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"Everything should be made as simple as possible, but not simpler."

Albert Einstein
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Abstract

Precise control of beam optics and beam stability is of critical importance for
machine protection and performance of today’s high-energy particle accelerators.
For the next generation of accelerators, the tolerances are even tighter. This thesis
presents new methods and improved techniques to efficiently identify, measure
and correct a range of errors in particle accelerators. Circular and linear acceler-
ators have been studied in parallel. The Circular Large Hadron Collider (LHC)
collides mostly protons at energies of 6.5 TeV and European Synchrotron Radi-
ation Facility (ESRF) storage ring accelerates electrons to produce synchrotron
light. The Compact Linear Collider (CLIC) will provide electron-positron col-
lisions at centre of mass energies up to 3 TeV. In CLIC, a non-colliding beam,
referred to as drive beam, generates RF power to accelerate the main beam.

LHC’s optics measurement scheme was improved, also by studying ESRF.
This resulted in significantly improved [-function measurement, achieving twice
the best-documented precision so far. The optics correction algorithm was im-
proved allowing 3-beating in the LHC to systematically reach a level below 1.8%
rms. An adiabatic simultaneous 3-dimensional beam excitation, which combines
AC-dipoles with RF-frequency modulation, significantly sped up beam optics
measurements. The analysis of beam frequency spectra from turn-by-turn data
was also made significantly faster, in the LHC by a factor ~ 300. These results
contributed to LHC’s excellent performance beyond its designed targets. They
also contributed towards its upgrade the High Luminosity LHC.

CLIC has stringent requirements on drive beam stability in terms of beam cur-
rent, energy and phase. In the CLIC Test Facility 3 (CTF3), a novel algorithm to
identify drifts and correlations was developed and applied in a study of drive beam
stabilisation. The underlying causes of drifts were found and multiple beam-based
feedbacks were developed and commissioned in CTF3, in this way achieving the
stability goals. These improvements therefore played a key role in demonstrating
the viability of CLIC in terms of drive beam stability.

1l






Contents

Contents v
Preface ix
Acknowledgements xi
Acronyms and Abbreviations xiii
List of Figures XV
List of Tables xvii
1 Introduction 1
2 Beam dynamics 5
2.1 Transverse dynamics . . . . . . . . . .. ... 6

2.2 Longitudinal dynamics . . . . . . ... .. ... ... ... ... 9

2.3 Chromaticeffects . . . . . ... .. ... ... .. ... . ..., 10

3 Beam measurements 11
3.1 Beaminstrumentation . . . . . . . .. ... ... 11
3.1.1 Beam position monitors . . . . . . ... ... ... ... 11

3.1.2 Additional instrumentation . . . . . ... ... .. .. .. 12

3.2 Algebraic and Statistical methods . . . . . ... ... ... ... 13
3.2.1 Response Matrix . . . .. ... ... ........... 13

3.2.2  Singular Value Decomposition . . . . . . ... ... ... 13

323 TIterative Filtering . . . . . . . . .. ... ... ... ... 14

3.3 Static optics measurements . . . . . . ... .. ... ... 14
3.3.1 Quadrupolescan . . . ... ... ... ... ... 15



332 K-modulation . . . . ... ... Lo
3.3.3 Closesttune approach . . . ... ... ... .......
3.3.4 Orbitresponse matrix . . . . . . . . .. .. ... ...
3.3.5 Comparison of static methods . . . . . ... ... ....
3.4 Turn-by-Turn optics measurements with excited beam . . . . . . .
341 Excitation . . . . . . .. ..o
342 Harmonicanalysis . . .. ... ..............

3.4.3 Measured properties . . . . . ... ...

Beam correction methods

4.1 Localorbitbumps . . . . . . .. ... ...
42 Globalorbit . . . ... ...
43 Localoptics . . . . . . . . . . e
44 Globaloptics . . .. ... ... ...

LHC Beam-based Model

5.1 Beam-based matching - correcting the model . . . . ... .. ..
5.1.1 Model orbit matching . . . . .. ... ... ........
5.1.2  Model optics matching . . . . . ... ...........
5.1.3  Orbit and optics matching interleaved . . . . . ... . ..

5.2 Degeneracy ofthemodel . . . . .. .. ... ... ........

Beam stabilisation - continuous correction

6.1 Statistical analysis of correlations . . . . .. ... ... .....
6.2 Stabilisationconcepts . . . . . . ... ..o
6.3 CTF3 drive beam stabilisation . . . .. ... ... .. ......

Summary and outlook
7.1 Consequences for HL-LHC . . . . .. ... ... ... ......
7.2 Consequences for CLIC . . . . ... ... ... .. ........

Bibliography

vi

27
27
28
28
29

33
33
34
34
34
34

37
37
38
38

41
45
45

47



Scientific Publications
Paper I: Recent improvements of drive beam stability in CTF3 . . . . .
Paper II: Review of LHC on-line model implementation and of its ap-
plications . . . . ... L.
Paper III: LHC optics commissioning: A journey towards 1% optics
control . . . . . ..o
Paper IV: Improving the precision of linear optics measurements based
on turn-by-turn beam position monitor data after a pulsed excita-
tion in lepton storage ring€s . . . . . . .. ... ...
Paper V: Drive beam stabilisation in the CLIC Test Facility 3 . . . . . .
Paper VI: Optics measurements in storage rings based on simultaneous
3-dimensional beam excitation . . . . . . ... .. ...
Paper VII: Performance optimization of turn-by-turn beam position mon-
itor data harmonic analysis . . . . . . . .. ... ... ... ...

Vil






Preface

This thesis is submitted for the degree of Philosophi@ Doctor at the Department
of Physics, Faculty of Mathematics and Natural Sciences, University of Oslo,
Norway. It has been been funded by CERN Doctoral Student Programme. The
thesis is written around seven scientific publications, listed below and appended
at the end of this thesis.

1. L. Malina, R. Corsini, D. Gamba, T. Persson and P. Skowronski, “Recent
improvements of drive beam stability in CTF3”, in Proceedings of IPAC’ 16,
Busan, Korea, May 2016, paper WEPORO007, (2016). [1]

2. T. Persson, J. Coello de Portugal, M. Fjellstrom, L. Malina, G. Roy,
P. Skowronski, A. Szczotka and J. Moeskops, “Review of LHC on-line
model implementation and of its applications”, in Proceedings of IPAC’ 16,
Busan, Korea, May 2016, paper TUPMWO030, (2016). [2]

3. T. Persson, F. Carlier, J. Coello de Portugal, A. Garcia-Tabares Valdivieso,
A. Langner, E. H. Maclean, L. Malina, P. Skowrorfiski, B. Salvant, R. Tomés
and A. C. Garcia Bonilla, “LHC optics commissioning: A journey towards
1% optics control”, Phys. Rev. Accel. Beams 20, 061002 (2017). [3]

4. L. Malina, J. Coello de Portugal, T. Persson, P. K. Skowronski, R. Tomas,
A. Franchi and S. M. Liuzzo, “Improving the precision of linear optics
measurements based on turn-by-turn beam position monitor data after a
pulsed excitation in lepton storage rings”, Phys. Rev. Accel. Beams 20,

082802 (2017). [4]

5. L. Malina, R. Corsini, T. Persson, P. Skowronski and E. Adli, “Drive beam
stabilisation in the CLIC Test Facility 37, Nucl. Instrum. Methods Phys.
Res. A 894, 25-32 (2018). [5]

1X



6. L. Malina and J. Coello de Portugal, “Optics measurements in storage rings
based on simultaneous 3-dimensional beam excitation”, presented at IPAC’ 18,
Vancouver, Canada, May 2018, paper THPAF046, (2018). [6]

7. L. Malina, J. Coello de Portugal, J. Dilly, P.K. Skowronski, R. Tomas and
M. Toplis, “Performance optimization of turn-by-turn beam position mon-
itor data harmonic analysis”, presented at IPAC’18, Vancouver, Canada,
May 2018, paper THPAF045, (2018). [7]



Acknowledgements

Now it comes to probably the hardest part to write, the acknowledgements. Pur-
suing the PhD takes a significant portion of the time. I have spent this time in a
truly cosmopolitan environment at CERN among people who played various roles
in my PhD. I have enjoyed the time and learned a lot from them, not only about
physics. Unfortunately, I cannot mention everyone explicitly here. I am sure most
of you will identify yourselves with shorter text and some more trees left in the
mountains.

I would like to express my gratitude to Piotr Skowronski, who offered me to
work in the field of particle accelerators. Without him, his pragmatism and guid-
ance, this PhD would have never happened. You have always found time for very
fruitful discussions and have had lots of patience, for example, when reading my
early paper drafts. The PhD would not even get to the starting line also without my
university supervisor Erik Adli and CTF3 team leader Roberto Corsini. 1 would
like to thank Erik for help with organisation of studies and especially with the
thesis preparation, during which I often wondered how can you stay so positive.
I thank Roberto for help before the start of my PhD and for sharing his immense
experience.

I found myself very lucky to work in two great teams, CTF3 and OMC. In
CTF3, many different people share the same passion and creativity to run a slightly
overlooked test facility. I should mention Tobias Persson and Davide Gamba, who
are a couple of years ahead of me in their careers and thankfully still remember
solutions of common difficulties. In OMC "owls", who are constantly determined,
when commissioning LHC’s optics during countless night shifts in CCC. Thank
you all for the time spent and discussions in either of control rooms or over coffee.
I owe a big thank you to Rogelio Tomds for many discussions and maybe more
importantly for his contagious enthusiasm. I would like to thank Jaime Coello
de Portugal for great cooperation on our secret projects. I got the opportunity to
perform optics measurements in ESRF. I thank Andrea Franchi for his support and

X1



vital comments during the study. Special thanks go to Ewen Maclean, who has
over a time carefully proofread my papers and also this thesis.

As life is not only about work, I would like to thank Hanka, who was brave
enough to move here with me, supports me throughout this wonderful journey
and survived our "a little" adventurous vacations. I would like to thank Javier
Barranco, Ana Garcia-Tabarés Valdivieso and Sergey Antipov for making our of-
fice indeed the funniest office in the building. Last but not least, I thank all my
friends for a great time together.

Xil



Acronyms and Abbreviations

ALICE
ATLAS

BBQ
BLM
BPM
BPR
BSRT

CERN
CLIC
CMS

CTF3

DFS
DOROS

ESRF

HL-LHC

IP
IR

LEIR
LHC

A Large Ion Collider Experiment
A Toroidal LHC ApparatuS

Base Band Tune

Beam Loss Monitor

Beam Position Monitor
Beam Phase Reference
Synchrotron Light Monitor

European Organization for Nuclear Research
(originaly Conseil Européen pour la Recherche
Nucléaire)

Compact Linear Collider

Compact Muon Solenoid

CLIC Test Facility 3

Dispersion-Free Steering
Diode ORbit and Oscillation System

European Synchrotron Radiation Facility
High Luminosity - Large Hadron Collider

Interaction Point
Interaction Region

Low Energy Ion Ring
Large Hadron Collider

Xiil



LHCb
Linac

MAD-X

ORM
OT™™

PFF

RDT
RF

SbS
SVD

TbT

Large Hadron Collider beauty
Linear Accelerator

Methodical Accelerator Design

Orbit Response Matrix
One Turn Map

Phase Feed-Forward

Resonance Driving Term
Radio Frequency

Segment-by-Segment
Singular Value Decomposition

Turn-by-Turn

Xiv



List of Figures

2.1

3.1

3.2

33

34

3.5

3.6

3.7

Frenet-Serret coordinate system. . . . . . . .. .. .. .. ....

The conceptual layout and nomenclature for the parameters close
to the IP. The red line represents the S-function, 3* is at the loca-
tion of IP. The figure is taken from [54]. . . . . . ... ... ...

Sample TbT BPM data of a beam excited by a kicker performing
the free coherent betatron oscillation. . . . . . . .. .. ... ...

Sample TbT BPM data of a beam excited by an AC-dipole per-
forming the driven coherent betatron oscillations (Paper VI). Note
the ramp-up and the ramp-down of the oscillation amplitude, which
is important to avoid emittance growth [69] (in hadron machines).

Sample TbT data at a dispersive BPM of a beam excited by an AC-
dipole when the frequency of RF system has been simultaneously
modulated. The beam performs driven coherent betatron oscilla-
tions and the beam energy is adiabatically varied (Paper VI).

Sketch of TbT data recomposition for noise floor removal. The de-
composition of raw TbT data (in blue) gives full matrices, which
are then reduced (in brown edges), as only largest singular values
are kept for the recomposition of cleaned TbT data . The figure is
taken from Paper VIL. . . . . . . . ... ... ... . L.
Notation using beam related harmonics H,V(multiples of (), Qy ,
(Qy)) is illustrated on horizontal (H) frequency spectrum from
TbT BPM data in ESRF storagering. . . . . . . ... .......
Artificial S-beating in the LHC caused by different choice of start-
ing turn (moved by single turns) of a batch of TbT data analysed:
before the phase correction - (top), after the phase correction (bot-
tom) - showing significantly lower artificial 5-beating. . . . . . .

XV

6

15

19

21



3.8

4.1

4.2

6.1

7.1

Envelope of a beam centroid oscillation amplitude (black) after a
pulsed excitation by a kicker as a function turn number. The col-
oured areas represent the dominating bias to linear optics meas-
urements either lattice non-linearities (in red) or noise (in blue).
Ideally, the oscillation amplitude is in the white band right after
the excitation and stays for a maximal number of turns. . . . . . .

Example of difference of phase advance from propagated meas-

25

urement using SbS method, before and after local optics correction. 29

Comparison of J-beating measured in the LHC beam 1 with 3* of
40 cm after global correction in 2015 and in 2016 (Paper III). . . .

Sketch of correlation analysis procedure from Paper V: In the
top plot, a time evolution of a beam current signal is shown. In
the middle plot, signal’s sample correlation coefficients with time
over a sliding time window of two different lengths, 200 pulses
(black) and 1000 pulses (red), is shown including confidence in-
terval bands. In the bottom plot, the respective R22

non—zero

1s shown
for a given confidence level of the two sets of correlation coeffi-
CIENES. . . . . . . . e

Applicability overview of methods (in grey rectangles) developed
or studied within this work in different accelerator types (coloured
ellipses). . . . . . . e

XVi

31



List of Tables

3.1

3.2

3.3

4.1
4.2

Static optics measurement techniques. The meaning of acronyms

and symbols follows. C: Calibration or tilt; M: Model; 3: Average

beta function over a quadrupole; AQ),,;,: closest tune approach. . 17
Comparison of beam excitation methods: pulsed using a kicker or
driven using an AC-Dipole . . . . . .. ... ... ... 20
Overview of TbT-based measurement techniques, most taken from [90].
The meaning of acronyms and symbols follows. C: Calibration or

tilt; M: Model. . . . . . . . . 25

Global corrections in the LHC using linear response matrix . . . . 30
Rms [-beating and normalised dispersion beating in 2015 and
2016 with the 5* of 40 cm at the two main experiments (ATLAS
and CMS), from Paper IIL. . . . . . . ... ... ... ...... 31

XVvil






Chapter 1

Introduction

Particle accelerators are being increasingly utilised in a variety of applications.
They provide an efficient and often the only method for precise measurements
across many scientific fields. This may range from non-destructive imaging help-
ing to understand the palaeolithic human ancestor [8] to particle colliders pro-
ducing previously unobserved particle species. In 1983 the W -boson was ob-
served [9, 10], followed by observation of the Z-boson [11, 12] at SppS collider.
In 1995 the top quark was observed [13, 14] at the Tevatron collider. The last
missing piece of the Standard Model [15-17], the Higgs Boson was observed in
2012 [18, 19] at Large Hadron Collider (LHC), which is currently operational.
More recently, "pentaquarks" were observed [20, 21]. Results obtained by ob-
serving the collisions in the LHC will guide the decisions regarding the choice of
the next large-scale accelerator project. The possible physics program includes
precision measurements of the Higgs boson and top quark properties (mass, spin,
width, couplings to other particles, ...), and searches for dark matter [22], super-
symmetric particles [23] or hidden dimensions [24].

The three main properties of a future collider are the particle type that it col-
lides, the beam energy and its luminosity. Typically, hadron (composite particle)
colliders are well suite for potential new discoveries, as a broader energy range is
probed simultaneously in collisions of partons. On the other hand, the element-
ary (to our current knowledge) leptons are better suited for precise measurements.
Charged particles emit synchrotron radiation when being bent (i.e. in a circu-
lar accelerator). The associated energy loss is proportional to (57)4 (relativistic
factors). A linear electron (-positron) collider is therefore more power efficient
compared to similarly sized circular collider, above certain beam energy (hun-
dreds of GeV). The choice of the main properties listed above defines operational
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challenges of the collider. In particular, all phenomena to be studied are very rare,
hence a large number of collisions are required to study them. This drives the
requirements on integrated luminosity (the ratio between the number of a given
particle interaction and its cross-section).

For the next generation of high-energy particle colliders being studied, pre-
cise control of the beam optics and beam stability is crucial in order to reach
the performance required in terms of integrated luminosity. The luminosity rap-
idly degrades with any deviation from nominal parameters. Even minimal beam
losses, for example due to too large beam size or missteering, may lead to severe
machine damage. Therefore, novel techniques for sufficient beam control have
to be conceived, studied and tested in order to assure safety and performance of
these machines. The European Organization for Nuclear Research (originaly Con-
seil Européen pour la Recherche Nucléaire, CERN) is currently studying several
options for the next generation of particle colliders, including the Compact Linear
Collider (CLIC) [25] and an upgrade to the already operational LHC [26]: called
High Luminosity (HL) - LHC.

The LHC is a 27 km long superconducting circular collider that provides
proton-proton' collisions for four main experiments ATLAS [27], CMS [28],
ALICE [29] and LHCb [30]. Two counter-rotating proton beams are injected into
the LHC with an energy of 450 GeV. They are then accelerated to 6.5 TeV. The
optics parameters are also modified to squeeze the beams transversely in Inter-
action Points (IPs) before the beams are brought into collision. Colliding beams
stay for tens of hours with slowly decreasing intensity until they are dumped. At
this point, magnetic fields are ramped down and all settings reset. The amount of
collisions is the key figure to optimise even during a single "fill". The optimisation
techniques [31] rely on precise beam optics control.

In addition to work performed at the LHC, part of the optics studies reported
in this thesis were conducted in European Synchrotron Radiation Facility (ESRF).
The ESRF storage ring is a synchrotron-light source: a circular accelerator storing
an electron beam in order to produce synchrotron light.

CLIC, a linear collider using normal conducting accelerating cavities, is one
of the main candidates to be the next large-scale accelerator facility. It will collide
electrons with positrons at centre of mass energies up to 3 TeV in a single IP, with
bunch trains arriving 50 times per second. A rich particle physics programme
is foreseen [32] during operation of CLIC, which will be constructed in three
stages. In CLIC, a two-beam acceleration scheme is utilised. A non-colliding

'also ion-ion and proton-ion



beam, referred to as the drive beam, generates Radio Frequency (RF) power to
accelerate the main colliding beam with a gradient of 100 MV/m. At CERN,
the CLIC Test Facility 3 (CTF3), described in Paper V and [33], was built to
demonstrate the feasibility of CLIC two-beam acceleration scheme, CLIC specific
technology and overall function of drive beam complex. This includes fulfilling
stringent requirements on drive beam stability in terms of beam current, energy
and phase.

The aim of this PhD study is to develop and experimentally verify tools that
improve further the quality of the beams at the CTF3 and the LHC. First, possible
improvements to the measurements of the beam optics parameters [34, 35] of all
kind are considered (phase advance, [S-function, dispersion, coupling and chro-
matic coupling). Second, correction algorithms are studied and implemented in
the suitable manner as operational tools in the control system. Analysis applica-
tions and improved models are developed to support the machine setup, as well
as the reproducibility and stability of the beams. A study performed in the ESRF
storage ring, a machine with highly non-linear optics and equipped with precise
Beam Position Monitors (BPMs), was a fruitful addition to this work. By studying
both circular (LHC and ESRF) and linear (CLIC and CTF3) accelerators in paral-
lel, the various operational challenges of both types of machine are treated, itself
an important factor when determining the feasibility of a next-generation particle
collider.

Chapter 2 gives a brief overview of beam dynamics, defining the terms used
later in this work. The starting point of every correction is a measurement, and
Chapter 3 introduces the beam instrumentation and diagnostics used along with
the applied algebraic and statistical methods. A review of optics measurement
techniques is presented. Most of the "static" methods are applicable to both lin-
ear and circular accelerators. A significant part of the development was targeted
towards methods utilising Turn-by-Turn (TbT) BPM data of a beam coherently
oscillating around the closed orbit. Beam corrections, both local and global, used
to correct the measured orbit or optics, are treated in Chapter 4. In chapter 5,
the beam corrections are applied in "reverse order" in order to create an acceler-
ator model a more realistic image of the real accelerator. This way, more accurate
models are provided. Chapter 6 describes the full work-flow of beam stabilisation.
It starts with the identification of correlations among signals. Various stabilisation
concepts are discussed and applied in the stabilisation of the CTF3 drive beam,
which is described together with its implications for CLIC.






Chapter 2

Beam dynamics

In this chapter, a brief overview of beam dynamics is presented, mainly for the
definition of the terms used later in this work. A more thorough beam dynamics
description can be found, for example, in [36].

The particle interaction rate when two beams collide is defined as:
R = Lo 2.1

where o, is the cross-section of a given particle interaction and £ is luminosity.
Luminosity is a property of the beam and the main controllable parameter for a
given type and energy of colliding particles. The luminosity of a collider having
two beams with the same transverse beam sizes o,, 0, and number of particles in
a bunch n,, colliding head on is:

n?)nb
L=f——H, (2.2)
dro,o,
where f, is the revolution frequency in circular colliders or the repetition fre-
quency of bunch trains in linear colliders, n; is number of colliding bunches and
‘H is a geometric factor. Collisions typically occur at a symmetry point, where

beam sizes are minimised, in order to maximise the luminosity.

In accelerator beam dynamics, a Frenet-Serret coordinate system is employed
with the ideal orbit as a reference. A particle accelerator’s orbit is generally not
straight. Horizontal resp. vertical position in the transverse plane is noted x resp.
y, as shown in Figure 2.1. Longitudinal position along the lattice is noted s.
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Figure 2.1: Frenet-Serret coordinate system.

2.1 Transverse dynamics

A position-angle phase space is utilised (x, z’). Distribution of particles in a Gaus-
sian beam is described by a covariance matrix (matrix of second order moments),
that is parametrised in beam dynamics as:

<z?> <uza'>| B(s) —al(s)
<zxx' > <x? >} = Crms {—a (s)  7(s) } ’ 2:3)

where €,,,; is a rms beam emittance and «, J and  are Twiss parameters. A
similar relation is defined in the vertical plane. Emittance is an area of the phase
space, usually corresponding to 1 o of the distribution. Transverse beam size is

defined as 0, = V< 22 > = \/€,msf.

With only linear forces K (s), a particle’s equation of motion takes form of
Hill’s equation [37]
" (s)+ K (s)z(s) =0 (2.4)

with following solution:
2 (s) = Cn/B (5) cos (6 (s) — do) + Cn/B (s) sin (¢
' (s) = O ( ' (5) cos (6 (s) — 6o) — L

B (s) B (s)
. cos (¢ (s) — ¢o)
Cy s) sin s) — @g , .
+ ( B(S)ﬂ() (¢ (s) — do) + o) > (2.7)



where

S dt
cb(S):/O 50 2.8)

Constants C'; and C'y can be found from initial conditions at s = Om.

Here v2? + 2axx’ + B2'?, called action 2.J, is an integral of motion and is
conserved. A transport matrix transforms the initial state phase space at location
i to the final state at the location f. For (z, z") phase space it is:

x Ri1 Ry T
= 2.9
L;’} ; [Rm R?J 5 [90']1 ’ 29

where the Matrix Ry; can be expressed using Eq. (2.7) in terms of optical func-
tions at the initial and the final locations:

\/%(cos@i—i-aisin@i) /BeBisin gy
a;—ag Itapa; . Bs .
COS ; — —7—— S11l ; 2 (COS ; — O fSIn i
\/ BrBi Osi By Bi Osi \ By ( Ori ! gbfl)

where ¢y; is the phase advance between the initial and the final location. The
solution of Hill’s equation depends on initial conditions, therefore parameters of
a beam at given location are functions of the initial Twiss parameters.

R, = . (2.10)

In circular accelerators, K (s) is periodic by definition. If a solution of Hill’s
equation exists, then it is unique and periodic. If the initial and the final locations
are equal, the optical functions are also equal and a One Turn Map (OTM) Rory,
can be defined as follows:

coS ¢ + arsin ¢ [sin ¢

R = . :
OTM —ﬁ%zsmgb cosp — asing|’

(2.11)

where ¢ is phase advance over one turn and the Twiss parameters are functions of
longitudinal location s around the ring'. In circular accelerators, a phase advance
over one turn divided by 27 is called betatron tune:

1 ds
“2r ) B(s)

For description of the general non-linear case, magnetic forces are described

Q (2.12)

I'This is important for beam injection into periodic accelerators. The optical functions of in-
jected beam needs to be "matched" to optical functions of periodic lattice at injection location,
otherwise emittance will increase.



by the multipole expansion of transverse magnetic field noted as:

By +iBy = (b, +iay) (x +iy)" ", (2.13)

n

where a,, and b,, are skew and normal magnetic multipole components of order
n € {1,2,...}. For an off-axis orbit x, resp. y, is replaced by x — x, resp. y — .
Consequently, the beam experiences lower order magnetic fields, as functions of
offsets zq or yo, termed "feed-down".

In modern beam dynamics the equations of motion are derived using Hamilton
equations [38,39]. A Hamiltonian describing particle’s motion including higher
order terms is as follows:

+H

. . - (2.14)

where p, , is transverse momentum and [, is contribution due to higher order

magnetic fields
(x +iy)"

H, =Y Re {(bn + i) (2.15)
n>2
Using the following solution of unperturbed motion
T,y =/ 22y By €08 (Gzy — Pu0,40) (2.16)
the Hamiltonian can be expanded
jkAlAm>2 . o
H,= Z Bjrim (2J2) 2 (2J,) 2 llU=R)(@s=d0)+(I=m)(9y=dwo)l ~ (2.17)
jklm

Hamiltonian coefficients Ay, are proportional to multipole strengths along the
ring. The j, k,l and m m coefficients correspond to powers of action in the ho-
rizontal and vertical plane, respectively. For detailed derivation of /4, coeffi-
cients, see for example [39]. Observable Resonance Driving Terms (RDTS) f;xim,
in this work used in coupling measurements, relate to coefficients /i, as fol-
lows:

hjklm
fjklm 1 — e2mil(—K)Qu+(1—m)Qy] (2.18)

Higher order terms perturb the linear behaviour described above. Any imperfec-
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tion leads to a resonant behaviour, when

because any perturbation adds up constructively turn by turn. Cumulative devi-
ation from the ideal orbit leads to beam losses. Except for special cases (such
as where this behaviour is used for extraction [40]) rational tunes with small de-
nominator are to be avoided. RDTs contribute to specific frequencies in the beam
frequency spectrum:
H(1—j+km—1),whenj#0,and V(k —j,1 —1l+m),whenl # 0,

where [ and V stand for horizontal and vertical spectra. In parentheses multi-
plicative factors of fractional horizontal and vertical tunes are shown, defining the
resonant frequency.

The transverse coupling resonance, where @), + @, = presp. @, — Q, = p,
is usually named the sum resonance resp. the difference resonance. Amplitude of
betatron coupling represented by the difference and sum resonance driving terms
is as follows [38]:

1 [H(0,1)V(1,0) 1 [HO,-1)V(-1,0)
| froo1| = 5\/1_](1’0)‘/(071) ;| frow0] = 5\/ HLOV(O.1) (2.20)

2.2 Longitudinal dynamics

There are two main operations performed on a beam longitudinally: acceleration
and bunching. Particles are accelerated to high energies using alternating voltage.
In order to accelerate only in phase with alternating voltage, the beam is bunched.
Bunching is performed by velocity modulation at low energy. Low energy longit-
udinal dynamics is not treated in this work because it deals with ultra-relativistic
particle beams. A voltage "seen" by a particle depends on its time of arrival. In
a stable condition, this leads to a periodic longitudinal motion around the centre
of a bunch, called synchrotron motion. Synchrotron tune (), is defined similarly
to betatron tune - as number of oscillations per turn. Typically, (), ranges from
0.0001 to 0.01, which compares to betatron tunes from 2 to 100.
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2.3 Chromatic effects

This section summarises coupling between longitudinal and transverse planes.
Particles with different momenta are bent differently, therefore particle position
depends on its energy. This is described by horizontal dispersion, which relates
beam horizontal position and momentum:

Ax
D, =—, 221

Ap (2.21)
where Ap is the relative deviation from the beam reference momentum. Vertical
dispersion is defined similarly. Normalised dispersion D, /+/(3, [41] is often used
instead because it provides measurements which are independent of BPM calibra-
tion. Energy deviations of particles also change focusing. Dependence of betatron

tune on beam momentum is called chromaticity:

_AQ

Q = Ap’ (2.22)

The Chromatic W-function [42] describes how the [S-function depends on mo-

LRy (e sy
W_2¢<5-Ap) & 5/ (225

where «, 3 are the Twiss parameters.
Chromatic coupling denotes the change to sum and/or difference linear coup-
ling resonances ( f1010, f1001) With relative beam momentum.

mentum:

A
X1001,1010 = %- (2.24)
p

If energy deviates from the reference, e.g. due to energy spread, the W-function
introduces (-beating and chromatic coupling introduces transverse coupling.
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Chapter 3

Beam measurements

Naturally, the starting point of every correction is a measurement. This chapter
briefly introduces beam instrumentation and basic measurements such as beam
current, position or phase. Later, the applied algebraic and statistical methods are
described. Static optics measurements, where the beam stays on the closed orbit,
are then introduced. Finally, measurements where the beam coherently oscillates
around the closed orbit are described.

3.1 Beam instrumentation

This section presents a brief overview of beam instrumentation and basic dia-
gnostics, mainly defining the terms used later in this work.

3.1.1 Beam position monitors

BPMs measure beam current (intensity) and position. This can be measured dir-
ectly, for example, as a sum and a relative difference of signals on electrode pairs.
BPMs are usually composed of two or four electrodes, however BPMs with six or
even eight electrodes have also been developed [43,44]. BPMs are one of the most
important devices to determine the lattice optics properties. BPM non-linearities
and other possible flaws are preprocessed and are not taken into account in this
work. In the CTF3 drive beam, different types of BPMs [45] with bandwidths of
96 MHz and 192 MHz are used. In beam stabilisation studies, multiple types of
inductive BPMs are utilised. Their typical resolutions of average current along the
beam pulse range from 1-2 mA (~ 4 A and 1 us long pulse) in the linac to few
tens of mA (~ 20 A and 100 ns long pulse). The resolutions were estimated from

11



Singular Value Decomposition (SVD). Electrostatic BPMs in the buncher, which
are prone to charging effects, are not used in beam stabilisation studies. The LHC
is equipped with two types of BPMs [26] able to acquire TbT data. First, button
BPMs with position resolution of about 100 wm are used in the arcs. Second,
strip-line BPMs installed in LHC’s Interaction Regions (IRs) have a typical po-
sition resolution of about 250 wm. Resolutions in TbT mode are estimated also
using SVD (see Section 3.2.2). Several BPMs are equipped with more sensitive
electronics called Diode ORbit and Oscillation System (DOROS) [46]. They are
used for betatron coupling measurements and corrections [47]. The BPMs of the
ESREF storage ring are described in Paper IV, with the estimated position resolu-
tion below 10 um in TbT mode.

3.1.2 Additional instrumentation

In the study of CTF3 the following measurements are used:

* relative beam phase (time of arrival) is measured by mixing a signal from a
wave-guide with reference RF. Such a device is called Beam Phase Refer-
ence (BPR) and provides also a relative measurement of longitudinal bunch
length.

* RF power is measured in the beginning and at the exit of accelerating travel-
ling wave structures. Beam loading is measured with resolution of typically
~ 100 kW for signals of tens of MW.

* Beam profile and size is measured with beam screens intercepting the beam.
They can estimate the beam energy spread when placed at a location with
known non-zero dispersion. Their typical resolution is in the range of a
fraction of mm.

In the optics measurements in the LHC, the following measurements are utilised:

* Transverse beam profiles are measured by Synchrotron Light Monitors (BSRTs).
It is used as a relative measure of beam emittance.

* Beam losses are detected by Beam Loss Monitors (BLMs), this information
is used to maximise the beam oscillation amplitude, and therefore signal to
noise ratio, while keeping the beam losses acceptable.

12



* Base Band Tune (BBQ) - diode peak detector electronic processing of BPM
signals yielding precise betatron tune measurement is essential to keep the
tune constant and to set optics measurement parameters.

3.2 Algebraic and Statistical methods

This section describes the algebraic and statistical methods used across this thesis
work.

3.2.1 Response Matrix

A response matrix is constructed from either a simulated or measured linear re-
sponse of observables o to a unit change of controllable knobs c (generally repres-

ented by the gradient of d—o). A column of a response matrix has a form:
c

=  (do} AN
R, = N 3.1
( dCZ' dCi ) ( )
where o1, - - - , 0, 1S a set of observable quantities to be corrected by control knobs
¢;. The vector of control knobs correcting the observable has a form:
— —
AT =R <A01, o ,A0n> (3.2)

If R is a square matrix of a rank equal to its dimensions, its inversion has a solu-
tion. This is often not the case, for example, when the number of observables is
not equal to the number of control knobs, and the matrix R needs to be pseudo-
inverted instead. Pseudo-inversion can be performed using SVD and is not exact
since an exact solution does not exist.

3.2.2 Singular Value Decomposition

The SVD of a matrix A is as follows
A=U-S VT, (3.3)

where columns of U and V' are normalised eigenvectors of AT A (left-singular
vectors) and AA” (right-singular vectors), respectively. S is a positively definite
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diagonal matrix of singular values in decreasing order. The accuracy of SVD
together with novel computation procedures is discussed in [48]. The SVD is used
for removal of uncorrelated noise between BPMs (several largest singular values
are used to recompose the data) and for matrix pseudo-inversion (approximate
inversion of non-squared or lower rank matrices).

3.2.3 Iterative Filtering

Most of the measured quantities are assumed to be normally distributed, how-
ever in case of failure or an artefact in data processing, outlying values may be
produced. Such outliers can significantly bias the results, therefore these values
should be removed from the data sample. Finite-sized samples of a normal distri-
bution follow a t-student distribution (parametrised also by a number of degrees of
freedom). An iterative cleaning procedure has been developed to remove "tails"
which are more populated than in the same-sized normally distributed quantity.

In each iteration, the mean p and standard deviation o of values in the data
sample are calculated. Values are tested for a hypothesis of belonging to sample
of normal distribution given the mean value p, standard deviation o and sample
size N (t-distribution). The required level of significance in the hypothesis test is
a p-value of 1/2N. The p-value represents the probability of the occurrence of a
specific value in a distribution. From a limit on p-value one obtains the maximal
distance from the mean value allowed. Values, that are too far from the mean
value u, are removed from the data sample. The algorithm continues with the
next iterations until either no more values are removed or a maximal number of
iterations is reached.

The algorithm can also operate onto two linearly dependent sets. In such case,
a linear fit is performed and the dependency on a second dataset is subtracted in
every iteration. This gives a single dataset on which the above-mentioned hypo-
thesis test is performed.

3.3 Static optics measurements

This section gives an overview of various static optics measurement methods used
in both linear and circular accelerators. Some of them are utilised to independently
cross-check results of the TbT-based measurements that are described in the next
section. In some cases, the results are combined, providing a more statistically
significant result.
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3.3.1 Quadrupole scan

A quadrupole scan reconstructs the transverse phase space parameters from beam
profiles [49] measured downstream of the location of interest. Alternatively, the
reconstruction utilises fit beam sizes [50]. The beam profiles are measured while
varying the strength of "scanned" quadrupole(s) in between the two locations.

3.3.2 K-modulation

K-modulation [51-53] measures the S-function at a magnet from observed betatron
tune change upon a quadrupole strength variation

_ AQ

Bry = :I:47rm. (3.4)
In the LHC, the measured [-functions at quadrupoles neighbouring the IP are
combined to determine and eventually correct 5* and waist w (Paper III), follow-
ing the nomenclature shown in Figure 3.1. The afore-mentioned iterative cleaning
procedure is employed, namely, to remove outlying data points in a dataset of
betatron tune and quadrupole strength.

\
\
\
)
\
\
s B ......
[y . ~.
AV .
\ .
, ’
3 X
X .
3

L \J L
............... B*

Defocussing Bm Focussing
Quad Quad

— |

-W L

Figure 3.1: The conceptual layout and nomenclature for the parameters close to
the IP. The red line represents the S-function, 5* is at the location of IP. The figure
1s taken from [54].
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3.3.3 Closest tune approach

The closest tune approach measures betatron coupling [55] by changing the lattice,
such that fractional betatron tunes (horizontal and vertical) are brought closer to
each other. The minimal achievable difference between the tunes gives global
betatron coupling.

3.3.4 Orbit response matrix

A (closed) orbit distortion can be introduced by a dipole corrector in both linear
and circular accelerators. The Orbit Response Matrix (ORM) is measured by
individually changing corrector excitation and recording the corresponding orbit
shifts from BPM readings [56-59]. The information about magnetic errors in the
accelerator lattice can be inferred by a global fit. Precision of S-functions inferred
from ORM in the ESRF storage ring has been studied in Paper I'V.

A more advanced modification of the ORM method, called phase space paint-
ing, is used in CTF3 [60]. Here two correctors are changed simultaneously, such
that a nominal (model) ellipse in (z, z’) phase space is "painted" at the location of
the second orbit corrector. It is advantageous to choose correctors with no active
elements in between (only a drift), which reduces possible errors.

3.3.5 Comparison of static methods

An overview of the above-mentioned optics measurement methods is given in
Table 3.1. It summarises types of excitation along with observables. Table 3.1
also gives references for various measurements performed, including the possible
bias due to calibration, misalignments or model dependency. More importantly,
most of these methods are, in principle, applicable to both linear and circular
accelerators (with various level of difficulty / impracticality).

3.4 Turn-by-Turn optics measurements with excited
beam

This section describes variants how to excite coherent betatron oscillation of a
beam, harmonic analysis of acquired TbT BPM data and measurements of differ-
ent optical parameters. TbT data samples betatron oscillations at a given BPM. Its
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Table 3.1: Static optics measurement techniques. The meaning of acronyms and
symbols follows. C: Calibration or tilt; M: Model; 5: Average beta function over
a quadrupole; AQ,,.;n: closest tune approach.

Excitation ~ Observable Parameter Depends on Refs

Orbit Beam o, b C [60,61]
corrector position any parameter C&M [56-59]
Arc Action C&M [62]
Quadrupole Tune 15} C [51-53]
gradient AQmin - [55]
Beam size B, e c&M [49,50]
reading is
z,y(n, 8) = \/ 204 Bey(8) cos (2mQuyn + ¢ry(S) + dr040) (3.5)

where 7 is the turn number, s is longitudinal location, .J, , is an action and ¢, 40
is the initial phase.

3.4.1 Excitation

In order to induce coherent betatron oscillations around closed orbit two op-
tions can be used: pulsed excitation by a kicker! or driven oscillation by an AC-
dipole [64]. In the pulsed excitation case, the beam decoheres [65], because of
chromaticity and transverse non-linearities. This damps the amplitude of observed
beam centroid motion, and thus limits the spectral resolution. A sample of TbT
BPM data after a pulsed excitation is shown in Figure 3.2. Moreover, the deco-
herence after a pulsed excitation leads to transverse emittance blow-up. In lepton
machines the beam emittance can be quickly restored by radiation damping, this
is not the case for hadrons as they are heavier and emit less synchrotron radiation.
Hadron beam radiation damping is negligible and emittance blow-up is irrevers-
ible (at reasonable operational time scale), which leads to a need of re-injection.

Both limitations (decoherence and emittance blow-up) can be overcome by

lin special cases injection oscillations can be observed, for example in [63].
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Figure 3.2: Sample TbT BPM data of a beam excited by a kicker performing the
free coherent betatron oscillation.

utilizing an AC-dipole to drive the betatron oscillation [64,66]. > Driven oscilla-
tion can be adiabatically ramped up and later ramped down again [69] as shown
in Figure 3.3, this way maintaining a constant amplitude of betatron motion and
avoiding the emittance blow-up. On the other hand, the device is complex and
a systematic effect perturbs the lattice under study, which is equivalent (to first
order) to a quadrupole at the location of AC-dipole [70-72]. This effect has to be
later subtracted in the analysis.

Many lattice optics needed to be commissioned in the LHC (corrected within
tight tolerances). This was achieved using an AC-dipole [73,74] and (Paper in a
very short time. This would not be possible with single kicks, which would require
frequent re-injection and ramping down and up of the magnetic fields, which is a
more than one-hour long operation in the LHC’s superconducting magnets. The
AC-dipole excitation is also applicable in studies of collective effects or non-linear
dynamics [75-77]. A comparison of pulsed and driven beam excitation is shown
in Table 3.2.

In order to measure chromatic properties, such as dispersion, W-function or
chromatic coupling, the lattice optics is measured at multiple beam energies. This

%In lepton machines, the speed of decoherence can be partially mitigated by use of special
optics with low chromaticity and amplitude detuning (Paper IV) and [67, 68]. This holds for
hadron machines as well, however, it is not practical since the beam remains blown-up after the
kick anyway.
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Figure 3.3: Sample TbT BPM data of a beam excited by an AC-dipole performing
the driven coherent betatron oscillations (Paper VI). Note the ramp-up and the
ramp-down of the oscillation amplitude, which is important to avoid emittance
growth [69] (in hadron machines).

procedure is time-consuming. That is why a faster optics measurement method
based on simultaneous 3-dimensional beam excitation has been developed within
this work and experimentally demonstrated in the LHC (Paper VI). This method
allows measurement of linear beam optics simultaneously with chromatic proper-
ties. The key element of this method is a fast RF-frequency modulation (providing
adiabatic beam energy variation) at the same time as excitation by AC-dipoles.
Figure 3.4 shows a sample of TbT data from a dispersive BPM during 3D excita-
tion. Such beam excitation deteriorates neither the beam quality nor the precision
of linear optics measurement.

3.4.2 Harmonic analysis

Once TbT BPM data of excited beam is acquired, it is analysed to extract betatron
tune spectral lines and other harmonics. In order to improve analysis precision
and accuracy, faulty BPMs need to be removed from the data and the data needs
to be cleaned of noise. This is done by methods [79—-81] based on SVD. Later the
harmonic analysis [82—84] is performed.

A new framework (Paper VII) has been developed within this work together
with Jaime Coello de Portugal. This framework seamlessly encapsulates data
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Table 3.2: Comparison of beam excitation methods: pulsed using a kicker or
driven using an AC-Dipole

Pulsed Excitation with kicker Driven oscillation with AC-dipole

Easy to operate Driven oscillation (more complex)

. Need to cancel the effect on the optics
No cancelation needed
quadrupole to the first order [70]
Decoherence
limits useful number of turns
Emittance growth
limits number of measurements No significant emittance growth [78]

without re-injection

No decoherence

reading, cleaning based on simple cuts, cleaning based on SVD [80] and harmonic
analysis [84] using an interpolated Fourier transformation [85]. The "noise floor"
removal based on SVD is performed by keeping only a few largest singular modes
for later analysis, as shown in Figure 3.5.

We summarise the harmonic analysis, including the novel methods developed
within this work, in Paper VII. Their core is a harmonic analysis performed on
decomposed TbT data. In this way the accuracy is improved in case of a large
number of turns or noisy signal. In terms of CPU time, such analysis is up to
300 times faster compared to BPM-by-BPM harmonic analysis on LHC datasets
(Paper VII). Independently of the chosen harmonic analysis the TbT data are ap-
proximated by the sum of (typically) 300 strongest harmonics A Z?igo hj, shown
in Figure 3.6.

It needs to be stressed, that damped oscillations modify the initial phase of
the main spectral line [86]. This is relevant for optics measurements based on
pulsed beam excitation, where the beam decoheres. In such a case, the optics
measurement is biased by choice of the first turn of a batch of TbT data analysed.
This introduces a systematic error of about 1% or more in -function measure-
ment. Correction of phase content was one of the key points needed to improve
the precision of S-function measurement in ESRF Paper IV. It is also necessary
to impose the same measured betatron tune at all BPMs, otherwise, a phase error
is introduced and the above-mentioned correction may not work. Application of
phase correction to LHC optics measurements based on pulsed excitation is shown
in Figure 3.7.
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Figure 3.4: Sample TbT data at a dispersive BPM of a beam excited by an AC-
dipole when the frequency of RF system has been simultaneously modulated. The
beam performs driven coherent betatron oscillations and the beam energy is adia-
batically varied (Paper VI).

3.4.3 Measured properties

Optical properties measured from TbT BPM data are described here, i.e. how they
are related to spectral lines found in TbT BPM data.

The phase advance between pairs of BPMs is measured as the difference
between initial phases of betatron tune lines (H(1,0) in the horizontal plane and
V(0,1) in the vertical plane).

The pairs of measured phase advances ¢;; (from BPM i to BPM j) and ¢;;
(from BPM i to BPM k) can be used to infer S-function at BPM No. i [87] (
from phase):

5, — cot ¢;; — cot

" cOt Bijmod — €Ot Pik.mod
where subscript mod refers to model values. This method is BPM calibration in-
dependent, however it diverges for phase advances close to 7 and its multiples. A
more complex extension of this method utilizing weighted average from multiple
BPM triplets in 3-function calculation was developed [88], the so called N-BPM
method. The (-function can also be calculated from amplitudes A of betatron
tune lines, which are proportional to+//3, as seen from Eq. (3.5), withv/2.J being

Bi,mod; (3 6)
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Figure 3.5: Sketch of TbT data recomposition for noise floor removal. The de-
composition of raw TbT data (in blue) gives full matrices, which are then reduced
(in brown edges), as only largest singular values are kept for the recomposition of
cleaned TbT data . The figure is taken from Paper VII.

global factor common to all BPMs:

A2
;= —, v
B 57 3.7
where the action is calculated as:
A2
2J = 3.8
< ﬁmod > ( )

The S from amplitude is biased by relative BPM calibration errors among differ-
ent BPMs, unlike the action calculation which can be biased by absolute BPM
calibration errors as well.

BPM calibration errors can be measured in special optics setups, usually called
"alignment" or "ballistic", where the magnets are de-powered in sections of in-
terest.

The amplitude of betatron coupling represented by the difference and sum
resonance driving terms can be measured as given by Eq. (2.20). In more complex
case of driven motion, calculation of coupling amplitude and phase is described,
for example, in [89].

The chromatic properties described in Section 2.3 are usually calculated as a
fit from spectra measured at different beam energies. Dispersion is obtained from
Eq. (2.21) using measured closed orbit, i.e. amplitude of the H(0,0) spectral line.
The normalised dispersion can be obtained in a similar manner, not influenced by
BPM gain errors. Alternatively, the horizontal normalised dispersion is measured
as a ratio of amplitudes of H(1,0) and H(0,0,1) spectral lines based on 3D beam
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Figure 3.6: Notation using beam related harmonics H,V(multiples of Q., Qy,
(Qy)) is illustrated on horizontal (H) frequency spectrum from TbT BPM data in
ESREF storage ring.

excitation Paper VI. The sign of dispersion is inferred from the phase of H(0,0,1)
and the global scaling factor is obtained by comparison to model values.
W-function and chromatic coupling are fitted employing Eqs. (2.23) and
(2.24). Alternatively, synchro-betatron spectral lines measured after 3D beam
excitation can potentially be used, however, the analysis is still in an early stage
of development. Table 3.3 summarises different TbT measurement techniques.
The precision of S-function measurement from amplitude and from N-BPM
methods after pulsed excitation was improved (Paper IV). Part of the improvement
can be attributed to optimised measurement and analysis parameters, such as kick
amplitude and a number of analysed turns, as summarised in Figure 3.8. Red
background colour stands for too high transverse oscillation amplitudes leading
to perturbation due to lattice non-linearities. Blue background stands for too low
transverse oscillation amplitudes yielding poor signal to noise ratio. Ideally, the
oscillation amplitude is in the white band right after the excitation and stays for
a maximal number of turns. This can be achieved by low-decoherence optics or
by AC-dipole excitation which does not suffer from decoherence. The S-function
measurement precision of 0.4 % was achieved in both planes from the N-BPM
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Figure 3.7: Artificial S-beating in the LHC caused by different choice of starting
turn (moved by single turns) of a batch of TbT data analysed: before the phase
correction - (top), after the phase correction (bottom) - showing significantly lower
artificial $-beating.

method and in one plane from ORM method, utilising the low-decoherence optics.
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Table 3.3: Overview of TbT-based measurement techniques, most taken
from [90]. The meaning of acronyms and symbols follows. C: Calibration or

tilt; M: Model.

Excitation Parameter Depends on Refs
Betatron 0] - [52,74,91,92]
oscillation, £ from ¢ M [79,87,88,93]
free or B from amplitude C&M [38,94,95]
forced Action C&M [71,72,96]
Coupling C [89,97-100]
BPM calibration C&M [101]
+ RF freq D./\/Bs M [41] and Paper VI
Chromatic coupling C [102,103]
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Figure 3.8: Envelope of a beam centroid oscillation amplitude (black) after a
pulsed excitation by a kicker as a function turn number. The coloured areas repres-
ent the dominating bias to linear optics measurements either lattice non-linearities
(in red) or noise (in blue). Ideally, the oscillation amplitude is in the white band
right after the excitation and stays for a maximal number of turns.

25






Chapter 4

Beam correction methods

In this chapter, various beam correction methods are introduced. The principle
of orbit corrections and local orbit bumps are described in Section 4.1, followed
by global orbit correction techniques in Section 4.2. The optics corrections used
in the LHC are also split between local and global corrections (Section 4.3, Sec-
tion 4.4 respectively). Local corrections can be used independently of accelerator
topology in a segment of an accelerator treated as a line.

4.1 Local orbit bumps

The orbit offset Ax; at a given location ¢ caused by a dipole kick 6. is as follows:

Axi BV Bx,iﬁac,c sin (gbx,z - Qba:,c)ecy (41)

where the dipole kick 6. is upstream of the location 2. The orbit offset depends on
[-functions at both the location of interest and the location of the dipole kick, as
well as on betatron phase advance between them. This is the principle of ORM
measurements described in Section 3.3.4. Similarly change of angle Az’ is ex-

A[E; :\/ gib,i COS (¢x,l - ¢:c,c)907 (42)

The orbit z; can be corrected "locally" by reverting the kick (angle) 6., thought

pressed:

this is not always possible. The two equations above can be used to calculate local
orbit corrections (bumps) using multiple orbit correctors. The locality of a bump
is achieved by imposing no orbit change everywhere but between the correctors.
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The simplest case, a so-called m-bump, uses a second orbit corrector at phase
advance of multiples of 7 from the first one to compensate the angle.

Any deviation of S-functions or phase advances leads to "non-closure" of the
bump, thus "leaking" of the orbit deviation downstream. Non-linear elements or
beam acceleration inside the bump (as well as BPM gain errors) also lead to the
bump’s non-closure, unless they are taken into account. Orbit bumps at non-linear
elements can be introduced on purpose, for example, to correct the linear optics
via feed-down at sextupole magnets [38, 104]. The amplitude of global (non-
closed) orbit bumps in circular accelerator is also a function of betatron tune.

4.2 Global orbit

Often it is not clear how to pair correctors and BPMs for 1-to-1 orbit corrections
(Eq. (4.1)). In such case, a response matrix (Eq. (3.1)) is employed to calculate a
correction (Eq. (3.2)). Such an approach is still called 1-to-1 correction, even in
cases where numbers of correctors and BPMs differ and SVD is used in inversion
of the response matrix. In linear accelerators, it is important to limit emittance
growth due to spurious dispersion, which is introduced by the beam not passing
through centre of quadrupoles, i.e. when BPMs are misaligned with respect to
quadrupoles. Dispersion-Free Steering (DFS) [105] reduces the dispersion by
minimising the energy dependence of beam orbit. Due to measurement noise
leading to unstable solutions, DFS is usually performed weighted together with
1-to-1 steering [106].

4.3 Local optics

In LHC IRs, where (-functions reach very large values (up to 10km) and the
magnets are very powerful, non-conformities in the magnetic field have a much
stronger effect on the beam compared to all the other locations. In principle,
measured optics quantities at a location outside of IR are propagated through the
model lattice as it would be a line, called Segment-by-Segment (SbS) method.
Such propagation of measured values is compared to the model values. The lattice
errors are calculated by matching a simulation to the measurement. Figure 4.1
shows the deviations of measured phase advance from model before and after
local optics correction.
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Figure 4.1: Example of difference of phase advance from propagated measure-
ment using SbS method, before and after local optics correction.

4.4 Global optics

Global corrections are usually based on a linear response matrix (Eq. (3.1)) ob-
tained from a model (potentially analytical). The vector of control knobs ¢; cor-
recting observable quantities o1, - - - , 0, is given by Eq. (3.2). The response matrix
is pseudo-inverted using SVD. In the following, it is important that not all singu-
lar values are represented in the pseudo-inversion. Therefore both observables
and control knobs (potentially with different physical dimensions) should have a
common measure, in which calculation is performed. A column of the response
matrix and the correction are as follows:

— /Wo, d01 Wo, do;, o, r
R; = R 4.3
( 001 dcz- 0—01} dcz- “.3)
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where w, are quantity specific weights and o, are measurement uncertainties.
The division by vectors of measurement uncertainties is performed in piece-wise
manner. For simplicity, normalisation of control-knob measure was omitted here.
Table 4.1 shows different types of global optics corrections routinely performed in
the LHC. They are defined by sets of observable quantities and the control knobs.

Table 4.1: Global corrections in the LHC using linear response matrix

observable quantities to correct control knobs

Aqu,ya Aﬁx,y/ﬁx,y’ A (D:c \/E> and Qx,y

quadrupole circuits
horizontal orbit at sextupoles

Re ( f1001,1010)> Im ( f1001,1010) and D, skew quadrupole circuits

ARe(f1001,1010)

d Al 7”‘(]“1001,1010)
Ap

Ap

an skew sextupole circuits

For the most common correction, which uses normal quadrupoles, inclusion of
weights based on measurement errors and also physical-quantity specific weights
is of greater benefit to optics correction than use of normalised measure (K1L - in-
tegrated quadrupole strength) of control knobs. Moreover, physical-quantity spe-
cific weights allowed to mitigate luminosity imbalance between ATLAS and CMS
via precise correction of 3*s. The correction of 3*s, represented by [-functions
measured from K-modulation of quadrupoles neighbouring IPs, is incorporated
into the response matrix approach, which had not previously been the case. Even
though using K1L as measure of quadrupole strength improves the optics correc-
tion, it is obviously only an effective correction as it may assign relatively large
corrections to small magnets. When aiming to find sources of errors, a correction
algorithm should include actual circuit strength as an observable.

The improved global correction algorithm was deployed in 2016 and yielded
a significant improvement to optics quality that year (Paper I1I). Figure 4.2 shows
[-beating in the LHC beam 1 with 5* = 40 cm after global correction in 2015
and in 2016 (Paper III). A comparison of beam 2 [3-beating, along with norm-
alised dispersion beating of both beams in both years can be found in Paper III.
Table 4.2 summarises the global correction results. Overall progress in LHC op-
tics commissioning methods is also reported in Paper III and [107]. The most
challenging optics commissioned so far in the LHC has * =25 cm [108].
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Figure 4.2: Comparison of J-beating measured in the LHC beam 1 with 5* of
40 cm after global correction in 2015 and in 2016 (Paper III).

Table 4.2: Rms -beating and normalised dispersion beating in 2015 and 2016
with the 5* of 40 cm at the two main experiments (ATLAS and CMS), from Paper

I1I.

2015 2016
Quantity Beam 1 Beam2 | Beam 1 Beam 2
Sl [%) 3.18 4.24 1.42 1.79
=2 %) 169 207 1.35 1.42
£2= [y/m] | 0.0078 0.0113 | 0.0052  0.0062
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Chapter 5

LHC Beam-based Model

This chapter describes the LHC beam-based model. Accurate modelling of a
particle accelerator is crucial for its efficient and safe exploitation. It allows for
rapid setup and optimisation of its performance. By predicting with good preci-
sion the beam dynamics and its evolution upon parameter changes, beam manipu-
lations can be made in a safe manner. Additionally, there are many measurements
that rely on the model predictions. For example, the LHC wire scanner emittance
measurements rely on the model value of the S-functions, which is a source of
a major uncertainty [109]. The beam size error of corrected optics will likely be
increased in HL-LHC as the optics configuration will be more challenging and
consequently the correction schemes pushed to the limit.

The modelling of beam orbit and lattice optics, using the beam as a diagnostic
tool, is described in Section 5.1. This chapter builds upon Chapter 4, the correc-
tion methods are used in "reversed order", i.e. not correcting the real accelerator to
match its model, but making the model a more realistic image of the accelerator.

5.1 Beam-based matching - correcting the model

Once the beam optics are measured, they are implemented into the LHC lattice
model. In general, this is done employing "virtual" magnet elements, which are
introduced in the model, even where there is no corresponding magnet in the real
accelerator.
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5.1.1 Model orbit matching

In Paper II, correction of the model orbit towards the measurement has been im-
proved. Any unrealistically large (far from the reference) orbit measurements
are filtered out. Additional virtual correctors were attached to some of the di-
poles inside the interaction regions. Some of the position measurements may be
missing or filtered out, which leaves a number of consecutive virtual correctors
without measurements in between them. The extra virtual correctors (without
neighbouring position measurement) are not used for orbit correction performed
in Methodical Accelerator Design (MAD-X). This scheme was successfully veri-
fied, reaching a 0.1 mm deviations from measured orbit.

5.1.2 Model optics matching

In order to correct the lattice model towards the optics measurement (Paper II), a
sign of global optics correction (Eq. (4.4)) is inverted. The optics is measured with
a precision of about 1% (S-functions). The peak [-beating in the LHC is about
5% (supposed to reach up to 20% in HL-LHC). The matching reproduces the (-
functions within 1% accuracy, which significantly reduces the errors coming from
the lattice model. Samples of studies, profiting from the utilisation of beam-based
model, are mentioned in Paper II.

5.1.3 Orbit and optics matching interleaved

Due to feed-down effects the orbit and the optics matching influences each other.
For example, a dipole kick from misaligned quadrupole changes as a function of
its strength. For this reason, usually, three iterations of the two corrections are
interleaved. This also addresses the lattice non-linearities as the target for next
iteration of optics correction is calculated in MAD-X. Unlike linear response mat-
rix, MAD-X simulation accounts for the non-linearities. The iterative approach
(without orbit correction), is currently used also in global optics correction al-
gorithm.

5.2 Degeneracy of the model

The integer betatron tunes in the LHC are large (~ 60). From the Eq. (4.1) it
follows, that there are many locations where the same orbit distortion can ori-
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ginate. Similarly, quadrupole and higher order errors originating from different
locations may have the same effects. Moreover, feed-down effects are difficult to
distinguish from the lower order errors as they behave the same way. Some of the
lattice errors were identified [101, 104], however the LHC beam-based model is
still an effective model, i.e. the corrections do not necessarily correspond to the
actual error sources. Systematic errors could be identified by combining multiple
measurements of different lattice optics.

While the LHC beam-based model accurately matches the S-functions and
orbit, the predictive power of the model in terms of other parameters needs to
be verified. For the HL-LHC, a predictive model may be essential to tackle the
operational challenges of optics configurations pushed to the limit, for example,
non-linear optics corrections.
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Chapter 6

Beam stabilisation - continuous
correction

This chapter discusses beam stabilisation, starting with an algorithm to find cor-
relations among signals (Section 6.1). Once a useful correlation and a correction
strategy are found, a feedback can be constructed (Section 6.2). These stabil-
isation concepts were applied in Papers I and V. In Section 6.3, the stabilisation
of the CTF3 drive beam is described together with implications the successful
demonstration has for CLIC.

6.1 Statistical analysis of correlations

An algorithm to identify statistically significant correlations among signals has
been developed (Paper V). A new measure B2 is defined, which is positive
if the correlation coefficient is inconsistent with zero at chosen confidence level,
as shown in Figure 6.1. When R > 0, it has similar properties as the coef-
ficient of determination 12 (correlation coefficient squared). R? is often used as a
measure of fit quality. Most importantly, it denotes a (minimal) fraction of a signal
variance that can be explained by the other signal. For example, R = 0.6
means that 60% of signal variance can be explained by the correlation. This is
very efficient for filtering of candidate correlations. It is also independent of ac-

celerator type and signal units.

When considering any correlation identified using the method above, it needs
to be kept in mind that noise cannot be explained by the correlation. Noise there-
fore reduces the maximal R? When a statistically significant correlation

non—zero*
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between two signals is found, the underlying process should be understood to
avoid spurious correlation.

6.2 Stabilisation concepts

This section builds upon Chapter 4 and discusses methods used in Papers I and V.
Different approaches to parameter deviations, that are not constant in time and are
thus impractical with regard to manual correction, are discussed. The correlation
between the observable quantity and a control knob is assumed to be found and
understood. In practice, both the observable and control knob may correspond to
multiple parameters.

In an ideal case, a reference value is set or measured and a response matrix
parametrises sufficiently well the behaviour for a typical size of deviation. In
such a case, a simple measurement-correction feedback loop can be implemented.
Typical free parameters of such feedback loop are integration time and gain, i.e. a
number of samples and a correction scaling factor.

In another common case, the observable quantity is being minimised. The
response matrix cannot be used in a single step as the correction sign is, a pri-
ori, unknown around local extremes of the observable quantity. Measurements
at multiple settings of control knob are needed, to perform a general non-linear
fit. It needs to be stressed, that "measurement"” may also stand for a function of
the observable quantity. The process is often linearised using Newton’s method,
where only two measurements are needed. It is also important that the difference
between the two measurements is sufficiently large, such that the performance is
not driven by noise, and at the same time is smaller than usual size of deviation to
avoid resonant behaviour of the feedback loop. This introduces an additional free
parameter, a limit on the difference between the measurement and the reference
value, below which a feedback does not act.

6.3 CTF3 drive beam stabilisation

CTF3 was built to demonstrate the CLIC two-beam acceleration scheme [33]. The
scheme includes generation of a high current drive beam via the beam multiplica-
tion technique, which is then used to produce RF power necessary to accelerates
the main beam. One of the main challenges for CLIC and CTF3 is that tight
requirements need to be met in terms of drive beam stability [110].
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In order to implement stabilisation schemes for a real machine, data monitor-
ing applications are needed. For example, unknown drifts of machine parameters
need to be identified. In the CTF3 a watchdog application was developed (Pa-
per 1), that shows graphically if all the machine settings and acquisition signals
are close enough to the reference. It points out the differences in a logical order
on a dedicated fix display. It is typically used together with the ReferenceMon-
itor [111], for optimal and stable operation.

Stability analysis (Section 6.1) showed that beam phase is mostly defined in
the injector. The beam phase can be corrected by adjusting the phases of the
RF power delivered by the injector klystrons. In the linac, the phases of the RF
are adjusted to match the beam loading. In order to control beam current, a grid
voltage of the thermionic gun is adjusted.

The stability analysis resulted in fixes and improvements of key pieces of
hardware and in the implementation of multiple (mostly beam-based) feedback
systems (Papers I and V). These feedbacks systems have proven themselves to be
very useful, not only to stabilise the drive beam, but also to aid machine start-ups.
After longer breaks in machine operation (for example overnight) RF parameters
drifted randomly leading to almost no beam transmission. The feedbacks auto-
matically return the RF parameters to the reference values within few hundreds
of pulses. A further technique demonstrated in CTF3 is Phase Feed-Forward
(PFF) [112]. This technique is critical for the CLIC accelerator. It utilises beam
phase measurements fed forward to fast kickers, which change the beam path
length and therefore bunch arrival time.

The drive beam stability, with and without (an early version of) the beam-
based feedbacks systems, is compared (Paper I). The average drive beam stability
achieved in CTF3 meets the requirements for CLIC in terms beam phase and en-
ergy stability (Paper V). It also gives sufficient proof-of-principle for beam current
stabilisation, given the differences between CTF3 and CLIC, as discussed in the
Conclusions of Paper V.
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Figure 6.1: Sketch of correlation analysis procedure from Paper V: In the top
plot, a time evolution of a beam current signal is shown. In the middle plot,
signal’s sample correlation coefficients with time over a sliding time window of
two different lengths, 200 pulses (black) and 1000 pulses (red), is shown including
confidence interval bands. In the bottom plot, the respective R> is shown
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for a given confidence level of the two sets of correlation coefficients.
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Chapter 7

Summary and outlook

Precise control of beam optics and beam stability is of critical importance for ma-
chine protection and performance of today’s particle accelerators. Its importance
increases for the next generation of high-energy particle colliders, as technology
limits are pushed further. In this dissertation, methods of accelerator perform-
ance optimisation at the CTF3, LHC and ESRF have been studied. New tech-
niques have been developed and the performance of existing methods has been
improved. The progress has been achieved over a full work-chain ranging from
measurements with their analyses, through applied corrections, to modelling and
beam stabilisation. Both circular and linear colliders are studied in parallel, hav-
ing different operational challenges, itself an important factor to determine the
feasibility of a next-generation particle collider.

In linear accelerators, every beam measurement or correction is performed
with a fresh beam, unlike in a case of circular accelerators, where the beam is
stored and can, in principle, be reused. Lattice parameters measured in rings
fundamentally differ from the beam parameters measured in linacs, as discussed
in Chapter 2. The challenges in linacs are often related to beam energy errors,
while in rings challenges arise from transverse resonances caused by repeated
passage through imperfections. In linacs, the causality of the measurement and the
correction is usually clear, unlike in rings where corrections are often non-local
due to large degeneracy. The "static" beam optics measurements methods used
in both linear and circular accelerators were reviewed in Section 3.3, followed by
a review of measurement methods specific to rings, yet independent of particle
type. A thorough comparison of some of the methods can be found in Paper IV.

A new optics measurement technique, where the beam is excited adiabatically
in all three spatial dimensions simultaneously (in circular machines using AC-
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dipoles combined with RF-frequency modulation), has been invented and success-
fully demonstrated in Paper VI. This technique significantly speeds up the optics
measurements and thus saves precious beam time during LHC commissioning and
machine development sessions. The first results prove that added complexity of
beam excitation does not deteriorate precision and accuracy relative to previous
methods (Paper VI). This technique is becoming a "push the button" operational
tool to measure the beam optics.

A new harmonic analysis method has been developed (Paper VII). It analyses
the spectra of SVD-decomposed Turn-by-Turn (TbT) data and recomposes the
data in the frequency domain only. In the LHC, this reduced the time required
for harmonic analysis by a factor ~300. This method also improves the accuracy
compared to standard BPM-by-BPM analysis. It is routinely used in optics meas-
urements and in automatic coupling correction, which wouldn’t be operationally
viable without faster harmonic analysis. In a case where multiple bunches will
be excited a global optics correction can be calculated within a minute (providing
enough TbT data is recorded), compared to about an hour without these tech-
niques.

The performance of the LHC optics measurement scheme has been studied and
compared with an alternative method, Orbit Response Matrix (ORM), in the ESRF
storage ring. Unexpected effects revealed the limitations of both methods when
applied to the strongly non-linear and quickly damping electron beams of syn-
chrotron light sources. The precision of TbT techniques (N-BPM and Amplitude)
was improved by refining the Fourier transform of TbT data with properly chosen
excitation amplitude. In the kicker excitation case, the generally worse precision
(compared to AC-Dipole excitation) was re-gained by refining the phase advance
measurement. The experimental results showed the precision of -functions was
pushed down to 0.4% a factor more than two better than the best previously docu-
mented results. An accuracy better than 1% in both in TbT and ORM techniques
has been shown in Paper I'V.

The optics correction algorithms used in the LHC were improved. This res-
ulted in reduced [3-beating after global correction. Optics corrections were found
for multiple optics. As well as being used in LHC operation they also served
as necessary input for research of systematic optics errors and their modelling.
The LHC optics has been successfully commissioned down to a 8* of 0.25 m at
6.5 TeV, which is lower than the design value of 0.55 m at 7 TeV. In the most chal-
lenging optical configurations of a high energy hadron collider, an unprecedented
control of $-beating below 1.8% rms has been demonstrated. This is important
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for the safety of the machine and the control of the luminosity delivered to exper-
iments. These results have been possible due to studies of appropriate weights on
the different optics parameters in global corrections, the longer AC-dipole plateau
and the N-BPM method (Paper III).

The improvements of the very same correction algorithm described above, also
allowed automatic generation of a lattice model that reproduces measured values
of orbit and linear optics (Paper II). Simultaneous matching of orbit and linear op-
tics parameters, entangled by feed-down effects, results in an agreement of mod-
elled S-functions to the several %o level. These tools were applied to multiple
studies, e.g. the impact of the orbit on chromaticity via octupolar feed-down. The
knowledge of accurate optics parameters is crucial for a variety of measurements.
This is especially important during machine development and commissioning ef-
forts when the beam optics might not have been corrected yet.

All this has contributed to LHC’s excellent performance, which has reached
far beyond its design values. Needless to say, the afore-mentioned methods are
applicable to circular accelerators in general. Further improvements may still
be needed, however, to control the more challenging optics foreseen for LHC’s
upgrade, HL-LHC.

Precision particle physics measurement in the era beyond HL-LHC could be
conducted, for example, in CLIC. Proving CLIC’s feasibility in terms of drive
beam stability is the main focus of Chapter 6 and Paper V.

A novel analysis technique, which allows identification of beam drifts and
their sources in a vast amount of signals, has been developed. It shows statistically
significant correlations of signals in a sliding time window, visualised as a movie.
The algorithm has proven itself to be very effective for the identification of the
critical issues for beam stability. It is essential for the understanding of drifts, as
well as for the later implementation of feedback systems. Moreover, it was also
successfully used in Low Energy Ion Ring (LEIR), proving its independence of
accelerator topology and particle type.

Feedback systems to stabilise the CLIC drive beam have been designed and
commissioned at CTF3. They act on current from the electron source, phases of
klystrons in the injector as well as in linac. In this way the feedback systems
can stabilise the drive beam current, phase and energy (Paper V). Such feedback
systems can be used in FEL Linacs, which operate similarly to CTF3 Linac. An-
other system, an online watchdog application has been developed (Paper I) to find
any deviations from reference values in the machine as well as their approxim-
ate origin. In CTF3, results of this work allowed for efficient use of beam time,
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which would be otherwise consumed by near constantly required beam setup and
adjustments. Moreover, the feasibility of CLIC drive beam complex, used for the
two-beam acceleration technique, has been proven and the a strategy for CLIC
drive beam stabilisation has been proposed in Paper V.

An overview of principal applicability of the above-mentioned methods to ac-
celerators of different topologies or particle types is shown in Figure 7.1. Ap-
plications to other types of machines may trade off the input effort to adapt a
given method to the performance potentially gained. As an example, optics meas-
urements based on 3D beam excitation are very vital for hadron rings with large
turn-around time. In principle, they can also be utilised in lepton rings. How-
ever, due to much shorter synchrotron radiation damping time in lepton beams,
the emittance is quickly recovered without a need for re-injection. In such a case,
the time gained is likely not worth of the added complexity. In contrast, the correl-
ation identification framework could be applied to any accelerator with basically
no additional effort.

Hadron
rings

Lepton
rings

Global
corrections

Harmonic

analysis Linacs

3D beam
excitation

Correlation Beam-based
identification feedbacks

Beam-based
modelling

B-function
measurements

Figure 7.1: Applicability overview of methods (in grey rectangles) developed or
studied within this work in different accelerator types (coloured ellipses).
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7.1 Consequences for HL-LHC

The methods developed for the LHC will ultimately be used also for HL-LHC.
The (*-levelling optimisation of luminosity delivered to the experiments requires
many optical configurations to be commissioned. The methods developed in this
thesis will allow for accurate and efficient optics measurements and corrections.
Because of more precise optics control the lattice optics can be pushed further
towards the tolerances. This as well as faster optics measurement methods, in-
creases the integrated luminosity, a key figure of a particle collider. Nevertheless,
some of the challenges for optics measurements in HL-LHC still remain. For ex-
ample, lack of precision in 8* measurements or the available dynamic aperture for
the optics measurement itself in presence of non-linear errors, which will have to
be taken into account in correction strategy.

7.2 Consequences for CLIC

In Paper V, the feasibility of CLIC drive beam complex, used for the two-beam ac-
celeration technique, has been proven and a strategy for the CLIC drive beam sta-
bilisation has been proposed. The stabilisation strategy includes the beam-based
feedback systems, which were validated in CTF3, a monitoring application as well
as a drift analysis framework necessary for beam optimisation. Key beam instru-
mentation was also identified (for example, beam phase measurement), in order
to make the beam stabilisation possible. CLIC will also have circular beam lines,
combiner rings in drive beam complex and damping rings for the main beam.
The optics measurement and correction developments will be essential for their
commissioning. The results of this thesis are likely to improve CLIC beam com-
missioning and operation throughout the whole machine.

45






Bibliography

[1]

L. Malina, R. Corsini, D. Gamba, T. Persson, and P. K. Skowronski, Recent
improvements in drive beam stability in CTF3, in Proc. IPAC’16, Busan,
Korea, May 2016, (2016), p. 2677-2679.

T. Persson, J. Coello de Portugal, M. Fjellstrom, L. Malina, G. Roy,
P. Skowronski, A. Szczotka, and J. Moeskops, Review of the LHC online
model implementation and of its applications, in Proc. IPAC’16, Busan,
Korea, May 2016, (2016), p. 1505-1508.

T. Persson et al., LHC optics commissioning: A journey towards 1% optics
control, Phys. Rev. Accel. Beams 20, 061002 (2017).

L. Malina, J. Coello de Portugal, T. Persson, P. K. Skowronski, R. Tomads,
A. Franchi, and S. Liuzzo, Improving the precision of linear optics measure-
ments based on turn-by-turn beam position monitor data after a pulsed ex-
citation in lepton storage rings, Phys. Rev. Accel. Beams 20, 082802 (2017).

L. Malina, R. Corsini, T. Persson, P. Skowronski, and E. Adli, Drive beam
stabilisation in the CLIC Test Facility 3, Nucl. Instrum. Methods Phys. Res.
A 894, 25-32 (2018).

L. Malina and J. Coello de Portugal, Optics measurements in storage rings
based on simultaneous 3-dimensional beam excitation, in Proc. IPAC’1S8,
Vancouver, BC, Canada, May 2018, (2018), p. 3068-3071.

L. Malina, J. Coello de Portugal, J. Dilly, P. K. Skowronski, R. Tomds, and
M. Toplis, Performance optimization of turn-by-turn beam position monitor

data harmonic analysis, in Proc. IPAC’18, Vancouver, BC, Canada, May
2018, (2018), p. 3064-3067.

47



[8] K. J. Carlson, D. Stout, T. Jashashvili, D. J. de Ruiter, P. Tafforeau,
K. Carlson, and L. R. Berger, The Endocast of MH1, Australopithecus sed-
iba, Science 333, 1402-1407 (2011).

[9] G. Arnison et al. (UA1 Collaboration), Experimental observation of isol-
ated large transverse energy electrons with associated missing energy at
V/s = 540 GeV, Phys. Lett. B 122, 103-116 (1983).

[10] M. Banner et al. (UA2 Collaboration), Observation of single isolated elec-

trons of high transverse momentum in events with missing transverse energy
at the CERN pp collider, Phys. Lett. B 122, 476-485 (1983).

[11] G. Arnison et al. (UA1 Collaboration), Experimental observation of lepton
pairs of invariant mass around 95 GeV/c? at the CERN SPS collider, Phys.
Lett. B 126, 398-410 (1983).

[12] P. Bagnaia et al. (UA2 Collaboration), Evidence for Z° — eTe™ at the
CERN pp collider, Phys. Lett. B 129, 130-140 (1983).

[13] S. Abachi et al. (DO Collaboration), Observation of the top quark, Phys. Rev.
Lett. 74, 2632 (1995).

[14] F. Abe et al. (CDF Collaboration), Observation of top quark production in pp
collisions with the Collider Detector at Fermilab, Phys. Rev. Lett. 74, 2626
(1995).

[15] S. L. Glashow, Partial-symmetries of weak interactions, Nucl. Phys. 22, 579
(1961).

[16] A. Salam, J. C. Ward, Electromagnetic and weak interactions, Phys. Lett. 13,
168-171 (1964).

[17] S. Weinberg, A model of leptons, Phys. Rev. Lett. 19, 1264-1266 (1967).

[18] G. Aad et al. (ATLAS Collaboration), Observation of a new particle in the
search for the Standard Model Higgs boson with the ATLAS detector at the
LHC, Phys. Lett. B 716, 1-29 (2012).

[19] S. Chatrchyan et al. (CMS Collaboration), Observation of a new boson at a
mass of 125 GeV with the CMS experiment at the LHC, Phys. Lett. B 716,
30-61 (2012).

48



[20] R. Aaij et al. (LHCb Collaboration), Model-independent evidence for J/¢p
contributions to AY — J/¢pK~ decays, Phys. Rev. Lett. 117, 082002
(2016).

[21] R. Aajj et al. (LHCb Collaboration), Evidence for exotic hadron contribu-
tions to Ag — J/v¥pr~ decays, Phys. Rev. Lett. 117, 082003 (2016).

[22] CERN, Dark matter, https://home.cern/about/physics/dark-matter.
[23] CERN, Supersymmetry, https://home.cern/about/physics/supersymmetry.

[24] CERN, Extra dimensions, gravitons, and tiny black holes,
https://home.cern/about/physics/extra-dimensions-gravitons-and-tiny-
black-holes.

[25] M. Aichler, P. Burrows, M. Draper, T. Garvey, P. Lebrun, K. Peach, N. Phin-
ney, H. Schmickler, D. Schulte, and N. Toge (Editors), A Multi-TeV linear
collider based on CLIC technology: CLIC Conceptual Design Report, Re-
port No. CERN-2012-007, 2012.

[26] O. S. Briining, P. Collier, P. Lebrun, S. Myers, R. Ostojic, J. Poole, and
P. Proudlock (Editors), LHC Design Report, Report No. CERN-2004-003-
V-1, 2004.

[27] G. Aad et al. (The ATLAS collaboration), The ATLAS Experiment at the
CERN Large Hadron Collider, J. Instrum. 3, SO8003 (2008).

[28] S. Chatrchyan et al. (The CMS Collaboration), The CMS experiment at the
CERN LHC, J. Instrum. 3, S08004 (2008).

[29] K. Aamond et al. (The ALICE Collaboration), The ALICE experiment at the
CERN LHC, J. Instrum. 3, S08002 (2008).

[30] A. A. Alves Jr. et al. (The LHCb Collaboration), The LHCb detector at the
LHC, J. Instrum. 3, SO8005 (2008).

[31] M. Hostettler, LHC luminosity performance, Ph.D. thesis, Bern University,
2018.

[32] CLIC and CLICdp collaborations , Updated baseline for a staged Compact
Linear Collider, CERN Yellow Reports: Monographs 2016, CERN-2016-
004 (2016).

49



[33] G. Geshonke and A. Ghigo, CTF3 Design Report, Report No. CERN-PS-
2002-008-RF, 2002.

[34] A. W. Chao, K. H. Mess, M. Tigner, and F. Zimmermann, Handbook of
Accelerator Physics and Engineering, (World Scientific, Singapore, 2006).

[35] M. G. Minty and F. Zimmermann, Measurement and control of charged
particle beams, (Springer, Berlin, 2003).

[36] A. Wolski, Beam dynamics in high energy particle accelerators, (Imperial
College Press, London, 2014).

[37] E. D. Courant and H. S. Snyder, Theory of the alternating-gradient synchro-
tron, Ann. Phys. 3, 1-48 (1958).

[38] R. Tomads, Direct measurement of resonance driving terms in the Super Pro-
ton Synchrotron (SPS) of CERN using beam position monitors, Ph.D. thesis,
University of Valencia, 2003.

[39] A. Franchi, Studies and measurements of linear coupling and nonlinearit-
ies in hadron circular accelerators, Ph.D. thesis, Johann Wolfgang Goethe-
University, 2006.

[40] R. Cappi and M. Giovannozzi, Multiturn extraction and injection by means
of adiabatic capture in stable islands of phase space, Phys. Rev. ST Accel.
Beams 7, 024001 (2004).

[41] R. Calaga, R. Tomas, and F. Zimmermann, BPM calibration independent
LHC optics correction, in Proc. PAC’07, Albuquerque, New Mexico, USA,
Jun 2007, (2007), p. 3693-3695.

[42] B. W. Montague, Linear optics for improved chromaticity correction, Report
No. CERN-LEP-NOTE-165, 1979.

[43] K. Yanagida, S. Suzuki, and H. Hanaki, Design and beam test of six-
electrode BPMs for second-order moment measurement, in Proc. LINAC’12,
Tel-Aviv, Israel, Sep 2012, (2013), p. 464-466.

[44] M. Tejima, M. Masuzawa, M. Tobiyama, K. Satoh, S. Hiramatsu, and
K. Oide, Special beam position monitor with 8-button electrodes for the
KEKB interaction region, in Proc. EPAC’02, Paris, France, Jun 2002,
(2002), p. 1980-1982.

50



[45]

[46]

[47]

[51]

[55]

L. Soby, CTF3 BPMs : electronics, radiation, operational challenges, in
Proc. IWLC, Geneve, Switzerland, Oct 2010, (2010).

J. Olexa, O. Ondracek, Z. Brezovic, and M. Gasior, Prototype system for
phase advance measurements of LHC small beam oscillations, Report No.
CERN-ACC-NOTE-2013-0038, 2013.

T. Persson et al., Experience with DOROS BPMs for coupling measurement
and correction, in Proc. IPAC’16, Busan, Korea, May 2016, (2016), p. 303-
305.

N. Halko, P. G. Martinsson and J. A. Tropp, Finding structure with random-
ness: Probabilistic algorithms for constructing approximate matrix decom-
positions, SIAM Rev. 53, 217-288 (2011).

D. Gamba et al., Transverse beam phase-space measurement experience at
CTF3, in Proc. IPAC’17, Copenhagen, Denmark, May 2017, (2017), p. 393-
396.

F. Lohl, Measurements of the transverse emittance at the VUV-FEL, Ph.D.
thesis, Hamburg University, 2005.

A. Hofmann and B. Zotter, Measurement of the S-functions in the ISR, Re-
port No. ISR-TH/AH/BZ/amb-Run 641, 1975.

J. Borer, A. Hofmann, J.-P. Koutchouk, T. Risselada, and B. Zotter, Measure-
ments of betatron phase advance and beta function in the ISR, IEEE Trans.
Nuc. Sci. 30, 2406-2408 (1983).

M. Kuhn, B. Dehning, V. Kain, R. Tomas, G. Trad, and R. Steinhagen, New
tools for k-modulation in the LHC, in Proc. IPAC’ 14, Dresden, Germany,
Jun 2014, (2014), p. 1024-1026.

F. Carlier and R. Tomds, Accuracy & Feasibility of the S* Measurement
for LHC and HL-LHC using K-Modulation, Phys. Rev. Accel. Beams 20,
011005 (2017).

E. C. Raka, Measurement of the linear coupling in the Brookhaven AGS,
IEEE Trans. Nuc. Sci. 22, 1938-1940 (1975).

51



[56] W. J. Corbett, M. J. Lee, and V. Ziemann, A fast model-calibration proced-
ure for storage rings, in Proc. PAC’93, Washington, D.C., USA, May 1993,
(1993), p. 108-110.

[57] J. Safranek, Experimental determination of storage ring optics using orbit
response measurements, Nucl. Instrum. Methods Phys. Res. A 388, 27-36
(1997).

[58] A. Franchi, L. Farvacque, J. Chavanne, F. Ewald, B. Nash, K. Scheidt, and
R. Tomds, Vertical emittance reduction and preservation in electron storage

rings via resonance driving terms correction, Phys. Rev. ST Accel. Beams
14, 034002 (2011).

[59] M. Aiba and M. Boge, Local orbit response matrix measurement at SLS, in
Proc. IPAC’15, Richmond, VA, USA, May 2015, (2015), p. 1713-1715.

[60] R. Corsini, S. Dobert, W. Farabolini, D. Gamba, T. Lefevre, L. Malina,
T. Persson, J. Roberts, P. Skowronski and F. Tecker (editors), CTF3 final
report, in preparation.

[61] A. Morita, H. Koiso, Y. Ohnishi, and K. Oide, Measurement and correction
of on- and off-momentum beta functions at KEKB, Phys. Rev. ST Accel.
Beams 10, 072801 (2007).

[62] J. F. Cardona, Linear and non linear studies at RHIC interaction regions and
optical design of the rapid cycling medical synchrotron, Ph.D. thesis, State
University of New York, 2003.

[63] M. Aiba et al., First S-beating measurement and optics analysis for the
CERN Large Hadron Collider, Phys. Rev. ST Accel. Beams 12, 081002
(2009).

[64] M. Bai, S. Y. Lee, J. W. Glenn, H. Huang, L. Ratner, T. Roser, M. J Syphers,
and W. van Asselt, Experimental test of coherent betatron resonance excita-
tions, Phys. Rev. E 56, 6002 (1997).

[65] R. E. Meller, A. W. Chao, J. M. Peterson, S. G. Peggs, and M. Furman,
Decoherence of kicked beams, Report No. SSC-N-360, 1987.

[66] M. Bai et al., Overcoming intrinsic spin resonances with an rf dipole, Phys.
Rev. Lett. 80, 4673 (1998).

52



[67] A.Langner, G. Benedetti, M. Carla, U. Iriso, Z. Marti, J. Coello de Portugal,
and R. Tomas, Utilizing the N beam position monitor method for turn-by-
turn optics measurements, Phys. Rev. Accel. Beams 19, 092803 (2016).

[68] M. Carla, G. Benedetti, T. Giinzel, U. Iriso and Z. Marti, Local transverse
coupling impedance measurements in a synchrotron light source from turn-
by-turn acquisitions, Phys. Rev. Accel. Beams 19, 121002 (2016).

[69] R. Tomads, Adiabaticity of the ramping process of an ac dipole, Phys. Rev.
ST Accel. Beams 8, 024401 (2005).

[70] S. Peggs and C. Tang, Nonlinear diagnostics using an AC Dipole, Report
No. RHIC-AP-159, 1998.

[71] R. Tomas, Normal form of particle motion under the influence of an ac di-
pole, Phys. Rev. ST Accel. Beams 5, 054001 (2002).

[72] R. Miyamoto, S. E. Kopp, A. Jansson, and M. J. Syphers, Parametrization
of the driven betatron oscillation, Phys. Rev. ST Accel. Beams 11, 084002
(2008).

[73] R. Tomas, O. Briining, M. Giovannozzi, P. Hagen, M. Lamont, F. Schmidt,
G. Vanbavinckhove, M. Aiba, R. Calaga, and R. Miyamoto, CERN Large
Hadron Collider optics model, measurements and corrections, Phys. Rev.
ST Accel. Beams 13, 121004 (2010).

[74] R. Tomas et al., Record low beta beating in the LHC, Phys. Rev. ST Accel.
Beams 15, 091001 (2012).

[75] S. White, E. Maclean, and R. Tomds, Direct amplitude detuning measure-
ment with ac dipole, Phys. Rev. ST Accel. Beams 16, 071002 (2013).

[76] N. Biancacci and R. Tomads, Using ac dipoles to localize sources of beam
coupling impedance, Phys. Rev. Accel. Beams 19, 054001 (2016).

[77] S. Monig, E. H. Maclean, T. H. B. Persson, J. Coello de Portugal, A. Lang-
ner, R. Tomds, Short term dynamic aperture with ac dipoles, in Proc.
IPAC’16, Busan, Korea, May 2016, (2016), p. 3496-3499.

[78] R. Tomas, M. Bai, R. Calaga, W. Fischer, A. Franchi, and G. Rumolo, Meas-
urement of global and local resonance terms, Phys. Rev. ST Accel. Beams
8, 024001 (2005).

53



[79] J. Irwin, C. X. Wang, Y. T. Yan, K. L. F. Bane, Y. Cai, F-J. Decker,
M. G. Minty, G. V. Stupakov, and F. Zimmermann, Model-Independent
Beam Dynamics Analysis, Phys. Rev. Lett. 82, 1684 (1999).

[80] R. Calaga and R. Tomds, Statistical analysis of RHIC beam position monit-
ors performance, Phys. Rev. ST Accel. Beams 7, 042801 (2004).

[81] X. Huang, S. Y. Lee, E. Prebys, and R. Tomlin, Application of independent
component analysis to Fermilab Booster, Phys. Rev. ST Accel. Beams 8,
064001 (2005).

[82] R. Bartolini and F. Schmidt, SUSIX: A computer code for frequency analysis
of non-linear betatron motion, Report No. CERN SL-Note-98-017-AP, 1998.

[83] T. Bach and R. Tomds, Improvements for Optics Measurements and Correc-
tions Software, Report No. CERN-ACC-NOTE-2013-0010, 2013.

[84] J. Laskar, Frequency analysis for multi-dimensional systems. Global dynam-
ics and diffusion, Physica D 67, 257-281 (1993).

[85] C. Candan, A method for fine resolution frequency estimation from three
DFT samples, IEEE Signal Procces. Lett. 18, 351-354 (2011).

[86] W. Guo, S. L. Kramer, F. Willeke, X. Yang, L. Yu, A lattice correction ap-
proach through betatron phase advance, in Proc. IPAC’16, Busan, Korea,
May 2016, (2016), p. 62-64.

[87] P. Castro-Garcia, Luminosity and beta function measurement at the electron-
positron collider ring LEP, Ph.D. thesis, University of Valencia, 1996.

[88] A. Langner and R. Tomds, Optics measurement algorithms and error ana-
lysis for the proton energy frontier, Phys. Rev. ST Accel. Beams 18, 031002
(2015).

[89] R. Miyamoto, R. Calaga, M. Aiba, R. Tomds, and G. Vanbavinckhove,
Measurement of coupling resonance driving terms in the LHC with ac Di-
poles, in Proc. IPAC’11, San Sebastian, Spain, Sep 2011, (2011), p. 2067-
2069.

[90] R. Tomds, M. Aiba, A. Franchi, and U. Iriso, Review of linear optics meas-
urement and correction for charged particle accelerators, Phys. Rev. Accel.
Beams 20, 054801 (2017).

54



[91]

[92]

[98]

[99]

D. Sagan, R. Meller, R. Littauer, and D. Rubin, Betatron phase and coupling
measurements at the Cornell Electron/Positron Storage Ring, Phys. Rev. ST
Accel. Beams 3, 092801 (2000).

M. Aiba, M. Boge, J. Chrin, N. Milas, T. Schilcher, and A. Streun, Compar-
ison of linear optics measurement and correction methods at the Swiss Light
Source, Phys. Rev. ST Accel. Beams 16, 012802 (2013).

C. Wang, V. Sajaev, and C.-Y. Yao, Phase advance and (-function meas-
urements using model-independent analysis, Phys. Rev. ST Accel. Beams 6,
104001 (2003).

X. Shen, S. Y. Lee, M. Bai, S. White, G. Robert-Demolaize, Y. Luo,
A. Marusic, and R. Tomads, Application of independent component ana-
lysis to ac dipole based optics measurement and correction at the Relativistic
Heavy Ion Collider, Phys. Rev. ST Accel. Beams 16, 111001 (2013).

A. Franchi, Error analysis of linear optics measurements via turn-by-turn
beam position data in circular accelerators, arXiv:1603.00281v3 , (2016).

J. Cardona, R. Calaga, R. Miyamoto, R. Tomds, and G. Vanbavinckhove,
Comparison of the action and phase analysis on LHC orbits with other tech-
niques, in Proc. IPAC’11, San Sebastian, Spain, May 2011, (2011), p. 2004-
2006.

A. Franchi, L. Farvacque, F. Ewald, G. LeBec, and K. B. Scheidt, First sim-
ultaneous measurement of sextupolar and octupolar resonance driving terms
in a circular accelerator from turn-by-turn beam position monitor data, Phys.
Rev. ST Accel. Beams 17, 074001 (2014).

X. Huang, J. Sebek, and D. Martin, Lattice calibration with turn-by-turn
BPM data, Report No. SLAC-PUB-15128, 2010.

T. Persson and R. Tomas, Improved control of the betatron coupling in the
Large Hadron Collider, Phys. Rev. ST Accel. Beams 17, 051004 (2014).

[100] W. Fischer, Robust linear coupling correction with N-turn maps, Phys. Rev.

ST Accel. Beams 6, 062801 (2003).

[101] A. Garcia-Tabares, J. Coello, L. Malina, B. Salvachua, P. Skowronski,

M. Solfaroli, R. Tomds, and J. Wenninger, MD test of a ballistic optics, Re-
port No. CERN-ACC-NOTE-2016-0008, 2016.

55



[102] T. H. B. Persson, Y. Inntjore Levinsen, R. Tomas, and E. H. Maclean, Chro-
matic coupling correction in the Large Hadron Collider, Phys. Rev. ST Ac-
cel. Beams 16, 081003 (2013).

[103] Y. Ohnishi, K. Ohmi, H. Koiso, M. Masuzawa, A. Morita, K. Mori,
K. Oide, Y. Seimiya, and D. Zhou, Measurement of chromatic X-Y coup-
ling, Phys. Rev. ST Accel. Beams 12, 091002 (20009).

[104] M. Schenk, S. Fartoukh, K. Li, L. Malina, E. Métral and R. Tomas,
MD2190: Q” Stabilization during injection, Report No. CERN-ACC-
NOTE-2018-0003, 2018.

[105] T. O.Raubenheimer and R. D. Ruth, A dispersion-free trajectory correction
technique for linear colliders, Nucl. Instrum. Methods Phys. Res. A 302,
191-208 (1991).

[106] E. Adli, A study of the beam physics in the CLIC drive beam decelerator,
Ph.D. thesis, University of Oslo, 2009.

[107] E. H. Maclean et al., New approach to LHC optics commissioning for the
nonlinear era, submitted to Phys. Rev. Accel. Beams.

[108] R. Tomas, private communication.

[109] M. Kuhn, Emittance preservation at the LHC, Ph.D. thesis, University of
Hamburg, 2013.

[110] D. Schulte et al., Status of the CLIC phase and amplitude stabilisation
concept, in Proc. LINAC’ 10, Tsukuba, Japan, Nov 2010, (2010), p. 103-105.

[111] T. Persson, Fighting beam instabilities at CTF3, Ph.D. thesis, Chalmers
University of Technology, 2011.

[112] J. Roberts, P. Skowronski, P. N. Burrows, G. B. Christian, R. Corsini,
A. Ghigo, F. Marcellini, and C. Perry, Stabilization of the arrival time of

a relativistic electron beam to the 50 fs level, Phys. Rev. Accel. Beams 21,
011001 (2018).

56



Scientific Publications

This chapter contains the core articles the author has contributed to during the
thesis work. The articles follow in the order as mentioned in the Preface.






Paper 1

Recent improvements of drive beam stability in CTF3

II






Proceedings of IPAC2016, Busan, Korea

WEPOR007

RECENT IMPROVEMENTS IN DRIVE BEAM STABILITY IN CTF3

L. Malina!, R. Corsini, D. Gamba?, T. Persson, P.K. Skowroriski, CERN, Geneva 23, Switzerland
! also at University of Oslo, 0316 Oslo, Norway
2 also at JAI, University of Oxford, Oxford OX1 3RH, United Kingdom

Abstract

The proposed Compact Linear Collider (CLIC) uses
a high intensity, low energy drive beam producing the
RF power to accelerate the low intensity main beam with
100 MeV/m gradient. This scheme puts stringent require-
ments on drive beam stability in terms of phase, energy
and current. Finding and understanding the sources of jit-
ter plays a key role in their mitigation. In this paper, we re-
port on the recent studies in the CLIC Test Facility (CTF3).
New jitter and drift sources were identified and adequate
beam-based feed-backs were implemented and commis-
sioned. Finally, we present the resulting improvement of
drive beam stability.

INTRODUCTION

CTF3 was built to demonstrate the feasibility of the
CLIC technology based on the two-beam acceleration con-
cept. This technology imposes strict requirements on drive
beam stability, especially in terms of current, energy and
phase [1, 2]. The layout of CTF3 is shown in Figure 1.

Combiner
Linac Ring

CALIFES
Probe Beam
Injector

CLEX

Injector

Figure 1: Layout of CTF3

MITIGATION OF DRIFTS

In order to be able to stabilize the beam in a chosen
working point any change of the working point itself must
be first identified. An online watchdog application has been
developed for this purpose. It monitors currents of power
supplies driving the magnets, all RF and beam signals and
many other high-level inputs. The acquired data are then
processed and filtered to highlight the largest differences
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of current state of the machine with respect to agreed ref-
erence values. Figure 2 shows three continuously updated
fixed displays. They present sorted lists of y%s for machine
settings, beam-related measurements and various signals
grouped by their type and location. The latter is especially
helpful to quickly find out in which part of the machine
a problem has occurred, since any upstream drift usually
provokes all the downstream beam signals to diverge. For
practical reasons the locations with no beam presence are
omitted. If any further investigation is needed, a dedicated
program for data analysis developed for such purpose can
be used.

Correlations between signals are searched and studied
offline. This permits to identify the sources of either jitter
or drift. Once a device is identified, it is first examined,
and if it can not be passively stabilized then an appropriate
feedback is implemented.

oo BT Groups vd 8

[lel Machine o Bflil Beam

b RF Compressed A 671
|l b_RF_Struct_Exit_A 7.10
b_CL_Current 2.64

b_CL_Ver 3.04
CK.STPEIO730A

CP.STBPMO115H
CP.STBPM0280V

b_CP_Ver 755

Figure 2: Screen-shot of the watchdog application: left -
machine settings, middle - beam and RF measurements and
right - devices grouped by location.

BEAM-BASED FEEDBACKS

The CTF3 feedback systems are designed in such a way
that their safe operation is ensured. Each feedback does not
act unless all the control parameters are within the thresh-
olds defined at the time of commissioning and calibration
of the system. Typically, a check is done on the first BPM
downstream from the measurement location of the quan-
tity which is being stabilized. Feedbacks follow changes
of the beam pulse length and automatically adapt reference
ranges. The same feedbacks are used to restore the beam
conditions during restart. Nevertheless, reaching the ref-
erence working point may be impossible when the output
power of one of the two injector klystrons changes dramat-
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ically (higher than 1 MW). Attempt to compesate this by
adjusting RF phases or gun current may result in signifi-
cant beam losses. In order to ensure safe operation, a check
of injector klystron power was therefore implemented into
several feedbacks.

BEAM CURRENT STABILIZATION

In the past years the beam current stability was satisfac-
tory. A feedback system was in place (demonstrating a rel-
ative stability of 5-10~%) [3], but was generally not used in
operation. Still tests of beam intensity stabilization system
were performed . In the middle of the year 2015 the beam
current got significantly less stable and affected machine
operation. A new feedback system had then to be imple-
mented since the size of drifts was too large for the exist-
ing system. The beam current is measured after the injector
where the beam becomes fully relativistic and the first high
accuracy Beam Position Monitor (BPM) is installed. The
feed-back loop is closed on the gun intensity knob, that
regulates the grid voltage in the CTF3 thermionic gun.

BEAM PHASE STABILIZATION

The beam phase is predominantly defined by the injec-
tor, after which electrons become ultra-relativistic. CTF3
injector can operate in two different modes:

e 3 GHz Beam - only the 3 GHz bunching system and
the accelerating cavities are used. They are powered
by two klystrons. This mode is typically used during
machine start-up and for the experiments that do not
require final drive beam intensities above 16 A (e.g.
phase feed-forward experiment [4], optics checks and
corrections).

e 1.5 GHz Beam - the three additional 1.5 GHz sub-
harmonic bunchers (SHBs) are powered. This is re-
quired to operate the delay loop and to achieve the full
drive recombination.

Injector Feedback

The Beam Phase Reference monitors (BPR) installed in
CTF3 measure the beam phase, but their signal is also pro-
portional to the beam current squared and inversely propor-
tional to the bunch length. Two such devices are installed
in the injector, one in the middle of the injector and a sec-
ond one at its end. Sensitivity analysis showed that the
injector feedback work more efficiently if the phases of the
klystrons are locked on the phase signal of the upstream
BPR and the bunch length signal of the downstream one.
This feedback is used for both injector modes. Initially its
performance was limited by a noisy beam phase measure-
ment and by 0.36° minimum phase step. Both issues were
addressed and eventually fixed during the winter shutdown
2015/2016.

TWT Phase Feedback

For the 1.5 GHz mode an additional feedback was devel-
oped in order to stabilize the phases of the traveling wave
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tubes (TWTs) that power the SHBs. The system stabilizes
the RF power at the exit of SHB cavity in presence of the
beam (i.e., beam loading measurement) and the beam phase
measured by the upstream BPR. An automatic calibration
procedure has been implemented because the proportional-
ity ratios are as well subject to drifts.

BEAM ENERGY STABILIZATION

After implementation of the RF power stabilization sys-
tem [5], the beam energy stability was improved. Nev-
ertheless, it was found that some beam energy variations
remained and caused beam intensity fluctuations through
losses. The energy variations are mainly due to slow
changes of sensitivity in RF phase and power measure-
ments (e.g. temperature effects), on which the phase loops
and the RF power stabilization feed-back rely on, respec-
tively. Second, it must be remembered that any beam cur-
rent variation affects the acceleration in the fully loaded
structures of CTF3.

Loading Feedback

Even though the CTF3 linac is operated in fully loaded
mode, for most of the cavities the remaining power at the
output port, the loading, is measurable. This strongly de-
pends on the phase between the electron bunches and the
accelerating field.

In a first stage, the loading “feedback” was just keeping
the remaining power below a given limit or minimizing it as
a function of klystron phase. Afterwards a more advanced
concept has been developed. The remaining power along
the beam pulse (not just the average) is measured and it is
stabilized on a reference “trace” while adjusting the appro-
priate klystron phase. The reference trace is the average of
several traces acquired for a short period after the feedback
is turned on. The construction of the penalty function is not
trivial because simple difference or 2, even in the simplest
case, is neither linear nor monotonous as the working point
is close to full beam loading. The feedback minimizes a
linear combination of x? from the reference measurement
(trace along the beam pulse) and the slope of the remain-
ing power along the pulse. By setting a klystron specific
free parameter it becomes monotonous function of klystron
phase deviation. Loading feedbacks are implemented and
commissioned for all the klystrons in Linac and are rela-
tively slow as they operate on scales of minutes rather than
seconds. The energy variation is measured as beam posi-
tion in the first dispersive BPM, with a horizontal disper-
sion of 60 cm. The relative beam energy variation with and
without the beam-based feedbacks is shown in Figure 3.

Energy Flattening Feedback

The residual beam energy variation along the pulse mea-
sured at dispersive pickup is usually few times larger than
pulse-to-pulse variation. In order to reduce it, energy flat-
tening feedback has been implemented. It modulates the
energy gained in the accelerating structures powered by the
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Figure 3: Relative pulse-to-pulse energy variation mea-
sured in dispersive pickup with beam-based feedbacks
turned on (blue) and off (red).

last linac klystron by programming its waveform genera-
tor. The flattening improves the variation along the pulse,
nevertheless it has not been fully commissioned for online
operation yet.

PRESENT BEAM STABILITY

Presently achieved beam stability is quoted in this sec-
tion and compared to CTF3 goals. The achieved phase and
energy stability over periods of several minutes and several
hours is shown in Table 1. Natural energy stability (mean
along the pulse) has been improved from 0.22% to 0.12%
by improving the gun pulser during the winter shutdown
in 2015/2016. Natural phase stability may vary a lot, but
usually is about 0.4° at 3 GHz. The current stability from
the gun to the dump with a beam multiplication factor 4 is
shown in Figure 4. Each blue line stands for a relative cur-
rent stability over an hour of beam time with beam-based
feedbacks running, the red lines stand for the same quan-
tity without beam-based feedbacks. The green dashed line
reflects the CTF3 current stability goal.

Table 1: Present Beam Phase and Energy Stability

Time scale Phase [°] Energy [%]
several minutes 0.15 0.05
several hours 0.24 0.08
CTF3 goal 0.2 0.1

CONCLUSIONS AND OUTLOOK

The CTF3 Drive Beam Stability has been significantly
improved in the past years. This was obtained thanks to
the new feedbacks presented here, but also because of im-
proved quality and control of the optics [6, 7]. Sources of
jitter and drifts were identified and adequate beam-based
feedbacks were implemented and commissioned for on-
line operation. Some of the CLIC requirements have been
reached, the rest is being approached. Additionally, the
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10"

relative current stability [-]

Figure 4: Several sets of relative beam current stability
measurement (combination factor 4) along the machine.
Each line refer to stability over a period of one hour. In
blue; beam-based feedbacks operating, in red: feedbacks
turned off.

beam stability is crucial for efficient running of the experi-
ments and beam setup.
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Abstract

The online model of the LHC aims to provide an accurate
description of the machine at any given time. In order to do
so it extracts the current optics in the machine along with
other crucial parameters. It also provides the functionality
to match the measured orbit using virtual correctors and the
measured beta functions using virtual quadrupoles. In this
way an accurate effective model can be created. In order
to facilitate the use of the online model a graphical user
interface has been developed. In this article we describe the
design of the online model and its application in different
studies. We give examples of how it has been used to predict
the influence of changes before they were applied to the
machine.

INTRODUCTION

The modelling plays a fundamental role in the design and
operation of modern accelerators. The model is created from
the design and measurements of the magnets and the layout
of the accelerator. The online model of the LHC aims to
create an effective accurate model, which can be used to sim-
ulate new settings and effects. The model can also be used
for more precise and more realistic simulations compared
to the nominal model. It also provides more accurate inputs
for model-based measurements and corrections.

The modelling of the optics is done in MAD-X [1]. In
order to obtain the additional input a tool has been created to
extract parameters that are of interest for the online model.
The implementation is done in such a way that it gives the
user the possibility to include the desired effects in the mod-
elling with simple commands. The possibility to extract
knobs used to correct the machine makes it possible to apply
them to the ideal model and observe how the machine would
behave without the knob in place.

Figure 1 shows the flow of the online model. The extractor
requests the information from a measurement database and
from a setting database. It then combines the information
and converts it into MAD-X TFS table format, which can
be used for the orbit- and S-modelling. All this is then put
into a MAD-X description that can be used as is or edited
by the user.

EXTRACTOR

In order to create an effective model it is first important to
extract all the necessary parameters. There are two groups of
parameters that are being extracted. The first group consists
of settings, such as the optics in use and settings of selected
knobs. These settings are extracted from the LHC Software
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Architecture (LSA), which is a high-level layer of the LHC
control system [2]. In the LHC, knobs normally refer to a
set of magnets that are being changed to adapt, for example,
the crossing angles or the transverse coupling. The second
group is measurement parameters, such as the tune, energy
and orbit. These parameters are stored in a measurement
database and are extracted using a Java API. Since differ-
ent studies need different input it is important to keep the
software flexible enough so that the user can include any
combination of desired effects. The corrections knobs are in
general applied to compensate for the imperfections in order
to bring the real machine closer to the ideal one. This also
means that extracting all settings of the machine and plug-
ging them into the model will not result in a better model.
For example, extracting the settings of all the quadrupoles in
the LHC will result in a less accurate S-modelling since the
introduced changes are applied to be closer to the nominal
model. Instead, a different approach is being used to model
the S-functions in the machine. During the commissioning
of the LHC the SB-functions are measured and we can use
these values to create a more accurate model. A similar
approach is then implemented for the orbit and both are
described in this paper.

ORBIT MODELLING

There are different methods of modelling a specific beam
orbit in MAD-X. For the LHC online model, virtual orbit
corrector magnets are used for this purpose. A virtual orbit
corrector magnet works as a real orbit corrector magnet by
applying a momentum kick in the horizontal or vertical plane.
These magnets are only included in the model lattice, and not
in the real machine. In practice, the virtual correctors will
collectively reproduce the effects of misaligned quadrupole
magnets and other sources of orbit deviation.

Orbits for the two planes are measured in the machine
and are made available to the online model through the
model extractor. The orbit is then reconstructed by the orbit
correction routine in MAD-X and the corrector strength for
each virtual corrector is saved. The saved corrector strengths
can then be read back by other MAD-X scripts, to obtain the
same measured orbit. As long as there are no major orbit
changes in the machine the corrector strengths does not need
to be recomputed.

The virtual corrector magnets can in principle be placed
anywhere inside the model lattice. For the LHC online
model there is one virtual corrector magnet placed at each
quadrupole magnet. In this scheme, the corrector strengths
needed to reconstruct the measured orbit will mainly esti-
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Figure 1: The conceptual flow of the online model.

mate quadrupole magnet misalignment, but also errors of
the neighboring main dipoles.

Figure 2 demonstrates the result of reconstructing a mea-
sured horizontal orbit. Good results are obtained for the arc
sections of the LHC, while less accuracy is obtained for the
interaction regions. In part this can be explained by extreme
B-function values in these regions as well as less accurate
BPM measurements [3]. This can be seen from the erratic
behavior of the measured orbit in the upper plot in Figure 2.
It is possible to manually disable monitor readings which are
believed to be incorrect, in case the monitor has not already
been flagged as invalid.

A detailed manual for the virtual corrector scheme im-
plementation in MAD-X, as well as full examples, can be
found at the LHC online model web page [4].

BETA MODELLING

The S-matching module is intended to reproduce the mea-
sured linear optics. The aim is to create a model where
the B-functions are as close as possible to the measured.
The measured beta functions are stored in a database. The
extractor then retrieves the data when needed for the mod-
elling. In order to model the B-functions it uses thin virtual
quadrupoles placed in the middle of real quadrupoles. The
strengths of the virtual quadrupoles are calculated using the
pseudo-inverted response matrix. The response matrix is
created in MAD-X and it contains variations in beta function
at each monitor corresponding to a change in the strength
of each virtual quadrupole. The method is very similar to
what is used to calculate global optics corrections [S]. The
accuracy of the method benefits from the newly developed al-
gorithm to reconstruct the S-functions based on N-BPMs [6].
This concept is easily extendable to other types of magnets
and could also be used to match for example the transverse
coupling using skew quadrupoles.

Typical RMS difference between the obtained model with
respect to the measurement is about 0.7% and 0.6% in the
horizontal and the vertical plane, respectively. An exam-
ple of the relative difference between the measured and the
matched model is shown in Fig. 3. This is significantly better
than the RMS of about 4% between the nominal situation
and the measurement. The more precise knowledge of the
B-functions are useful both to create a more accurate model
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Figure 2: Comparison of the measured and reconstructed
orbit for part of one the arcs (below) and around IP5 (above).
The x-axis starts from the injection point close to IP2. The
beam energy for the measurement was 6.5 TeV and the optics
configuration was squeezed optics with a * = 80 cm at
IP1 and IPS.

to predict any changes but also to directly extrapolate the
measurements to other points in the machine.

USER INTERFACE

There are two main ways of invoking the online model.
The first one is through a command line tool, which then
creates the model based on the input string and a configura-
tion file. However, in order to facilitate studies, a graphical
user interface has also been developed. It provides the user
with an easy way to create a model of the machine at given
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Figure 3: The relative difference between the measured and
the matched model. The measurement refers to the optics
configuration at flattop in 2015. The x-axis starts from the
injection point of Beam 1 close in IP2.
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Figure 4: The normalized difference in the S-function be-
tween the two models.

time and then include different features, for example orbit
matching. The different parameters such as the tunes, S-
functions and dispersion are then being displayed and the
user can view the differences between a reference model as
shown in Fig. 4. When the model is created the user can, for
example, vary strengths of magnets and then investigate the
impact on the optics. All the MAD-X scripts are output in a
folder so they can be run using other scripts to automatize
different changes. A detailed description of how to run the
GUI and the command line interface can be found in [4].

EXAMPLE STUDY

The online model has been used in several different studies.
One of the studies aimed at understanding the influence of

the powering of the octupoles on Q’ (chromaticity) and Q”.

The machine orbit was reconstructed and the offsets of the
magnets were taken into account in the prediction. The
octupoles were then set to different strength in the model
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Figure 5: The chromaticity as a function of the powering
of the octupoles with the measured orbit reproduced in the
model.

and the predicted changes in Q" and Q" were investigated
as shown in Fig. 5 [7].

Another example was during an impedance measurement,
that relied on accurate tune determination. During the mea-
surement an orbit change also occurred. The study, with the
online model, then aimed to understand if the orbit change
together with feed-down could have a large enough effect
to cause the observed tune change. The results showed that
it was indeed possible and hence, it was not possible to use
the measurement to draw conclusions on the impedance.

These are example of typical study which demonstrates
the importance of a beam-based model in order to describe
the machine more precise and hence interpret the results
from a study more accurately.

SUMMARY AND OUTLOOK

The online model has already been used in studies to
provide a more accurate description of the machine used to
study for example the feed-down on tune and chromaticity.
The part of the online model which has been described in
this article is part of a larger frame-work of tools. Example
of other tools are the aperture meter [8] and the footprint
viewer [9]. The possibility to easily extract the settings
and measurement from the machine and include them in
model creation enables is crucial to create more precise
and accurate models. These features will be of increasing
importance as the operational parameters of the LHC will
entering a more challenging regime.
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Since 2015 the LHC has been operating at 6.5 TeV. In 2016 the S-functions at the interaction points of
ATLAS and CMS were squeezed to 0.4 m. This is below the design * = 0.55 m at 7 TeV, and has been
instrumental to surpass the design luminosity of 103 cm™2s~!. Achieving a lower than nominal #* 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 -beating for the virgin machine was above 100%, corrections
reduced the rms f-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.

DOI: 10.1103/PhysRevAccelBeams.20.061002

I. INTRODUCTION

The 2012 optics commissioning of the LHC reached a
new record low p-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 f-functions and
transverse coupling from turn-by-turn (TbT) data have been
made [2,3]. In2016 dedicated coupling corrections in the LHC
brought the closest tune approach to about 2 x 10~ [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 5* [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 f*, however the
focus of this article is the improvements which enabled the
achievement of the 1% control of linear optics in the LHC.
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The optics configuration in the LHC is normally referred
to by the f* at the ATLAS and CMS experiments, located in
Interaction Point 1 (IP1) and IP5. In 2012 the LHC operated
ata " of 0.6 m. When the machine was 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 f* is one of
the ingredients that has enabled the LHC to reach 1.5 x
10°** cm~2 s~! 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 f-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
P-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 f-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 f*-leveling.

II. 2015 COMMISSIONING

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

Published by the American Physical Society
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Long Shutdown 1 (LS1). The optical configuration featured
p* =80 cm at IP1 and IP5. Several improvements were
implemented in preparation for this commissioning with
the aim to further reduce the error and uncertainty of the
optics. A new method to calculate f-functions from the
phase advances between beam position monitors (BPMs)
had been developed. The previous method used 3 BPMs
[15] while the new N-BPM method [3] uses 11 BPMs in the
case of the LHC. The BPMs are chosen to have favorable
phase advances for the reconstruction of the f-function.
This significantly reduces the error bars on the measured
P-functions and provides a more accurate estimate of the
uncertainty.

The local model used to reconstruct the f-function has
also been improved thanks to the ability to read the exact
settings of the tune corrector magnets [16,17]. This is
important since reconstruction of the f-function relies on
the local model.

The AC dipole was upgraded during LS1 to be able to
excite the beam for 6600 turns compared to the 2200 before
the shutdown. A study of the stability of the AC dipole
showed that the horizontal plane for beam 1 had a less
stable excitation frequency. Furthermore, an orbit drift
disturbing the dispersion measurements is also described
in this section. Finally, the measured systematic offset of
the p*-waist in the IPs during 2015 is described.

A. AC dipole performance

The AC dipole creates a coherent betatron oscillation
around the closed orbit. This enables beam excitation
without emittance increase [18]. The increased length of
the TbT data allows investigation of optics stability during
one beam excitation. To study potential changes over time
the measurement files of 6600 turns were analyzed in parts
of 2000 turns each. Noise reduction using the singular
value decomposition (SVD) technique [19] was performed
for each 2000 turns window separately to avoid additional
correlation. This enables the study of the time evolution of
observables like the driven and natural tunes in both planes
as well as the phase advances between BPMs. Figure 1
shows the evolution of the reconstructed driven tune over
time for beam 1 in the horizontal plane. An increase of the
driven tune by 107 can be seen in the horizontal plane for
data sets which start from turn number 1000 to 2000. This
behavior is not seen in the vertical plane or in any plane for
beam 2. It is furthermore visible for different measurement
days and different optics. No such behavior is seen for the
natural tunes of the machine. Therefore this is assumed to
be an artifact produced by imperfection of the AC dipole.
Figure 2 shows how the phase advance uncertainty depends
on the number of turns analyzed. For the horizontal plane of
beam 1, where the measured AC dipole tune unexpectedly
changes between turn number 2000 to 3000, the uncer-
tainty on the phase advance also increases with larger
numbers of turns analyzed.
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FIG. 1. Measured deviation of the AC dipole horizontal beam 1

tune when 2000 turns out of 6600 were analyzed, starting from
different turn numbers. The plot shows six different measure-
ments at a #* of 80 cm. This bump was not visible for the other
plane or beam and has been fixed by replacing the amplifier of the
beam 1 AC dipole.

Figure 3 shows the distribution of the phase advance
uncertainties for measurements from 2012 (where up to
2200 turns of TbT data were recorded) compared to 2015
(with 6600 turns of TbT data). A rms phase noise below
103 has been achieved since 2015. The longer TbT data
acquisition improves the precision of the measured phase
advances. Moreover, a significant difference in the uncer-
tainty is visible for the different planes. This can be
attributed to the aforementioned technical issue with the
AC dipole in combination of a tendency to excite less in
the horizontal plane. This has recently been solved by
replacing the amplifier of the beam 1 AC dipole.

B. Orbit drifts

In 2015 orbits were subject to fast drift with periodicity
of approximately 8 h [20] due to the movements of
the triplet quadrupoles in IP8. This significantly reduced
the accuracy of dispersion measurements. This in turn
had a negative impact on the performance of the global

0.006 T
(¢ horizontal
—~ 0.005 b
& (] vertical
% 0.004 | . :
L |
o 00031 Sy 1
g )
© 0.002 f ® Q-0 0® %0 0 o
> e e~ = = =
® 0.001 ® e-0 o |
0.000 . : :
0 2000 4000 6000
turns
FIG. 2. Average precision of the measured phase advance for

different number of turns used in the analysis for beam 1. The fit
function is a/+/x, and for the horizontal plane only the first five
data points were used for the fit.
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FIG. 3. Uncertainties of the measured betatron phase advances

for both beams for optics with f* = 60 cm (2012) and f* =
80 cm (2015). The y-axis shows the frequency for each level of
uncertainty. The total area under each line is normalized to 1.

corrections which correct the f-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 f*

In 2015 it was discovered that there was a systematic
offset of the * waists in both IP1 and IP5 resulting in an
increase of the #*, 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 f* 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% p-beating. This was unexpected

"""-.PAV

Defocusing B w
Quad

Focusing
Quad

-W L

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

TABLE 1. The measured f* and waist shift after the final
corrections for the 2015 run.

1P Beam Fx [cm] py [em] w, [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 86t 5 22+2 24 +9
5 2 87+ 1 83+2 24 +£2 16 £5

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 from 2016 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 distribution with 0.11% [24] as
standard deviation and 0 as mean 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 f-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 below 0.04%, as expected in [22], it would resultin
an accurate estimate of the #* from the TbT measurement.
Offsets of the waist of the S-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 fS-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 p-function in the entire drift space
between the magnets. The f-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.
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A. Improvements in K-modulation measurements

The K-modulation method has been used to measure
the p-functions at the IPs. The average pf-functions in
the triplet quadrupoles left and right of the IP can be
calculated by measuring the tune changes resulting from a
gradient modulation in the quadrupole, as described in
[26,27,30]. The optics functions are then interpolated
towards the IP, thus providing measurements of f* and
the waist.

The online implementation of the K-modulation tool
allows for a faster and more accurate measurement of the
p*. Figure 5 shows a typical modulation applied to the
quadrupole right of IP1 and the resulting modulated
horizontal and vertical tunes in beam 2. The frequency
and amplitude of the modulation is generally limited by the
quadrupole power converters and the speed of the tune
measurement.

K-modulation measurements are performed at injection
tunes (Q, = 64.28, O, = 59.31) which are further away
from third order and coupling resonances than the collision
tunes (Q, = 64.31, 0, = 59.32).

A cleaning tool has been developed to clean outliers
in the tune data online. The domain of acceptance is
determined by tracing a parallelogram around the desired
data. Figure 6 shows the horizontal tune data for beam 2
obtained after a modulation of the quadrupole left of IP1.
The cleaned data, inside the domain of acceptance, is
shown in red while the rejected data is shown in blue. This
has been a crucial ingredient to efficiently clean the data
and obtain accurate results within the time scale of a
minute.

The errors in the tune data are determined as a quadrature
of the tune precision (2.5 x 10™) and the standard
deviation resulting from the binning of the base-band-tune
(BBQ) [31] data. The binning is necessary due to the lack
of synchronization between the tune data and the quadru-
pole current data. Linear fits of the data provide accurate %
measurements, as presented in Fig. 6. The typical uncer-
tainty of the fit is between 0.6 m? and 1 m?. The main
variation of the error bar coming from the fit is the quality
of the tune measurement.

8.724
8.722 0.290 —{ 0.320 —

— i) 7
& = s
e 8.720 0.285 31 0315 3
™ Q ()
5 c c
2 8.718 o 2 2
v 0.280 =1 0.310 =
x >

8.716| - & &

. 0.275 0.305
8.714
0.0 1.0 2.0 3.0 4.0
Time [mins]

FIG. 5. Horizontal and vertical tune measurements of beam 2

during the gradient modulation of the first quadrupole right
of IP1.
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FIG. 6. Linear fit of horizontal tune data for beam 2 with an
illustration of the data cleaning process. The rejected data is
shown in blue. An online tool is used to specify the domain of
acceptance shown in green.

B. Local corrections

Local corrections are applied around the IPs where the
magnets are individually powered [1]. The idea is to
reconstruct the initial conditions at a location outside the
IP and then propagate the optics parameters through the
lattice as if it was a beam line. The correction is evaluated
for both beams and tested for several optics with larger f*.
Furthermore, since 2016 the f-functions obtained from the
K-modulation are also included in the calculation of the
local corrections. The upper plot in Fig. 7 shows how
corrections calculated in 2015 and 2016 both correct the
phase beating. However, in the lower plot of Fig. 7 we
observe that it is only the 2016 correction that is able to fit
the p-function measured at the two most inner magnets.
This illustrates why only the corrections applied in 2016
were able to compensate the waist shift.

In Table II the local corrections for 2012, 2015, and 2016
are shown. The optics errors changed during LS1 which

0.16
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0.12} +— 2016 Correction '
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FIG. 7. A comparison between how the 2016 and 2015

corrections would correct the phase error (on top) and the local
P-beating (bottom). The red line shows the 2015 correction, the
green 2016 and the blue show the measurement. Note that both
the lines and points show the deviation from the ideal model.
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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 |K,| = 0.008730 m~2 throughout the years. The
polarity indicates if K is positive or negative using the LHC
Software Architecture (LSA) convention.

Ak (107> m™?) Polarity
Circuit 2012 2015 2016 LSA
IR1 ktgx1.11 1.23 -
ktqx1.r1 1.0 -1.23 +
ktqx2.11 1.0 0.35 0.65 +
ktgx2rl  -14 -0.7 -1.0 -
ktqx3.11 1.22 -
ktqx3.r1 -1.22 +
kq9.11b1 1.5 -
IRS ktqx1.15 2.0 2.0 -
ktqx1.r5S -2.0 2.0 +
ktqx2.15 0.7 1.9 0.27 +
ktqx2.r5 1.05 1.9 1.48 -
ktqx3.15 1.49 -
ktqx3.rS -1.49 +

kqd4.15b2 3.80 -

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 p-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
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FIG. 8. f-beating at 40 cm f* for beam 1 (upper) and beam 2
(lower) plot.

based on aresponse matrix approach. The correction method
was improved in 2016 by taking the measurement uncer-
tainties into account as weights. Additionally the quantity
specific weights can be specified, i.e., giving a higher weight

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

2015 2016

Beam Min Max mms Min Max rms

2Dy [\ /m] 1 22 25 078 -17 19 052

NG

f/l’ﬁi[\/m 2 =31 25 113 -18 16 062

Application of the local corrections reduced the f- % 1 -76 96 3.18 =38 77 142
beating to a peak of about 20%. To reach a lower f-beating ;-
a global correction approach is needed. This is required since 7 1 —48 50 169 -42 45 135
not all the er'rors are originating from the IRs. The better A//i?x 2 95 113 424 -53 58 179
corrected optics also provides more margin for other effects N
such as beam-beam and reduces the luminosity imbalance 5" 2 —-68 68 207 -49 38 142
between the experiments. Global correction in the LHC is
061002-5
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TABLE IV. The measured f* before correction, after local correction and after global corrections for the f* = 40 cm optics.

IP 1 p* [cm] IP 5 fp* [cm]
Beam 1 Beam 2 Beam 1 Beam 2
H \% H H \% H \'%
Before Corr 623+1.2 73.1£1.0 417+t 1.3 75.4+£3.0 48.0 £ 0.8 309 +£0.1 45.8 £0.2 45.0+0.8
After Local 41.2+0.3 40.9 + 0.1 36.6 £0.1 404 +04 35.7+£02 40.9 £0.2 404 +0.3 40.4 £ 0.1
After Global 30.8+0.5 40.1 £ 0.1 39.8 £0.1 40.1 £ 0.1 3909+0.2 40.1 £0.1 39.5+0.1 39.6 £0.2

to the f-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 from K-modulation the f-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 turn may serve
as a figure of merit for the correction weights optimization.

¢\’\ dﬁX
7 <\/ b b ]
1
¢X\ GﬂX\

dQ,
m \/— e 0
UND UQ).;
R A, AB.
st (o (). (),
6¢x.y Gﬂ,hy
AND AQ. T
i (v, 2
OND, Quy

where, AI? is a vector with the change of k-values, R is the
response matrix composed of the column vectors R; wy_,
Wy > Wo_ Wnp,, are the quantity specific weights, $ is a
vector containing the phase advances, ﬁ is a vector with the

-functions close to the IPs, ND, = Dx
ﬂ X \/ﬁ—’(
the normalized dispersion, Q. are the tunes, and & are the
vectors of the uncertainties of the measurements.

is a vector with

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 f-beating below 2%
was achieved in 2016. Figure 8 shows the f-beating for both
beams at f* of 40 cm. The final results have been filtered
from malfunctioning BPMs. The filtering was done through
removing faulty BPMs using the SVD and removing the
BPMs with 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 -beating
measured using K-modulation are detailed in Table I1I. More
important than the reduction of the overall f-beating is the
improved control at the IP1 and IP5. Table IV shows
the measured f* before and after the different corrections.
The final rms f-beating at the IPs is below 1% resulting in an
expected luminosity imbalance below 1%. The larger
uncertainty in the measurement of the f* for horizontal
beam 1 at IP1 derives from a poor tune measurement.
Figure 9 shows a comparison of the average shift of the f*
waist. Table V shows the well corrected waist 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 f* 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

20 19cm
k)
=5 - 15
g€
oL
gE 10
g %]
< 5 4cm
2cm
2015 2015 lon run 2016

FIG. 9. The average shift of the waist of the f-function at IP1
and IP5 for the f* = 40 cm optics.
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TABLE V. Measured values of waist offset in IP1 and IP5 after
global corrections.

1P Beam w, [cm] wy, [em]
1 1 -55+1.6 23409
1 2 1.74+0.7 0.1£1.1
5 1 32409 0.5+0.7
5 2 42405 -3.6+1.1

instantaneous luminosity will be limited by the experi-
ments. For a luminosity above 2 x 10** cm™2s~! pile up in
the experiments will be too severe and some type of
luminosity leveling will be required [40]. The other
limitation on instantaneous luminosity comes from cryo-
genic power [41]. It is estimated that it can sustain a
maximum luminosity of 1.75 x 10** cm™2s~!. While the
experiments and the cryostats are not able to cope with too
high luminosity the physics program is still interested in
maximizing the integrated luminosity. This triggered the
idea of having a luminosity leveling using a larger * at the
beginning of the fill and then decreasing it [42]. In that way
the luminosity would stay rather constant throughout the
fill. This forces additional constraints on the optics cor-
rections, which would have to be valid for a range of
optics. In order to investigate how well the corrections work
at different configurations both measurements and simu-
lations were performed. The results are summarized in
Fig. 11. It is clearly visible in simulations that a change of
p* of a factor 2 also increases the rms f-beating by about a
factor 2. The same trend is observed for the measurements.
This demonstrates that the global corrections are working
very well for a certain configuration, but are unable to
correct effectively a different optics configuration. In order

6.5 TeV, 40cm
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0.02|
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FIG. 10. Comparison of dispersion beating at f* of 40 cm
between 2015 and 2016.
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FIG. 11. The rms p-beating when calculating a correction

at a certain f* and applying it at a different. The blue points
are based on simulations while the green and orange are based on
measurements.

to have a good global corrections for all configurations
the errors for all magnets would need to be known,
including how they scale with the powering of the magnets.
This is currently under investigation and the goal is to
identify the errors of the individual magnets. It would also
be possible to correct at several different f* in steps of
about 25%.

VI. CONCLUSIONS

The LHC optics has been successfully commissioned
down to a f#* of 0.4 m at 6.5 TeV, which is lower than the
design value of 0.55 m at 7 TeV. This is the lowest
operational f* used in the LHC and hence the most
challenging optical configuration so far. Even so an
unprecedented f-beating in a high energy proton collider
has been achieved. In particular a control below 1% has
been demonstrated for the f*. This is of importance to
provide equal luminosity to the two main experiments. The
well-corrected waist is also of importance to provide as
much aperture as possible while keeping the f* at the
minimum. These results have only been possible due to the
recent improvement in obtaining f-functions on-line from
the K-modulation, the incorporation of these results in the
local and global corrections, the use of appropriate weights
on the different optics parameters, the longer AC dipole
plateau, the N-BPM method and the reduction of the orbits
drifts from the quadrupole movements.
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Beam optics control is of critical importance for machine performance and protection. Nowadays, turn-
by-turn (TbT) beam position monitor (BPM) data are increasingly exploited as they allow for fast and
simultaneous measurement of various optics quantities. Nevertheless, so far the best documented
uncertainty of measured f-functions is of about 10%0 rms. In this paper we compare the f-functions
of the ESRF storage ring measured from two different TbT techniques—the N-BPM and the Amplitude
methods—with the ones inferred from a measurement of the orbit response matrix (ORM). We show how
to improve the precision of TbT techniques by refining the Fourier transform of TbT data with properly
chosen excitation amplitude. The precision of the N-BPM method is further improved by refining the phase
advance measurement. This represents a step forward compared to standard TbT measurements. First
experimental results showing the precision of f-functions pushed down to 4%¢ both in TbT and ORM

techniques are reported and commented.

DOI: 10.1103/PhysRevAccelBeams.20.082802

I. INTRODUCTION

Performance of today’s accelerators puts stringent require-
ments on beam optics control. Moreover, the time spent on
optics measurements should be minimized to maximize
machine availability. Traditionally, beam optics measure-
ment methods based on the beam closed orbit have been used
in synchrotron light sources [1], but the time needed for the
measurement could reach several tens of minutes. On the
other hand, analysis of turn-by-turn (TbT) beam position
monitor (BPM) data allows for simultaneous measurement
and correction of various optics quantities as demonstrated in
[2-6]. Several beam optics correction methods were com-
pared in [7-9], with typical relative error in the measured
p-functions of about 10%¢ rms. In machines requiring a
P-beating within 10%o0 [10], it is then necessary to devise
optics measurements with better accuracy and precision.

A general analytical study of errors of TbT techniques is
reported in [11]. Different linear optics measurement
methods applied to the ESRF storage ring were already
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compared in [I12]. Both works revealed that the key
points for a better accuracy are the dependence on the
lattice models, as well as by the amplitude of the betatron
oscillation vs the BPM resolution and the lattice non-
linearities. In machines with strong nonlinear magnetic
elements, such as third-generation and future light sources,
the linear analysis of TbT data can be biased by nonlinear
terms if the beam excitation is foo large. In the case of the
ESREF storage ring, it is found that amplitudes greater than
1 mm at B, = 38 m (action variable, J, = 1.3 x 1078 m)
are already affected by such terms. In principle lower
excitations would be possible by firing the kicker magnet
with a weaker current, though the one used at the ESRF
storage ring suffers from stability and reproducibility issues
at low pulse currents.

We applied two beam optics measurement techniques to
TbT data from the ESRF storage ring: the N-BPM method
[13] and the Amplitude approach [14]. Both procedures are
based on the harmonic analysis of TbT data from all BPMs.
The beam is excited in both planes by pulsed magnets
(kickers inducing free oscillations). The Amplitude tech-
nique evaluates the f-function from the amplitude of the
tune spectral line at each BPM and is biased by BPM
calibration errors as discussed for example in [15]. The
N-BPM method extracts the f-function from the BPM
phase advance computed from the phase of the tune line as
described in [13]. The f-functions measured with these two

Published by the American Physical Society
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techniques are compared to those inferred from the meas-
urement and fit of the orbit response matrix (ORM), i.e., of
the closed orbit response to a unit change of orbit corrector
strengths [16]. The machine model is fitted to reproduce
the measured matrix, namely dipole and quadrupole tilts,
dipole and quadrupole strength errors, as well as BPM
calibration factors. This fit provides an effective model
(called the ORM model). The ORM measurement routinely
carried out at the ESRF takes about 20 minutes. More
generally, the measurement time scales with the length of
the storage ring, whereas the one of the TbT techniques is a
matter of at most seconds. However, the switch between
TbT and orbit modes may require up to twenty minutes, as
the ESRF storage ring is equipped with BPM electronics
[17], which are not suitable for quick switch between
the modes.

In lepton machines synchrotron radiation results in the
damping of the TbT transverse motion after a pulsed
excitation influencing the analysis of TbT data in two
main aspects. First, the evaluation of BPM phase advance,
from the phase of the tune spectral line, shows a depend-
ence on the choice of the first turn of the TbT batch of
data to be analyzed (even at the level of single turns).
A correction to this issue was found in [18]. Second, the
natural reduction of the oscillation amplitude over time can
be used to obtain a batch of TbT data for the harmonic
analysis a few milliseconds after the kicker pulse (strong
enough to ensure its stability) with an amplitude suffi-
ciently low to prevent non-linear terms from spoiling the
linear analysis of the tune line.

Here we define the terms of: accuracy—the difference to
the true value and precision—the spread of the measure-
ments including the known systematic effects. Assuming
we have the quantity which has a true value of 1.00, 1.00 +
0.01 is precise and accurate, 0.90 4+ 0.01 is precise, but
inaccurate and 1.0 £ 0.1 is imprecise but accurate estimate
of the value.

The paper is structured as follows. In Sec. II the
measurement setup is outlined, whereas an error analysis
of the different measurement techniques based on single-
particle simulations of the ESRF storage ring is detailed in
Sec. III. Experimental results are eventually discussed and
compared in Sec. IV.

I1. DEDICATED OPTICS MEASUREMENT

A special sextupole setting was designed and imple-
mented to have both linear chromaticity and amplitude
detuning close to zero, resulting in at least several hundred
turns of exploitable data for the harmonic analysis.

Optics measurements were performed with transverse
oscillation decoherence times of about 740 and 1850 turns
in the horizontal and vertical planes, respectively. The
synchrotron radiation damping time is about 2500 turns.
The fractional betatron tunes were close to nominal values
at 0.4414 in the horizontal plane and 0.3899 in the vertical

plane. The measured linear chromaticity was —1.0 and
+0.2 in the two planes (compared to the operational values
of 8 and 13, respectively). 330 bunches with a total current
of 7 mA were stored to avoid beam instabilities and position
interlocks during the beam excitation. Prior to TbT mea-
surements, linear lattice errors (B-beating, dispersion and
coupling) were measured and corrected via ORM analysis
reaching typical operational values, i.e. ~5% and ~3% rms
p-beating in the two transverse planes and an emittance
ratio of €,/e, = 1%o. A second ORM was measured and
fit to evaluate the pf-functions to be used as reference.
After that, BPMs were switched to TbT mode and data
with maximum amplitude in the range from 0.7 mm
(Jo=65x10"m) to 1.4 mm (Jy=2.6 x 1078 m) at
F = 38 m were acquired. The beam was excited by kickers
located at f, = 5.1 m and f, = 30.5 m. The time differ-
ence between the ORM and TbT measurements was about
3 hours. TbT measurements were repeated for 5 different
beam energies (with a £0.168% span of Ap/p). For each
kicker and energy setting, ten acquisitions were taken.

III. PRECISION AND ERROR ANALYSIS

The performance of a harmonic analysis depends,
among other elements, on the number of analyzed turns.
Simulations have been carried out in order to evaluate the
best number of turns and kicker strength ensuring the
highest measurement precision. Single particles with vari-
ous initial transverse displacements were tracked along the
lattice of the ESRF storage ring. The lattice f-functions are
shown in Fig. 1. The average horizontal and vertical
p-functions are comparable.

BPM noise in TbT mode is estimated from singular
value decomposition (SVD)-cleaning [19-21] of measured
data. The decomposed TbT data are recomposed using
only the 12 largest singular values, this way the noise
floor is removed and the data are cleaned. The rms of the

60
50+
40|
30

20 !”ll wu Wu Wh wu ”Il Wll WH Wu wwu wu i”ll |”|| Uh wu

60
50
40

30 |||
llll

B, [m]

By [m]

20

IR
o pllalll

0 100 200 300 400 500 600 700 800
Longitudinal location [m]

Tl
|||||| |I lll I g' l|l l| l' I| l||||

FIG. 1. The lattice f-functions along the ESRF storage ring.
The markers refer to BPM positions.

082802-2

XXIII



IMPROVING THE PRECISION OF LINEAR OPTICS ...

PHYS. REV. ACCEL. BEAMS 20, 082802 (2017)

differences between the raw and cleaned data for each
BPM provided an average noise of 9.6 ym in the horizontal
plane and 8.8 ym in the vertical plane. This BPM noise
was added to the simulated TbT data before being ana-
lysed using different numbers of turns with the initial
displacement of 0.55 mm (horizontal) and 0.15 mm
(vertical) at f, =38 m and f, = 2.9 m (initial actions:
Joo=40x10" m and J,5 =3.9%x 10 m). Note that
the actions of the horizontal and vertical kicks are very
similar. The errors of the retrieved BPM phase advance and
f-beating as a function of the number of turns are shown in
Figs. 2 and 3, respectively. Because the errors disappeared
by removing the sextupoles in the simulation it can be
concluded that they are dominated by lattice nonlinearities.

As expected from [22], the degradation of the accuracy
in evaluation of phase advance and f-function below 1200
turns (blue curves in Figs. 2 and 3) is largely removed when
the tune averaged over all BPMs is used to define the tune
spectral line (red curves), instead of using the tune peak
detected at each single BPM. Therefore in the analysis of
experimental data the tune line is forced to be equal to the
average tune.

Larger transverse beam excitations modify the content of
the tune spectral line, whose amplitude and phase include
non-linear terms (proportional to the initial amplitude)
stemming from sextupoles in the case of ESRF storage ring
[4,11]. Figure 4 shows the artificial -beating, inferred from
the N-BPM method, applied to simulated data with different
initial displacements. Up to 45%o peak artificial f-beating is
observed with an initial amplitude of 4.4 mm at #, = 38 m
(J;0 = 2.5 x 1077 m). To decrease the inaccuracy to 2%o
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FIG. 2. Simulated rms phase-advance error computed from
single-particle simulations of the ESRF storage ring lattice as a
function of the number of turns used for the analysis in two cases
where the betatron tune is calculated from a single BPMs or
averaged over the set of all BPMs (realistic noise has been added to
BPM TbT data). The initial displacement of 0.55 mm (horizontal)
and 0.15 mm (vertical) at f, =38 m and B, = 2.9 m (initial
actions: J,o = 4.0 x 107 mand J,5 = 3.9 x 107 m).
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FIG. 3. Simulated rms of artificial f-beating computed by

N-BPM from the same single-particle simulations of Fig. 2.

in the measurement of the horizontal f-functions an initial
displacement below 0.7 mm (always at f, =38 m) is
needed, as shown in Fig. 5. The requirement is more relaxed
in the vertical plane, for which an initial displacement below
0.17 mm at #, = 2.9 m, which is equivalent to 0.62 mm at
By = 38 min the horizontal plane, decreases the inaccuracy
to 1%e. It is factor 2 lower compared to the horizontal plane.
As the beam dynamics becomes nonlinear both phase and
amplitude of the tune line are perturbed [11]. This may in
turn cause a significant disagreement between the two
methods at large amplitudes, as seen in Fig. 5.

TbT data with the lowest amplitude of the oscillation
(0.7 mm) were chosen for the analysis since in this case
the linear optics measurements are the least perturbed by
amplitude detuning and nonlinearities. Moreover, the
natural transverse damping induced by synchrotron radiation
has been used to further decrease the systematic effect of
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FIG. 4. Simulated artificial f-beating computed by N-BPM
from single-particle simulations of the ESRF storage ring lattice
at different initial displacements (f, =38 m and S, = 2.9 m)
corresponding to actions from ~5 x 107 m to ~2.5 x 1077 m.
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FIG. 5. Simulated rms of artificial f-beating computed by
N-BPM and Amplitude methods from the same single-particle
simulations with different diagonal initial displacement as in
Fig. 4. The error bars refer to the mean (single-BPM) error bars
averaged over all BPMs.

sextupoles, in our case by analyzing only a batch of data 200
turns after the kick (for larger kicks longer delay may be
needed). Such a shift ensures a maximal transverse oscillation
only slightly above 0.5 mm (horizontally, still at #, = 38 m)
and 0.15 mm (vertically, B, = 2.9 m). After the raw data are
SVD-cleaned, harmonic analysis is performed using an FFT
with frequency interpolation by Jacobsen’s method with bias
correction [23]. The analyses and errors specific to the TbT
methods are described in the following subsections.

A. N-BPM method

The p-function evaluated from the N-BPM method [13]
is a weighted average of f-functions obtained from various
combinations of BPM triplets, using model transfer matri-
ces in between them. Therefore, uncertainties in the model
influence the measurement of f-functions. Ten thousand
lattices were simulated, to estimate the resulting systematic
error on the p-function calculated from phase advances
between a given combination of BPMs. To account for the
effects of various sources of error, the estimated misalign-
ments and uncertainties of magnetic properties were added
to simulated lattices. The estimated uncertainties were
tailored down in order to realistically reproduce the
measured rms f-beating. The corresponding estimates of
lattice uncertainties are shown in Table 1.

The N-BPM method is influenced by phase advance
measurement errors, therefore it is sensitive to errors in the
synchronization among the BPMs. A phase advance
variation has been observed both in simulation and in
the measurement, when analysing the TbT data delayed
even by a single turn. The variation resulted in rms
p-beating up to 10%0 (with a delay of 3 or 4 turns as
shown in Fig. 6). This was found to be an effect of the

TABLE 1. Estimated Gaussian uncertainties of the ESRF lattice
using the ORM inferred model.

Uncertainty OORM model
Longitudinal quadrupole misalignment 0.2 mm
Longitudinal BPMs misalignment 0.2 mm
Transverse sextupole misalignment 10 ym
Quadrupole gradient 0.1%o
BPM resolution (horizontal plane) 9.6 um
BPM resolution (vertical plane) 8.8 ym

transverse damping. In order to refine the phase advance
measurement we implemented the phase correction given
in [18] for a signal approximated by

X = Ae~* cos (vk + ¢ +¢€), (1)

where k, A, and a are the turn number, the amplitude and
the damping coefficient. v, ¢, and ¢ are the betatron tune,
the phase of the tune spectral line and the correction to the
phase (all in radians), that is given by

€ — €
=— 2
€= e (2)

where

:—ZAe ksin2(vk + ¢)
e, = Zxke * gin (vk + @)
ey = Zxke * cos (vk + o)

ey = ZAe

kcos2(vk + ¢).

30
20}
10}

ol

—10 4

—20}

-30

30
20t
10
0%
-10}
-20 | $ +1tumn {

-30
0 100 200 300 400 500 600 700 800
Longitudinal location [m]

Aﬂz, turn /ﬂr [%o]

A,By, turn //By [%0]

+2 turns

§ +3 turnsl
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A robust estimator of the amplitude and damping
coefficient has been developed and a sample of TbT data
with its estimated exponential envelope is shown in
Fig. 7. The correction gives stable results only if the
average orbit is subtracted from the data. This improved
the robustness of phase advance measurement, resulting in
rms f-beating decreased to at most 0.4%o, typically even
0.2%o.

In order to account for the systematic error in the
evaluation of the f-beating from nonlinear terms polluting
the tune spectral line, single-particle simulations were run
with initial amplitudes equivalent to those of the measure-
ments. For each amplitude, the resulting artificial f-beating
was quantified, as in Fig. 5, and its rms value was included
in the systematic error associated to the analysis of
experimental data.

B. Amplitude method

The betatron motion at a given BPM is described by
Eq. (1). The undamped amplitude of the tune spectral line is

A=CV2p]. 3)

where J is the action (invariant along the ring), while C
and g are the BPM gain (=1) and f-function, respectively.
All are entangled, as only the product C\/fJ is observable.
By assuming BPM gain is the same for all monitors, a way
to extract C+/J (and hence the p-function at the BPMs) is to
impose that model and measured average f-functions be
equal, i.e. K - C2{pme) J) = (pmod)y "where K is a global
scaling factor. This approach adds in turn two systematic
effect, because the average f-function increases with the
rms f-beating [11,24] and C changes between BPMs.
The BPM calibration errors can be indirectly estimated
by comparing the S-functions obtained from N-BPM and
Amplitude methods, the former not being affected by these
eITors.

The dependence of average f-beating on rms f-beating
of perturbed lattices with respect to the unperturbed model
has been simulated. This turns out to be quadratic
(in agreement with [24]), as shown in Fig. 8. The measured
p-functions are corrected for this effect of rms S-beating.
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FIG. 8. Average p-beating vs rms p-beating (binned) of

perturbed simulated lattices with respect to the unperturbed
model of the ESRF storage ring (simulations).

The uncertainty in the simulated average f-beating (for a
given rms p-beating) was included in the experimental
systematic error, together with the artificial f-function
accuracy mentioned above. The error in the analysis of
experimental data consists of these systematic errors and
statistical errors of f-function measurement.

C. ORM method

To the best of our knowledge, no theoretical study on the
accuracy of the ORM method has been published so far.
In order to evaluate a systematic error for the ESRF storage
ring, numerical simulations have been carried out. Ten
different sets of linear lattice errors generating the measured
rms f-beating have been created. The ORM analysis has
been simulated on those sets and the fitted models have
been used to compute ten sets of S-functions at the BPMs.
These have been compared to the expected values, yielding
an rms uncertainty of about 3%c. The inclusion of the BPM
resolution at 10 nm level did not deteriorate that accuracy.
In order to estimate the statistical error, we carried out 5
consecutive ORM measurements which resulted in a rms
uncertainty of about 5% in the horizontal plane and
about 2%o in the vertical plane. This gives the measured
p-function precision of 6%o in horizontal plane and 4%o
in vertical plane.

IV. COMPARISON OF RESULTS

In order to measure the f-functions most precisely, the
batch of TbT data 200 turns after the kick with the lowest
amplitude was analyzed. In this case the linear optics is the
least disturbed by amplitude detuning and non-linearities.
The average relative precision of f-functions obtained by
different methods is shown in Table II. The N-BPM
precision is mainly consisting of the statistical error, and
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TABLEII. Relative precision of #-functions obtained by differ-
ent methods.

Mean relative precision of fis x [%o] v [%o]
N-BPM 4 4
Amplitude 15 12
ORM 6 4
TABLE IIl. Measured f-beating between different methods.
Rms f-beating x [%o0] v [%o]
N-BPM vs Amplitude 17 12
Amplitude vs ORM model 20 13
N-BPM vs ORM model 11 9

remains at the level of 4%o even if lattice uncertainties are
tripled. The precision of the Amplitude method is domi-
nated by BPM gain errors, the contribution of all other
sources of error together are less than 5%eo.

The measured S-beating is shown in Table III and Fig. 9.
A drift of the closed orbit of about 15 gm rms was observed
between ORM and TbT measurements: simulations sug-
gest that about 5%o of the difference in the pf-beating

between ORM and TbT techniques can be attributed to this
orbit drift.

Phase advances between the neighboring BPMs (a more
robust observable) were measured from TbT data and
compared to those obtained from the ORM model. The
difference is shown in Figure 10. The agreement is
generally better in horizontal plane. Error bars shown in
Fig. 10 are from the TbT measurement only, as there is no
estimate of phase advance error inferred from the ORM
method.

At alongitudinal location of around 500 m, there is a local
insertion optics. A larger than the average discrepancy is
visible along thatregion both in the horizontal $-beating from
the Amplitude method (Fig. 9) and in the phase advance
beating between TbT measurement and ORM model
(Fig. 10).This suggests the existence of local errors not
included in the ORM model, in which the phase advances are
not fit. The failure of the ORM method to reproduce the
lattice errors, has been already observed in [25].

Finally, we compare the normalized dispersion D/+/,
where D stands for dispersion. Normalized dispersion was
measured from closed orbit using ORM and from TbT data,
their difference shown in Fig. 11. Differences between the
two measurements are well within the error bars.
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FIG. 9. Measured f-beating with respect to the ORM model.
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obtained from TbT data and from ORM.

V. CONCLUSIONS AND OUTLOOK

Three optics measurement methods were used and their
results compared for the ESRF storage ring. A precision of
4%o for evaluation of p-functions was obtained in both
planes by the N-BPM method, as well as in the vertical
plane from the ORM method. The horizontal plane from
the ORM is slightly worse, reaching a precision of 6%o. The
p-beating measured by N-BPM method and ORM are agree
to the 10%o level, which gives an experimental upper limit
estimate of the accuracy of the methods. Nevertheless, there
is the issue of the time between the two measurements and
possible orbit drifts may account for 5%.. The agreement
between the Amplitude method and the other two tech-
niques is similar in the vertical plane, but factor 2 worse in
the horizontal plane (up to 20%o).

Similar measurements were performed in the ALBA
storage ring [9], which has the same BPM hardware and
software. The BPM measurement noise at ALBA is about

7 pum [26], most probably due to lower level of mechanical
vibrations making the beam more stable. The N-BPM
method reached 8%o precision in the horizontal plane and
6%o in the vertical plane [26] as defined in the Introduction.
By counteracting the effect of oscillation damping and by
using smaller kick amplitudes, as it is done here, most
probably ALBA measurement precisions could be further
improved.

Nevertheless, the 4%o precision of the N-BPM method is
expected to be limited to optics with low decoherence only,
while the ORM method performance is less affected for
optics with larger chromaticity and amplitude-dependent
detuning. The quick decoherence of TbT BPM data can be
overcome by replacing pulsed magnets (kickers) as source
of excitation with AC-Dipoles [27], or shakers [28]. The
beam is excited every turn (undergoing the forced oscil-
lation), this way arbitrary transverse oscillation amplitudes
are maintained for arbitrary number of turns independently
of the optics. The induced forced oscillation would allow
for thousands of exploitable turns at sufficiently low
amplitude. The AC-Dipole has a variety of applications
[22,29-32], however a detailed systematic study on the
interplay between such excitation, radiation damping, and
diffusion is still missing. The applicability of such device in
the realm of lepton machines still needs to be assessed.
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Keywords: The proposed Compact Linear Collider (CLIC) uses a high intensity, low energy drive beam to produce the RF
CLIC power needed to accelerate a lower intensity main beam with 100 MV/m gradient. This scheme puts stringent
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requirements on drive beam stability in terms of phase, energy and current. The consequent experimental
work was carried out in CLIC Test Facility CTF3. In this paper, we present a novel analysis technique in
accelerator physics to find beam drifts and their sources in the vast amount of the continuously gathered

signals. The instability sources are identified and adequately mitigated either by hardware improvements or by
implementation and commissioning of various feedbacks, mostly beam-based. The resulting drive beam stability
is of 0.2°@ 3 GHz in phase, 0.08% in relative beam energy and about 0.2% beam current. Finally, we propose a
stabilisation concept for CLIC to guarantee the main beam stability.

1. Introduction

The compact linear collider (CLIC) [1] is a proposed particle accel-
erator, which will possibly take over from Large Hadron Collider (LHC)
at the high energy physics frontier after its planned shut down around
2035. CLIC is a linear ete™ collider with a centre of mass energy up
to 3 TeV. To reach this energy, it will employ a two-beam acceleration
scheme [1]. CLIC Test Facility CTF3 [2] is a test facility, which aims
to demonstrate the feasibility of CLIC technology by generation of the
high current drive beam used for two-beam acceleration and to develop
a variety of different CLIC specific equipment.

The two-beam acceleration concept imposes strict requirements on
the drive beam stability, in terms of current, energy and phase. The
drive beam current stability impacts the stability of the main beam and
it is critical for the integrated luminosity. The beam stability goals are
defined as the values yielding 1% luminosity loss. The CLIC drive beam
stability goals (phase translated to CTF3 machine independent of RF-
frequency) are following [3]:

« beam phase of 0.2° at 3 GHz before phase-feed-forward (PFF)
« relative beam energy stability of 1 x 1073
« drive beam current stability of 7.5 x 107*.

The layout of CTF3 is shown in Fig. 1. A thermionic gun produces
1.3 ps long pulses of a 5 A continuous electron beam. The injector con-
sists of 3 Sub-Harmonic-Bunching cavities (SHB) operating at 1.5 GHz,

* Corresponding author at: CERN, Geneva 23, Switzerland.
E-mail address: lukas.malina@cern.ch (L. Malina).

https://doi.org/10.1016/j.nima.2018.03.057

3 GHz pre-buncher, buncher and 2 accelerating structures. The bunch
frequency can either be 1.5 GHz or 3 GHz if the SHBs are disabled. It is
one of the parameters defining the mode of operation: full factor 8 beam
recombination is possible only with a 1.5 GHz beam, while 3 GHz allows
only for factor 4. The bunched beam then passes through a magnetic
chicane and about 4.3 A is accelerated in the 70 m long linac to the
energy of 135 MeV. The acceleration of the beam is done with 3 GHz
RF. The power is generated by klystrons delivering 5.5 ps and 40 MW
pulses. Pulse compressors are employed to provide a flat-top of 80 MW
and 1.4 ps. There are 16 accelerating structures operated in fully loaded
mode [4]. This gives a high RF to beam efficiency, however, it introduces
a strong correlation between the beam current and beam energy. In the
delay loop, the beam pulse is converted to four 140 ns pulses of double
intensity and bunch spacing by interleaving bunches using transverse
RF deflectors. The four pulses are combined into a single one in the
combiner ring. The beam is transported towards the experimental area
CLEX [2], where it can be sent in the Test Beam Line (TBL), which
investigates the effect of deceleration of the drive beam, or in the Two
Beam Module (TBM), which experimentally verifies the concept of the
two-beam acceleration.

In order to achieve the stringent stability levels needed for present
and future machines, complex feed-back systems are usually re-
quired [5-9]. In Section 2 we describe the tools and algorithms that
allow identification and study of the sources of drifts and jitters during
machine operation. Section 3 describes a novel statistical analysis that
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Fig. 1. Layout of CTF3.

allows identification of all relevant drifts within the very large amount
of data recorded from hundreds of devices. The analysis leads typically
to one of the following outcomes: identification of a particular hardware
failure, which needs to be fixed, or to improved understanding of
principles governing how to better stabilise the beam using a feedback
system. The feedback systems developed for the CTF3 machine are
described in detail in Section 4. In Section 5 the resulting beam stability
is shown and discussed.

2. Monitoring and operational tools

In this section, we describe the monitoring and operational tools used
in the CTF3 machine to identify failures and machine settings changes.
In a single beam-pass machine, a change of the initial beam parameters
affects all downstream beam parameters. It is therefore crucial to have
precise control of the source and injector parameters. As an example,
in CTF3 the phase and amplitude of the RF power in structures of the
injector are one of the most critical parameters. Any change of these
two parameters alters capture efficiency and therefore bunch charge.
This also translates into a phase error after the magnetic chicane. Phase
and charge differences modify the final bunch energy and length. This
leads to different orbit and beam losses. Finally, the RF power produced
by power extraction structures [10] has different amplitudes and phases.

In general, any observed drift at the end of a beam line can be caused
by any of a vast amount of upstream signals, and the specific source is
normally difficult to determine. In order to follow the evolution of all
the signals and to provide input for the stability analysis of such complex
system, two dedicated monitoring applications have been developed for
machine operation.

The first one is called ReferenceMonitor and it is fully described
in [11]. It shows in real time most of the beam related signals acquired
along the beam pulse (hereafter referred to as “traces”) together with
earlier captured reference signals. Additionally, it displays the time
evolution of their values averaged over the beam pulse and the y? with
respect to the reference. More importantly, it saves all beam related
signals for further analysis. Since saving all traces for every pulse is not
possible due to large amount of data, it saves the mean and y? values
instead. Full traces are saved periodically every 10 to 20 min.

For beam stabilisation in a given working point (the set of beam
conditions along the machine), a change of the working point must
be first effectively identified. An online watchdog application has
been developed to quantify and determine the sources of the drifts. It
compares the machine settings and the beam measurements to reference
values. It shows the largest deviations measured by y? in continuously
updating fixed-displays. The signals are grouped by their type and are
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sorted according to their location along the machine layout. For clarity,
only the locations with a beam presence are shown. This allows for
quick identification of the origin of a drift, or at least its approximate
location, by pointing out the most upstream signal that is diverging.
The signal and its time evolution can be then verified in detail using the
ReferenceMonitor. This makes these applications crucial for stabilisation
of the machine since operators can more quickly identify a problem,
determine the origin and react appropriately.

3. Drift and correlation analysis

Due to the large amount of recorded signals, drifts and jitters are
analysed offline to identify the source and quantify the effect. This in
turn defines the requirements for an appropriate feedback, specifically:
required accuracy of signal acquisition, averaging time and gain. A
dedicated algorithm has been developed to study drifts and jitters using
the sample correlations between signals in a sliding time window of
chosen length (depending on which time scale correlated signals are
to be found). Let r be the correlation coefficient of pairs of normally
distributed observables x and y:

_ Z?:l (xi - ’_‘) (yi - J_’) ,
VI (=D (- 9)

where n is a sample size, x = X_x; and § = X,y The sample
correlation coefficient r lies in the interval (—1;1). In order to easily
work with significance levels, Fisher z-transform [12] is performed to
obtain corresponding normally distributed quantity z and its uncertainty

@

se:
z = tanh™'r = lln<1+r)
2 1-r
1
se =
n—3

The confidence interval (r_; r, ) for r (asymmetric in general) is obtained
by back-transforming z + se. Nevertheless, this procedure would be
biased, where n is small or r is close to +1, because a finite sample
of normal distribution follows the student r-distribution. The latter
case is not important for drift detection since the resolution for high
correlations is not needed. A correction for small sample size (given the
requested confidence level) follows:

zi‘/L~f(l—a,n—2),
n—3

where f is inverse of cumulative student ¢-distribution function, given
the confidence level a. We treat the correlation as non-significant if zero
is within the back-transformed (r_; r +) interval. It is practical to define

a measure Rﬁ n-zero» Which is similar to the coefficient of determination
R2%:

2

non-zero — 58N (r+) tsgn (rf) - min ("3973), 2)
which is positive only if the correlation coefficient is statistically in-
consistent with zero at the chosen confidence level. R? quantifies the
fraction of a signal B variation that can be explained by another signal
A change. If R2 __ is positive, it directly implies lower estimate on a
fraction of signal B variation explainable by signal A. This represents a
robust measure, which can be used to filter a large amount of signal
pairs in long data samples. This is especially important for a large-
scale machine, such as CLIC. Typically the beam passes through periods
of drift (signals strongly correlated with time) and periods of relative
stability (the signal variations are dominated by noise). It is convenient
to study the correlations at various fixed time scales, typically a few
minutes to several hours. A drifting signal together with calculated
sample correlation coefficients (with time) and respective Rﬁ‘m_zm is
shown in Fig. 2. We introduce a “movie” of a visualised matrix (devices
vs devices) of R2 s over asliding time interval. Sample frame of the
matrix of lower limits on coefficients of determination is shown in Fig. 3.
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Fig. 2. In the top plot, a time evolution of a beam current signal is shown, its sample correlation coefficients with time over sliding time window (of two different

lengths: 200 and 1000 pulses) is shown in the middle together with its confidence interval bands. In the bottom plot, the respective R?

confidence level of two sets of correlation coefficients.
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Fig. 3. Sample frame of the matrix of lower limits on coefficients of determina-
tion among devices along the beam line in a sliding time window.

A small subset of signals is shown in Fig. 4, demonstrating the changes of
downstream observables caused by a beam current (signal No. 0) drift,
i.e. high correlation with time (signal No. 14). Due to full beam loading
in the linac, the beam energy changes (signal No. 10), while the beam
phase is almost intact (signals No. 4 and 8). The consequent beam energy
drift changes the extraction efficiency from CR, i.e. the beam current in

TL2 and TBM (signals No. 12 and 13) is correlated to beam energy.
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Fig. 4. Sample frame of the matrix of lower limits on coefficients of deter-
mination among a small subset of devices, directly corresponding to physical
observables, in a sliding time window. A beam current (signal No. 0) drift,
i.e. high correlation with time (signal No. 14), causes the downstream parame-
ters to change. Due to full beam loading in the linac, the beam energy changes
(signal No. 10), while the beam phase is almost intact (signals No. 4 and 8).
The consequent beam energy drift changes the extraction efficiency from CR,
i.e. the beam current in TL2 and TBM (signals No. 12 and 13) is correlated to
beam energy.
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4. Stabilisation systems

Direct observation of the recorded signals lead to the implementation
of the following RF feedbacks:

« RF phase loops

« ambient temperature feedback in the RF pulse compression
system

« RF power flattening feedback.

The RF feedbacks detailed above improved beam stability by more than
one order of magnitude and are summarised in Table 1. To further
improve beam stability, an extensive signal correlation study pointed
out a need for additional beam-based feedback systems:

« gun current stabilisation feedback

« injector feedback, which stabilises the beam phase

« loading feedbacks, which mainly stabilise the phase and remove
the correlation between the beam current and energy

« energy flattening feedback, which flattens the beam energy along
the pulse.

These feedback systems are described below, together with the treat-
ment of potential cross talks among different systems.

All the CTF3 feedback systems are designed in a fail-safe manner.
They do not act unless all control parameters are within tolerances
defined at the time of commissioning and calibration of the system.
In particular, they are active only when sufficient beam current is
confirmed by the first beam position monitor (BPM) downstream from
the location of the signal that is being stabilised. Injector and loading
feedbacks also check whether the RF power delivered by the associated
klystrons is close enough to the reference value. Experience showed that
reaching the reference working point is impossible when the difference
is bigger than 1 MW and an attempt to compensate it by adjusting RF
phases or gun current would result in significant beam losses.

The beam pulse length varies significantly in operation of CTF3
drive beam, as it consists of different beam setups and experiments.
The feedbacks also follow changes of the beam pulse length and
automatically adapt the reference ranges. For that reason, the feedbacks
are always calibrated with the longest possible beam pulse. When the
start or end time of a beam pulse is changed, the feedbacks recompute all
the required variables using only the overlapping part of the actual beam
pulse and the reference measurement. Therefore, neither recalibration
nor a new reference measurement is needed. Thanks to this feature the
feedbacks can be used to automatically restore the beam conditions
during restart. They proved to be very efficient and even in cases of
longer shutdowns, when the RF phases and the current of the gun drifted
to basically random values, they were able to bring back the beam to
the reference conditions within hundreds of pulses.

4.1. RF-feedbacks

The RF pulse compression [13-15], which increases the RF peak
power in CTF3 linac, is very temperature sensitive. Even though the
cooling water temperature of the RF compressors was stabilised to
0.05 °C, residual variations coming from the klystrons, waveguides
and originating from ambient temperature changes in the klystron
gallery influenced the shape of the compressed pulse. For this reason,
a temperature feedback was implemented to dynamically correct the
setpoint of the water-cooling station for each compressing cavity [16].

In order to further stabilise RF phase and power, additional feedback
systems are implemented. The amplitude of the compressed RF pulse
is controlled by RF phase at the input of the compressing cavity. It
is derived with a non-trivial iterative algorithm [17]. A part of this
algorithm was programmed into a feedback loop in order to preserve
the pulse amplitude [18] (RF pulse flattening). It stabilises not only
the mean power, reducing the mean beam energy drifts, but also the
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amplitude along the pulse, stabilising the energy of the bunches along
the train. The phase of the RF is stabilised using phase loops, which
keep constant the RF phase measured after the pulse compressor [16].
They need to act fast enough to correct the phase errors introduced
by the RF pulse flattening. Phase-locked loops are also implemented
in the travelling wave tubes (TWTs) in the injector. However, the
measurements used in the feedbacks are temperature sensitive as well.
For example, day/night temperature variations are pronounced during
summer, when air-conditioning capacity is insufficient to prevent the
temperature raise.

This results in long-term variations of the phase working points,
which need to be mitigated by beam-based feedbacks described below.
Fig. 5 shows the CTF3 injector and linac layout including the beam-
based feedback measurement locations and Table 2 summarises the
control settings used to stabilise them.

4.2. Beam current and phase stabilisation

The beam current is stabilised using the BPM located at the end
of injector because it offers much more accurate current measurement
comparing to the devices installed upstream. At this location, the beam
is fully relativistic, which allows use of an inductive wall current mon-
itor. Such a device is much more reliable compared to the electrostatic
devices installed within the injector, which suffer from a large droop
and are heavily influenced by charging-up from the electrons scattered
in the bunching cavities. The feed-back loop is closed on the gun pulser
intensity knobs (fine and coarse), that regulate the grid voltage in the
thermionic gun.

The beam phase is predominantly defined by the injector, where
the electrons become ultra-relativistic. Further downstream, the beam
phase is less influenced by accelerating RF, especially when the lattice is
correctly tuned with the nominal Rss = 0 m. Two Beam Phase Reference
(BPR) monitors are installed in the injector to measure bunch phase
and length, see Fig. 5). The bunch length measurement is only relative
because the signals have strong non-linear dependence on bunch charge
and position. It is, therefore, important to monitor that these parameters
are constant.

The injector feedback stabilises the longitudinal beam parameters
as measured by the two BPRs. The main part of the feedback system
is common for both 1.5 and 3 GHz bunch frequency modes. Different
configurations were verified and the best performance is achieved when

« Phase of the klystron 3 is used to stabilise the bunch length signal
of the downstream monitor (BPR0475).

« Simultaneous phase change of both klystrons 2 and 3 is used to
stabilise phase signal of the upstream monitor (BPR0290). Such
correction does not modify the bunch length at the downstream
monitor because the relative phase between the cavities is left
unchanged.

The second part of the feedback system acts only on the beam
with 1.5 GHz bunching frequency and stabilises the phases of the
travelling wave tubes (TWT) that power the SHBs. The system stabilises
the RF power measured at the exit of SHB cavity in presence of
the beam (i.e., beam loading measurement) and the BPR0290 bunch
length measurement. As the proportionality ratios are subject to drifts it
employs an automatic calibration procedure. In an optimised working
point this feedback is linear in the first two phases and quadratic in
the third. The feedback uses the acquired reference signals as a target
for corrections using measured calibration factors. Both the reference
signals and the calibration factors are beam-mode dependent.

As already mentioned, the bunch length measurement is sensitive
to beam current (in principle proportional to beam current squared)
and the deviation from the reference klystron phases with respect to
the beam phase changes the amount of beam losses in the injector.
This entangles the beam current and the beam phase. In order to
avoid resonant cross-talks between the feedbacks, they work at different
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Table 1
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Measurements and steering knobs used in CTF3 RF feedback systems.

Feedback Measurement

Knob

Phase-loops
Ambient temperature
RF flattening

Phase of compressed RF

Pulse compressor temperatures
Power amplitude of compressed RF

Phase shifters
Temperature set point
Waveform generator function

BPR0290

\‘C
Injector

BPMO0402

BPR0475
BPI0608
Delay
Loop
TL1
Linac BPR0532

Fig. 5. Schematic view (not to scale) of the CTF3 injector and linac showing the locations of measurements, which are being stabilised, together with the knobs

used to control them, listed in Table 2.

Table 2
Measurements and steering knobs used in CTF3
ical locations are shown in Fig. 5.

beam-based feedback systems. Their phys-

Feedback Measurement

Knob

Gun current

) BPR0290S
Injector 3 GHz BPR0475W

) TWT loadings
Injector 1.5 GHz BPR0O290W

Klystron Loading (5 to 15)
Energy flattening

BPM0402 — current

Accelerating structure loading
BPI0608H — dispersive BPI

grid voltages of thermionic gun

Klystron 2 phase
Klystron 3 phase

Phases of all three TWTs

Klystron phase
Waveform klystron 15

time scales, i.e. integration times. Moreover, in case when the beam is
restarted and the settings might have drifted away from references, the
beam phase feedback is not acting for several pulses, waiting for the
beam current being back at the reference value.

4.3. Beam energy stabilisation

After implementation of the RF power stabilisation system [18],
the beam energy stability was improved to about 0.2% over several
minutes, and over longer times up to about 2%. It was found that the re-
maining beam energy variations still caused beam intensity fluctuations
through losses. The energy variations are mainly due to slow changes
of sensitivity in RF phase and power measurements (e.g. temperature
effects), upon which the phase loops and the RF power stabilisation
feedback respectively rely. Further, any beam current variation affects
the acceleration, for these reasons beam-based feedback systems are
employed.

The CTF3 linac is operated close to fully loaded mode [4], therefore
in most of the cavities the remaining power at the output port (referred
to as loading) is measurable. A sample signal is shown in Fig. 6. This
strongly depends on the phase between the electron bunches and the
accelerating field. It is stabilised by loading feedbacks, which adjust the
appropriate klystron phases. Loading feedbacks are implemented and
commissioned for all the klystrons in the linac. The reference trace is an
average of several traces acquired for a short period after the feedback is
turned on. The construction of the penalty function is not trivial because
simple difference or y2, even in the simplest case, is neither linear nor
monotonous as the working point is close to full beam loading, where
the loading shapes are complex (Fig. 6).

The feedback minimises a linear combination of y2 from the refer-
ence measurement (trace along the beam pulse) and the slope of the
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Fig. 6. The power measured at the exit of accelerating structure. In case of full
beam loading the internal part of a pulse is close to zero. Sketches of different
beam-loading patterns depending on relative phase and amplitudes between the
RF and the beam-loading are shown in zoomed-in plot.

remaining power along the pulse:

n
pP= Z (xmeas - xref)2+
i=1
n 10

c ( _
i=n—10 i=1

Z (X’"WS xref) - Z (xmea.v - xref)) ,

where C is a klystron-specific free parameter to make the penalty
function a monotonous function of klystron phase deviation. Since the
minimisation without gain setting is relatively slow, a higher gain mode
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Fig. 7. Average beam phase stability measured at location BPR0532 as a
function of the averaging time in the 3 GHz beam mode.

has been developed for more rapid drifts, i.e. when the beam condition
gets further away from the reference, where it is not limited by noise. In
such a case, the feedback measures the local penalty function derivative
and performs a biased Newton iterative method minimisation. In other
cases the feedbacks are limited by high noise and drifts of power
measurements themselves, therefore they operate on scales of minutes
rather than seconds.

In order to stabilise the beam energy along the pulse, which is
disturbed by residual RF power variations added up through the accel-
eration, an energy flattening feedback was developed [9]. It is a variant
of RF pulse flattening feedback that flattens the beam energy instead.

5. Beam stability

The CTF3 beam stability in various beam modes is quoted in this
section in terms of drive beam phase, energy, current, and probe beam
acceleration. Generally, we show the average stability (i.e. as opposed
to best obtained stability) as a function of a time-scale (a period of time
over which the stability is measured). The repetition time of CTF3 beam
pulses is 1.2 s, thus stability over one hour means 3000 pulses.

The beam phase and energy variation is measured at BPR0532 and
BPI0608 (see Fig. 5). The phase measurement is close to the upstream
high-precision PFF phase monitors offering a resolution of 0.05° at
3 GHz [19]. At the location of BPI0608, there is a horizontal dispersion
of 60 cm, therefore any change of energy is visible as a horizontal orbit
change. It is verified with singular value decomposition of multiple
BPMs that there is no significant dispersion upstream of the first bend
that would modify the assumed value at BPI0608, and that incoming
orbit and power supply jitters have negligible influence. Therefore, this
signal represents well the beam energy.

The achieved beam phase stability is shown in Fig. 7 and is limited by
the fluctuation of the phase measurements themselves. The fluctuations
are likely caused by thermal effects in the distribution of a local
oscillator signal for the mixers as a different levels of coupling be-
tween different measurements were observed. The relative mean energy
variation is shown in Fig. 8. Both the phase stability and the relative
mean energy variation of the uncombined beam are quoted in Table 3,
together with relative energy variation along the pulse. The beam
phase and energy stability is independent of the beam recombination
factor. It remains unchanged further downstream in the machine due
to absence of further acceleration and overall momentum compaction
Rss = 0m [20].

The current stability from the gun to the dump with a beam
recombination factor 4 is shown in Fig. 9. Each blue line stands for
a relative current stability (at a given BPM) over an hour of beam
time with beam-based feedbacks running. Red lines stand for the same
quantity without beam-based feedbacks. The green dashed line reflects
the CLIC current stability goal. For the same period of time, we show
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Fig. 8. Average relative beam energy stability measured at location BPI0608 as
a function of the averaging time in the 3 GHz beam mode.

Table 3
Beam phase and energy stability over period of one hour.

Quantity Stability over an hour
Phase [° @ 3 GHz] 0.2
Relative pulse-to-pulse energy [%] 0.07
Relative energy along the pulse [%] 0.08
101

—
<
IS

108

relative current stability [-]

10 ~
0 10 20 30 40 50 60

BPM

Fig. 9. Several sets of relative beam current stability measurement (combination
factor 4) along the machine. Each line refers to stability over a period of one
hour. In blue; beam-based feedbacks operating, in red: feedbacks turned off. The
BPM noise is subtracted (in squares). The current variation in the linac is below
the BPM resolution, causing the jagged structure of the lines. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

in Fig. 10 the average relative beam current stability (in given a part of
CTF3 with beam-based feedbacks operating) as a function of averaging
time scale.

In the following we show the best average beam current stability in
two typical operational modes:

« 3 GHz beam with multiplication factor 4 (not passing via Delay
Loop) is shown in Fig. 11.
« 1.5 GHz beam with multiplication factor 8 is shown in Fig. 12.

In the first case, the beam has been well optimised and stability was
limited by the resolution and stability of multiple measurements in
the linac. For the 1.5 GHz beam, there were three main sources of
difficulties:

« the time spent on optimisations and long stability studies of this
beam was limited due to recurring failures of the TWTs

« the power supply of the septa magnet used for the injection to
and extraction from the delay loop was jittering and could not
be replaced with a better performing device

LXXXVI
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Fig. 10. Average beam current stability in different parts of the machine, as
shown in Fig. 1, as a function of the averaging time for the very same data as in
Fig. 9 (with beam-based feedbacks operating). For each machine part we use the
average of several BPMs. The beam mode is 3 GHz beam with a recombination
factor 4 in the combiner ring.
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Fig. 11. Average beam current stability in different parts of the machine, as
shown in Fig. 1, as a function of the averaging time. The beam mode is a
recombination factor 4 in the combiner ring of 3 GHz beam.
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Fig. 12. Average beam current stability in different parts of the machine, as
shown in Fig. 1, as a function of the averaging time. The beam mode is a
recombination factor 8-2 in the delay loop and 4 in the combiner ring of 1.5 GHz
beam.

« full transmission through the delay loop was not achieved since
the strong isochronous optics of the delay loop limit momentum
acceptance below the drive beam 0.6% r.m.s. energy spread. Un-
fortunately, due to the limited space in the pre-existing building,
it was not possible to design weaker optics.

The main beam has been accelerated by the factor 8 combined drive-
beam-generated RF power from the energy of 199 MeV to 242 MeV.
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Fig. 13. The main beam energy gain stability while accelerated by RF coming
from the factor 8 combined drive beam as a function of the averaging time.

Table 4

Achieved average drive beam stability compared to CLIC goals.
Quantity Achieved Goal
Phase [° @ 3 GHz] 0.2 0.2
Mean energy variation [%] 0.07 0.1
Energy variation along the pulse [%)] 0.08 0.1
Current (linac) [%] 0.02-0.04 0.075
Current (after combination) [%] 0.2-1.8 0.075

The main beam energy was rather constant at the level of 1 MeV to be
compared with typical spread of 0.6 MeV without the presence of drive-
beam-generated RF power. The stability of the average energy gain of
the main beam at different time scales is shown in Fig. 13. In the case
of the factor 4 combined drive beam, the energy variation shows no
increase (compared to case with no drive-beam-generated RF power).
This shows that in such a case the drive-beam induced energy variation
is much smaller than 0.6 MeV.

6. Conclusions and strategies for CLIC

In this paper, we focus on the beam stabilisation aspects of the CLIC
drive beam complex. A novel analysis technique has been applied in
detailed studies and allowed identification of the critical issues for beam
stability. This algorithm, essential for the understanding of drifts and
for latter implementation of feedback systems, is described in Section 3.
Feedback systems to stabilise the drive beam have been designed and
commissioned at CTF3. These feedback systems may also be useful in
XFEL linacs, which operate in a similar mode to the CTF3 linac.

The achieved beam stability in CTF3 is summarised and compared
to the CLIC drive beam stability goals in Table 4.

The CLIC goals have been reached in terms of beam phase (time of
arrival), i.e. 0.2° at 3 GHz or 180 fs, before the final correction with
the phase feed-forward (PFF) system. It must be noted that the PFF
system showed a reduction of the incoming phase jitter to the final
CLIC specifications (0.2° at 12 GHz, or 50 fs) thus validating the entire
scheme [19]. Results below the CLIC requirements were also obtained
for the mean beam pulse momentum stability and the momentum
variations along the beam pulse. While the beam current in the linac
was stabilised below the CLIC requirement as well, losses along the
beam lines prevented this goal being reached for the combined beam,
especially at its final destination in CLEX. There the average relative
variation was 0.2%-1.8% depending on the beam mode, with the best
stability being achieved for a combination factor 4 of the 3 GHz beam,
the better known and used among the different operation modes. Given
the much better beam size to aperture ratio of the CLIC beam lines with
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respect to CTF3, the linac stability result constitute a reasonable proof-
of-principle for the current stability in the overall drive beam complex
of CLIC, where beam losses should be minimal.

The feedback systems developed at CTF3 are crucial for the CLIC
drive beam stabilisation except for the RF pulse compression, which
will not be used in CLIC. In the CLIC drive beam complex, the injector
RF needs to be exceptionally stable. If possible, a solution like the one
in CTF3, granting the same or better stability, should be implemented.
This requires accurate beam instrumentation, especially for beam phase,
current and acceleration cavity loading measurements. A general feed-
back framework needs to be embedded in the design of the machine
and the control system, including the temperature measurements at all
beam or RF related measurements. The monitoring application, together
with the drift analysis framework need to be ready for the first beam
commissioning in order to make the beam optimisation possible.
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Abstract

Optics measurements in storage rings usually employ exci-
tation in both transverse directions. This needs to be repeated
S at several different beam energies and is time-consuming. In
Z this paper, we develop a new optics measurement technique,
£ which excites the beam in all three spatial dimensions simul-
8 taneously. It allows measuring the linear optics and chro-
5 matic properties at the same time, leading to speed up of the
£ OpthS measurements. The measurement 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.
Z The first results suggest that the added complexity does not
£ deteriorate the resolution of the linear optics measurement.
8 In the future, this method can serve as an operational tool to
« check the optics or even to correct it.

1r(s), title of the work,

INTRODUCTION

One of the ways to perform optics measurements in a stor-

=z Zage ring is to excite the beam and acquire turn-by-turn (TbT)
>,beam position monitor (BPM) data showing the coherent
< betatron motion [1]. The beam is excited using either kickers
@or AC-dipoles [2]. AC-Dipoles can ramp up and down the
] oscillation adiabatically [3], i.e. without any measurable
© emittance growth. Typical optics measurement consist of
Qg’ several kicks at different beam energies, in order to measure
8 the linear optics as well as the chromatic properties.

o—

istribution of this work

Y 3.01i

Based on the experience with optics measurements in
> the LHC, there are two main sources of delay during the
S measurements. First, the human intervention to change beam
o - energy by adjusting the RF frequency and check other beam
= parameters for the new set of measurements usually takes
c ©up to 15 minutes. Second, the AC-dipole needs about 70
E seconds to cool down after every single excitation. Addition
P 2of longitudinal excitation [4] can be used to speed up the

= measurement, when performed adiabatically.

BEAM EXCITATION

In the LHC, the beam is excited using AC-dipoles in both
ztransverse directions simultaneously. This gives the BPM
E reading as shown in Figure 1, for one of the planes. Once the
§ beam energy 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
gto adjust the beam energy, or it is modulated in order to
= measure the chromaticity. However, the frequency of the
% modulation for the chromaticity measurement is typically

© THPAF046
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about 0.1 Hz, such that Base-Band Tune (BBQ) system can
measure the tune.

We employ the same system at its maximal frequency
of 5 Hz, which is still far from the natural synchrotron fre-
quency of about 20 Hz. The RF-frequency modulation is
ramped up before the actual AC-dipole excitation starts.
Three periods of adiabatic energy variation (forced syn-
chrotron oscillation) fit within 6600 turns acquired (with
LHC’s revolution frequency of 11.3 kHz). The sample TbT
reading at dispersive BPM is shown in Figure 2.

15,

1.0 ¢

0.5}

0.0

beam position [mm]

4000 6000 8000 10000

turn number [-]
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).

0 2000

beam position [mm]

4000 6000 8000 10000

turn number [-]

0 2000

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 oscillations and the beam energy is
adiabatically varied.

The adiabaticity of this mode of excitation has been ex-
perimentally demonstrated in the LHC, as it can be seen
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from the beam size measurement from Beam Synchrotron
Radiation Telescope (BSRT) during the 3-dimensional (3D)
excitations shown in Figure 3.

N
5

BlV“

beam size [mm]

beam size [mm]

10000 15000 20000

0 5000
measurement number [-]

25000

Figure 3: The beam size measurement using BSRT during
the 3D excitations, in case the measurement is not fully
adiabatic a step-like beam size increase would appear. The
spikes refer to AC-dipole excitations.

CHROMATIC PROPERTIES ANALYSIS

The largest advantage of simultaneous 3D excitation is
that the chromatic properties, such as normalized dispersion
D, A/B [5] or the W-function [6] can be a ratio of certain
spectral lines amplitudes. A new dedicated harmonic analy-
sis framework [7] searches for resonances originating from
all three spatial dimensions (X, y and s, namely, horizontal,
vertical and longitudinal). The following notation of the
driven spectral lines has been adopted, for example H(2,0,1)
being at frequency 2- Q¥ +0- Q4 +1-QF in the horizontal
plane (Q% y,s denotes fractional forced tunes).

Relative Beam Momentum Change

Under the assumption of linear dispersion and of beam
oscillation around stable orbit (closed orbit), the amplitude
of relative beam momentum variation Ap,,, is measured.
The closed orbit change in the arc BPMs (with larger disper-
sion) in the horizontal plane is used at the extremes of beam
momentum variation. The extremes are identified from fre-
quency and phase of synchrotron spectral line H(0,0,1), i.e.
where |cos (Qsnsyrns + ¢s)| > 0.9. A model dispersion is
assumed in the calculation of relative beam momentum vari-
ation, for measurements in the LHC a variation of 107% is
utilized.

Normalised Dispersion

Using the above-mentioned spectral line notation the nor-
malised dispersion [5] is proportional to the ratio of spectral
line amplitudes corresponding to dispersion and+/f:

H(0,0,1)
D C—7F— 1
/\/_ H(1,0,0)’ M
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where C is a global multiplication factor (related to excitation
amplitudes) obtained as a ratio of average measured and
average model normalised dispersions in the arc BPMs:

H(0,0,1)

ZachPMs H(l 0,0)

C= , 2)

D
ZachPMs (\/_B)model

As the spectral line amplitude is always positive, we need
to compare the phase of H(0,0,1) at the given BPM with
the average phase in the arc BPMs, i.e. if the phases are
opposite the dispersion is negative.

OPTICS MEASUREMENT PRECISION

In this section, we compare the precision of the normalised
dispersion and the linear optics measurements [8] using 3D
and 2D driven beam excitation. The analysis of linear op-
tics quantities is the same as in the 2D case, i.e. N-BPM
method [9,10] is applied. In terms of driven motion, the TbT
BPM data differs only in presence of spectral lines related
to adiabatic energy variation. The normalised dispersion
measurements in high 8 optics at injection energy (with frac-
tional natural tunes of 0.305 and 0.315 in the horizontal and
the vertical plane) were performed by the two methods, one
right after the other. Their comparison is shown in Figure 4.
In the 3D driven excitation based measurement, TbT data
from 6 acquisitions are combined, while 11 acquisitions
are combined in 2D case. The measurement error distribu-
tions are shown in Figure 5 including the mean errors. The
residuals scaled by the errors of measurements combined
in quadratures are shown in Figure 6. The mean value of
such distribution close to zero demonstrates no systematic
bias. The standard deviation shows the agreement within the
measurement errors (i.e. smaller than 1). The two methods
are in excellent agreement.

The agreement of linear optics quantities, measured the
same way using both types of beam excitation (except for
normalised dispersion) is summarized in Table 1. As a drift
of betatron tunes and coupling was observed during the
measurement, the linear coupling is not included. However,
impact of tune drift on measured phase advances and -
functions is assumed to be negligible compared to measure-
ment errors. No statistically significant bias, nor precision
loss were observed in any of the quantities (phase advances,
B-functions from phase and from amplitude, and already
mentioned normalised dispersion).

In ESRF [11] the transverse 2D kicks were performed,
however a residual synchrotron oscillation corresponding to
a relative beam energy variation of 5 - 107 was visible in
the data. The normalised dispersion can also be measured
by the 3D method from the residual synchrotron motion of
bunch centroids using transverse kicks only. The obtained
normalised dispersion, shown in Figure 7, is only 4 times less
precise, even though the amplitude of residual synchrotron
motion is only 3 % of relative beam energy changes of 0.16%
applied for the standard measurement.
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£ Table 1: Comparison of Linear Optics Quantities (measured using the 2D AC-Dipole excitation with or without RF-frequency

£ modulation at the same time)

Longitudinal location [m]

Figure 4: Comparison of LHC normalized dispersion dif-
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Figure 5: Distributions of the normalised dispersion mea-
surement errors from (Figure 4) for both methods: 3D
excitation (in blue) and 2D excitation (in red).

CONCLUSIONS AND OUTLOOK

The optics measurement method based on simultaneous
£ 3D beam excitation allows measuring linear beam optics
S quantities simultaneously with chromatic properties. The
«employed beam excitation does not deteriorate the beam
= quality. The precision of measured quantities is not deteri-
£ orated comparing to standard optics measurements based
= on 2D excitation. A new normalised dispersion measure-
% ment technique has been developed, demonstrating faster
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Figure 7: Normalized dispersion (diference to the model)

measured in ESRF using the 3D method for TbT data

recorded from transverse 2D beam excitation exploiting only

the residual synchrotron motion.

measurement (fewer beam excitations) with the same or bet-
ter precision. This represents an important step towards
fast online optics measurements or even corrections. TbT
data from 3D excitation contains more information than the
2D case. Synchro-betatron lines observed in the spectra
are being studied with the aim to measure W-function, or
potentially chromatic coupling.
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a
%PERFORMANCE OPTIMISATION OF TURN-BY-TURN BEAM POSITION

Abstract

Nowadays, turn-by-turn beam position monitor data is
= increasingly utilized in many accelerators, as it allows for
= fast and simultaneous measurement of various optics pa-
& rameters. The accurate harmonic analysis of turn-by-turn
§ data costs beam time when needed online. Generally, the
.2 electronic noise is avoided by cleaning of the data based on
2 singular value decomposition. In this paper, we exploit the
§ cleaning procedure to compress the data for the harmonic
£ analysis. This way the harmonic analysis is sped up by an
.% order of magnitude. The impact on measurement accuracy
£ is discussed.

or(s), title of the work, publishe

k must

INTRODUCTION

» Optics measurements in storage rings can be performed
f by exciting the beam and acquiring turn-by-turn (TbT) beam
2 position monitor (BPM) data of the coherently oscillating
;§ beam [1]. In the analysis process, TbT BPM data is first
2 cleaned, which reduces the amount of information. Later the
% harmonic analysis is performed on cleaned TbT data BPM by
zBPM. A framework presented here implements new methods
< to increase the speed of harmonic analysis. This framework
@ replaces SUSSIX [2, 3] in optics measurements analysis
& software in the LHC. It also implements BPM by BPM
© harmonic analysis, further referred to as "bpm" method.

1S WOTr|

SINGULAR VALUE DECOMPOSITION

In order to improve analysis precision and accuracy, TbT
M data needs to be cleaned of the noise, for example BPM
O electronic noise. This is done using methods [4—6] based on
2 Singular Value Decomposition (SVD). The SVD of a matrix
L’i A is given by

C BY 3.0 licence

A=USVT, )

e term:

= where columns of U and V are normalized eigenvectors of
g AT A (left-singular vectors) and AAT (right-singular vectors),
2 respectively. § is a positively definite diagonal matrix of
§ singular values ordered in decreasing order. The TbT BPM
@ data decomposition contains all temporal and spatial infor-
zmation about physical modes of beam motion. The noise
E floor removal is performed by keeping only the modes corre-
8 sponding to the largest singular values, as shown in Figure 1.
« Table 1 presents the typical TbT matrix dimensions in the
= LHC, Nppars and Nyypps, together with Ny, 465, number of
o singular values to be kept. This reduces the size of data and
E information. Matrix A with dimensions (500x6600) is ap-
% proximated by USV” matrices with dimensions: (500x12),
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Table 1: Typical Parameters of TbT Data and its SVD Clean-
ing

Nppys No. BPMs (per plane) 500
Niurns  No. turns acquired 6600
Nmodes No. singular values 12

(12x12) and (12x6600). In the second step, TbT data are re-
composed by matrix multiplication of the reduced matrices.
The size of the data after the recomposition is the same as
the input one (500x6600), which is about a factor 40 larger
than the reduced USVT matrices. However, the amount of
information is still reduced.

HARMONIC ANALYSIS

The actual lattice properties are contained in the frequency
information of TbT BPM data. The Discrete Fourier Trans-
form (DFT) is obtained performing Fast Fourier Transfor-
mation (FFT) on the cleaned TbT data from a single BPM

X
N-1

Xy = Z xne—i27rkn/N 2)
n=0

The equation has the form of inner product of x, and
e~127kn/N " \which means that X; is a multiplicative com-
plex coefficient of a signal with frequency k/N. In case of
FFT k is an integer smaller than N. The refined frequency of
the strongest signal is found using Jacobsen frequency inter-
polation with bias correction [7] based on 3 DFT peaks (the
maximal amplitude |X, | and two neighbouring samples
KXy +1):

(ka—l —ka+1)

(2%, = Xk, 1 = X1

_tan(n/N)

0= @/N) Real

. )

where § € [-0.5,0.5] is a correction to the frequency of
DFT peak. The refined complex amplitude of the signal is
obtained from the inner product of a unit signal with pure
frequency (k,, + &) /N with the TbT data:

N-1

Xi,v6 = Z xnei27rn(k,,+6)/N (4)

n=0
This signal is subtracted from the TbT data and the whole
procedure starting with FFT is repeated [8], in the LHC
typically 300 times. As aresult the TbT data is approximated
by the sum of the 300 strongest harmonics & 212.2% h;. The
basis forms a linear vector space.
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Figure 1: Sketch of the TbT data recomposition for noise floor removal. The decomposition of raw TbT data (in blue) gives
full matrices, which are then reduced, as only several largest singular values are kept for the clean TbT data recomposition

(in brown edges).

HARMONIC ANALYSIS OF
DECOMPOSED DATA

As SVD and refined harmonic analysis are both linear
operations, they can be combined. The cleaned TbT data
(Equation (2)) can be reconstructed from SVD matrices

elements:
Nmodes—l

Uj1Si Vi, ©)

Xjn =
1=0
where j is the BPM number. The complex coefficients cor-
responding to an arbitrary frequency a/N are given by:

N-1 Nmodesfl
i2nna/N
Xjq = Z Ujisyvpie IN = (6)
n=0 =0
Nmodes-1 N-1
2. N
= uj Z syvpe N, (7
=0 n=0

second summation represents the complex coefficient corre-
sponding to frequency a/N in a I’ row of SV .

Putting all this together, we obtain complex coefficients
corresponding to frequency a/N in cleaned TbT data from
all BPMs as a linear combination of complex coefficients
corresponding to the same frequency in the rows of SV’
with the multiplication factor being the rows of U. In order
to measure the frequencies, two algorithms were developed,
performing harmonic analysis on:

¢ the sum le\i’g"d”_l 71V of the rows of reduced SVT
giving a single set of frequencies, hereafter referred to
as "fast" method

e each of the rows of reduced SV7, giving a union of
frequencies, found for every row, hereafter referred to
as "svd" method

The complex coefficients, corresponding to such sets of
frequencies, are calculated for each of the rows of reduced
SVT matrix by the inner product in time domain (last sum
in Equation (7)). At this point the vectors in frequency
domain are no longer orthogonal. The perturbation of the
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orthogonality of the two vectors (in frequency domain) is
influenced by two factors:

e the difference (in the time domain) between the vector
under study and the vector the harmonic analysis was
performed on

* the spectral response of a windowing function, that can
be used to filter the signal in time domain

A rectangular window, which does not change the signal and
has the best frequency resolution, is used in the following.
On the other hand, the rectangular window has larger spectral
response in other frequencies compared to other windowing
functions [9], which should be kept in mind.

ACCURACY

The accuracy of the harmonic analysis performed on de-
composed TbT data is studied in this section. TbT data
matching the LHC lattice injection optics was simulated
along with the betatron resonances of known frequency,
phase and amplitude. Realistic noise of about 8 % am-
plitude compared to coherent betatron motion at focusing
quadrupoles was added. Results of the afore-mentioned
analysis corresponding to a given spectral line consist of its
frequency € (0, 1), initial phase in units of 27 and its ampli-
tude. The accuracy is estimated by the root mean square of
the difference to the value defined in a simulation in a set of
all BPMs. The two methods ("svd" and "fast") are compared
to the original harmonic analysis the "bpm" method. The
betatron tune is found in the spectra from all three methods.
Accuracies of the frequency and phase of the found betatron
tunes as a function of number of turns are shown in Figures 2
and 3.

Both "svd" and "fast" methods have comparable accuracy
or slightly better accuracy in frequency and phase compared
to the "bpm" method. An exception is the "svd" analysis
performed on a low number of turns, where it shows less
accurate results. The differences in relative amplitude accu-
racy are not shown as they are negligible. Generally, "svd"
and "fast" methods seem to be better suited for larger number
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of turns and larger noise levels. For small number of turns or
& small noise levels, the situation is opposite. Additionally, a
© weaker spectral line with about 14 % amplitude at focusing
é’ BPMs and 0.01 away in frequency from the betatron tune
é’ was investigated. Here, the methods perform all similarly in
< terms of frequency accuracy, as shown in Figure 4. In terms
> of its phase accuracy, shown in Figure 5, the "bpm" method
S is better than the other two. The amplitude accuracy shows
O similar behaviour as the phase accuracy.
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SPEED UP

Harmonic analysis performed on decomposed TbT BPM
data is faster by up to a factor of Ngpps/Nmodes using the
"svd" method and up to a factor of Nppys in the "fast"
method. Harmonic analysis by "fast" method of one set
of LHC TbT BPM data takes about 2 seconds in a single
thread compared to about 18 seconds in 32 threads in the
"bpm" method.

CONCLUSIONS AND OUTLOOK

New techniques combining data cleaning together with
harmonic analysis have been developed. Their usage results
in a speed up by factor about 300 in the LHC. This is pos-
sible by analysing decomposed data directly instead of the
recomposed data. The analysis is comparably or more ac-
curate in terms of frequency. However currently, it is less
accurate in terms of phase and amplitude of smaller spectral
lines. This can be potentially overcome by the choice of a
windowing function, addressing the orthogonality perturba-
tion, which will be studied. It needs to be stressed, that both
new algorithms are better suited for noisy data, compared to
standard method.
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