). Consequently, the error will be
propagated circuit by circuit and the impact on tune, orbit and beta function results.
Knowing the impact of each circuit and assuming that everything is Gaussian, linear
and uncorrelated, one can add in quadrature all effects to obtain the expected value for
the RMS-jitter [19].
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Figure 26: Overview of the natural tune jitter dependency from the chosen beam optics.
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7 Achievements

The major goal of this thesis was to evaluate the stability of the natural tune. For this
reason several data sets have been analyzed regarding the natural tune jitter. During the
studies tune jumps were observed which are not considered in the theory of the existing
simulations. Actually, it is under investigation if a movement of single quadrupoles
of approximately luym could have such an impact on the natural tune. Because of
external civil activities the quadrupole positions can vary in the ballpark of less than
1pm. Furthermore, the analysis of the natural tune has shown that in many cases there
is a non negligible linear drift in the data. As a consequence, it would be recommendable
to run further studies about the question if the effect of linear drift depends on the time
since the accelerator phase was reached. In figure 27 are the impacts of those effects
on the results for the RMS-jitter visualized. For each plane the corresponding fraction
of linear drift is shown in a bar chart below the RMS-jitter value. In light green the
linear drift fraction for the AC-Dipole jitter is plotted and in dark green the linear drift
fraction for the BBQ-data is visualized. If both values are above 25% a machine drift
might be considered as a reason for a biased tune jitter. Therefore, the corresponding
values for the RMS-jitter are highlighted in yellow to indicate the bias. Furthermore,
the observed tune jumps are also visualized in the bar chart as dark red trapeziums.
If a tune jump was observed it can be assumed that an external event forced the tune
to change to a different frequency level. As a consequence, the corresponding values
for the RMS-jitter are also considered as biased and were highlighted in the same way.
The additional effects of the highlighted values are not included in the assumptions for
the simulation. Therefore, only the non highlighted values can be compared with the
simulated values. For data set G (high * at flattop energy) as well as for data set
J (flattop nominal) a significant difference between simulation and measurement have
become manifest. A reason for this derivation can not be given at the moment. Either
there are additional effects which influence the RMS-jitter but are not included in the
model for the simulation yet or the assumed uncertainties regarding the magnet current
are not representative enough. In a nutshell, for clarifying the unresolved issues further
investigations will be necessary. This research is of paramount importance for identifying
the influencing factors of the tune jitter and for reaching the prerequisites of the high
luminosity upgrade of the LHC. A remarkable byproduct of this thesis is the insight into
the sidebands quantities. The first presumption of an AC-dipole malfunctioning has been
disproved by an FFT-analysis of the AC-dipole current. For verifying the validity of the

existing analysis routine it is indispensable to identify the reason for the sidebands.
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Figure 27: Impact of lin. drift and tune jumps on the natural tune jitter results.
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8 Appendix

8.1 Linear least square fit

For calculating the parameters of the fitted straight line the method of minimizing the
residual sum of squares was used. For gaussian distributed measurements around the
model this procedure is equivalent to the likelihood principle. The model function is in

this case a straight line and can be parameterized according to relation 19.
f(z):==m -z+b (19)

For evaluating the best parameter set for the model function f(x) the residual function
R(m,b) has to be defined. This was made in equation 20 and follows directly from the
likelihood principle [22].

—2-log(L[ 7| (m,b)]) <= R(m,b) := Z = p (20)
=1 i=1 7

N (g — f(@))? N (yi —m-x — b)?
o?

The residual function shall be minimal for the best parameter set. Therefore, it is impor-
tant to evaluate the local minimum of the residual function regarding the parameters m
and b. As a result, the parameters which let disappear the partial derivatives in relation
21 are the best parameter set for the model function.

OR(m,b)  OR(m,b)

om 9 0 (1)

If the uncertainties are evenly distributed the result is a linear equation system as shown

in formula 22.

(22)

>

N Tiyi—m-x2—b-x2; =0
i=1

yi—m-x; —b=0

By using the sum convention of Gaufl and methods of linear algebra it is possible to

rewrite the linear equation system in a much more convenient way. This results in equa-

tion 23.
N oY () [
(m M) (m) (u-m) 2
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The best parameter set can now easily determined by applying the Cramer procedure.

vl [a]
eyl 12 ] [2A) - 2] ey
SN @ N A-RP (24)
2] [«?]
N [y
2] [z-9l] _ N-[z-y]—[z]-[y]

o _N-f : 25)

As a consequence, we receive the conditional equations 24 and 25 for the best param-
eter set. In a nutshell, those parameters minimize the residual function and they fully
describe the model function of the measurement data set.

It is important to emphasize that even the best set of parameters for the model func-
tion carries a statistical uncertainty which is related to the remaining residual sum of
squares. Therefore, the statistical variance of the resulting quantity y is determined by
the remaining residua. Keeping in mind that two quantities have already been evaluated
out of the measurement data set the amount of degrees of freedom has to be reduced

about two degrees [15].

R(m,b 1 N
oo = D S gm0 (26)
=1

The variance of the resulting quantity y in formula 26 characterizes the goodness of fit

and provides an estimator for the uncertainty of the amplitude detuning correction.
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H23: Beam2@Turn@2018:07:30@19:55:33:310.sdds H24: Beam2@Turn@2018:07:30@19:56:39:459.sdds
H25: Beam2@Turn@2018:07:30@19:58:10:879.sdds
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[9] Measurement set I is a cluster of the following files:

Beam 1
Kick group name: 60_15_ bl after couplingCorr
Optics: R2017aT65_A60_15C15_60A10mL300

Optics model:  /user/slops/data/LHC_DATA/OP_DATA/Betabeat/2017-12-01/models/LHCB1/60cm_15cm_beaml_ac

I1: Beaml@Turn@2017:12:01@15:49:40:440.sdds ~ I2: Beam1@Turn@2017:12:01@15:50:52:324.sdds
13:  Beam1@Turn@2017:12:01@15:52:08:665.sdds ~ I4: Beam1@Turn@2017:12:01@15:54:10:000.sdds
I5: Beam1@Turn@2017:12:01@15:55:35:907.sdds ~ 16: Beam1@Turn@2017:12:01@15:57:06:906.sdds
I7: Beam1@Turn@2017:12:01@15:59:02:994.sdds ~ I8: Beam1@Turn@2017:12:01@16:00:19:805.sdds
19: Beam1@Turn@2017:12:01@17:20:00:800.sdds 110: Beam1@Turn@2017:12:01@17:21:12:280.sdds

[10] Measurement set J is a cluster of the following files:

Beam 1
Kick group name: beam1_ flattop
Optics: R2017a_ A100C100A10mL300

Optics model: /user/slops/data/LHC_DATA/OP_DATA/Betabeat/2018-04-02/models/LHCB1/b1_injection

J1: Beaml1@Turn@2018:04:02@11:33:08:895.sdds ~ J2: Beam1@Turn@2018:04:02@11:34:59:926.sdds
J3: Beaml1@Turn@2018:04:02@11:40:10:129.sdds ~ J4: Beam1@Turn@2018:04:02@11:43:45:882.sdds
J5: Beaml1@Turn@2018:04:02@11:44:59:573.sdds ~ J6: Beaml1@Turn@2018:04:02@11:47:08:135.sdds
J7: Beam1@Turn@2018:04:02@11:48:20:689.sdds ~ J8: Beam1@Turn@2018:04:02@11:50:15:479.sdds
J9: Beam1@Turn@2018:04:02@11:53:01:893.sdds  J10: Beam1@Turn@2018:04:02@11:55:08:244.sdds

Beam 2
Kick group name: Flattop_ B2_ 2018 blm
Optics: R2017a_ A100C100A10mL300

Optics model:  /user/slops/data/LHC_DATA/OP_DATA/Betabeat/2018-04-02/models/LHCB2/Flattop_B2

J11: Beam2@Turn@2018:04:02@11:43:24:250.sdds J12: Beam2@QTurn@2018:04:02@11:45:05:032.sdds
J13: Beam2QTurn@2018:04:02@11:46:19:386.sdds J14: Beam2Q@QTurn@2018:04:02@11:48:39:657.sdds
J15:  Beam2QTurn@2018:04:02@11:50:17:902.sdds
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[11] Measurement set K is a cluster of the following files:

Beam 1
Kick group name: blem 25cm  onMomentum
Optics: R2017aT100__A25C25A10mL300

Optics model: /user/slops/data/LHC_DATA/OP_DATA/Betabeat/2017-06-30/models/LHCB1/b1_25cm

K1: Beaml@QTurn@2017:06:30@18:58:19:067.sdds K2: Beaml@Turn@2017:06:30@18:59:39:423.sdds
K3: Beaml1@QTurn@2017:06:30@19:00:45:238.sdds K4: Beaml@Turn@2017:06:30@19:01:52:642.sdds

Beam 2
Kick group name: ATS-B2-25cm
Optics: R2017aT100__A25C25A10mL300

Optics model: /user/slops/data/LHC_DATA/OP_DATA/Betabeat/2017-06-30/models/LHCB2/b2_25cm

K5: Beam2@QTurn@2017:06:30@18:59:13:609.sdds K6: Beam2QTurn@2017:06:30@19:00:27:299.sdds
K7: Beam2@QTurn@2017:06:30@19:01:34:751.sdds K8: Beam2QTurn@2017:06:30@19:02:40:037.sdds

[12] Measurement set L is a cluster of the following files:

Beam 1
Kick group name: Beaml_30cm_log
Optics: R2017aT_A30C30A10mL300 CTPPS2

Optics model: /user/slops/data/LHC_DATA/OP_DATA/Betabeat/2017-05-25/models/LHCB1/Beaml_30cm_rightTunes

L1: Beaml@Turn@2017:05:25@19:07:04:535.sdds ~ L2: Beaml1@Turn@2017:05:25@19:08:32:460.sdds

L3: Beaml@Turn@2017:05:25@19:10:10:898.sdds ~ L4: Beaml1@Turn@2017:05:25@19:31:00:130.sdds

L5: Beaml@Turn@2017:05:25@19:32:11:172.sdds ~ L6: Beam1@Turn@2017:05:25@19:33:28:694.sdds

L7: Beaml@Turn@2017:05:25@19:34:38:530.sdds ~ L8: Beaml1@Turn@2017:05:25@19:36:28:654.sdds

L9: Beaml@Turn@2017:05:25@19:38:35:608.sdds L10: Beaml1@Turn@2017:05:25@19:40:01:427.sdds
L11: Beaml@Turn@2017:05:25@19:41:38:239.sdds

Beam 2
Kick group name: 30cm__ b2
Optics: R2017aT_A30C30A10mL300_CTPPS20

Optics model: /user/slops/data/LHC_DATA/OP_DATA/Betabeat/2017-05-25/models/LHCB2/30cm_correctTunes_b2

L12: Beam2Q@QTurn@2017:05:25@19:06:39:344.sdds L13: Beam2@Turn@2017:05:25@19:08:58:180.sdds
L14: Beam2QTurn@2017:05:25@19:10:34:547.sdds L15: Beam2@Turn@2017:05:25@19:13:51:778.sdds
L16: Beam2Q@QTurn@2017:05:25@19:30:50:177.sdds L17: Beam2@QTurn@2017:05:25@19:32:18:546.sdds
L18: Beam2Q@QTurn@2017:05:25@19:33:37:937.sdds L19: Beam2@Turn@2017:05:25@19:34:52:352.sdds
L20: Beam2Q@QTurn@2017:05:25@19:36:36:132.sdds L21: Beam2@Turn@2017:05:25@19:38:21:806.sdds
L22: Beam2@Turn@2017:05:25@19:39:52:733.sdds L23: Beam2QTurn@2017:05:25@19:41:44:765.sdds
L24: Beam2QTurn@2017:05:25@19:43:40:521.sdds
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[13] Measurement set M is a cluster of the following files:

Beam 1
Kick group name: bl_highbeta_virgin
Optics: R2017h_A100mC100mA10mL10m

Optics model:  /user/slops/data/LHC_DATA/OP_DATA/Betabeat/2017-10-26/models/LHCB1/multiturn_highbeta_colltunes

M1l: Beaml@Turn@2017:10:26@Q08:06:22:665.sdds M2: Beaml@Turn@2017:10:26@08:07:32:768.sdds
M3: Beaml1@Turn@2017:10:26@08:09:14:792.sdds M4: Beaml@QTurn@2017:10:26@08:13:16:757.sdds

Beam 2
Kick group name: b2_highBeta_ beforeCorrections_ notCorrectModel
Optics: R2017h_ A100mC100mA10mL10m

Optics model: /user/slops/data/LHC_DATA/OP_DATA/Betabeat/2017-10-26/models/LHCB2/highBetalnjectionB2

Mb5:  Beam2@QTurn@2017:10:26@08:04:02:629.sdds ~ M6: Beam2@Turn@2017:10:26@08:06:23:632.sdds

M7: Beam2@QTurn@2017:10:26@08:07:42:587.sdds ~ M8: Beam2QTurn@2017:10:26@08:08:55:084.sdds

M9: Beam2@QTurn@2017:10:26@08:10:40:209.sdds M10: Beam2@QTurn@2017:10:26@Q08:12:36:295.sdds
M11: Beam2@Turn@2017:10:26@08:13:42:065.sdds
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