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Abstract

The CERN Large Hadron Collider (LHC) is the largest particle accelerator in
the world, built to accelerate and collide two counter-rotating beams. The LHC
is susceptible to unavoidable beam losses, therefore a complex collimation system,
made up of around 100 collimators, is installed in the LHC to protect its super-
conducting magnets and sensitive equipment.

The collimators are positioned around the beam following a multi-stage hi-
erarchy. These settings are calculated following a beam-based alignment (BBA)
technique, to determine the local beam position and beam size at each collimator.
This procedure is currently semi-automated such that a collimation expert must
continuously analyse the signal from the Beam Loss Monitoring (BLM) device po-
sitioned downstream of the collimator. Additionally, angular alignment are carried
out to determine the most optimal angle for enhanced performance.

The human element, in both the standard and angular BBA, is a major bottle-
neck in speeding up the alignment. This limits the frequency at which alignments
can be performed to the bare minimum, therefore this dissertation seeks to improve
the process by fully-automating the BBA.

This work proposes to automate the human task of spike detection by using
machine learning models. A data set was collated from previous alignment cam-
paigns and fourteen manually engineered features were extracted. Six machine
learning models were trained, analysed in-depth and thoroughly tested, obtaining
a precision of over 95%.

To automate the threshold selection task, data from previous alignment cam-
paigns was analysed to define an algorithm to execute in real-time, as the threshold
needs to be updated dynamically, corresponding to the changes in the beam losses.
The thresholds selected by the algorithm were consistent with the user selections
whereby all automatically selected thresholds were suitable selections.

Finally, this work seeks to identify the losses generated by each collimator, such
that any cross-talk across BLM devices is avoided. This involves building a cross-
talk model to automate the parallel selection of collimators, and seeks to determine
the actual beam loss signals generated by their corresponding collimators.

Manual, expert control of the alignment procedure was replaced by these dedi-
cated algorithms, such that the software was re-designed to achieve fully-automatic
collimator alignments. This software is developed in a real-time environment, such
that the fully-automatic BBA is implemented on top of the semi-automatic BBA,
thus allowing for both alignment tools to be available together and maintaining
backward-compatibility with all previous functionality. This new software was
used for collimator alignments in 2018, for both standard and angular alignments.

Automatically aligning the collimators decreased the alignment time by 70%,
whilst maintaining the accuracy of the results. The work described in this dis-
sertation was successfully adopted by CERN for LHC operation in 2018, and will
continue to be used in the future as the default collimator alignment software for

the LHC.



Sommarju

[I-“Large Hadron Collider” (LHC) li jinsab CERN, huwa l-ikbar a¢celleratur tal-
particelli fid-dinja, mibni biex jaccellera u jhabbat particelli f'zewg faxex tad-dawl
li jduru kontra xulxin. L-LHC huwa suxxettibbli ghal hsara li tista’ tigi kkawzata
mit-telf tal-faxex tad-dawl li ma jistax jigi evitat, u ghalhekk sistema kumplessa
ta’ kollimazzjoni, li tikkonsisti minn madwar 100 kollimatur, hija nstallata fl-LHC
biex tipprotegi l-kalamiti super-konduttivi u apparat iehor sensittiv.

[l-kollimaturi huma pozizzjonati madwar il-faxex tad-dawl wara herarkija f’div-
ersi stadji. Dawn l-issettjar huma kkalkulati wara procedura t’allinjament (BBA),
biex tiddetermina l-valuri tal-pozizzjoni u l-wisa’ locali tal-faxex tad-dawl f’kull
post tal-kollimatur. Din il-pro¢edura bhalissa hija semi-awtomatika b’tali mod
li l-operatur ghandu kontinwament janalizza r-rekordjar tal-“Beam Loss Moni-
toring (BLM)” ditettur, pozizzjonat 'l isfel mill-kollimatur. Barra minn hekk, I-
allinjament angolari jitwettaq biex jiddetermina l-iktar angolu ottimali ghal prestaz-
zjoni ahjar.

L-element uman, kemm fil-procedura normali kif ukoll l-angolari, huwa fat-
tur kbir li jippreveni it-thaffif tal-procedura t’allinjament. Dan il-fatt jillimita 1-
frekwenza li biha dawn l-allinjamenti jistghu jitwettqu ghall-minimu, ghalhekk din
it-tezi tfittex li ssolvi dan billi tawtomatizza kompletament il-BBA.

Din ir-ricerka tipproponi li tawtomatizza x-xoghol mehtieg biex tiskopri sinjali
t’allinjament fl-irrekordjar tal-BLM, bl-uzu ta’ “machine learning”. Sett ta’ data
ngabar minn kampanji t’allinjament prec¢edenti, li minnhom gew estratti manwal-
ment erbatax-il karatteristika. Sitt mudelli tal-“machine learning” gew imharrga,
analizzati fil-fond u ttestjati, u kisbu precizjoni aktar minn 95%.

Ghall-awtomatizzar tas-selezzjoni tal-limitu, sett ta’ data ngabar minn kam-
panji t’allinjament precedenti u gie analizzat biex jigi definit algoritmu li jkun
ezegwit f’“real time”, peress li l-limitu jehtieg li jigi aggornat b’'mod dinamiku,
li jikkorrispondi ghall-bidliet fit-telf tal-faxex tad-dawl. Il-limiti maghzula mill-
algoritmu huma consistenti mal-limiti maghzula mill-operaturi, talli li I-limiti magh-
zula awtomatikament kienu kollha selezzjonijiet xierqa.

Fl-ahharnett, dan ix-xoghol ifittex li jiddentifika t-telf iggenerat minn kull kolli-
matur, b’'mod li jigi evitat kwalunkwe ”cross-talk” madwar id-ditetturi BLM. Dan
jinvolvi li jinbena mudell tal- “cross-talk” biex jawtomatizza s-selezzjoni ta’ kollima-
turi 1i jistghu jibdew l-allinjament taghhom fl-istess hin, u jfittex li jikkwantifika s-
sinjali attwali tat-telf tal-faxex tad-dawl iggenerati mill-kollimaturi korrispondenti
taghhom.

[l-kontroll manwalment u espert tal-procedura tal-allinjament gie sostitwit b’da-
wn l-algoritmi ddedikati, b’tali mod li s-“software” gie ddisinjat mill-gdid biex
jinkiseb allinjament tal-kollimaturi kompletament awtomatiku. Dan is-”software”
huwa zviluppat f’ambjent ”real-time”, b’tali mod li I-BBA kompletament aw-
tomatiku huwa implimentat fuq il-BBA semi-awtomatiku, sabiex jippermetti li
z-zewg ghodod t’allinjament ikunu disponibbli flimkien u jzommu ”backward com-
patibility” mal-funzjonalita’ kollha precedenti. Dan is-"software” il-gdid intuza

vi



ghall-allinjamenti tal-kollimaturi f1-2018, kemm ghall-procedura normali kif ukoll
l-angolari.

L-allinjament kompletament awtomatiku tal-kollimaturi naqqas il-hin tal-allinj-
ament b’70%, filwaqt i zamm il-precizjoni tar-rizultati. Ix-xoghol deskritt f’din it-
tezi gie adottat minn CERN ghall-operazzjoni tal-LHC f1-2018, u se jibga’ jintuza
fil-futur bhala s- “software” primarju ghall-allinjament tal-kollimaturi fl-LHC.
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1. Introduction

1.1 The Large Hadron Collider at CERN

CERN, the European Organization for Nuclear Research, uses the world’s largest
and most complex scientific instruments to study particle physics, bringing together
physicists, engineers and computer scientists from around the world. CERN is
situated on the Franco-Swiss border near Geneva, and was founded in 1954.

The Large Hadron Collider (LHC) at CERN is the largest particle accelerator
in the world. It is used to accelerate and collide two counter-rotating beams, each
having a nominal energy of 6.5 TeV, with a design luminosity of 103* ecm2s71 at a
bunch collision rate of 40 MHz [1]. The LHC is situated in a tunnel approximately
100 m underground, and has a circumference of 27 km.

It is made up of eight arcs containing superconducting magnets and eight
straight sections which are referred to as insertion regions (IRs). Four IRs house
the four main experiments; ATLAS, ALICE, CMS and LHCb, which are located at
the points where the beams are brought into collisions. These points are referred to
as Interaction Points (IPs) and Figure [1.1|shows the four main experiments located
at IP 1, 2, 5 and 8 [2].

The LHC is susceptible to beam losses from normal and abnormal conditions [4]

5], which may generate a transition from superconducting to normal conducting
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Figure 1.1: The LHC
layout with beam 1 and
beam 2 circulating in op-
— posite directions and are
o brought into collisions at
four interaction points:
ATLAS (IP1), ALICE
(IP2), CMS (IP5), LHCDb
(IP8), from [3].

Momentum

T2 TI8

state (quench) of the superconducting magnets. A robust collimation system is
used to safely dispose of beam losses by concentrating them in the collimation
regions. This protects the superconducting magnets and other sensitive equipment
from any damage by effectively absorbing halo beam losses. To perform this, the
collimation system follows a multi-stage hierarchy, that needs to be controlled and
preserved by aligning the collimators towards the beam with a precision of less
than 50 ym.

Particle beams are generally considered to follow a Gaussian distribution of
particles in the transverse plane. One standard deviation of the Gaussian beam,
1 o, consists of ~68% of all particles. The beam core is usually defined as 0 - 3 o
(99.7% of all particles), while the region > 3 o is known as the beam halo. The
collimators are mainly concentrated in two dedicated cleaning insertions, IR3 and
IR7 [4], and provide the cleaning of particles with large momentum and betatron
offsets, respectively. The nominal intensity (3 x 1014 protons per beam) requires
a collimation inefficiency of 2 x 10° m ™! [6], which is only possible by placing the

collimators precisely around the beam.
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Proton beams were first injected into the LHC on 10th September 2008. During
a given LHC run (order of a few years), each year of operation ends with a winter
shutdown, enabling equipment to be upgraded if needed. Therefore, due to the
changes and period of inactivity, each year of operation begins with a commissioning
phase to ensure the correct operation of all the machine sub-systems and fine-tuning
accelerator devices to allow the LHC to achieve nominal operation [7]. The LHC

and its injector chain are operated remotely from the CERN Control Centre (CCC).

1.2 LHC Machine Operation

The operation of the LHC follows a machine cycle which is made up of well-
established stages, as shown in Figure . The injection (1) stage is when the
LHC receives two 450 GeV beams from the Super Proton Synchrotron (SPS). The
beams arrive in bunch trains of 288 bunches, whereby the number of bunches de-
pends on the use of the beam (up to a nominal maximum of 2808 per beam). Once
the filling procedure is complete, both beams are ramped up (2) until they reach
top energy. Between 2015-2018 the LHC was operating at a maximum of 6.5 TeV
for proton beams, and this stage is referred to as flat top (3). The procedure for
shrinking the B* i.e. the beam size at the experimental IPs, is initiated. This is
required to increase the rate of collisions, and this process is referred to as the
squeeze (4). The final step is then to bring the beams into collisions to collide in
stable conditions, referred to as stable beams (5). Due to the high energy present

in the LHC at all times, collimation is required throughout the machine cycle.

At any moment during the fill, the beams may be extracted or dumped (6). This
could be a programmed dump due to operational requirements or a dump triggered
by one of the machine protection systems to avoid damage of the LHC. At this point
the machine is ramped down (7) bringing the magnets to their injection current, in

preparation for the next fill.
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Figure 1.2: The seven stages of the LHC machine cycle [3], illustrated by beam
energy and beam intensities: (1) injection, (2) ramp, (3) flat top, (4) squeeze,
(5) stable beams, (6) beam dump, (7) ramp down.

1.3 Motivation for Automated Alignment

To achieve highly effective beam cleaning performance, the LHC collimators need
to be aligned by precisely positioning them around the beam, in terms of offset and
jaw gap. The major collimator alignment campaigns are performed at the start
of each operational year and when the machine configuration is changed; optics,
crossing angle, etc. Such alignment campaigns are required to set up the collimation
hierarchy. Various standalone alignments are also frequently performed during
machine development (MD) tests with beam. Each major alignment campaign is
performed with the aim of preserving the hierarchy obtained until the next major
alignment campaign, however in case of degradation in performance or if the beam
orbit, the path taken by the beams, drifts over time, then the collimators would
need to be realigned.

The current alignment software used to align collimators around the beam is
semi-automated, and the high involvement of a human factor places the following

restrictions:

1. Alignment campaigns require a number of collimation experts to be available

during the whole period of the alignment.
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2. The alignments take a considerable amount of hours and the required time

is not constant, as it depends on human performance.

3. Decisions on the quality of alignment for each collimator are performed by

experts, therefore the alignment precision depends on human performance.

Due to this, the semi-automation limits the results and the frequency and speed
at which alignments can be performed. This therefore motivated the development
of a fully-automated tool for performing alignments. Having the process fully-
automated would allow anyone in the CCC to initiate the alignment procedure,
and a collimation expert would only be required to analyse the results.

Moreover, fully-automating the alignment will aid in paving the way for other
alignment techniques such as angular alignments. Collimators have always been
aligned assuming no tilt between the collimator and the beam, as the current
setting hierarchy has always had enough margins to safely absorb possible tilt
angles. Tank misalignments or beam envelope angles at large-divergence locations
could introduce a tilt, which would limit the collimation performance. Therefore in
order to push the performance of the LHC, tighter collimator settings are required
to improve halo cleaning. This can be achieved by applying the necessary tilts
in the collimator jaws, which can only be determined after performing angular
alignments.

At present, angular alignments must be done by manually setting the collima-
tors at different angles to determine the most optimal angle. Exploring a suitable
angular range is equivalent to 6 - 15 standard alignments, in time. Due to this,
angular alignments are only performed when absolutely necessary. Having novel
angular alignment procedures that could be run automatically at regular intervals
(e.g.: on a yearly basis during commissioning), would be useful to identify and
correct any tilts early on, to allow for tighter collimator settings.

This further motivates having a fully-automatic alignment tool which can be

extended to also efficiently align collimators at different angles, as this would save
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a significant amount of time and human resources. Considering the importance
of delivering physics data to the LHC experiments, beam time for these activities
is costly, therefore any time saved by fully automating the alignment is of vital

importance.

1.4 Project Aim

The aim is to explore, design and implement an approach to transform the semi-
automatic collimator alignment into a fully-automated one. Collimators need to
be aligned frequently, therefore having the alignment fully-automated would allow
alignments to be done by anyone at any time, as no human intervention will be
required during the process.

The initial aim is to implement software able to automatically align all collima-
tors by replacing the main decisions made by the user related to collimator selection,
spike detection, and threshold selection. This dissertation seeks to analyse the data
associated with each of these tasks to close the loop between the feedback received
and the decision making process, thus fully-automating the alignment process. The
software will apply the same collimator alignment procedure already in use, with
the difference being that no human intervention would be required.

This fully-automated alignment can be taken a step further by exploring and
introducing novel angular alignment procedures and automating them such that
they can also be applied to any collimator upon request. This will allow finding the
best alignment angle for each collimator individually, and will significantly decrease

the angular alignment time required compared to the current manual procedure.

1.5 Objectives

The objectives are as follows:

1. Review other work done in analysing time series data, mostly related to;
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e Extracting defining characteristics and to identify patterns in a data set.

e Spike detection techniques and in particular whether machine learning

is a good candidate.

2. Build Dataset - Gather various sets of data from previous alignment cam-
paigns. This is done by selecting instances during which collimators were

moved closer to the beam.

3. Develop Spike Recognition System - A spike in the data implies a collimator
is aligned, therefore spike recognition needs to be applied to ensure that a
collimator is actually aligned with the beam. Machine learning models are

trained and compared to automatically recognize such spikes.

4. Automate Threshold Selection - In order to guarantee that the beam is not
totally scraped and that the same beam can be used to align all collimators,
a beam loss threshold has to be selected. This threshold needs to be changed
according to the beam loss conditions, therefore this must also be automated

by analysing the data gathered.

5. Cross-talk Model Analysis - This must be studied to determine how collima-
tors effect each other. This study can be based on a data-driven model or
using simulated data, depending on the data available and the level of detail

that will be studied.

6. Fully-Automate Alignment - The alignment of all collimators can be auto-
mated using the three results; automatic spike recognition model, automatic

threshold selection algorithm, and cross-talk analysis.

7. Fully-Automate Angular Alignment - Novel angular alignment procedures, to
align collimators at different angles, are required and these can also be fully

automated using the three dedicated studies.
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1.6 Thesis Organisation

This dissertation is structured as follows. An introduction of the Large Hadron
Collider was provided in Chapter [T An overview was given on LHC operation and
the collimation system and how automating the alignment of collimators is vital
to enhance operational efficiency. This was followed by the aim of this dissertation
and the approach to achieve this goal, including how three forms of data analysis
are key to replacing the user tasks with automatic algorithms.

A detailed background of the collimation system is expanded upon in Chapter 2]
which explains the software architecture and the beam instrumentation available for
collimator alignments. This chapter then gives an overview on supervised machine
learning models and simulation software used at CERN.

Chapter [3| discusses work similar to the objectives of this dissertation, namely;
collimator alignments in other colliders, pattern recognition in time-series data,
threshold selection, automating systems that make use of time series data as feed-
back and cross-talk analysis.

A detailed formulation of the collimator alignment problem and its specifica-
tions and constraints are presented in Chapter [4, This chapters lists the different
elements that make up the alignment task, followed by an overview of the proposed
solution.

The data analysis and implementation details begin in Chapter [, with a de-
scription of how machine learning was applied for automatic spike recognition.
This chapter discusses the training and comparison of six machine learning mod-
els, which were validated during LHC operation.

Chapter [0] discusses the analysis and implementation involved in automating
the threshold selection task. This includes the validation performed by comparing
the results to user selected thresholds.

The cross-talk analysis for the selection of collimators to align in parallel is
presented in Chapter [7] This chapter discusses an initial solution for parallel selec-

tion, followed by a more advanced preliminary analysis for predicting the cross-talk

8
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observed at a single collimator.

The software implementation and tools used to design, implement and commis-
sion the algorithms are explained in Chapter [8] This is followed by implementation
details related to the software application and the user interface available.

Three major alignment campaigns were performed over the course of this disser-
tation, and these are discussed in Chapter [0} This chapter begins with a summary
of the results from alignment campaigns prior to this dissertation, followed by a
detailed analysis of the semi-automatic alignment campaign in 2017 and the two
versions of the fully-automatic alignment campaigns in 2018.

Angular alignments are presented in Chapter [10] as an additional alignment
technique that can significantly benefit from a fully-automatic approach. Three
novel angular alignments methods were designed as part of this dissertation, start-
ing off as a proof of concept and evolving into fully-automatic applications that
were validated during LHC operation.

Finally, Chapter [11| summarizes the achievements of this dissertation, provides
conclusions obtained from the results and includes suggestions for possible future

work.



2. Background

2.1 The LHC Collimation System

The collimation system provides the LHC with a 99.998% cleaning efficiency of all
halo particles [4], meaning that unwanted halo particles need to be absorbed by the
collimation system with a maximum leakage to the cold super-conducting magnets

of 2 x 107 Z¢. This is required in order to:

1. Protect superconducting magnets from quenching, by cleaning the beam halo

throughout the beam cycle of the LHC.

2. Passively protecting the machine aperture from radiation effects as this might

damage other hardware, such as electronics.
3. Reduce the halo-induced backgrounds in the experiments.
4. Serve as a diagnostic tool, such as for halo population measurements.

5. Abort gap cleaning to avoid spurious quenches after normal beam dumps.

An LHC collimator is composed of two parallel absorbing blocks, referred to as
jaws, inside a vacuum tank. The jaws are made up of carbon fibre composite (CFC),

tungsten (W), copper (Cu) or molybdenum carbide -graphite (MoGr), and these are

10
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what scatter and absorb halo particles to prevent damage to the LHC. The jaws are
identified as left or right, depending on their position with respect to the incoming
beam. The collimators are installed with a fixed rotational angle, depending on
their location and functionality, which allows to clean in either the horizontal (H),
vertical (V) or skew (S) plane. The jaws must be positioned symmetrically around
the beam and their coordinate system is displayed in Figure 2.1al Each jaw can be
moved individually using two stepping motors located in the jaw corners, allowing

collimators to be positioned at different gaps and angles, as displayed in Figure[2.1b]

Beam axis Downstream
= a>0 a<0
L-D LDy | ;
| | . |
. g 1 I
B K : |
= ! = I I
@ o . ‘
~ : o 1 I
! | :
b 1 I
LU 51 Lu) " |
miin I ‘
—t Upstream
%p Beam axis
(a) Jaw coordinate system. (b) Jaw angular tilt convention.

Figure 2.1: (a) The collimator coordinate system and (b) the jaw tilt angular
convention as viewed from above, from [§].

The maximum and minimum possible operational angles are = 1900 yrad [9].
The jaw corners are known as left-up (LU) and right-up (RU) when they are up-
stream of the beam and left-down (LD) and right-down (RD) when they are down-
stream of the beam. A fifth axis is also available to move the whole tank housing
the jaws in the orthogonal plane, in case a region of the jaw surface would be
damaged due to beam impacts, providing a new fresh surface. Linear Variable Dif-
ferential Transformers (LVDTSs) provide an independent measurement of these five
settings, as well as the upstream and downstream jaw gap. Four resolvers count
the steps of each motor, and ten switches are used to prevent the jaws from moving

too far in or out.
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2.1.1 LHC Collimation Layout

The LHC collimation system consists of around 100 movable collimators in the
LHC ring. The collimators provide halo cleaning using a multi-stage hierarchy,
as shown in Figure 2.2l The hierarchy is set up such that primary collimators
(TCP) are placed closest to the beam to intercept the primary halo particles; the
secondary collimators (TCSG) are retracted from the primary ones to clean sec-
ondary particles; the absorbers (TCLA) absorb the remaining showers; and the
tertiary collimators (TCT) are further retracted from the TCSGs (but closer than
TCLAs) to provide a local protection to the inner triplet superconducting magnets,
which are installed around the IPs. Several injection protection collimators (TDI,
TCLIA, TCLIB) follow a different hierarchy during injection and are further re-
tracted when the injection is finished. Finally the TCDQ is a single-jaw collimator
protecting the beam dump region in case of an asynchronous dump, by absorbing
the beam swept over the mechanical aperture. In order to establish this cleaning
hierarchy, the collimators must be aligned with a precision of less than 50 um,
which corresponds to a beam size of 0.25 ¢ at 6.5 TeV at the primary collimators,
where o is the Gaussian standard deviation. The TCDQ and TDI collimators are
not considered for alignment with the rest of the collimators as their motorization

is different from a normal collimator.

Triplet
magnet
TCLA TCDQ/TCSG IR6 TTn(_:T
ertiatl
TCSG Absorbers Protoeton colimato
TCcP Secondary :l D [ ]
Pri Collimat
Dy Coimta I
|:| |:| |:| Kicker
[ ]
N o ¢|:|  I— >
beam
LI
LI
|- . D

Figure 2.2: Collimation system hierarchy in the LHC, from [3].
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The collimators are mainly concentrated in two dedicated cleaning insertion
regions; IR7 enhances betatron cleaning, and IR3, where the dispersion is larger,
enhancing off-momentum cleaning [6]. Figure shows the collimators around the
LHC whereby the official layout collimator names are dependent on a collimator’s;

cell number, position within IP (left or right), IP number and beam.
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Figure 2.3: The present collimation system layout with the majority of the col-
limators in IR3 and IR7. Other collimators are placed in the dump and transfer
regions and in the experimental IPs.

2.1.2 LHC Software Architecture

The software architecture designed for the collimation system is implemented via
a 3-tier structure as shown in Figure The bottom level consists of actuators,
sensors and measurement devices, which allow for adjusting a number of parame-
ters. These include the collimators left and right jaw positions and angles, with a
minimum step size of 5 um, which can reach up to 2.5% of the 1 o beam size at
6.5 TeV, at the primary collimators.

The hardware is abstracted and controlled in real-time through the use of FESA
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FESA class

Harc!_ware : GET 1, Acquisition Property Java
1 device 1

_______ ! GET | Display

> .
= Settmg?Property

Button

Configuration Property <
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Figure 2.4: Software architecture diagram showing an example of FESA acting as
the middleware between the Java application and hardware devices, from [10].

(Front-End Software Architecture) [11], a C/C++ framework developed in-house
at CERN. It is used to develop LHC ring front-end equipment software which sends
motor step commands [12]. FESA is a complete environment for equipment special-
ists to design, develop, test and deploy real-time control software run on front-end
computers (FECs). The main objective of this framework is to standardise, simplify
and optimise writing front-end software.

A hardware device is abstracted as a FESA device by exposing a public interface
made up of properties. A property is made up of value-items which can be scalars,
arrays of int, strings, and other simple types. A client can get, set and subscribe to
a property in order to read, write and be notified on change, respectively. FESA
provides Acquisition properties and Configuration properties for getting and setting,
respectively, and Setting properties allow both getting and setting.

FESA devices are grouped into a FESA class which defines the; property inter-
face, private data and real-time behaviour, for all devices belonging to that class.
The FESA class handles hardware access through the use of RTActions which are
triggered by an interrupt to execute in real-time and are subject to tight timing
constraints.

The top level consists of Java Swing GUI applications which interact with
the FESA middleware framework through the Java API for Parameter Control
(JAPC) [13]. JAPC is an API used to build Java applications that control accel-

erator devices by interacting with the get, set and subscription device properties.
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2.2 Beam Monitoring Systems

During LHC operation small amounts of particles are continuously lost, such that
their location and loss signature give information about the conditions of the cir-
culating beams. In order to monitor such losses and the actual beam orbit, the
LHC is equipped with beam monitoring systems. Two types of beam monitoring
systems are available to align collimators; the Beam Loss Monitoring (BLM) and

the Beam Position Monitoring (BPM) systems.

2.2.1 LHC Beam Loss Monitoring System

The Beam Loss Monitoring system uses approximately 3600 lonization Cham-
bers (ICs) installed around the LHC ring, to detect ionizing radiation resulting
from particle losses [14} 15]. If the detected losses exceed a pre-defined threshold,
the BLM system is able to trigger a beam extraction to prevent damage to the
machine.

Each collimator has a dedicated BLM device positioned outside the beam vac-
uum, immediately downstream. Such devices are used to detect beam losses gen-
erated when halo particles impact the collimator jaws, as shown in Figure 2.5
Recorded losses are proportional to the amount of beam intercepted by the colli-
mator jaws, measured in units of Gy/s. Dispersion suppressors (DS) aim to reduce
the machine dispersion inside the insertions, therefore the losses in the DS of IR7
and IR3 are key observables to evaluate the cleaning efficiency of the system.

The BLM detectors integrate the measured signals in 12 different time intervals,
listed in Table 2.1l The integration time periods, or running sums (RS) range from
40 us, which represents half an LHC turn, to 84 s which is equivalent to ~9 million
turns. The first RS is one step of 40 ys, and each nth RS is a sliding window con-
taining data from the previous 2" windows. FEach RS has a threshold associated,
such that if the recorded losses exceed the threshold then the beam is dumped. The
peak loss is published at a 1 Hz rate by RS01 to RS08, while the integrated loss is
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Beam
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Figure 2.5: The collimator jaw scraping the beam halo and the scattered particles
are detected by the BLM detector downstream, from [16].

published by RS09 to RS12. The collimation system uses the 1.3 s RS09 to analyse
its performance, as it contains information about steady-state losses over thousands
of turns [3]. The BLM data for all running sums is available at a rate of 1 Hz and

as of 2016 the BLM data for RS06 has also been made available at a rate of 100 Hz.

Table 2.1: Running sum time windows, from [17].

Signal Name No. of 40 uys steps Duration (ms)

RS01 1 0.04
RS02 2 0.08
RS03 8 0.32
RS04 16 0.64
RS05 64 2.56
RS06 256 10.24
RS07 2048 81.92
RS08 16384 655.36
RS09 32768 1310.72
RS10 131072 5242.88
RS12 524288 20971.52
RS13 2097152 83886.08
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2.2.2 Beam Position Monitoring at Collimators

The Beam Position Monitoring system consists of a set of electromagnetic pick-ups
which are able to measure the beam position in the horizontal and vertical planes.
A total of 1032 BPMs are installed in the LHC, corresponding to almost one BPM
per quadrupole magnet. These devices are used to measure the beam trajectory
within the machine, however are not located close enough to collimators to be used
directly for collimator alignments.

During the long shutdown of the LHC in 2013, 20 collimators were replaced /in-
troduced with a new design in which BPM pick-up buttons were embedded in
the collimator jaws [I8]. The BPM data is acquired from the button pick-ups via
the Diode ORDbit and OScillation (DOROS) system [19]. These embedded BPMs
are able to provide a direct measurement of the beam orbit at the collimators by
analysing the electrode signals, allowing for a safer and faster alignment without
needing to touch the beam. However, BPMs are only available for a fifth of the
collimators, therefore the remaining collimators must be aligned with BLM devices

by touching the beam.

2.3 Beam-Based Alignment

Collimators aligned with BLM devices use a beam-based alignment (BBA) proce-
dure, to determine the beam centre (Az;) and beam size (c;") at each collimator i.
These calculations are necessary to be able to position the jaws within a certain
number of standard deviations (beam o) from the beam centre, as the actual beam
orbit is susceptible to ground motion, thermal effects and machine sources such as
multipole field errors [20]. Collimator alignments with BLMs are performed for 79
collimators at injection and flat top and 12 collimators in collisions, whereas 16
collimators aligned during the squeeze are aligned with embedded BPMs.
Collimators must be aligned before nominal operation with beam intensities

above the damage limit, in order to ensure that the correct collimator hierarchy
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is used and that the halo particles are cleaned. Figure [2.6] shows how the colli-

mator jaws are placed symmetrically around the beam, and how Az; and o} are

calculated.

JL

m

0; t Beam
B R e T beam axis

Ax‘I
------ Y e Y beam-pipe axis
Jr

Figure 2.6: The beam surrounded by the collimator jaws where J; and Jp are
the left and right jaw positions, respectively, with respect to the beam-pipe axis,

from [3].

The alignment procedure with BLM devices is referred to as beam-based as a
collimator’s jaws are moved towards the beam whilst observing the presence of any
spikes in the beam loss signal of its respective BLM. The BBA procedure involves
moving the jaws towards the beam in steps of 5 - 20 ym by following the beam loss
signal of the collimator’s respective BLM. The alignment of any collimator relies on
being able to classify between alignment spikes and non-alignment spikes, such that
a collimator must continuously move towards the beam ignoring any non-alignment
spikes, until a clear alignment spike is observed. Figure shows an example of
non-alignment spikes indicating that the collimator has not yet touched the beam
halo and must resume its alignment, whilst Figure[2.7b|shows an example of a clear
alignment spike indicating the collimator in question is aligned.

The beam-based alignment is performed via a four-step procedure established
in [21]. The procedure was tested with a prototype collimator in the SPS [22] 23]
and was used in the LHC from the start-up in 2010 onwards [24]. The standard
sequence involves aligning a reference collimator in addition to the collimator in

question (1), as is depicted in Figure . The reference collimator is taken to be the
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(a) Non-alignment Spikes - The corresponding collimator is far from the beam.
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(b) Alignment Spike - The corresponding collimator is aligned with the beam.

Figure 2.7: Typical BLM signals at 100 Hz showing (a) non-alignment spikes and
(b) a clear alignment spike, after inward collimator movements at ¢ = 1 s.

primary collimator in the same plane (horizontal, vertical or skew) as collimator i.
This creates a ”reference halo” that extends into the aperture of collimator 7. The
alignment of the collimators is beam-based as a collimator’s jaws are moved towards
the beam whilst observing the spikes in the beam loss signal of its respective BLM
device. A jaw is classified as aligned when a signature spike pattern is detected in
the losses, indicating that it reached a transverse position closer to the beam than
the reference collimator.

1) The first step is to align the reference collimator in steps towards the beam
to form a reference cut in the beam halo. 2) The second step is to align collimator
i with respect to the reference halo generated. 3) The reference collimator is then
realigned and 4) collimator i is retracted to its position in the hierarchy [25]. At
each alignment step, the left and right jaws are aligned separately, in order to be

able to associate the spike in the BLM signal to the particular jaw that was moving.
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The beam centre can then be calculated from the aligned jaw positions of col-

limator 7 using:

X.L’m + X.R’m
Axg = S (2.1)
2
where z; L™ and z; %™ are the measured left and right jaw setup positions. The

jaw gap can also be calculated from these values using:
P (2.2)

The half gap is then used to calculate the measured beam size using:

G.
o = : : (2.3)
' (Ngrefl + NIGrefz)/2

where No,.y, is the gap expressed in the number of standard deviations (No) of

the reference collimator before aligning collimator ¢ and Mo, is the gap expressed
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in the number of standard deviations (M o) of the reference collimator after aligning

collimator . The gap at any collimator j is calculated using:

0j = 4/ Egeom - £(J); (24)

where {3 is the nominal 3-function defined by the magnets’ lattice at the position
of collimator j, and €geom is the nominal geometrical emittance that is inversely

proportional to the Lorentz factor y ;-

€norm
c — Com (2.5)
seom @rel " Yrel

where (3,,; and vy, are the relativistic factors, such that 8 = v/c =~ I for the
case of the LHC, and y= E/Ej.

The final step is to then set the left and right jaws of collimator i to their
respective positions in the collimation hierarchy, using the values obtained for the

beam centre and beam size, using:

L,set
X

= Axj+ Nijoi", eset Ax; — Njoi", (2.6)

1

2.4 Collimation Hierarchy Validation

Over time, typically several months of operation, the beam orbit may shift, there-
fore the collimation system performance is monitored every three months of oper-
ation, or when the configuration is changed. This is done by inducing slow (multi-
turn) beam losses, such that a large number of particles are purposely sent onto
primary collimators in a controlled way, and the resulting electromagnetic showers
can be detected by BLM devices around the LHC ring. A beam loss map, showing
the spatial distribution of the measured losses along the LHC ring, can then be
generated, as shown in Figure 2.94] to validate the collimator setup. A zoom into

IR7 is shown in Figure [2.9b| giving information on the collimation hierarchy and
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halo cleaning performance.

@ 100

@10_1 —— Cold region

e — War.m region
@ 10 —— Collimators

9 10-3 —— Roman Pots

5000 10000 15000 20000
Distance (m)

(a) Beam 1 loss map for the full LHC ring.
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(b) Beam 1 loss map zoomed in IR7.

Figure 2.9: An example of a beam 1 betatron horizontal loss map at 6.5 TeV, where
the data points are readings taken from BLM detectors in (a) all IRs, and (b) IR7,
highlighting the dispersion suppressor, from [26].

In case of a degradation in performance, the collimators might need to be re-
aligned to generate a new setup for the current beam state. This could be observed
as a degradation of the cleaning in the dispersion suppressor of IR7, or a difference
in the pattern of the beam losses at the collimators. Collimator reconfiguration is
also required when machine parameters are changed, such as the B*, which defines
the colliding beam size in the experimental points where the beams are brought

into collisions, or the local orbit configurations around the 1P [27].

2.5 Machine Learning Models

The proposed automatic alignment will make use of machine learning to auto-

matically detect alignment spikes in the BLM data. The goal of the machine
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learning model would be to automatically classify between alignment spikes and
non-alignment spikes. A well labelled training data set can be extracted form previ-
ous alignment campaigns, therefore supervised classification learning will be used.

Following is an overview of a number of machine learning models in this category.

1. Logistic Regression (LR) - Logistic regression [28] is a mathematical mod-
elling approach used to describe the relationship of several inputs to a di-
chotomous dependent variable. The logistic model is based on the sigmoidal

function:

tz) = 3 +1ez (2.7)

The logistic function, f(z), ranges between 0 and 1 and is used to describe
the probability and for the logistic model, z is written as the linear sum

expression:

Z = W+ Wix] + ... + wpxp, (2.8)

where « is the input feature vector and w is the parameter vector with wy

being the bias. Therefore the final model for logistic regression is:

1
f) = 1+ e (Wot2_ wixj) (2:9)

2. Artificial Neural Network (ANN) - An artificial neural network [29] is a col-
lection of connected artificial neurons which loosely model the neurons in
a biological brain, whereby each connection can transmit a signal from one
artificial neuron to another. An artificial neuron that receives a signal can
process it and then signal additional artificial neurons connected to it. It can

be described as a series of functional transformations by first constructing M
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linear combinations of input variables:

D
a; = Wy + iji(l)xb (2.10)
i=1

where j = 1,..., M, the superscript (1) indicates the first layer of the network
and w is the parameter vector with wy being the bias. The quantities a; are
known as activations, which are transformed using a differentiable nonlinear

activation function:

Zj = h(aj) (2.11)

These are referred to as hidden units and are linearly combined to give the

output of activation units:

M
a, = W0+Zwkj(2)zj, (2.12)
=1

where £k = 1,..., K such that K is the total number of outputs. This trans-
formation corresponds to the second layer of the network (2). Finally the
nonlinear functions A(-) for classification problems are generally sigmoidal
functions, f(-), as defined in Equation such that each output unit acti-

vation is transformed to generate the network outputs:

v = flay) (2.13)

3. Support Vector Machine (SVM) - The support vector machine [30] algorithm
works by maximising the margin between the training data points and the
decision boundary. It typically makes use of a kernel function to directly
perform all necessary computations in the input space. This involves mapping

non-separable data onto a higher dimensional space in order to be able to use

24



Chapter 2. Background

a linear classifier. SVM classifiers are based on the class of hyperplanes:

(w-x)+b=0, weRN beR, (2.14)

where w is the weight vector, « is the input vector and b is the threshold.

This corresponds to the decision functions:

f(x) = sgn((w-x)+Db) (2.15)

The optimal hyperplane is defined as the one with maximal margin separation
between the two classes. Since SVM makes use of kernels, its nonlinear

decision function is of the form:

N
f(x) = sgn(> v k(x,x)+b) (2.16)
n=1

Examples of kernels include the linear, polynomial and Radial Basis Function
(RBF) kernels. The RBF is the most commonly used kernel as it is perceived
to classify data with the best performance [31].

4. Decision Tree (DT) - A decision tree [32] makes decisions by assigning a
probability to each of the possible choices based on the context of the decision,
P(f|h). A decision includes; f representing the set of choices and h the context
of the decision. The probability P(f |h) is determined by asking a sequence of
questions about the context, such that each question is uniquely determined
by the answers to all previous questions. Therefore the selection process is
a sequence of binary selections, corresponding to the traversal of the tree

structure.

5. Random Forest (RF) - A random forest [33] is a combination of tree predictors
such that each tree depends on the values of a random vector sampled inde-

pendently and with the same distribution for all trees in the forest. Random
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forests work by generating a random vector O, for the kth tree, independent
of the past random vectors, ©;,...,0; ;, but with the same distribution.
A tree is then grown using the training set, resulting in a classifier h(x,0})
where x is the input vector. The generalization error of random forest clas-
sifiers depends on the strength of the individual trees in the forest and the
correlation between them. The number of features used in the splitting is
determined by internal estimates to measure variable importance. After a

number of trees are generated, each one votes for the most popular class.

6. Gradient Boost (GB) - Gradient boost [34] can be interpreted as an optimiza-
tion algorithm on a suitable cost function. It is built in a forward stage-wise
fashion, allowing for optimising arbitrary loss functions. At each stage, re-
gression trees are fit on the negative gradient of the binomial or multinomial
deviance loss function. A frequently employed loss function for classification
is the negative binomial log-likelihood, log(1 + e ¥F) where ye{ 1, 1}. Bi-

nary classification is a special case where only one regression tree is induced.

7. Hidden Markov Model (HMM) - A hidden markov model [35] 36] is a finite
statistical Markov model whereby the system being modelled is assumed to
be a Markov process with hidden states. It is composed of a number of states
interconnected by state-transition probabilities and each state emits a residue
according to the state’s emission probability distribution. The probability
that an HMM with parameters O generates a state path n and an observed
sequence S, is the product of all the emission probabilities and transition

probabilities used:

P(S, 7 | HMM, 9) (2.17)

Therefore the sequence of states is a Markov chain, as the choice of the next
state depends on the identity of the current state. This state sequence is

hidden and only the output is visible, hence the term "hidden Markov’ model.
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2.6 Shower Propagation in the LHC

In the case of LHC beams, when a high energy beam particle interacts with the

active region of a collimator jaw, the interaction effects are:

e The particle is lost, or survives with a different direction and energy. In the
latter case the particles continue their path following a different orbit and are

ultimately lost downstream along the ring.

e Secondary particle showers are generated, that propagate inducing thermal

loads, mechanical stresses and radioactivity in the impacted area.

Secondary particle showers are generated by an incoming particle interacting
with a material, thus producing multiple new particles with lesser energy, such
that each of these then interacts in the same way, similar to a chain reaction.
This process terminates once the generated particles do not have enough energy
to interact inelastically with the medium to produce new particles [I7]. Secondary

particle showers have two main components:

1. The hadronic shower - This is generated when a hadron travelling through a

material interacts inelastically and produces new hadrons at a lower energy.

2. The electromagnetic shower - Its main event is an electron or positron losing

its energy by radiating a photon, which will then radiate other photons.

2.7 Particle Tracking with SixTrack

SixTrack is a particle tracking code written in Fortran-77, and is the main tool
used for tracking particles, collimation studies in the LHC and beam cleaning
studies [37]. It allows for tracking millions of particles for different halo types,
taking into account the halo interaction with arbitrarily placed collimators of var-
ious collimator materials. As part of the collimation library, there is a scattering

routine based on a Monte Carlo method that simulates all the physical interactions
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between the hitting particle and the matter of the collimator jaw.

To perform SixTrack simulations, the following information is required as input:

e Machine lattice - Magnetic strength and sequence of the machine elements

(including collimators).

e Collimator database - The details of collimator geometry, material and set-

tings.

e Tracking parameters - Number of particles and turns, type of beam, type of

halo.

The machine optics layout is defined by the MAD-X program [38], which is
the standard tool to describe particle accelerators, simulate beam dynamics and
optimise beam optics. The output of SixTrack for collimation is the list of the
number of impacts on the jaw and absorbed protons for each collimator.

The LHC has energies up to 6.5 TeV therefore a small fraction of this energy
is already sufficient to induce quenches of the superconducting magnets as well
as material damage. As a result, it is vital to have a dependable and properly
bench-marked simulation tool able to accurately predict the cleaning efficiency of
the collimation system in future scenarios, to ensure the sufficient protection of

magnets.
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3.1 Collimator Alignments in other Colliders

The LHC currently has a nominal stored energy of 6.5 TeV per beam, giving it two

orders of magnitude beyond other hadron colliders, as shown in Figure [3.1}
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Any synchrotron is susceptible to beam losses and three colliders which operated
or operate in high energy regimes, are equipped with beam collimation systems in

order to protect the machine.

29



Chapter 3. Literature Review

3.1.1 Tevatron

The Tevatron [40] was a high-energy proton-proton collider situated at Fermilab,
Illinois, USA. In terms of beam energy, it was the closest machine to the LHC with
980 GeV. The Tevatron collimation system consisted of 4 horizontal and vertical
primary collimators, and 8 secondary collimators, each of which had a single-jaw.
The collimation system was used in a halo removal process which was applied at
the start of every fill at 980 GeV. This involved moving the jaws into the beam halo
using feedback from BLM detectors, and once the halo was removed, the jaws were
retracted. For halo removal the Tevatron had shown to function optimally with
the primary collimators positioned at 5 ¢ and the secondary collimators positioned
at 6 0. In addition, the minimum step size of the jaws was 25 ym (LHC is 5 um)

and the minimum time required for the halo removal process was 7 minutes [41].

3.1.2 RHIC

The Relativistic Heavy Ion Collider (RHIC) is a heavy ion collider situated at
the Brookhaven National Laboratory in New York, USA. Its collimation system
consists of 12 single-jaw L-shaped scrapers which are used for demands related to
high experimental backgrounds and abort gap cleaning. Each beam has 2 primary
collimators, and 2 horizontal and 2 vertical secondary collimators. The alignment
is performed using loss monitors and the jaw is moved into the halo with step sizes

of approximately 0.5 pm [42].

3.1.3 HERA

The Hadron-Elektron-Ring-Anlage (HERA) was an electron-proton collider situ-
ated at the Deutsches Elektronen-SYnchrotron (DESY) laboratory in Hamburg,
Germany. Its collimation system was equipped with 6 double-jaw collimators, such
that 2 were primary collimators and 4 were secondary collimators. These collima-

tors were used to reduce the proton halo-induced background at the ZEUS and
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H1 detectors. The aligmnent was done using pre-defined values, irrespective of the
beam loss rates, or using an automatic procedure which moves the jaws in until
the losses exceed a pre-defined threshold. In total, the alignment would take 20

minutes [43].

The LHC has higher energy and smaller beam sizes therefore the alignment pre-
cision required is much larger. Moreover, after the alignment of LHC collimators,
the measured beam centres at the collimator locations are used by the LHC orbit
feedback correction system, and the beam size measurements are incorporated into
the collimator settings, both of which are not done for other colliders. In addition,
the LHC has around 100 movable collimators, therefore an automatic approach for

aligning them would definitely be beneficial.

3.2 LHC Semi-Automatic Beam-Based Alignment

The alignment procedure for the LHC collimators previously implemented in [3],
uses a semi-automatic approach. This system makes use of a BLM-based algo-
rithm [25] [44] which requires the user to make decisions as the alignment progresses.

A typical semi-automatic alignment involves the following steps:
1. The user selects the collimator ¢ to be aligned.
2. The user sets four input parameters:

. AxiL - Left jaw step size in ym, from a pre-defined list between 5 um

and 200 ym.

° A{EZ-R - Right jaw step size in um, from a pre-defined list between 5 ym

and 200 ym.

o STes _Stop threshold in Gy/s, from a list of pre-defined thresholds

between 1 x 107 and 2 x 104,
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e t7 - Time interval between each step in seconds.

3. The user selects which collimator jaw(s) to move towards the beam (left or

right or both), and starts the alignment.

4. The jaw(s) of collimator ¢ are automatically moved towards the beam in steps

of Az; every t} seconds.

5. The jaw movement automatically stops if the BLM losses exceed the thresh-
old, SZ-ThTes , by obtaining the BLM data S; associated with collimator 7 after

each jaw step.

6. Once the jaw(s) stop moving, the user is required to analyse the associated
BLM losses in order to determine whether the collimator jaw(s) are aligned

or not.

7. The user first moves both jaws towards the beam simultaneously, then sep-
arately aligns each jaw twice, until a clear alignment spike is observed in each

case, by repeating steps 2-6.

8. Once a collimator is considered aligned, the user must select to save the
position of collimator ¢ so that the beam centre and beam size can be auto-

matically calculated.

This semi-automatic alignment algorithm is depicted in Figure[3.2|as a flowchart.
A clear difference from the full-automatic alignment proposed is that the current
system only automates the movement of collimators towards the beam, and requires
collimation experts to control the alignment, hence the term semi-automated.

Attempts were made to fully automate this alignment, however this was done
from the user application level which was therefore not optimised for real-time
behaviour, in contrast to the proposed solution which will be developed in a real-
time framework (FESA). In addition, with the increase in energy from 3.5 TeV to

6.5 TeV, alignment spikes, thresholds selected and cross-talk between collimators,
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Display

“Step Size = 0" Figure 3.2: Semi-automatic
beam-based alignment

flowchart, from [25].

Move in collimator by Ax/
and Axf every t; seconds

have changed therefore any related models need to be revised. Moreover, higher
energies require tighter collimator settings therefore the automation will need to

be extended to also include any required tilts in the jaws when aligning.

3.3 Pattern Recognition in Time Series Data

In order to automatically align a collimator, pattern recognition needs to be applied
to detect spikes in the BLM signal, which will then determine how to proceed with
the alignment. Methods working with time series data, such as EEG (Electroen-
cephalography) and EMG (Electromyography), commonly apply pattern recogni-

tion to extract useful information.
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3.3.1 Spike Detection in EEG

Electroencephalography is a method used to record brain activity through elec-
trodes placed on the surface of the scalp. The signal recorded in EEG is a cu-
mulative electrical activity of the brain in time. A second type of brain activity
monitoring is electrocorticography (ECoG), or intracranial electroencephalography
(iEEG), which uses electrodes placed directly on the exposed surface of the brain
to record electrical activity from the cerebral cortex, thus making it more accu-
rate [45].

EEG has many uses, however it is most often used to diagnose epilepsy, which
causes abnormalities in EEG readings. Epilepsy heavily depends on the detection of
interictal (between seizures) paroxysmal epileptic discharges (IPED), the so called
spikes, in the EEG recordings. An EEG spike varies from the background activity
as it has a pointed peak and lasts between 20-70 ms [46], as shown in Figure .

Spikes in brain activity recording
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Figure 3.3: Spikes highlighted in EEG recording, from [47].

Manually detecting spikes is a time-consuming task, due to the large number of
signals recorded, and requires training and experience. In order to enable a time-
efficient evaluation of such recordings, various research has been done in search for
algorithms to automatically detect spikes in EEG recording. Following is a number
of machine learning models used in novel methods presented in recent papers, which

seek to automate spike detection in EEG.
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1. Random Forest - The algorithm presented in [48] makes use of a random
forest binary classifier to detect spikes in both EEG and iEEG recordings.
The data was first processed to remove influence from external perturbations
using notch and bandpass filters, then the data set was checked to discard any
non-optimal spike candidates. The extracted features were based on discrete
wavelet transform (DWT) which allows for a multi-resolution analysis of the
signal, providing localization in both time and frequency domains. The DWT
resulted in 5 detail levels and the coefficients at levels 3, 4 and 5 (frequencies
between 4 Hz and 32 Hz) were selected for the classification. This procedure
resulted in 37 coefficients at level 3, 21 coefficients at level 4 and 13 coefficients
at level 5, which made up the feature vector for each spike candidate. These
feature vectors were inputted directly into the random forest classifier. The
algorithm was trained and cross validated using 17 subjects with surface
EEG and 10 subjects with iEEG. The method resulted in 62% recall and
26% precision for surface EEG subjects and 63% recall and 53% precision
for iEEG subjects. These results indicate limited precision, however this
can possibly be explained through a number of phenomena, therefore it was
concluded that the proposed method has potential for diagnosis support in

clinical environments.

2. Artificial Neural Network - An ANN model is used in the algorithm pre-
sented in [49]. This algorithm first processes the data by applying PureEEG
algorithm [50] to remove common scalp EEG artifacts such as; muscle, move-
ment, line noise and loose electrode artifacts. The signal is then segmented
into single-channel segments which are then combined into multi-channel seg-
ments. For each multi-channel segment, features are then calculated from
the wave characteristics, such as; the potential distribution, local context
and signal morphology. The data set was built from 12 EEG recordings with
an average duration of 10.9 hours, which resulted in 5582 spikes and 264193
non-spikes. The averaged performance of the ANN achieved a 44.1% detec-
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tion sensitivity, 56.2% positive predictive value and a false positive rate of
19.8 per hour. These results were considered favourable results for a first

implementation.

3. Support Vector Machine - The algorithm presented in [47] inputs frequency-
band amplitude features into an SVM in order to detect spikes in iEEG
signals. These features are based on the rhythms of brain waves, whereby
different rhythms (delta: 1-4 Hz, theta: 4-8 Hz, alpha: 8-13 Hz, beta: 13-
30 Hz, gamma: 30+ Hz) correspond to different brain states. These are
extracted by first applying the Fast Fourier Transform (FFT) algorithm [51]
to convert the data from its time domain to the frequency domain, then
the features of delta, theta, alpha, beta and gamma frequency-bands are
extracted. The data set used consists of 875 spikes and 2125 non-spikes,
and 50% of each class was randomly selected as the test set. The averaged
performance of this algorithm achieved 98.44% sensitivity, 100% selectivity
and 99.54% accuracy, however this algorithm is limited, as it only uses single-

channel (univariate) information for spike detection.

3.3.2 Motion Recognition in EMG

Electromyography is a technique used to evaluate and record electrical activity
produced by skeletal muscles, i.e. the motors which allow the body to move.
When a muscle contracts, electrical activity is generated within the muscle and this
is recorded using electrodes placed on the surface of the skin. Muscle movement
can also be recorded using invasive EMG, whereby a needle electrode is inserted
directly into a muscle to record the electrical activity in that muscle [52].

EMG use cases include anything related to muscle movement, such as; diagnoses
of Parkinsons disease, introducing prosthetic limbs and any robotic devices used to
restore motor abilities. Figure|3.4/shows a number of forearm gestures which can be

recognized through EMG. Such systems require an accurate recognition algorithm
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for biological signal classification, therefore researchers have proposed a number of

methods for recognising different gestures using machine learning.

Forearm Movements
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Figure 3.4: Forearm movements for motion recognition, from [53].

An important step when working with EMG signals is preprocessing to extract
the relevant information. When analysing EMG signal data, one of the most com-
mon signal attributes extracted from the time-domain is the amplitude. This is
done by calculating the Root Mean Square (RMS), as can be seen in a number
of papers [54, 55, 56]. On the other hand, when applying pattern recognition, re-
searchers have favored preprocessing using various filters, then input the filtered
data into the machine learning model. Following is an overview of a number of ma-
chine learning models used for gesture recognition algorithms, presented in various

papers.

1. HMM Forearm Motion Detection - The novel algorithm in [53] proposes to use
an HMM based sequential pattern recognition to recognize unlearned classes
on time-series data. Three right-handed males were used for the experiment,
such that they performed eight forearm motions, four learned; wrist flexion,
wrist extension, radial flexion, ulnar flexion, and four unlearned; grasp, open-
ing, V-sign and pinching. The training data was made up of 1500 samples
which were gathered from the learned motions performed three times each.

The testing data was made up of all motions performed twice for approx-
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imately three seconds. Feature vectors were extracted from the measured
EMG signals based on previous work in [57]. The EMG signals were fil-
tered and normalized before inputting them into the HMMs for learning and
evaluation. The force information estimated from the patterns in the EMG
channels [57] was used to determine the subject’s motion timing. The model
achieved high classification performance with both classes for EMG signals;
90.13%43.80 (learned) and 91.25%+10.40 (unlearned). These results demon-

strate the effectiveness of the technique for classification of unlearned classes.

2. SVM Knee Motion Detection - An SVM is used in the study presented in [5§]
with the aim of classifying different types of lower-limb motion. Fourteen
healthy untrained subjects were required for the experiment in order to in-
vestigate three types of knee exercises; flexion of the leg up (standing), hip
extension from a sitting position (sitting) and gait (walking). The raw EMG
signals were first processed using a high-pass filter and the features were ex-
tracted using a WT-based Singular Value Decomposition (SVD) approach to
build the feature vectors. The data set was then randomly split into 80%
for training and 20% for testing. An SVM was used to build a multiple-
subject classifier for the three types of lower-limb motions independent of the
subject and the results indicate a classification accuracy of 91.85% =£0.88%.
This method was compared to classifications done using features commonly
extracted from time-domain (e.g.: Root Mean Square (RMS) and Zero Cross-
ing (ZC)) and frequency-domain (e.g.: Mean Frequency (MNF) and Median
Frequency (MDF)) and the proposed WT-based SVD approach obtained the

best results.

3. NN Grasp Detection - The algorithm presented in [59] proposes a new EMG-
based learning approach which makes use of a neural network to decode
the grasping intention of the user at an early stage, i.e. before the final hand

shape takes place. Fourteen right-handed healthy young subjects participated
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in the experiment to perform five different grasp types; precision disk, tripod,
thumb-2 fingers, thumb-4 fingers, and ulnar pinch. Each subject performed
20 trials for each of the five grasp types and the recorded signals were filtered
with a band-pass Butterworth filter and normalized. The Majority Vote
criterion was applied to each time window from the motion onset, as suggested
in [60], in order to assign a class label to the class that gathers the most
votes. Finally, without extracting any features, the data was inputted into
an Echo State Network (ESN) [61], a constructive learning algorithm for
recurrent neural networks, that only modifies the weights to the output units.
The data set was split into 75% training data and 25% testing data, and a
number of classifiers were trained. Precision disk, tripod and ulnar pinch were
distinguishable already at half motion (89.5%, 92.7% and 98.3% respectively),
while thumb-2 fingers and thumb-4 fingers were distinct later in the reaching
motion when the hand was closer to the object (85.1% for both of the classes).
These results indicate that it is possible to decode the grasping intention in
the early stages of the reaching motion and as expected misclassifications

were observed between similar hand configurations.

3.3.3 Spike Detection in LHC Collimation

Applying pattern recognition in time series data brings us to LHC collimator align-
ments which will apply machine learning for spike detection in the time-series BLM
signal, and this was studied in the past in [3].

The beam loss signal when a jaw touches the beam shows a sharp increase
due to the scraping of particles from the beam halo, then the losses can be seen
to gradually decay to a steady-state signal, as shown in Figure [3.5a] Any other
patterns are referred to as non-optimal spikes, as shown in Figure and these
would usually arise due to beam instabilities or mechanical vibrations.

Previous work done involved fitting a Gaussian function to the loss spike and

a power function to the temporal decay component, as shown in Figure [3.6, Six
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Figure 3.5: 1 Hz BLM losses when aligning LHC collimators at 3.5 TeV, from [3].

features were extracted from the data, two of which were from the Gaussian fit and

two from the power fit:

1. Maximum Value - The maximum of the ten BLM values observed after the

jaws stopped moving.

2. Minimum Average - The average of the three smallest points taken from the
seven loss points immediately preceding the maximum value. These smallest
values allow for eliminating any spikes from a previous movement. An optimal

spike generally has a high maximum value relative to the minimum average.

3. Variance - The width of the Gaussian fit, whereby an optimal spike would
have a smaller width as this would reflect a sharp increase and a quick de-

crease of the losses. This value is equivalent to o in the example shown in

Figure [3.62]

4. Gaussian Correlation Coefficient - The proximity of the loss pattern to the
Gaussian fit, such that the closer this value is to unity, the sharper the loss

spike. This value corresponds to R in Figure [3.6a]

5. Power Coefficient - A steep temporal decay indicates an optimal spike, equiv-

alent to n in the example in Figure |3.6b|
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Figure 3.6: (a) A Gaussian function fit to the loss spike folded about the maximum
value, (b) A power function fit to the temporal decay starting from the maximum
loss value, from [3].

6. Power Correlation Coefficient - The temporal decay becomes smoother as
this value approaches unity, and this value indicates how well the power fit

represents the loss pattern. This value corresponds to R in Figure [3.6b]

These features were scaled and inputted into a Support Vector Machine using
the RBF kernel. A total of 444 samples were obtained from tertiary collimators
and IR3 collimators at 3.5 TeV, which were split into training and testing sets.
The final classification of the SVM on the test set achieved an accuracy of 82.4%,
and it was decided that this was not adequate to use in operation.

This pattern recognition approach needs to be reviewed as this work was done
at an energy of 3.5 TeV, and since then the energy has doubled, thus forming new
spike patterns in the BLM loss signal. In addition, BLM data was acquired at a rate
of 1 Hz in 2010 and 2011, and at 12 Hz from 2012 onwards, whereas nowadays data
is available at 25 Hz and 100 Hz, therefore allowing for a more in-depth analyses of
the loss spikes. Finally the goal is to achieve a higher classification rate so that the

model can be incorporated into the proposed fully automatic alignment algorithm.
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3.4 Threshold Selection

Automatically aligning a collimator involves automatically selecting the BLM thresh-
old, such that the collimator stops moving when the losses recorded by a nearby

BLM exceed this threshold.

3.4.1 Thresholding in EMG

Thresholding is commonly used in EMG to provide feedback on the recorded signal.
A use case example is the HMM forearm motion detection algorithm presented in
Section [3.3.2l This algorithm determines the subject’s motion timing using force
information estimated from the EMG patterns, and if the force was larger than the

predefined threshold, then the motion recognition was implemented.

Thresholding also plays vital roles in EMG studies, including:

e Subject Training - Threshold markers can be used in a number of ways to
accurately perceive how tense or active a patient’s muscle really is. This is
required when patients have lost touch with whether a muscle is tensed or
not due to problems with muscle-oriented pain and tension. In such cases
a threshold is required as a target level during an EMG activity, whereby
the patient tries to reach various thresholds multiple times. The aim of such
activities is to train the patient to more accurately perceive whether his or

her muscle activity is elevated above or relaxed below this threshold [52].

e Seizure Detection - Generalized tonic-clonic seizures (GTCS) may lead to in-
juries, and to sudden unexpected death in epilepsy (SUDEP), especially in
unattended patients. The unpredictability of seizure occurrence is distressing
therefore it is suggested to wear seizure detection EMG devices to prevent
SUDEP. An example of such a wearable device is the Epileptic seizure De-
tector Developed by IctalCare (EDDI) which measures surface EMG signals.
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Research presented in [62] implements an algorithm into this device which
filters the raw EMG signal using a high-pass filter, and if the number of
zero-crossings exceed a predefined threshold, then the alarm is triggered, as
shown in Figure |3.7, The device is able to give real-time seizure alarms and
has a sensitivity of 93.8% as it detected 30 out of the 32 GTCS that were

conducted in the experiment.
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Figure 3.7: (a) The EMG signals recorded by Epileptic seizure Detector Developed
by IctalCare (EDDI) during a generalized tonic-clonic seizure (high-pass filter:
150 Hz), (b) The number of zero-crossings calculated from the EMG signal, such
that if they exceed the threshold for the prespecified time window, then the seizure
alarm is triggered, from [62].

3.4.2 LHC Collimator Threshold Selection

Automating the selection of the threshold for the LHC collimators was previously
studied in [63]. When selecting the threshold at time t = 0 the most recent values
(BLMt— 5 to BLM{_ () are given the most importance as these would indicate
the latest level of losses. At the same time, the previous values till BLM;— 19
must also be considered as these indicate the previous situation of the losses, in
case the previous spike would still be decaying to its steady-state value. This

can be expressed mathematically using an exponentially weighted moving average
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(EWMA) over a 20 second window:

20 i
= BLM;_;_
EWMABLM — Zl—l e X t=1—20 (31)

i
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In total 475 samples were gathered, each consisting of a 20 second window of
1 Hz BLM data, and the corresponding threshold selected by the user. A power
function was fit to the user thresholds as a function of the EWMA, generating a
correlation coefficient of 0.96611. Based on this fit, the threshold was automatically

calculated using:

sThres — 0.53584 x (EWMApp ) -89910 (3.2)

The data used was based on semi-automatic alignments performed in 2011 at
3.5 TeV at flat top. Since then, the energy has double and the data is now acquired
and logged at a frequency of 100 Hz. As a result, the EWMA and user thresholds
are no longer correlated, as shown in Figure [3.8] therefore this algorithm must be

revised.

978

246

62

15
75

User threshold (Gy/s)
=
o
o

50

) o9

o &

0 25 50 75 100 125 150 175 "
EWMA (Gy/s)

106

Figure 3.8: Loss thresholds applied before the start of jaw movements in 2018,
as a function of the exponentially weighted moving average of the BLM signal,
from [64].
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Moreover, the waiting time between alignments was fixed at ~10 seconds, ide-
ally this should be decreased as much as possible to increase efficiency. Finally,
this threshold selection algorithm was implemented at the user application level,

whereas moving it to the server level would allow for faster execution.

3.5 Automating Time Series Data Systems

This dissertation proposes to transform the semi-automatic beam-based alignment
into a fully-automatic one by closing the loop between the collimator stopping
its movement after its losses exceed the threshold, and resuming the alignment
based on the BLM loss signal. This involves using the feedback from the BLM
devices in real-time to automatically select a threshold, and to automatically detect
alignment spikes to proceed accordingly. Examples of such closed systems are
Brain Computer Interfaces (BCIs) which use feedback from signals to automatically

resume operation.

3.5.1 BCI Automatic Feedback Systems

Brain-computer interface systems use signals acquired from the brain to directly
control external devices. The goal of BCI systems focuses on restoring motor func-
tion lost due to injury or disease of the nervous system, and improving functional
independence for individuals with severe motor impairments, including providing
tools for communication and mobility [65]. An example of a closed loop BCI ap-
plication is depicted in Figure [3.9]

Following is a number of use cases of BCIs presented in recent papers, which

seek to close the loop between neural feedback and system control.

1. Automatic Tremor Control System - Essential Tremor (ET) is the most com-
mon neurological disorder which causes uncontrollable rhythmic motions,
thus making it difficult to perform everyday tasks. Current treatment in-

volves deep brain stimulation (DBS) using a battery-powered implantable
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Figure 3.9: BCI system designed for analysing neural feedback data, whereby if the
signal exceeds the predefined threshold, the stimulation is automatically turned on

and off, from [66].

pulse generator (IPG). This system runs in an open-loop manner whereby
the stimulation is delivered constantly at a steady state for as long as the
battery lasts. The work presented in [66] seeks to close this loop by applying
stimulation such that IPGs use sensors to collect data from the patient and
automatically make stimulation adjustments as required. This system works
by reading motor cortex ECoG readings in real-time, and if the signal ex-
ceeds the predefined threshold, the stimulation is automatically enabled and
disabled accordingly. This was successful as the system accurately applied
therapeutic stimulation to treat the tremor only when the patient was actively
using the limb, thus can be used to extend the lifetime of surgically-implanted

batteries.

2. Automatic Absence Seizure Control System - Seizure prediction in absence
epilepsy remains unresolved due to the sudden onset of seizures. The research
presented in [67] seeks to develop a real-time absence seizure prediction al-
gorithm, implemented in a real-time closed-loop brain stimulation system
for a genetic rat model. This research is aimed at preventing spike-wave-

discharges (SWDs) which are typical for absence epilepsy. This system in-
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volves recording the EEG readings of freely moving rats, and analysing the
signals in real-time using the prediction algorithm, in terms of synchrony
between the activity of brain structures. If the level of synchrony exceeds a
predefined threshold, a stimulator is triggered to interrupt ongoing SWDs.
Overall the algorithm correctly predicted 88% of the SWDs while the re-
maining were quickly detected. These results demonstrate that it is possible
to use closed-loop SWD systems to detect local seizure activity in real-time
and automatically interfere by stimulation before seizure-related clinical signs

become manifest in the animal or patient.

3. Automatic Prosthetic Finger Control System - Patients with severe paralysis
depend on prosthetic devices to provide a level of hand dexterity, to per-
form certain daily activities. At present, finger movement control has only
been achieved in the context of coordinated movements of multiple fingers.
A recent study presented in [68] seeks to provide instant online control of in-
dividual prosthetic fingers. The study involved analysing the recordings from
an ECoG grid placed over a subject’s sensorimotor cortex. The subject was
asked to perform finger tapping tasks to collect data for training a linear dis-
criminant analysis (LDA) classifier to automatically identify which finger was
moved. The results achieved a peak online classification accuracy of 92% and
96.5% during peak offline classifications. Overall this study demonstrated
that it is possible for a patient implanted with ECoG over sensorimotor ar-
eas to independently control all five individual fingers of a robotic prosthetic

hand.

3.6 Cross-talk Analysis

Once the fully-automatic alignment is implemented, the final step would be to par-
allelise it by aligning multiple collimators at once, in order to gain time. This is not

a straightforward task, as the cross-talk effect must be taken into consideration,
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whereby losses generated by a collimator are not only detected by its correspond-
ing BLM, but also by other BLM detectors around the LHC. As mentioned in
Section [2.6], when a particle reaches the primary collimator, it can either have an
inelastic interaction and get absorbed, thus starting a hadronic or electro-magnetic
shower that can be detected by several BLM devices (including BLM devices in the
other beam), or interact elastically, thus changing its momentum and continue its
trajectory. Therefore before attempting to parallelise the alignment, the cross-talk
across various collimators must be studied, by tracking the loss propagation in the

IRs.

3.6.1 Cross-talk in EMG

Cross-talk is commonly observed in surface EMG recordings, whereby an electrode
positioned over a specific muscle detects signals from neighboring muscles, as shown
in Figure Cross-talk limits surface EMG applications, especially in cases
where it is important to know the timings different muscles are activated, such
as in movement analysis. Therefore reducing cross-talk will help in identifying
activities of specific muscles [69)].

Attempts have been made to investigate cross-talk across muscles, such as the
work presented in [69]. This work seeks to asses the cross-talk between two muscles,
by placing surface electrodes over one and checking for action potentials generated
by motor units of the other muscle, and vice versa. A total of 66 motor units from
both muscles were studied using both invasive and surface EMGs. Visual inspection
of the data revealed it was not possible to identify which motor units triggered
which spikes. The data was analysed using the RMS amplitude, for all combinations
of inter-electrode distances and pair of electrodes and muscles. As explained in
Section [3.3.2, RMS is commonly used to extract useful information from EMG
recordings, and in fact qualitative differences can indeed be observed between the
surface potentials of the two muscles by comparing their RMS amplitude.

On the other hand, there are other research cases which observe muscle activity
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Figure 3.10: The amplitude and frequency spectrum of the EMG signal is effected
by the location of the electrode. One can clearly see that the two electodes placed

at the lateral edge of the muscle are effected by cross-talk from the electrode above
them, from [70].

using surface EMG, and if any signals are suspected of suffering from cross-talk,
then they are discarded. An example of such work is presented in [71], which
involves analysing thigh-muscle activity in children. In this study, if two muscles
showed similar activity simultaneously, then additional differential probes were
added to confirm if cross-talk is present, and if cross-talk is confirmed, then the

signal is discarded.

3.6.2 Cross-talk in LHC Collimator Alignment

The ratios of the spikes in BLM signals of stationary collimators to the spikes
in BLM signals of an aligned collimator, were used to construct a model based
on alignments done in 2011 and 2012. 620 spike samples of 21 seconds each were
extracted from the alignment data, whereby only one collimator was moving during
the time interval and the BLM data of all collimators was extracted, as shown in
the example in Figure [3.11}

The relative position and jaw half gap of the primary collimator and ratios were

used in RapidMiner, a software suite which allows for quick data import, processing
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and output [72]. The aim was to use the k-NN algorithm to develop a model which
can predict the factor that needs to be applied to the BLM signal of an aligned
collimator, for another collimator’s BLM detector at a given relative distance and
with a given jaw half gap. This algorithm performs a regression which predicts a
value depending on the closest class and a test-to-train ratio of 50/50 was used.
This resulted in a model for each collimator BLM detector.

The aim of this cross-talk analysis was for simulation purposes, whereas the
proposed automatic alignment requires cross-talk analysis for alignment paralleli-
sation. Furthermore, new cross-talk analysis is required as the collimation layout,

orbit and beam parameters have been changed.

3.7 Parallel Alignment of LHC Collimators

Parallelising the alignment of LHC collimators was previously studied in [3], to

optimise the setup time by simultaneously aligning any number of collimators.
The algorithm used for parallel setup makes use of a timer task CheckColls to

check if any collimators have stopped moving. Once any collimator has stopped

moving due to its BLM losses exceeding the threshold, another timer task Check-
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CollsT is started to check if any other collimators also stop moving within the
pre-defined time period T = 2 seconds. This time period was selected to be twice
the BLM data readout rate at the time (1 Hz). In this case, all other collimators
moving in parallel are stopped and the algorithm focuses only on the first collima-
tor. This collimator resumes its alignment, and the user can increase the threshold
as required. Once the collimator is aligned, the algorithm terminates and allows
the user to start the sequential alignment. The parallel collimator setup algorithm
is depicted as a flowchart in Figure [3.12 and the variables it uses are described in
Table . This algorithm was tested during re-commissioning in 2011 [73].

The main difference between this method and the new parallel alignment pro-
posed, is that the former algorithm seeks to find a solution after cross-talk has
potentially been observed, whilst the latter algorithm seeks to avoid any cross-talk

altogether, thus aiming for prevention rather than cure.

Table 3.1: Variables used in the parallel algorithm in Figure from [25].

Variable Name Description
CheckColls Thread that polls the collimator status every second.
SiThl”eS The user-specified loss threshold.
colls An array of references to the stopped collimators.
CheckCollsT Checks if other collimators stopped within time interval T.
T colls lists collimators stopped within time interval 7.
Ax; The jaw step size in pm.
steps The number of steps taken by a collimator.
stepsmax Max steps taken by a collimator until exceeding threshold.
incrThreshold  If true, if losses are too high, the threshold is increased.
Sg;}elf)es The threshold increment value.
S hres The maximum threshold that can be set.
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Figure 3.12: A flowchart of the algorithm able to identify which collimator
jaw touched the beam after multiple collimators stop moving due to cross-talk,
from [25].
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4. LHC Collimator Alignment
Problem Formulation and

Constraints

This chapter defines the goals and constraints of the alignment task. This will
aid in quantifying the objectives which in theory can be met by fully-automating
the alignment, as well as the constraints that restrict the alignment performance.
Moreover, the associations between different components of the alignment problem

are defined, thus providing a fundamental understanding of the basic alignment.

4.1 Beam-based Alignment Overview

Aligning a collimator starts off by moving both jaws towards the beam simultane-
ously, to save time in cases where the jaws are far out. Following this, the collimator
jaws must be aligned one at a time to be able to associate the BLM losses with
the particular jaw. Therefore the left jaw is first aligned until an alignment spike
is observed, followed by the right jaw until an alignment spike is observed. This is

repeated for each jaw to obtain a second alignment spike, to ensure that the colli-
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mator has indeed touched the beam. This process is depicted in the state machine

in Figure

S,
%

Aligned

Figure 4.1: State machine of the jaw movements for aligning an individual colli-
mator, from [64].

Move Pike
both jaws D/g.e
Align
&

right jaw

no spike

Aligning a collimator 4 in plane p, unless it is a primary collimator, requires the
primary collimator in its respective plane to be aligned before and after as explained
in Section [2.3] Once this is done the settings of the collimators are saved, and this

is depicted in the state machine in Figure 4.2

Align
collimator i
aligned

Save
settings

Figure 4.2: State machine of BBA with primary collimator.
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4.2 Review of Time Performance

The principal assumption is that having a fully-automatic approach will allow for
achieving the minimum time possible required for aligning collimators. In theory,
the minimum time required for an alignment campaign with BLMs, excluding ad-
ditional time required for misalignments, would be at injection, as aligning at flat

top requires more caution. The alignment time is composed of:

e The time to move the collimator jaw from the initial transverse position until
it finds/touches the beam. This is driven by the maximum jaw movement

speed that is 1 mm/s.

e The time to measure the beam loss spike, including the decay time which
depends on the beam energy. The rate of diffusion of particles at flat top
(6.5 TeV) results in longer loss signal decays when compared to the decays at
injection (450 GeV) [74]. From operational experience, we assume that beam
losses would have decayed within 6 seconds at 6.5 TeV and within 4 seconds

at 450 GeV.

e The time to classify the spike, by applying pattern recognition to identify

whether there is an alignment spike.

e The time to align the two collimator jaws individually, by observing 2 spikes
per jaw. An average movement of 100 ym per jaw is required (50 um per

spike).

e The time to re-align the primary collimator jaws. This collimator is already

defining the beam halo, therefore only one step per jaw is required.

Table quantitatively summarises the alignment and indicates that the the-
oretical minimum time required to align a single collimator at injection is 53.8
seconds, assuming that every spike is an alignment spike and the collimator is not

tilted. Therefore aligning all 79 collimators at injection needs at least 1 hour 11
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Table 4.1: Theoretical minimum time to align a collimator at injection in steps of
10 um with a time interval of 0.02 seconds, and starting from 8 mm position.

Action Time (s) Comments

Move both jaws to 4 mm 8 Assume clear alignment spike first try
Wait for losses to decay T Take x as arbitrary wait time

Classify spike 1 Time to classify spike through FESA
Align Left Jaw 2(0.1 + z + 1) Assume no tilt and beam centre ~= 0
Align Right Jaw 2(0.1 + z + 1) => 2 clear spikes after ~10 steps each
TCP before (Left Jaw) 0.1+ 2+ 1  Assume primary was aligned before
TCP before (Right Jaw) 0.1+ 2+ 1 => both jaws with instant clear spikes
TCP after 2(0.1 + =z + 1) Left and Right jaws

Total 17.8 + 9z At injection z >= 4, flat top z >= 6

minutes. On the other hand, if the collimator jaws encounter one non-alignment
spike at each alignment, then each unique jaw alignment would require an extra
5.1 (0.1 + z + 1) seconds, resulting in an additional 15.3 seconds per collimator.
Therefore the minimum time required at injection in this case would increase to 1

hour 31 minutes.

4.3 Alignment Time Optimization

Ideally, a collimator jaw only stops moving when it has touched the beam and a
clear alignment spike can be observed. The collimator jaw stops moving when its
losses exceed the threshold, therefore if the threshold is set high enough to ignore
all noisy spikes, then this would avoid; unnecessarily stopping, waiting for the losses
to decay and triggering the machine learning model. This would save a significant
amount of time from having to classify multiple noisy spikes before finally achieving
an alignment spike.

The minimum time calculated in Section 4.2| assumes all collimators are aligned
sequentially. Parallelising the fully-automated alignment would further decrease

the alignment time, however not all collimators can be aligned in parallel due to
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the cross-talk between them. Therefore the aim is to align as many collimators as
possible in parallel, whilst at the same avoiding any cross-talk, as otherwise any
collimators involved in cross-talk would need to be re-aligned sequentially, thus

taking more time.

4.4 Control of Beam Losses

When performing alignments, a beam intensity limit is set by machine protection
to prevent from damaging the machine. This limit is 3 x 1011 p/beam at top
energy, which corresponds to ~0.1% of the nominal LHC beam. Figure |4.3| shows
the beam intensity decreasing with each collimator alignment, therefore although
the alignment should be done as fast as possible, each alignment must preserve
the beam intensity to align all collimators with the same beam. The larger the
step size taken by each jaw, the faster they move towards the beam, however the
amount of beam particles scraped would be larger. The beam lifetime depends
on the losses generated by the alignment, and the alignment cannot take longer
than the lifetime of the beam. Therefore the aim is to find a compromise between
moving fast towards the beam, and scraping away as little beam as possible. In
fact, at flat top, alignments are done more cautiously by using a smaller step size
and a slower time interval, as the beam size is smaller due to higher energy and
one cannot afford to scrape away extra beam.

Although selecting a higher threshold results in a faster alignment, the primary
reason for using a threshold is to stop the jaw movement before it scrapes away
too much beam, and as a result dumps the beam. Therefore if the threshold is set
too high, and the jaw moves too close to the beam at a very fast rate, the losses
observed by the BLM devices may exceed their dump threshold and as a result
trigger a beam dump. If the beam is dumped, it would take time to re-inject the
beam, and if the alignment was being done at flat top, it would take over an hour

to bring the beam back to flat top.
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Figure 4.3: Beam intensities decrease as collimators are aligned (only TCP colli-
mators are shown for simplicity), from [75].

4.5 Proposed Solution

In order to satisfy these requirements and fully automate the alignment, three
dedicated algorithms are implemented as part of this dissertation, based on their

own respective data analysis:

1. Automating the process of spike recognition can be cast as a classification
problem, by training a machine learning model to distinguish between align-

ment and non-alignment spikes.

2. The threshold selection process can be automated by mimicking the BLM
signal analysis performed by collimation experts when manually selecting the

threshold.

3. The cross-talk effect across collimator BLM devices can be analysed to auto-

matically select collimators to align in parallel.
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5. Automatic Spike Recognition

The semi-automatic BBA requires a collimation expert to visually analyse the BLM
loss signal to determine if a collimator is aligned or not. A collimator stops moving
when its losses exceed a predefined threshold, and is classified as aligned when both
its jaws are touching the beam, by individually generating alignment spikes in the

BLM loss signals.

5.1 Beam Loss Signals in Collimator Alignments

To fully-automate the BBA, distinguishing between the different spikes, as shown
in Figure[5.1], must be automated. In each of these cases, the BLM devices recorded
a rapid increase in beam loss, which is high enough to exceed the threshold. How-
ever, the signals in Figure were generated by a collimator movement touching
the beam, indicating that the collimator is aligned, whereas the signals in Fig-
ure [5.1b| are not generated by the collimator, indicating that it has not yet touched

the beam and must continue moving.

As shown in Figure [5.1a] alignment spikes can have various shapes, including;

e The maximum value can be high (as in graphs 1,3,4) or low (as in graph 2)

e The decay of losses can be short (as in graphs 1,2,3) or long (as in graph 4)
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Figure 5.1: Examples of various beam loss shapes classified as (a) alignment spikes
and (b) non-alignment spikes, from [76].

e The decay of losses can be noisy (as in graphs 1,2,4) or smooth (graph 3)

On the other hand, non-alignment spikes don’t have a fixed structure and can
contain spurious high spikes (as in graphs 1,2,3). These can arise due to various
reasons, such as; beam instabilities, mechanical vibrations of the opposite jaw when
close to the beam, or drifts of the beam position.

Taking a closer look at the alignment spikes (recall Figure , a clear align-
ment spike consists of; a steady-state signal before the spike, the loss spike itself,
temporal decay of losses, and a steady-state signal after the spike. The steady-
state is a result of continuous scraping of halo particles when the jaw positions are
fixed. The further a jaw cuts into the beam halo the more the steady-state signal

increases as the density of the particles near the jaw increases. Other spikes which
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do not follow this pattern are classified as non-alignment spikes.

5.2 Dataset Construction

Data was gathered from five semi-automatic collimator alignments campaigns per-
formed in 2016, both at injection (450 GeV) and at flat top (6.5 TeV). A total
of 1652 samples were extracted, 467 positive (alignment spikes) and 1185 nega-
tive (non-alignment spikes). This data set was used to engineer useful features, as

inputs to machine learning models for spike detection.

5.2.1 Data Acquisition

The data logged during alignment campaigns consists of the 100 Hz BLM signals
and the collimator jaw positions logged at a frequency of 1 Hz. The BLM signal is
analysed for alignment spikes the moment the collimator jaw(s) stop moving, when
the losses exceed the predefined threshold. Therefore a data set is generated from
these moments and the BLM signal in each data sample was individually analysed
and labelled by experts into the two classification classes, as per the example shown
in Figure 5.2l The data was extracted by first collecting all the jaw movements
towards the beam that were closer than +£10 mm from the beam axis. These
movements were then divided into left and right jaw movements, and the times of
these movements were extracted to obtain the corresponding BLM signals.

The time window to extract the BLM signal at each collimator movement starts
and ends a maximum of 20 s before and after the current movement, as this contains
all the required information. The time window was set to keep a 2 s gap between
the previous and the next collimator movements, in order to ensure that there is
no overlap between the decay of the first sample and the steady state of the next
sample. If the next movement starts within 2 s after the current movement, or the
BLM losses for the entire window are less than 1 x 1076 Gy/s, then the current

data sample is discarded.
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Figure 5.2: Two data samples extracted for spike classification, whereby the left and
right jaw movements towards the beam generated an alignment and non-alignment
spikes, respectively. The convention is to have the left jaw on the positive side of
the beam axis, and the right jaw on the negative, from [76].

5.2.2 Feature Engineering

Fourteen features were initially extracted for spike detection from the alignment
data set as shown in Table 5.1} The first five features were taken from [77], ex-
plained in Section|3.3.3| This feature set was augmented using the three coefficients

from the Power function, whilst seven features were newly engineered for this study.

5.2.3 Feature Analysis

To select the most relevant features, the strength of association between each pair
of variables was first analysed using the Spearman Correlation, Figure [5.3] This
is a non-parametric test used to check for a statistically significant relationship
without assuming the distribution of the data. This test is necessary to avoid
selecting correlated features. The Maximum value, Height and Factor, were found
to be correlated, whilst Exp_b and Pow_b are not correlated to any other features
except with each other.

A feature selection analysis was then performed using five different machine

learning models to see how they order the importance of each of the features. The
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Table 5.1: A list of the fourteen features extracted from the data set, from [76].

Name Description Numerical
Range
The highest point taken to be within a
Maximum value two second range after the collimator | 0.7 : 26000
stopped moving, from [77].
The width of the Gaussian fit,
whereby an optimal spike would have
Variance a smaller width as this would reflect a | 0.002 : 0.133
sharp increase and a quick decrease of
the losses, from [77].
The proximity of the loss pattern to
Gaussian Correlation the Gaussian fit using .least squares,
Coefficiont such that the closer this value is to 0:1
unity, the sharper the loss spike
from [77].
Power function Function to fit the decay using axP +c | -
a) Gradient This is proportional to the decay 15000 : 80
(Pow_a) steepness.
b) Power decay This is the rate of decay, from [77] 0: 200
(Pow_b) v ’ '
c) Horizontal This is proportionate to the new '
Asymptote (Pow_c) steady state. -0.033 = 15000
The temporal decay becomes
Power Correlation smpother as t‘his Valug approaches
Coefficient unity, and this value indicates how 0:1
well the Power fit represents the loss
pattern using least squares, from [77].
This is calculated by subtracting the
average steady state from the
Maximum value. The average steady
Height state is calculated from the BLM 0.456 : 26000
signal after the decay of the previous
alignment, until the current collimator
was stopped.
A beam size invariant way of
Position in sigma expressing the fraction of the normally
distributed beam interrupted by the 0: 80

(Pos)

jaw, as the beam size in mm varies
across locations in the accelerator.
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Numerical

Name Description Range

This is calculated by taking the
Maximum value as a fraction of the
average steady state. The average
Factor steady state is calculated from the 1.46 : 1130
BLM signal after the decay of the
previous alignment, until the current
collimator was stopped.

. . Punction to fit the d :
Exponential function unction to fit the decay using

ae PX 4 ¢ i

a) y-Intercept This is proportional to the height of 5800 : 15600
(Exp_a) the spike.

b) Gradient . '
(Ep.b) This is the rate of decay. -20 : 2200

c) Horizontal This is proportionate to the new )
Asymptote (Ezp_c) steady state. -3500°: 6000
Exponential Indicates how well the exponential fit

P represents the decay using least 0:1

correlation coeflicient
squares.

models used, specifically designed for feature selection are; Logistic Regression,
Linear Support Vector Machine, Extra Trees Classifier [78], Random Forest Classi-
fier and Gradient Boosting Classifier. The models were individually trained using
all features and outputted the features ranked in ascending order, according to
their importance. The outputs from the models are stacked in Figure [5.4] which
displays the overall rank of all the features in ascending order.

The Power, Gaussian and Exponential Correlation Coefficients are used in this
section to measure the reliability of the functions’ fit to the data. The results in
Figure |5.4] clearly indicate that the exponential fit to the decay is the first most
important feature. Moreover, the Gaussian and Power functions did not manage to
fit the decay of all the data samples, as the least-squares minimization used when
fitting the functions, failed. From these observations it can be concluded that the

exponential function is a better and more reliable fit to the decay.
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Figure 5.3: Heatmap of feature pairwise Spearman correlation indicating; Maxi-
mum value, Height and Factor are correlated (blue highlight), the decay fits do
not seem to be fully correlated (green highlight) and most features have some
correlation with the spike class (pink highlight), from [76].

5.3 Model Training

This section focuses on training, optimising and comparing the performance of six
different classifiers using the engineered features. The exponential function has
already been selected as the best function for fitting the decay, therefore after re-
moving the Power and Gaussian functions’ features, the nine remaining features
are further analyzed in this section, whilst optimising the machine learning mod-
els accordingly. The models used in this section are; Logistic Regression, Neural
Network, Support Vector Machine, Decision Tree, Random Forest and Gradient
Boost. The scikit-learn [79] implementations were used.

When aligning any collimator it is vital that after the spike detection declares
a collimator to be aligned, then the collimator is actually aligned. As a result,
false detection of an alignment spike is more grievous than not detecting an align-

ment spike, therefore precision, i.e. the ratio of correct spike classifications to the
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Figure 5.4: The list of features ranked in overall importance according to the
individual machine learning models, from [76].

total number of spike classifications, will be used as the main performance metric

throughout this section.

5.3.1 Hyper-Parameter Optimization

The hyper-parameters were optimised for each model. An exhaustive grid search
algorithm, guided by precision as a performance metric, was applied on the training
set using a 10-fold cross-validation randomly stratified 30 times, to handle lucky
splits.

The data set was split using stratified sampling into an 85% training set and
a 15% held-out testing set. The following parameters were tested for the corre-
sponding models and the best parameters (in bold) were selected according to the

highest precision obtained on the held-out testing set.
e Logistic Regression:
— Regularization - 1 x 104, 1 x10°3,1x 102, 1 x 101, 1, 10, 100

e Neural Network:

Default Architecture - 1 hidden layer with 100 units
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— Hidden layer activation - tanh, relu

— Weight optimization solver - L-BFGS [8(], Stochastic gradient descent,
Adam [81]

— Regularization - 1 x 104, 1 x 1073, 1x 102, 1 x 101, 1, 10
e Support Vector Machine:

— Linear kernel - Penalty - 1 x 104, 1 x103,1x 102, 1 x 101
— RBF kernel - Gamma-1x 104, 1x103,1x102,1x 10!
- Penalty - 1 x 103, 1 x 1072, 1 x 1071, 1, 10

e Decision Tree:

— Split criterion - Gini Impurity, Entropy
— Splitter at each node - best, random
— Maximum tree depth - 2, 3

— Minimum samples at leaves - 1, 5, 10, 20, 40
e Random Forest:

— Number of trees - 10, 50, 100, 150

— Split criterion - Gini Impurity, Entropy

— Maximum tree depth - 2, 3

— Minimum samples at leaves - 1, 5, 10, 20, 40

e Gradient Boost:

— Learning rate - 1 x 1074, 1 x 103, 1 x 102, 1 x 101, 1, 10
— Number of trees - 10, 50, 100, 150, 200, 250
— Maximum tree depth - 2, 3

— Minimum samples at leaves - 1, 5, 10, 20, 40
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Figure 5.5: The precision obtained by each of the models using the different feature
combinations from the SF'S with nested grid search. Each feature is indicated by
a unique shape, such that the selected features are marked in red and the features

ignored due to correlation are marked in black, from [76].
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The grid search was nested within the sequential forward selection algorithm
(SFS) [82], to select the best features with the best hyper-parameters. The SF'S is
a greedy algorithm that tries all feature combinations by introducing one feature
at a time and keeping the best feature for future combinations. Moreover, three
correlated features (Maximum value, Height and Factor) were identified from Sec-
tion [5.2.3] therefore if a model selects any of these three, the SFS algorithm used
will remove the other two features from future combinations, to avoid selecting
correlated features. The precision results from the various feature combinations
using the best performing hyper-parameters for each combination are plotted in

Figure 5.5 and the selected best features are listed in Table [5.2]

Table 5.2: Ranking of best features selected by each model, from [76].

Best feature ranking
ML Model #1 #2 #3 #4 #5
Logistic Regression | Height Exp.b  Pos Exp.a Expc
Neural Network Height Exp.b Exp.a
SVM Height Exp.b  Pos Exp.a Expc
Decision Tree Pos  Height Exp._b
Random Forest Height Exp.b  Pos
Gradient Boost Height Pos  Exp._b

A closer look at the training of each model using the selected features and
hyper-parameters is shown in Figure [5.6), which shows the learning curves over
various data set sizes using a 10-fold cross-validation randomly stratified 30 times.
The results show that the Gradient Boost model is suffering from high variance
on the training set, whilst the learning curves for the rest of the models on the
two sets converge, indicating that the models are successfully learning. Overall
the Logistic Regression model obtained the best results, followed by the Support
Vector Machine.
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Figure 5.6: The learning curves based on the precision obtained by each model on
the training and testing sets, using the best selected features and hyper-parameters,
on various data set sizes, from [76].

5.3.2 Model Robustness

The six machine learning models were trained on 2016 data, achieving high pre-
cision. Figure plots the precision results obtained by each of the models and
their Ensemble.
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Figure 5.7: The precision obtained by each model and their Ensemble, using the
2016 data set, from [76].

Throughout this section the results are obtained using 10-fold cross-validation
randomly sampled 30 times. Moreover, Tukey’s HSD test [83] was used to deter-

mine whether the means of the results obtained by the models are significantly
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different. This test is based on the Student t-test while adjusting the p-values for
multiple comparison tests, therefore allowing to compare all possible pairs of means.
Due to this, each box plot comparing means in this section has a corresponding
table of the results obtained using post-hoc Tukey’s test.

In the case of Figure Tukey’s test in Table [5.3| indicates that the mean
precision obtained by the Support Vector Machine is not significantly different
from that of the Logistic Regression, but significantly greater than the rest of the
models. In addition, the mean of the Ensemble model is also similar to the Logistic

Regression, whereas the other models obtained lower and similar results.

Table 5.3: 2016 data set: Tukey HSD Test - Models with the same letter are not
significantly different, Alpha=0.05, from [76].

ML Model Precision | Groups

SVM 0.9930386 a
LR 0.9909449 ab

ALL 0.9873208 be
RF 0.9853248 cd
DT 0.9840476 cd
NN 0.9824100 d
GB 0.9821891 d

To test the robustness of the machine learning models, new data was gathered
from six alignment campaigns performed in 2018, both at injection and flat top.
A total of 4794 samples were extracted, 3912 positive (alignment spikes) and 882
negative (non-alignment spikes).

Each model was first tested on the entire 2018 data set after being trained on the
2016 data set, therefore cross-validation was not applied as the training and testing
sets are fixed in this case. Table lists the precision results obtained, indicating
that each model obtained high precision, with the Neural Network obtaining the
lowest precision at 0.944.

Figure[5.8| plots the precision results obtained using solely 2018 data for training
and testing, and the Support Vector Machine obtained the best results, followed
by the Ensemble and Neural Network (refer to Table [5.5). These results indicate
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Table 5.4: The precision obtained by each model and their Ensemble, using the
2016 data set for training and the 2018 data set for testing, from [76].

ML Model | Precision
ALL 0.9913721
SVM 0.9905603
RF 0.9860101
DT 0.9813967
LR 0.9788605
GB 0.9683479
NN 0.9443495
0.98/ ,l| ?
50.94, —— & T s T
0.88 I:’} 5
I_.R_ NN SVM DT RF GB ALL

ML Models

Figure 5.8: The precision obtained by each model and their Ensemble, using the
2018 data set, from [76].

Table 5.5: 2018 data set: Tukey HSD Test - Models with the same letter are not
significantly different, Alpha=0.05, from [70].

ML Model Precision | Groups
SVM 0.9749714 a
ALL 0.9678411 b

NN 0.9659314 b
GB 0.9598743 c
DT 0.9458548 d
RF 0.9358178 e
LR 0.8924207 f

that using the 2018 data set for training can further improve the predictions of
the models. Due to this, the models were trained and tested on both data sets

combined, and Figure plots the precision results obtained. These results and
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Table indicate that the Support Vector Machine obtained the best precision,
with a mean similar to the Ensemble, which has a more stable range of results.
The Logistic Regression obtained the lowest precision results overall, with similar

results to the Decision Tree.
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Figure 5.9: The precision obtained by each model and their Ensemble, using the
combined 2016 and 2018 data sets, from [76].

Table 5.6: 201642018 data set: Tukey HSD Test - Models with the same letter are
not significantly different, Alpha=0.05, from [70].

ML Model Precision | Groups
SVM 0.9749064 a
ALL 0.9726233 a

NN 0.9690865 b
GB 0.9612389 c
RF 0.9488177 d
LR 0.9326096 e
DT 0.9319209 e

For the case combining 2016 and 2018 data, the bootstrap method [84] was
used to estimate the performance of each of the machine learning models. This
method is a re-sampling technique used to estimate summary statistics of the mod-
els when making predictions. In contrast to cross-validation, this method provides
confidence intervals together with the precision of each machine learning model.

Table lists the 95% confidence intervals of the precision that can be obtained
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by each model, indicating that the better models are the Support Vector Machine

and Neural Network.

Table 5.7: 95% confidence interval on precision for each model, from [76].

ML Model Precision Interval
Logistic Regression 89.0 - 98.0
Neural Network 97.0 - 98.0
SVM 97.0 - 98.0
Decision Tree 93.0 - 95.0
Random Forest 94.0 - 96.0
Gradient Boost 96.0 - 98.0

5.4 Model Validation in LHC Operation

The machine learning models have been successfully deployed in operation through-
out 2018, with the aim of transforming the semi-automatic alignment into a fully-
automatic one. At first, tests were carried out in the LHC at injection [85], which
involved having a collimation expert align collimators using the semi-automatic
procedure, whilst the Ensemble model was run in parallel as an independent com-
ponent. The performance of the machine learning model was determined by com-
paring its classifications to those of the user as the collimators were being aligned
in real-time.

A total of 52 alignments were performed, such that each collimator was first
aligned using both jaws, then left, then right until a spike in each case was achieved.
A full alignment example is that of the TCLA.D6L7.B2 shown in Figure [5.10}
Moreover, a subset of the alignments performed are presented in more detail in
Figure [5.11}

Overall, the machine learning model correctly classified 50/52 alignments, achiev-
ing an accuracy of 96% on automatic spike pattern recognition during alignment.
This is higher than the previous work discussed in Section [3.3.3 which achieved a

score of 82.4% on unseen data. Moreover, this study has focused on more recent
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Automatic Spike Recognition

LHC data

operational use. The two incorrectly classified spikes were false negatives there-
fore the only repercussion was a re-alignment, i.e. moving the jaw further in to
obtain another spike. These tests confirm the reliability of introducing machine

learning for aligning collimators, therefore this can be used for all future alignment
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Figure 5.10: TCLA.D6L7.B2 full alignment.

, at new higher energies at 6.5 TeV, thus making it suitable for present

campaigns.
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Figure 5.11: A closer look at a subset of the alignments in Figure
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6. Threshold Algorithm for

Automatic Selection

The semi-automatic BBA automatically moves a collimators toward the beam, until
the losses recorded by its corresponding BLM device exceed a predefined threshold
(SiThTeS). The user application was designed to provide a fixed list of thresholds in
Gy/s:
1x1092x10%5%x10%8%x10%,1x10°,2x107°,
4x107°,5x10°,6x10°,8x10°,1x104,2x 107
These thresholds were developed over time following experience from manual

alignments. They are available for the collimation expert to select the one which

corresponds best to the current BLM signal. The ideal threshold must be:

e High enough to ignore any noisy spikes and touch the beam without inter-

rupting the movement.

e Low enough to immediately stop the jaws and generate minimal losses when

the collimator actually touches the beam.

Fully-automating the BBA, requires automatically selecting the BLM threshold,

by finding a compromise between the two requirements.
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6.1 Implementation

The automatic threshold selection algorithm must attempt to mimic the BLM sig-

nal analysis made by the collimation expert when selecting the threshold, namely:

Give higher importance to the most recent BLM values

Partially factor out high spikes as the threshold does not need to be as high

Assume long decays will eventually reach the steady state level

Introduce a gap above the steady state high enough to allow for alignment

spikes

6.1.1 Data Analysis

Alignments in 2016 were performed using the semi-automatic alignment tool re-
quiring experts to manually select the thresholds at the start of each jaw movement
towards the beam. This provided a data set of 1778 samples at injection and flat
top, which were studied to find an automatic technique for selecting a reasonable
threshold. The samples consist of 7.5 second windows of BLM signals, as the max-
imum decay time is 6 seconds at flat top, as explained in Section [4.2] and each
sample was studied at 25 Hz, as this is what is available at the time of threshold
selection. In addition, the thresholds selected by the user at the time were also
extracted.

To determine whether there is a pattern between the BLM losses and the user
selected thresholds, the thresholds are analysed against the maximum and aver-
age losses in Figure [6.1. The majority of the samples required thresholds below
2.5 x 107 Gy/s, and as expected, the larger thresholds are selected both when
the average loss is larger as well as the maximum loss. Therefore RMS-smoothing
will be applied to examine both and to be immune to outliers, due to it being

a verified approach in time-series data (recall Section [3.3.2]). In order to assign
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different priorities to the data depending on their occurrence in time, exponential

weights can be combined with the RMS by applying EWMRMS.
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Figure 6.1: The threshold selected by the user against the (a) average BLM loss, (b)
maximum BLM loss, 7.5 seconds before the user selected the threshold. Marginal
histograms are included to show the distribution of each measure, from [64].

6.1.2 Automatic Threshold Selection Algorithm

The threshold selection algorithm was implemented in FESA and is shown in Algo-
rithm 1. This algorithm is provided with the latest BLM data of length 188 (7.5 s
at 25 Hz) to apply an EWMRMS on windows of fixed length (length = 50). This is
used to automatically select a reasonable threshold (auto threshold). The first step
is to create an array of length 188, of evenly spaced numbers between -1 and 0 and
use them as power coefficients to the exponential function (weights/size=188]). A
window for each BLM data element 7 is taken with the element itself and the 49
elements (or less) which precede it (window(i-50, i/). The RMS is then applied to

the window and is multiplied by the exponential factor corresponding to the data
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element (weightsfif):

1ength
EWMRMS = weights[i] y| ==

|window|

window[j]?

(6.1)

Once the EWMRMS is calculated for all data elements, the maximum EWM-
RMS value is used to select the first threshold higher. If the threshold selected
is also the first threshold above the mean value of the data, then the next higher
threshold is selected. Finally, if the selected threshold is less than or equal to the
threshold selected for the preceding alignment of the same collimator, and if that

alignment was classified as no alignment spike, then the next higher threshold is

selected.
int window_size = 50;
double T[] = threshold options;
double weights[] = power exponentials;

//INPUT: previous_threshold (T[prev_t])
mean = data_sum / data_length;
for i = 0; i <data_length; i++ do
start_position = i - window_size;
if start_position <0 then
start_position = 0;
end
window = data[start_position, 1i1];
ewmrms = Calculate EWMRMS using Equation ;
end

auto_threshold = T[t] >max (ewmrms) ;

if auto_threshold >mean and T[t-1] <mean then
‘ auto_threshold = T[t+1];

end

if t <= prev_t then

‘ auto_threshold = T[prev_t+1l];

end

Algorithm 1: Automatic threshold selection algorithm.
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6.2 Results Analysis
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Figure 6.2: Four examples of 25 Hz BLM signals with the thresholds selected by
the operator and algorithm.

The implemented algorithm was tested on the data set gathered. Figure [6.2
shows four BLM signals and the thresholds selected by the user and the algorithm.

Each case is analysed below:

(a) The first example displays an alignment spike, 7 seconds before the start of the
alignment, and one can see that the spike completely decayed and the signal
reached steady state towards the end of the signal. Therefore in this case the
spike is not important and one would simply aim for a suitable gap between
the steady state and the threshold. This is the approach taken by both the

user and the algorithm, such that the same threshold was selected.
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(b)

The signal in this example includes a clear spike towards the end of the signal.
In this case the spike must be considered and the steady state before the spike
is ignored as now (and possibly in the future) the steady-state losses are higher.
Therefore the aim would be to create a suitable gap between the new steady
state and the threshold, and partially factoring in the spike. Both the user and
the algorithm selected suitable thresholds, such that they are high enough to

allow for clear spikes, whilst at the same time conservative of future losses.

This signal is stable with a steady state around 4 x 1077 Gy/s, therefore the
aim is to select a threshold creating a gap high enough to ignore any noisy
spikes to avoid unnecessarily stopping the alignment. The algorithm selected
the same threshold as the operator and this is a clear case where the algorithm

adjusts the threshold selection according to the mean of the signal.

The last example shows a noisy signal, in this case the aim is to create a gap
above the steady, whilst factoring in the noisy spikes to raise the threshold
slightly, in order to avoid stopping at each spike. The user and the algorithm
both selected a threshold above the noisy spikes with the user’s threshold se-
lected slightly higher than that of the algorithm. Finally, this is another ex-
ample where the algorithm adjusted the threshold selection using the mean of

the signal.

The overall performance of the algorithm is determined by comparing the

thresholds selected automatically to the ones selected by the user. Figure |6.3a]

shows the difference between the two thresholds against the thresholds selected by

the user. One can see that the difference is negligible for 90% of the cases, and the

large differences occur when dealing with larger thresholds at 2 x 1074 Gy/s, thus

also making them suitable selections.

Finally, Figure [6.3b| compares the thresholds selected by the new algorithm

to those selected by the old algorithm previously described in Section by

comparing them both to the user selected thresholds. These results indicate that
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the thresholds selected by the new algorithm corresponded better to those selected

by the user. These promising results endorse using this algorithm, together with

the automatic spike detection algorithm developed in Chapter [} to fully-automate

the alignment.
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Figure 6.3: The performance of the new automatic algorithm compared to (a) the
user threshold, (b) the old automatic algorithm, including marginal histograms to
show the distribution of each measure, from [64].
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Selection

As described in Section when a particle reaches the primary collimator, it can
either have an inelastic interaction, thus starting a hadronic and electro-magnetic
shower that can be detected by several BLM devices, or interact elastically, thus
changing its momentum and continue its trajectory. In both cases, additional
signals, referred to as cross-talk, could be measured by BLM devices placed down-

stream from the initial interactions.

7.1 Cross-talk Analysis across Beams

Before 2018, the semi-automatic alignment software allowed for collimation experts
to align beam 1 and beam 2 in parallel by having them manually handle the
cross-talk. This meant that if a cross-talk signal was observed in one beam, the
collimation expert would pause the alignment until the cross-talk signal disappears.
However, with a fully-automatic alignment the collimation experts would no longer
be able to intervene in case of cross-talk.

Due to this, the cross-talk observed between collimators must be analysed to

automate the process of selecting collimators from the two beams to align in paral-
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lel. An analysis was performed empirically to evaluate the effect of the propagation
of electromagnetic showers after a collimator jaw touches the beam, on the BLM

signals in the other beam.

7.1.1 Measurements from Beam Tests

For each collimator, the last two alignment steps for each jaw (left and right) were
used to study cross-talk. These last steps are known to have touched the beam
(recall Section as shown in the alignment example in Figure In these
moments the collimator under study is the primary bottleneck in the ring and any

other losses in other BLM devices are cross-talk signals.
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Figure 7.1: Alignment of the TCTPH.4R1.B2 during 2018 commissioning at injec-
tion, showing the BLM losses for the alignment of both jaws and the alignment
spikes generated when the left and right jaws touched the beam twice.

A data set of 650 samples was gathered from alignment campaigns performed
during commissioning 2018, as all alignments were done sequentially. Each data

sample contains the BLM signal of the aligned collimator and the signal of all other
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collimator BLM devices in the other beam, that have a signal greater than 5 X
1076 Gy/s. The time-window around the maximum value of the aligned collimator

was extracted from each of these signals, and was then smoothed using RMS:
RMS = i, (7.1)

8|

where s is a cascading subset of the time-window used. Each resulting RMS
signal was used, such that if the mean of any of the four signals of that particular
collimator was larger than 5% of the maximum value of the aligned collimator, then

the signal was labelled as having experienced cross-talk. This process is displayed

for the TCTPH.4R1.B2 in Figure[7.2]

7.1.2 Results

To visualise the overall cross-talk experienced, the coefficients for all collimators

marked as having experienced cross-talk were calculated using:

BLML
— Z LM <4 (7.2)

where BLM# is the BLM signal of the collimator which was aligned, BLM! is
the BLM signal of a collimator labelled as having experienced cross-talk, and N
is the number of times collimator i was labelled as having experienced cross-talk.
The coefficients obtained are displayed in the form of heat maps in Figure [7.3]
which lists the collimators in the order they are physically positioned in the LHC.

The heat maps indicate that in both beams, the TCLA.A6 and TCLA.B6 in IR7
experience the highest amount of cross-talk. This cross-talk comes from showers
generated by the primary collimators of the other beam as they generate the most
showers picked up by downstream BLM devices. The reason for this cross-talk is

that the primary collimators of one beam are positioned in front of the TCLAs of

the other beam (recall Figure [2.3)).
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(b) RMS smoothing applied to the 100 Hz data shows a more clear distinction between
the collimators actually effected by cross-talk and the collimators which are not.

Figure 7.2: The 100 Hz data of the first left jaw alignment of the TCTPH.4R1.B2
shown in Figure was (a) extracted and (b) smoothed using RMS. The plots
also include the losses of all collimators in the other beam (beam 1) which have
losses greater than 5 x 1076 Gy/s.

7.2 Cross-talk Analysis per Collimator

It would be beneficial to quantify the cross-talk experienced at a selected BLM
device, in cases such as collimator alignments or predicting the main plane of losses.

This motivated a more in-depth analysis of the cross-talk across collimators, to seek
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Figure 7.3: Heat maps showing the amount of cross-talk observed across collimators
in one beam, when collimators in the other beam were aligned during commission-
ing 2018.

to quantify the level of cross-talk recorded in BLM signals. A machine development
(MD) study was scheduled at injection, dedicated to perform beam tests, focusing

solely on collimators in IR7 [86].

7.2.1 Measurements from Beam Tests

The two beams were used, such that each beam was injected with 25 pilot bunches,
each having an average bunch intensity of 6 x 109 protons /bunch. The measurement
procedure was started by positioning only one collimator close to the beam, while
the rest of the hierarchy was retracted (individual cases). At this point a selected
bunch was excited using the transverse damper [87], until it was fully scraped
away at the selected collimator. This was repeated for each collimator listed in
Table (7.1, which identifies each collimator by a label and lists the corresponding
cleaning plane (vertical or horizontal). Each collimator was closed by moving it
to its injection setting (refer to Table , and for cases when these settings were

too far from the beam (e.g.: TCLASs), the collimators were manually moved closer
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to the beam. This was followed by exciting the beam with various combinations
of closed collimators positioned close to the beam (combined cases).
combined case, the closed collimators followed the injection hierarchy. Table
lists the combined cases used, by combining the IDs from Table(7.1] eg.: B1V - 1+2

indicates the combined case of collimators B1V-1 and B1V-2 positioned close to

the beam, as shown in Figure [7.4]

Table 7.1: Individual cases of collimators that were set as primary bottleneck, and

cleaning plane, from [16].

ID Collimator Cleaning Plane Case
B1V-1 TCP.D6L7.B1 Vertical 1
B1V-2 TCSG.D4L7.B1 Vertical 2
B1V-3 TCLA.A6R7.B1 Vertical 3
B1V-4 TCLA.C6R7.B1 Vertical 4
B1H-1 TCP.C6L7.B1 Horizontal 1
B1H-2 TCSG.B4L7.B1 Horizontal 2
B1H-3 TCSG.6R7.B1 Horizontal 3
B1H-4 TCLA.B6R7.B1 Horizontal 4
B1H-5 TCLA.D6R7.B1 Horizontal 5
B1H-6 TCLA.A7TR7.B1 Horizontal 6
B2V-1 TCP.D6R7.B2 Vertical 1
B2V-2 TCSG.D4R7.B2 Vertical 2
B2V-3 TCSPM.D4R7.B2 Vertical 3
B2V-4 TCLA.A6L7.B2 Vertical 4
B2V-5 TCLA.C6L7.B2 Vertical 5
B2H-1 TCP.C6R7.B2 Horizontal 1
B2H-2 TCSG.B4R7.B2 Horizontal 2
B2H-3 TCSG.6L7.B2 Horizontal 3
B2H-4 TCLA.B6L7.B2 Horizontal 4
B2H-5 TCLA.D6L7.B2 Horizontal 5
B2H-6 TCLA.A7L7.B2 Horizontal 6

7.2.2 Mathematical Formulation

The signal recorded by the BLM at collimator j (Sj) is composed of the beam losses
generated by collimator j and upstream collimators (the latter resulting in cross-

talk). Therefore, it is necessary to quantify the level of cross-talk present in S;.
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Table 7.2: List of 2018 injection settings for collimation, from [16].

Collimator IR Orientation Setting (o)
Primary (TCP) 7 H/V/S 5.7
Secondary (TCSG) 7 H/V/S 6.7
Absorber (TCLA) 7 H/V 10.0
Primary (TCP) 3 H 8.0
Secondary (TCSG) 3 H/V 9.3
Absorber (TCLA) 3 H 12.0
Secondary (TCSP) 6 H 7.5
Dump prot. (TCDQ) 6 H 8.0
Tertiary (TCT) 1/2/5/8 0V 13.0

Table 7.3: Combined cases of collimators that were set as primary bottleneck with
a hierarchy, and cleaning plane, from [16].

ID Plane Case

B1V - 142 Vertical 142

B1V - 14243 Vertical 14243

B1V - 14243+4 Vertical  1+2+3+4

B1H - 1+2 Horizontal 1+2

B1H - 1+2+3 Horizontal 1+2+3

B1H - 1+2+3+4 Horizontal 1+243+4

B1H - 14+2+43+4+5 Horizontal 14243+4+5
B1H - 14+2+3+4+5+6 Horizontal 1+2+34+4+5+6
B2V - 142 Vertical  1+2

B2V - 14243 Vertical  1+2+3

B2V - 14243+4 Vertical  1+42+43+4

B2V - 14+2+43+4+5 Vertical  14+2+4+3+4+5
B2H - 1+2 Horizontal 1+2

B2H - 1+2+3 Horizontal 1+42+3

B2H - 142+43+4 Horizontal 1+243+4

B2H - 14+2+3+4+5 Horizontal 14243+4+5
B2H - 14+2+3+4+5+6 Horizontal 1+2+34+4+5+6
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This can be done using the BLM signal contribution of each individual upstream
collimator i, without the contribution from other collimators, i.e. without cross-
talk (S).

For n collimators (1, 2, ... n), the signal recorded by the BLM at the most

downstream collimator n, can be defined using a general recursive equation:

n
Sn = Zani.Si/, apn =1, if i>n: ay;=0 (7.3)
i=1

Where a,); is the cross-talk factor quantifying the effect of a closed upstream
collimator 7 on collimator n. For a set of n collimators, this system of equations

can be represented by the triangular matrix:

Sy 1 0 0 0| |9

So as; 1 0O ... 0 8/2

Sg = la3] a3 1 ... 0 Sé (7.4)
_Sn_ anl an2 an3 ... 1_ _S;l_

To calculate the cross-talk factors, the individual cases with each collimator
closed individually must first be analysed. As an example, two individual cases
(Case 1 and Case 2 shown in Figure are used to calculate the cross-talk factors
on the next open downstream collimator (Coll 3), to be able to predict the signal

measured by its BLM device:

S3 = ag1.S] + a32.Sy + a33.Sy (7.5)

For each individual case, the contributions from other collimators are zero as

they are completely retracted. For Case 1, the signal without cross-talk is 0 (SJ' =0)
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for j # 1, therefore all the coefficients a;j; can be calculated as follows:

Case 1: S'2 = Sé =0

Sq

S| = all.Sll, al] = S_l =1 (7.6.1)
S

So = agl.Sll, ag] = S—i (7.6.2)
S

S3 = agl.sll, ag] = S—i (7.6.3)

Similarly, for Case 2, the signal without cross-talk is 0 (SJ’ =0) for j # 2:

Case 2: S’l = Sg =0

S| = all.Sll =0 (7.7.1)

So = a22.8/2, a9y = % =1 (7.7.2)
S2

S3 = agg.Sé, aggy = ? (7.7.3)
2

As a result, the cross-talk factors for Equation are calculated using Equa-
tions [7.6.3| and [7.7.3] This procedure can be applied recursively such that Cases 1,

2 and 3 can be used to predict the signal at a fourth collimator and so on.

7.2.3 BLM Coefficient Calculation

Beam tests for all of the collimator configurations were performed to determine the
cross-talk factors and therefore predict the losses recorded by the first downstream
collimator BLM after the last closed collimator. As an example, Figure[7.5 presents
the BLM signals recorded using three collimator configurations in the vertical plane
of beam 1 (B1V-1, B1V-2 and B1V - 1+2). The cross-talk factors determined for
TCP.D6L7.B1 and TCSG.D4L7.B1 are then used to predict the cross-talk observed
at TCLA.A6R7.B1.
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Figure 7.4: Simplified diagram of three collimators (Coll 1, Coll 2 and Coll 3),
each one further downstream than the previous. Case 1 and Case 2 individually
close Coll 1 and Coll 2, respectively, whilst Case 14+ 2 closes both collimators
simultaneously, from [16].
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Figure 7.5: Series of beam loss signals recorded for a subset of collimators in
the vertical plane in beam 1. Case B1V-1 and Case B1V-2 involve individually
closing TCP.D6L7.B1 and TCSG.D4L7.B1, respectively, whilst Case B1V - 142
involves closing both collimators simultaneously, to ultimately predict the cross-
talk experienced by the most downstream collimator, TCLA.A6R7.B1, from [16].
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Figure 7.7: 100 Hz BLM signals recorded using the three configurations of closed
collimators in Figure against the 100 Hz BLM signal of the first upstream
collimator closed within the configuration. Linear fits were applied to each set of
data points, and the gradients obtained using the individual case configurations
are marked in bold, from [16].

From this figure, one can qualitatively observe that:

1. Case B1V-1 shows that most of the particles are lost at TCP.D6L7.B1 when
it acts as primary bottleneck. The other two monitored collimators were
retracted, therefore the losses recorded by their BLM devices derive from the

protons lost at the primary collimator.

2. Case B1V-2 shows the losses generated when TCSG.D4L7.B1 is moved in,
therefore no losses are observed at TCP.D6L7.B1 (that is now retracted), but
higher losses are recorded at TCLA.A6R7.B1.

3. Case B1V - 142 is a combined case where beam losses occur at TCP.D6L7.B1
and TCSG.D4L7.B1 with different ratios. The aim is to predict the signal
and compare it with the measured at TCLA.A6R7.B1, for this configuration.

Figure 7.6 shows the loss maps generated using the same three configurations,
focusing solely on IR7 collimators in both beam 1 and beam 2, to show that both
beams can be effected by cross-talk. Finally, Figure [7.7] highlights the linear corre-
lation between the collimators” 100 Hz BLM signals, such that the linear fits can

be used to calculate the cross-talk factors. Moreover, this linearity between the
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BLM signals verifies that the equations in Section can be used. Therefore
the BLM signals from all configurations are used in these equations to calculate
the cross-talk factors, whereby each signal is integrated to eliminate any fluctua-
tions between points. In both cases, the factors obtained are equivalent within a
reasonable margin.

The resulting cross-talk factors for the vertical plane in beam 1 are displayed
in Figure and a complete table of all the cross-talk factors is presented in Ap-
pendix [A] The cross-talk factors confirm that the cross-talk goes down the further

downstream a collimator is located, with respect to the primary loss location.

Calibration Factor

~#- TCP.D6L7.B1

TCSG.D4L7.B1
—A— TCLA.A6R7.B1
-@- TCLA.C6R7.B1

TCP.D6L7.B1 TCSG.DAL7.B1 TCLA.AGR7.B1 TCLA.C6R7.B1
Colimator

Figure 7.8: The cross-talk factors quantifying the effect of each collimator on
the downstream collimators, for the set of collimators used in the vertical plane
in beam 1 (Case B1V-1: 1, 0.005, 0.004, 0.00016, Case B1V-2: 1, 0.015, 0.0006,
Case B1V-3: 1, 0.013, Case B1V-4: 1), from [16].

7.2.4 BLM Coefficient Validation

The cross-talk factors determined for the respective collimator configurations are
validated by comparing the losses predicted using the cross-talk factors to measure-
ments for the 13 downstream collimators used. Figure qualitatively compares
the measured and predicted BLM signals for four of these configurations, one from
each plane.

The overall results are displayed in Figure [7.10| which shows all the measured

signal points against their predictions. All points used are above 1077 Gy/s, to
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Figure 7.9: A comparison of the measured and predicted signals of four configu-
rations of closed collimators, one from each plane; Case B1V - 1+2, Case B1H -
14243, Case B2V - 14243, Case B2H - 1424344, from [16].

exclude background noise. These results indicate a strong linear correlation be-
tween the two signals, especially as the signal increases. A linear fit was applied
to the data with an R2 of 98%, showing that on average the predicted signal is
11% higher than the measured one. This could possibly be used to decrease the
calculation error depicted in Figure [7.11, The results are promising as the error
decreases systematically towards 10% for higher measured signals, whereas a larger

error is expected with lower measured signals.
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Figure 7.10: Scatter plot of the measured signal points above 1077 Gy/s, against
the calculated signal points. A linear fit was applied to the data and it’s residuals
were also plotted, from [16].
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Figure 7.11: Scatter plot of the measured signal points above 1077 Gy/s, against
the calculation error. The moving average was calculated showing the average error
is mostly below 50% for low BLM signals and as small as 10% for high BLM signals,
from [16].

In the majority of the cases, the predicted signals are larger than the measured
signals. This could be a result of upstream collimators shielding showers generated
by impacts of particles on further upstream collimators, which are assumed to be
zero in this paper. In addition, cases for which the predicted loss is smaller than
the actual loss, corresponded to signals below 107° Gy/s which are more prone to
errors. Therefore overall, the results clearly indicate that it is indeed possible to
estimate the cross-talk that a collimator BLM will experience, within a reasonable

margin.

7.2.5 Application to Loss Maps

This study seeks to predict the losses at the first open collimator positioned down-
stream after a series of closed collimators, therefore a case study for this analysis
is an application to loss maps. During operation, two types of loss maps per beam
are generated; horizontal and vertical loss maps, to examine the losses induced at
the collimators by generating losses in the respective planes.

To apply this analysis to loss maps, the analysis can be used to predict the losses

at the first skew collimator, as this is the plane in which no losses are generated, to

97



Chapter 7. Cross-talk Analysis for Parallel Selection

mimic the requirement of having an “open” collimator. This can be calculated by
applying the cross-talk factors in Appendix [A] to the losses at the horizontal and
vertical collimators positioned upstream. Since no measurements were performed
in the skew plane (recall Section [7.2.1)), no cross-talk factors were determined for
that plane. According to the order the collimators are physically positioned around

the beam, the collimators selected for this section are listed in Table [7.4]

Table 7.4: Collimator configurations used for skew collimator predictions in loss
map case studies, from [16].

V Case H Case ‘ Skew
B1V - 142 B1H - 1+2 TCSG.A4L7.B1
B2V - 142+3 B2H - 142 TCSG.A4R7.B2

The data used in this section was gathered from three loss map campaigns
during LHC operation. The campaigns were selected such that the order of planes

in which the losses were generated vary, to ensure no bias in the results.

1. Technical Stop 2 in 2018 - After a technical stop, loss maps are used to
validate the collimation hierarchy before resuming operation. In this case
loss maps were generated at injection and flat top, with the horizontal plane

performed first.

2. MD time - At the end of an MD at injection, time was dedicated to gener-
ate loss maps for this study. In this case the vertical plane was specifically

performed first.

3. Dedicated MD - This was a dedicated test performed at flat top to generate
losses by scraping the beam with the primary collimators. This scraping
was performed to mimic the beam losses required for generating loss maps
without using the standard hardware, to ensure that the order in which the

losses are induced in the planes does not influence the results.
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The individual configurations in Section and the losses generated in the
horizontal and vertical planes for the loss maps, were used to predict the losses for

the two skew collimators in both planes.
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Figure 7.12: Scatter plot of the loss map measured signal points above 1077 Gy/s,
against the calculated signal points, for the two skew collimators. A linear fit was
applied to the data, the fit residuals are presented in the lower plot, from [16].
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Figure 7.13: Scatter plot of the loss map measured signal points above 107 Gy/s,
against the calculation error, for the two skew collimators. The moving average was

calculated, showing the average error is mostly around -50% for low BLM signals
and -30% for high BLM signals, from [16].

The skew collimator results from the three loss map campaigns are displayed
in Figure [7.12, which plots the predicted signals against the measured signals, for
the measured signal points above 1077 Gy/s. A linear fit with an R2 of 84% was
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applied to the data, and the calculation error is plotted in Figure [7.13

For the majority of the cases, the calculated cross-talk underestimates the mea-
surements, with the average error starting off around -50%, and as the measured
signal increases the error decreases to -29%. This is a result of the missing con-
tribution from the skew collimators when calculating the cross-talk, as explained

previously.

7.2.6 Calculation of Proton Impacts

Having successfully quantified the level of cross-talk observed by BLM devices in
Section [7.2.4] this section seeks to calculate the equivalent impact rate for any colli-
mator j, in protons / second (P;). Following the same approach as in Section ,
the signals of all closed upstream collimators must be taken into consideration us-
ing Equation [7.3] This is transformed into Equation to calculate the effect of

a single collimator on its BLM.

n—1
Sn - Z amS; ‘I‘ a;nns{fl, ann - 1
i=1
n-1
Sh="Sn— ) ani.S (7.8)
i=1

This is then extended into:

N

Pn — bn.S;l, bn — S_
n

(7.9)
Where b" is the cross-talk factor in protons/Gy of collimator n, calculated from
the change in beam intensity (Al) against the BLM signal of collimator n, when

it was the only one closed (Case n). The cross-talk factors of all collimators are

collected in Table [T.5l
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Table 7.5: Cross-talk factors (protons/Gy), calculated from the change in beam
intensity using the individual cases, from [16].

Plane Collimator Factor
TCP.D6L7.B1  1.17 x10!2
TCSG.D4L7.B1  9.36 x1011

BLV TCLA.A6R7.B1  5.72 x1011
TCLA.C6R7.B1  9.43 x10!!
TCP.C6L7.B1  7.95 x10!!
TCSG.B4L7.B1  8.66 x10!!
BIH TCSG.6R7.B1  6.48 x1011

TCLA.B6R7.B1  4.39 x10!!
TCLA.D6R7.B1  6.72 x1011
TCLA.ATR7.B1  6.59 x10!!
TCP.D6R7.B2  9.54 x1011
TCSG.D4R7.B2  7.32 x10!!
B2V | TCSPM.D4R7.B2 7.04 x10!!
TCLA.A6L7.B2  5.58 x101
TCLA.C6L7.B2  6.61 x10!1
TCP.C6R7.B2  9.66 x101
TCSG.B4R7.B2  8.56 x10!!
TCSG.6L7.B2  7.56 x10!
TCLA.B6L7.B2 5.12 x1011
TCLA.D6L7.B2  1.34 x1013
TCLA.ATL7.B2  2.85 x101

B2H

The protons impacting each collimator ¢ can be compared by representing them

as a percentage of the total impacts per combined case (Case 1+...4n), using:

P.
Pl = 12— x 100, i<n (7.10)
DY SRR

The proton impacts calculated for the three combined cases in the vertical plane
in beam 1 (recall Section [7.2.3)) are displayed in Figure [7.14] indicating that 91%
of all protons lost are assigned to the primary collimator, 9% are assigned to the

secondary collimator and the rest are below 0.001%.
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Figure 7.14: The percentage distribution of the predicted proton impacts for the
three configurations of closed collimators in the vertical plane in beam 1; Case
B1V - 142, Case B1V - 1+2+3, Case B1V - 14+2+3+4, from [16].

7.2.7 Simulated Proton Impacts

To validate the calculated proton impacts, the results are compared to simulated
impacts. The simulations were run using Sixtrack and were set up using the meth-
ods described in [88], as this type of simulation has shown a good agreement with
measurements in previous studies [88] 89 [90]. The simulations were set to use the
collimator positions (refer to Table and beam optics that were used during the

beam tests.

2 ]
10 N Case 1+2

BN Case 1+2+3
Case 1+2+3+4

1.
10 Em Simulated

1003

Proton Impacts (%)

TCP.D6L7.B1

TCSG.D4L7.B1 TCLA.A6R7.B1 TCLA.C6R7.B1
Collimator

Figure 7.15: A comparison of the percentage distribution of the predicted and
simulated proton impacts for the three configurations in the vertical plane in beam
1; Case B1V - 142, Case B1V - 14243, Case B1V - 142+3+4, from [16].

The results for the vertical plane in beam 1 are displayed in Figure which
overlays the simulated impacts on the measured impacts (refer to Appendix for a
complete table of all the calculated impacts). From the simulations, 94% of all pro-

tons lost are assigned to the primary collimator, 6% are assigned to the secondary
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collimator and the rest are below 0.001%, indicating a +3% difference from the
measured impacts. Overall the two sets of impact results are similar, however one
can notice that the overestimation in the measured impacts increases the further
downstream a collimator is. This is another effect of upstream collimators shielding
showers before they reach the downstream collimators, which are assumed to be

zero in this study.

7.3 Cross-talk Analysis Outlook

An initial cross-talk model was developed from the data gathered during com-
missioning 2018 (Section , to automate the collimator selection for parallel
alignments. This involved making a list of the collimators that effect each other,
to ensure that no two collimators effected by cross-talk are aligned in parallel.
This is a first basic model which fully-prevents any cross-talk, however it limits the
collimators that can be aligned in parallel.

This model can be enhanced through further analysis and can also be combined
with other cross-talk studies (Section [7.2)). Beam tests were performed to seek to
quantify the levels of cross-talk observed by BLM devices to determine the actual
beam loss signals generated by their corresponding collimators. The tests were
focused on IR7 collimators and the cross-talk was successfully predicted with an
error less than 10% of the measured BLM signal. In most cases, the cross-talk was
overestimated as the showers shielded by upstream collimators were assumed to be
ZEro.

These results were then applied to loss maps, to predict the losses at the first
skew collimator positioned downstream, when losses are generated in the horizon-
tal and vertical planes. The results indicate that the amount of cross-talk was
underestimated for the majority of the cases, due to the contribution of the skew
collimators which were not accounted for. Finally, the number of protons that

impacted each collimator were then calculated. The impacts at the primary colli-
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mators are conclusive as they are equal to the change in beam intensity. On the
other hand, the losses at downstream collimators overestimate the amount of pro-
ton impacts, due to the showers shielded by upstream collimators assumed to be
ZEro.

Overall this work provides a foundation for cross-talk analysis across BLM
devices in LHC collimators which can be further expanded by taking measurements
using more collimators, especially skew collimators. This can also be extended by

repeating the measurements at flat top and analysing any energy dependent effects.
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8. Software Implementation

The semi-automatic beam-based alignment procedure can now be transformed into
a fully-automatic beam-based alignment procedure by integrating the three algo-
rithms designed to replace the user tasks; automatic spike recognition model (Chap-
ter [9]), automatic threshold selection algorithm (Chapter @ and cross-talk model

for automatic parallel alignment (Chapter [7)).

8.1 Fully-Automatic Alignment Procedure

Highlighting the differences from the semi-automatic BBA described in Section 3.2}
the fully-automatic BBA involves the following steps:

1. The user can now select all collimators to be aligned.
2. The user must then set two input parameters:

o Az; - Jaw step size in um, from a pre-defined list between 5 ym and

200 um. The default step size is 10 um at injection and 5 um at flat top.

e t7 - Time interval between each step in seconds, the minimum being
0.02 s. The default time interval is 0.02 s at injection and 0.2 s at flat

top.
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3. The automated procedure then selects; a collimator i, the jaws to move
towards the beam (left or right or both), and a reasonable threshold, SZ-Tth .

The alignment is then started automatically.

4. The jaw(s) of collimator 7 are automatically moved towards the beam in steps

of Az; every t} seconds.

5. The jaw movement automatically stops if the BLM losses exceed the thresh-
old, SiThreS , by obtaining the BLM data S; associated with collimator i after

each jaw step.

6. Once the jaw(s) stop moving, the automated procedure uses machine
learning to classify the spike exceeding the threshold, to determine whether

the collimator jaw(s) are aligned or not.

7. The automated procedure first moves both jaws towards the beam si-
multaneously, then separately aligns each jaw twice, until a clear alignment
spike is observed in each case. Therefore steps 3-6 must be repeated until
these alignment spikes are observed, and must also be repeated for all selected

collimators.

8. Once a collimator is considered aligned, the automated procedure will
save its position in a database, such that the beam centre and beam size can

be calculated.

This fully-automatic BBA algorithm is depicted in Figure [8.1] as a flowchart,
and the entire process is started using the play button available in the GUI. This
flowchart shows the overall process of selecting and aligning all collimators, using
Figure [8.2| which shows the steps required to automatically align an individual
collimator. Using the semi-automatic BBA the first step is to move all collimators
in the current plane in parallel, to save time, therefore this was also included as

the first step in the fully-automatic BBA.
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Figure 8.1: Flowchart of the fully-automatic beam-based alignment of all selected
collimators, using Figure [8.2}

The alignment can also be paused or stopped at any point in time using the

respective buttons, and their implementations are depicted as flowcharts in Fig-

ures [8.3], [8.4] respectively.
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Figure 8.2: Flowchart of the fully-automatic BBA of an individual collimator.
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8.2 Software Development Tools

The Beams Department at CERN makes use of the following tools for software

development:

e Java programming language for user application development.

e FESA real-time C/C++ environment (recall Section [2.1.2)) for hardware con-
trol in the LHC.

e The Java API for Parameter Control (JAPC) for Java GUI applications to
interact with the FESA middleware framework.

e The Eclipse Integrated Development Environment (IDE).
e Subversion (SVN) for version management.

e The CommonBuild Next Generation (CBNG) build and release management
tool [91], based on Gradle [92].

The alignment is performed remotely from the CERN Control Centre using a
top-level application implemented in Java, which allows users to move collimators
whilst monitoring their BLM signal. These signals are logged at a frequency of 100
Hz, however they are shown to the user at a frequency of 25 Hz due to a limitation

of the TCP (Transmission Control Protocol) communication protocol used.

8.3 Beam-based Alignment Software Architecture

The alignment application is based on the semi-automatic alignment software ar-
chitecture [3] which is based on the original LHC collimator control software [93],

as used in the 2010 LHC collimator alignments.
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8.3.1 Semi-Automatic Software Architecture

The semi-automatic BBA is implemented in the FESA class LHCCollAlign [94]

which runs on its own Front-End Computer (FEC) and is responsible for:

e Acting as a BLM concentrator by collecting the 100 Hz data from the BLMs
of all the collimators via UDP (User Datagram Protocol), which is converted
to 25 Hz to decrease the amount of processing required. The 25 Hz data is
used by Java to display the signal for the user to view, and the 100 Hz data

is logged for offline access.

e Running the feedback loop during collimator alignments to stop any move-

ment when the losses in the BLM signal exceed the predefined threshold.

e Moving the collimators towards the beam until the BLM losses exceed the
threshold, using the Align Collimator property. This process is started from
the Java application by the user, who must provide the required input pa-

rameters and select the jaw(s) to align.

FESA : Java Swing

1 BLMs | : Alignment GUI
Lo :
. GET "
ing Property SET uDP H Display
1) Position Tuning > 1) Collect 100Hz data 1) Semi-automatic BBA
2)sﬁ)titsigrgn:’ roperty SET SET ,,,,,,,,,,
Acquisition Property GET Acquisition Property
3) Measured Corner Positions 25Hz BLM Data H
Acquisition Property GET GET l :
4) Collimator Status Setting Properties -
Setting Property SET ; P -
5) Required Absolute Position —> 2) Align Collimator
Setting Property SET B
6) Software Trigger H
RETRACT
GETI lSET GUI
T
. [
I Collimators
1

Figure 8.5: Overview of semi-automatic BBA implemented in FESA and Java,
from [10].

The collimators are controlled using the LHCCollimator FESA class. This class

is responsible for triggering and setting all collimator jaw movements, in particular
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functions which move collimators during different phases of the operational cycle,
and for getting any data related to the collimator positioning system [12]. An

overview of the two FESA classes and the Java application is shown in Figure [8.5

8.3.2 Fully-Automatic Software Architecture

The fully-automatic BBA is implemented on top of the semi-automatic BBA,
thus allowing for both alignment tools to be available together and maintaining
backward-compatibility with all previous functionality. It is implemented in the

FESA class CollAlignSupervisor on its own FEC, and is responsible for:

e Repeatedly automatically aligning the collimators towards the beam by call-
ing the Align Collimator property in the LHCCollAlign FESA class, as used
by the semi-automatic BBA. The difference being that the user does not
provide the input parameters as these are computed automatically. The
full-automation also selects the jaw(s) to align and the entire procedure is

performed by calling the Automatic Alignment property.

e Automatically selecting the collimators to align in parallel based on the of-
fline cross-talk analysis results, by providing the FESA class with the list of
collimators effected by cross-talk. This is accessed by the algorithm before
selecting any collimator to align, to first check which collimator (if any), is
being aligned in the other beam and which collimators it effects. This ensures

that no collimators effected by cross-talk are aligned in parallel.

e Automatically selecting the threshold for aligning any collimator based on the
latest BLM signal. This is implemented by accessing the latest 7.5 seconds of
raw 25 Hz BLM data from the LHCCollAlign FESA class, and selecting the
threshold accordingly. This algorithm keeps track of the previous threshold
selected in the CollAlignSupervisor FESA class, to enhance the threshold

selection process.
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e Applying the machine learning model on the recorded BLM signal, to auto-
matically detect alignment spikes and determine if the collimator is aligned.
Machine learning model implementations are available in Python therefore a
separate thread on the same FEC as the CollAlignSupervisor FESA class is
dedicated to run the Python script developed for alignment classifications.
This script is directly provided with the latest raw 25 Hz BLM data obtained
from the LHCCollAlign FESA class and returns the classification result to
the CollAlignSupervisor FESA class to resume the alignment based on the

result.

e Automatically save the positions of the aligned collimators to a table and save
all information related to the alignment in a file which can only be edited from
the CCC. This information is used to automatically retract the collimators

to their final position in the hierarchy.

The fully-automatic BBA is controlled from the same Java application, using
the three new buttons; Play, Pause and Stop. The full implementation of how
the new FESA class interacts with the semi-automatic alignment and the Java
application, is shown in Figure [8.6]

FESA allows for executing multiple instances of the same property in different
threads. Therefore in order to allow for the alignment of the collimators in the two
beams to be done in parallel, two threads were assigned to the CollAlignSupervi-
sor FESA class. This allows for executing two instances of the same Automatic
Alignment property in parallel. The user can use two separate consoles to select
two lists of collimators, as was the case with the semi-automatic BBA, and upon
pressing play, the Java application sends the list of selected collimators to FESA
on an available thread.

These two threads constantly communicate with each other before starting the

alignment of any collimator, to ensure that the selected collimators to align in
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Figure 8.6: Overview of the fully-automatic BBA implemented in FESA and Java,

from [10].

parallel are in accordance with the cross-talk analysis. The algorithm in FESA
begins by using the cross-talk analysis to sort the selected collimators in descending
order, according to the most collimators they effect through cross-talk. Therefore
the collimators which generate the most cross-talk, TCLA.A6 and TCLA.B6 (recall
Figure , will always be aligned first when selected. After a collimator is aligned,
the respective thread checks the sorted list of remaining collimators to be aligned
and checks the collimator being aligned in the other beam. These checks are used
to select the first collimator on the list that does not experience cross-talk from the
collimator being aligned in the other beam. If no collimator is found, the thread
sleeps until the collimator in the other beam has finished its alignment. Whilst
the automatic alignment is running, the user retains full control over pausing,
resuming and stopping the alignment whenever required. Similarly, the alignment
of the primary collimator of the corresponding plane before and after, is handled

using the same cross-talk model, to check when it can be aligned according to what

113



Chapter 8. Software Implementation

is being aligned in the other beam at that moment.

Furthermore, the parallel movement of all collimators in any plane was im-
plemented such that the software aims to start new planes simultaneously when
both beams are starting a new plane. On the other hand, if only one beam (eg.:
beam 1) is starting a new plane, its thread waits until beam 2 has finished aligning
its current collimator, with both the primary before and after. Once the beam 2
collimator is aligned, the fully-automatic alignment of beam 2 will automatically
pause, and beam 1 can then start the parallel movement of all the collimators in
its current plane. Beam 2 waits for beam 1 to finish its parallel movement so that

it can automatically resume its alignment as explained previously.

8.4 Safety-Critical Design

The fully-automatic BBA must ensure safe operation within the collimation soft-
ware at all times, therefore this section discusses the precautions taken to avoid
additional beam losses and ultimately preventing dumping the beam.

Firstly, the real-time thread which receives the BLM UDP packet is given the
highest priority. This thread is responsible for decoding the BLM signal and to de-
termine if the losses exceeded the BLM threshold, in which case the jaw movement
must be stopped immediately. Secondly, the BLM thresholds available for selection
are an order of magnitude lower than the losses close to the BLM thresholds that
trigger a beam dump (refer to Chapter E[)

In addition, a number of default settings are applied when using the fully-
automatic software. As mentioned in Sections [4.2] and [8.1] at injection the default
step size is 10 ym and the time window for spike recognition is 4 seconds, whereas
at flat top the default is 5 um and the time window is 6 seconds, as the losses are
much higher. Furthermore, the process of moving all plane collimators in parallel
towards the beam (recall Section is disabled at flat top due to the major losses

observed during commissioning 2017, which is later explained in Section [9.2]
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8.5 Graphical User Interface
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Figure 8.7: A screen shot of the collimator controller window providing fully-
automatic beam-based alignments, from [10].

The fully-automatic BBA GUI extends the previous semi-automatic BBA GUI [95],
by introducing a new section as shown by the screen shot in Figure [8.7] The user
can input the jaw step size, the time interval between each step and select between
the nominal or measured settings when retracting the collimators to their final
positions. The alignment can be paused, stopped and resumed by the user at any
time. The GUI subscribes to the 25 Hz BLM data and 1 Hz jaw position for display
purposes. The GUI lists the collimators to be aligned on the right, grouped by their

orientation, such that each group ends with the primary/reference collimator of the
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plane. A collimator must be selected from this list to control it and to show its

corresponding BLM signal and jaw position, with the selected collimator is marked

by a blue border. The state of each collimator is indicated by the various colour

codes listed in Table B.1I

Table 8.1: Color coding used to identify the different alignment states of an indi-
vidual collimator, from [10].

Color ‘ State
Gray Not yet moved
Green Collimator jaw(s) moving
Fully-automatic BBA paused by user when this
Yellow ; . .
collimator was mid-action.
Fully-automatic BBA stopped by user when this
Red ) . .
collimator was mid-action.
. Collimator aligned and jaws retracted to
Turquoise . .
operational settings.
Magenta Collimator jaw(s) waiting to align, due to

cross-talk from another collimator.

The GUI is operated from the CCC and two instances of the same applica-

tion can be opened simultaneously. This allows for aligning a maximum of two

collimators in parallel, one from each beam.
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Campaigns

At the start of each year, the LHC goes through a commissioning phase to ensure
that everything is correctly set up and ready for nominal operation. The machine

requirements for commissioning the collimators are as follows:

e Establish Golden Orbit - Before starting the collimator alignment, the LHC
golden reference orbit needs to be established, which must be set up in ad-
vance. Following this, 1 or 2 nominal LHC bunches with a total beam in-

tensity below 3 x 1011

p/beam, need to be injected. The individual bunch
intensity must be close to 1 x 1011 p/beam to operate the LHC BPM at low
gain, in order to satisfy the requirement of the BPM measurement and bunch
intensity. If beam loss maps need to be performed after the alignment, then

0l0

more bunches (with a lower intensity of 10*Y p/beam) can be injected whilst

keeping the limit below the 3 x 1011

p/beam. Collimators are designed to
resist such low intensity beams, foreseeing cases when they accidentally cut

into the beam.

e Setup Beam Flag - During the alignment, in order to avoid an unnecessary

beam dump, the setup beam flag needs to be set to allow masking hardware
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interlocks at low beam intensity (3 x 1011 p/beam). The EiC (Engineer in

Charge) must ensure the flag time-out does not elapse and trigger a dump.

e BLM limits - BLM devices downstream from the collimators will measure
unusually high signals, that risk dumping the beam if not masked. The BLM
devices protecting sensitive equipment, such as the superconducting magnets,
can never be masked as the machine must always be protected. Therefore

the EiC masks the Maskable BLM devices.

e Collimator Position Limits - The EiC opens all collimator jaw position thresh-

olds and masks collimator movements.

e Measurement of Beam Emittance - It is desirable that the emittance is mea-
sured before the alignment by doing a wire-scan [96]. The emittance gives
an idea of the transverse beam size and indicates if there is an issue worth
dumping the beam and re-injecting for the alignment, in order to have nom-

inal beam conditions.

e Orbit Feedback Configuration - The EiC will either switch off the orbit feed-
back or change the settings to have a very smooth correction, to avoid sudden

orbit shifts which could induce false spikes or cause unnecessary beam loss.

During the commissioning phase, all collimators are aligned during their re-
spective machine stages, to set up the correct hierarchy. Figure depicts the
different stages of the LHC machine cycle and the corresponding beam size (8*) at

each stage.

As of 2018, the collimators aligned at each machine stage are:

e Injection - 75 collimators and 4 injection protection collimators are aligned

with BLM devices.

e Flat top - 75 collimators are aligned with BLM devices.
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B* Flattop Squeeze Collisions

Injection

E— |

Figure 9.1: The stages of the LHC machine cycle and the corresponding beam size.

e End of Squeeze - 16 TCTs are aligned with BPM pick-ups, as only the optics

are changed.

e Collisions - 16 TCTs are aligned with BPM pick-ups and 12 TCLs (physics
debris collimators) aligned with BLM devices, as the orbit is only changed at
the experimental IPs.

Table 9.1: List of 2018 settings for collimation. The settings are expressed in beam
size values (o), assuming a nominal beam emittance of 3.5 um.

Coll IR | Injection Flat top Squeeze Collisions
TCP 7 5.7 5.0 5.0 5.0
TCSG 7 6.7 6.5 6.5 6.5
TCLA 7 10.0 10.0 10.0 10.0
TCP 3 8.0 15.0 15.0 15.0
TCSG 3 9.3 18.0 18.0 18.0
TCLA 3 12.0 20.0 20.0 20.0
TCSP 6 7.5 Bl: 7.8 / B2: 74 7.3 7.3
TCDQ 6 8.0 B1: 7.8 / B2: 74 7.3 7.3
TCT 1/5 13.0 15.0 9.0 9.0
TCT 8 13.0 15.0 15.0 15.0
TCT 2 13.0 37.0 37.0 37.0
TCL 4/5 - - - 15.0
TCL 6 - - - -

As explained in Section [2.3] collimator alignments are performed to determine
the beam orbit and beam size at each collimator location, which are initially un-
known as the actual beam orbit may deviate from the design orbit and the collima-

tor tank may be misaligned. This information is required to establish the hierarchy,
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such that the jaws are positioned within a certain number of standard deviations
(beam o) from the beam centre, and to generate continuous setting functions for
the whole LHC cycle [97], [08]. The collimator settings used during 2018 operation
at the different machine states are listed in Table [0.1]

9.1 Alignment Evolution
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Figure 9.2: The time taken to align all collimators during commissioning and any
reconfigurations, between 2010 and 2016, using the manual and semi-automatic
setup. The collimators in the two beams were aligned in parallel as indicated by
the vertical bars.

The cumulative net time required to align the collimators over the years during
all machine states, is displayed in Figure [9.2] excluding any operational overhead
for configurations and setups, prior starting the alignment. This diagram clearly
indicates the consistent decrease in the alignment time each year. The major

improvements leading to collimation alignment milestones over the years include:

e Runl

— 2011: Introduction of the semi-automatic alignment software using 1 Hz

BLM data.
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— 2012: Availability of 12 Hz BLM data.

e Run II

— 2015: First collimators installed with BPM pick-ups.

— 2016: Availability of 100 Hz BLM data.

The initial alignment of the system in 2010 took 55 hours. Since then, several
software and hardware upgrades were introduced to improve the alignment time
and to simplify the alignment procedure.

The majority of the collimators are aligned with BLM devices, however in
Long Shutdown 1 (before the start of Run II) the first collimators were installed
with BPMs. Collimators aligned with BPMs use an alignment algorithm proposed
in [99], which automatically centres the collimator jaws around the beam, based on
its position. The algorithm is based on successive approximation, which is required

due to the non-linear BPM sensitivity to beam displacement.

9.2 Semi-Automatic Commissioning 2017

[l Commissioning Beam 1
Il Commissioning Beam 2
[ ]Reconfiguration

Total Beam Time (hours)

2010 2011 2012 2015 2016 2017

Run | Run Il

Figure 9.3: The time taken to align all collimators during commissioning and any
reconfigurations, including data from 2017.
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For commissioning in 2017, a minor update was added to the semi-automatic
alignment algorithm. This involved stopping the jaw movement when a minimum
of two points exceed the threshold, rather than just one, to decrease the number
of times the jaws are stopped by noisy spikes. Additionally, the GUI was updated
to show both the measured and nominal collimator values.

Figure [9.3| compares the cumulative net time required to align the collimators
including 2017 data, showing a minor improvement. Overall this indicates that the
semi-automatic alignment seems to have reached its peak alignment time perfor-

mance at around 6 hours.
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Figure 9.4: Injection commissioning 2017 results, comparing the beam centres mea-
sured with BLM and BPM devices to 2016 commissioning centres, highlighting the
change in polarity of the crossing angle in IR1 (top graph). The beam size ratios
are compared to 2017 (middle graph), those in IR3 are shaded as they are expected
to be large due to the higher dispersion in that location. Finally the differences
between the 2017 BLM centres and the rest are compared after normalising by the
average beam size of 2016 and 2017 (bottom graph).
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Figure 9.5: Flat top commissioning 2017 results, comparing the beam centres mea-
sured with BLM and BPM devices to 2016 commissioning centres, highlighting the
change in polarity of the crossing angle in IR1 (top graph). The beam size ratios
are compared to 2017 (middle graph) and the differences between the 2017 BLM
centres and the rest are compared after normalising by the average beam size of
2016 and 2017 (bottom graph).

The centres measured for beam 1 and beam 2 at injection (Figure and flat
top (Figure , are similar to those found in 2016 as expected, as nothing was
changed and any slight differences could be due to drifts in ground motion. The
only exceptions are the TCTs in the vertical plane in IR1, which reflect the change
in polarity of the crossing angle with a change in sign.

These results together with the loss maps shown in Appendix [C] validate the
alignment campaign and the settings were used throughout LHC operation in 2017.
Overall it was a successful beam commissioning alignment campaign, where 3 col-

limators were introduced /upgraded and two events were encountered [100]:

1. The TCSPM.D4R7.B2 was a new collimator aligned for the first time with
BLM and BPM devices at injection.
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2. The TCP.C6L7.B1 and TCL.4L5.B2 were replaced and embedded with BPMs

and were aligned for the first time at injection.

3. Whilst moving all the collimators in a plane in parallel at flat top, one of the
BLM devices detected losses higher than its threshold as shown in Figure 9.6}
which resulted in a beam dump. For this reason, parallel movements at flat

top have been disabled by default.

4. Loss maps performed at a later stage indicated that the TCSG.B5L7.B2 was
misaligned at flat top, as during alignment its jaws were stopped early and
the centre found was off by around 300 um. This was as a result of human

error and the collimator was re-aligned.
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Figure 9.6: High TCLA.D6L7.B2 BLM losses, during parallel movement at flat top
collimator commissioning, caused a beam dump.
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9.3 Fully-Automatic Commissioning 2018

The latest alignment with BLM software upgrade is the full automation developed
as part of this dissertation. In 2018, it was used for LHC collimator commissioning

for the first time.
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Figure 9.7: The time taken to align all collimators during commissioning and any
reconfigurations, including data from 2018, from [20].
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Figure 9.8: Sequential alignment of the collimators in the two beams at injection,
showing the beam intensities (top graph) and only the positions of the primary
(TCP) collimators (bottom graph) for simplicity, from [75].
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Figure [9.7] compares the cumulative net alignment time using the full automa-
tion, indicating that the collimators in the two beams were aligned sequentially,
in contrast to previous years. The reason is that, in the past, collimation experts
would cautiously examine the cross-talk to select the collimators to align in par-
allel, however the fully-automatic did not yet account for this (recall Section .
Ultimately, one can still appreciate a decrease in the alignment time required.

During commissioning at injection, the alignment software worked with the de-
fault settings, by predicting the spike class, using the trained machine learning
models, after 4 seconds of spike decay and using a 0.02 second time interval be-

tween collimator movements of 10 um.
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Figure 9.9: Injection commissioning 2018 results, comparing the beam centres
measured with BLM and BPM devices to 2017 commissioning centres (top graph),
the beam size ratios compared to 2017 (middle graph), and the difference between
the 2018 BLM centres are compared to the rest after normalising by the average
beam size of 2017 and 2018 (bottom graph), from [75].
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As explained in Section [2.3] the standard BBA aligns the primary collimator,
of the corresponding plane, before and after each collimator is aligned. Figure
summarizes the alignment campaign at injection commissioning by plotting the
positions of the primary collimators in the horizontal, vertical and skew planes in
each beam. The collimators in the two beams can be seen to be aligned sequentially
with beam 2 followed by beam 1. The entire alignment campaign required 1.5 hours
for 79 collimators, reaching the theoretical minimum time calculated in Section 4.2
in the case of each collimator encountering one non-alignment spike. On average
it took 1 minute to align a single collimator using this approach.

The collimator centres measured at injection with BLM detectors are similar
to the centres obtained during injection commissioning in 2017, and are consistent
with the centres measured using BPMs (where available), as shown in Figure [0.9]
The beam sizes are also consistent with 2017, evidently showing the reproducibility
of the LHC after correction of orbit and optics. Furthermore, the difference in
centres is normalized to the average beam size of 2017 and 2018, to better compare

the centres across the LHC ring.
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Figure 9.10: Sequential alignment of the collimators in the two beams at flat
top, showing the beam intensities and only the positions of the primary (TCP)
collimators for simplicity, from [75].
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Figure 9.11: Flat top commissioning 2018 results, comparing the beam centres
measured with BLM and BPM devices to 2017 commissioning centres (top graph),
the beam size ratios compared to 2017 (middle graph), and the difference between
the 2018 BLM centres are compared to the rest after normalising by the average
beam size of 2017 and 2018 (bottom graph), from [75].

During commissioning at flat top, the alignment conditions were difficult due
to beam stability issues, especially in the horizontal plane in beam 1. Due to this,
the settings of the fully-automatic tool were modified to be more conservative with
collimator movements to limit high losses. This was performed by predicting the
spike class, using the trained machine learning models after 6 seconds of spike
decay and using a 0.2 second time interval between collimator movements of 5 um.
Using these settings, the 75 collimators were aligned in 3.5 hours, therefore on
average it took 2 minutes to align a single collimator using this approach. The
entire alignment campaign is displayed in Figure9.10| showing that the collimators
in the horizontal plane in beam 1 took longer to align than the same number of
collimators in the horizontal plane in beam 2. Similar to injection, the flat top beam

centres and sizes measured with BLMs and BPMs (where available) are consistent
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between 2017 and 2018, as shown in Figure [9.11]
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Figure 9.12: Comparison of losses in the IR7 DS after commissioning using the
fully-automatic alignment in 2018 and the semi-automatic in 2017, from [75].

These commissioning campaigns at injection and flat top were validated by
generating loss maps (refer to Appendix, which are summarized by observing the
losses in the dispersion suppressor in IR7. These losses determine the collimation
inefficiency, and Figure[9.12| compares the inefficiency between 2017 and 2018. The
difference is within an acceptable limit, as any misalignments would result in a
factor of two to three difference [101]. Therefore the results are consistent, thus

validating both alignment campaigns.

9.3.1 Commissioning for Ion Beams

During ion beam commissioning in 2018, the fully-automatic alignment software
was used to align all IR7 collimators in collisions. The losses generated by ion beams
exceed the proton losses by a factor 100 in the dispersion suppressor (DS) [102].
As a consequence, the fully-automatic tool was modified to avoid high DS losses
by using a 0.1 second time interval between collimator movements of 10 ym. Ta-
ble [9.2] summarises the various settings used for alignment campaigns performed at
different machine states. Using ion beams the collimators in the two beams were
aligned sequentially and on average it took 1.5 minutes to align a single collimator
using this approach.

Since no heavy iron run took place in 2017, there is no data available to compare

to the 2018 alignment. However the collimators in IR7 are not expected to have
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Table 9.2: Angles obtained from BPM collimator alignments in beam 2.
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centres and beam size ratios to flat top commissioning results, from [75].

large changes between collisions with ion beams and at flat top with proton beams.
Therefore this comparison of centres is displayed in Figure [9.13] and the results
are consistent for the majority of the collimators. A couple of collimators indicate

a difference between £150 ym and £200 um, which could be expected due to the

change of reference orbit between the two

beam types.
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9.4 Parallel Fully-Automatic MD 2018

An MD study was scheduled at injection in 2018, to test a second version of the
fully-automatic alignment software, able to align the collimators in the two beams
in parallel [I03]. The default injection settings were used for the alignment soft-
ware, i.e. applying machine learning after 4 seconds of spike decay and using a
0.02 second time interval between collimator movements of 10 um. The alignment
of 79 collimators at injection took 50 minutes, decreasing the alignment time at
injection by a factor of three, with respect to 2017 as shown in Figure On

average it took 1.5 minutes to align two collimators using this approach.
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Figure 9.14: The time to align 79 collimators at injection commissioning, compared
to the 2018 parallel alignment MD, from [26].

The two beams were aligned in parallel and the entire alignment campaign is
displayed in Figure|9.15] The beam centres and beam sizes measured at each colli-
mator are consistent with those from commissioning 2018, as shown in Figure|9.16|
This validates the new parallel alignment software, confirming that it can be used
as a baseline for future parallel alignments at injection, and should be repeated for
flat top data. In the future, this software can be further upgraded based on more

in-depth cross-talk analysis studies as explained in Section [7.2]
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Figure 9.15: Parallel alignment of the collimators in the two beams at injection,
showing the beam intensities and only the positions of the primary (TCP) collima-
tors for simplicity, from [75].
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Figure 9.16: Parallel alignment MD results at injection, comparing the beam
centres (top graph) and beam size ratios (middle graph) to the 2018 injection
commissioning results using BLM and BPM devices. The difference in centres
normalized by the average beam size is presented on the bottom graph, from [75].
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10. Fully-Automatic Angular

Alignment

The current operational settings for the betatron cleaning hierarchy requires a 1.5 o
retraction between primary and secondary collimators of the betatron cleaning in-
sertion, which correspond to around 300 um. In order to improve the LHC perfor-
mance and achieve a smaller B*, tighter collimator settings with smaller retractions
are foreseen [104].

Until now, collimators aligned with BLM devices have always been aligned with
a zero tilt angle with respect to the beam, however, recent beam tests indicate that
this approach will not be adequate to operate the system with retractions below
1.5 o [105]. Figure shows a collimator 7 with an angular offset of o; with
respect to the beam axis, assuming that the two jaws are parallel in the collimator
tank (ideal condition). Possible tank misalignments are a source of error that could
jeopardize the performance of the system if not corrected. Other cases involving
mounting errors within the tank can also occur, however these are less likely as
the tank alignment is done with survey measurements and positioning systems
which give an accuracy of 100 - 300 um, whereas the collimator manufacturing
is performed under much more stringent conditions. The proposed solution is to

implement an automatic procedure to align collimators with different jaw tilts to
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be able to determine the best angle.
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Figure 10.1: A case where collimator jaws are perfectly mounted with the vacuum
tank, showing a tank misalignment w.r.t. the nominal orbit, from [25].

10.1 Use Case

A use case example is that of the TCSG.D4L7.B1. In December 2017 the loss map
displayed in Figure was generated at flat top, showing a hierarchy breakage in
IR7. This was caused by the TCSG.D4L7.B1, as it required an angle of ~350 prad.
This angle was determined by performing an angular alignment using the semi-
automatic tool available. This procedure required aligning one jaw corner at a
time, which took around 40 minutes. Once the tilt was set, the loss map displayed
in Figure was generated, indicating the hierarchy is restored.

During commissioning in 2018, a similar breakage in the hierarchy was observed
at flat top. This resulted in repeating the angular alignment for the TCSG.D4L7.B1,
which indicated a —400 urad tilt in the left jaw and a 320 prad tilt in the right jaw.
This is consistent with the previous angle found, and clearly indicates a hardware
issue within the collimator tank.

As seen in this case, angular alignments are only performed when absolutely
necessary, after a hierarchy breakage is observed, in order to save time. Therefore,
it is possible that other collimators also require tilts, however they are not large

enough to break the hierarchy, for now. This motivates having a fully-automatic
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Figure 10.2: An example of a beam 1 betatron vertical loss map at 6.5 TeV, (a)
before, and (b) after, tilting the TCSG.D4L7.B1 at the required angle.

procedure, to be able to detect any required tilts in advance and address the issue

earlier, possibly even at the hardware level.

10.2 Angular Alignment Algorithms

Three novel algorithms were introduced which align collimator ¢ at different angles,
one jaw at a time, such that ultimately the angle which produces the best results
could be determined and used in operation. Selecting which method to use depends
on the specific error encountered and can therefore only be determined with more

operational experience with angular setups.
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10.2.1 METHOD 1: Angular alignment using reference

collimator

This method is heavily based on the standard BBA procedure, explained in Sec-
tion [2.3] which uses the primary collimators to create a reference halo for the
collimators to align with. The main difference introduced is that collimator 7 is
tilted at a pre-defined angle before alignment. To run this method, the user se-
lects a collimator ¢, then sets the start and end angles (e.g.: o = 1000 urad,
o” = ~1000 yrad) and the angle step size (e.g.: 6 = 100 prad). The following

procedure is then performed automatically:

1. Align the corresponding reference collimator and collimator ¢ (angle: 0 yrad)
2. Tilt collimator ¢ to o® (angle: 1000 urad), as shown in Figure [10.3]

3. Align collimator ¢ at the angle set, then re-align the reference collimator

(angle: 1000 prad)
4. Tilt collimator ¢ by & (angle: 900 urad)
5. Repeat steps 3 and 4 until the angle o” is reached (final angle: -1000 prad)
6. Tilt collimator 4 back to its initial angle (angle: 0 yrad)

7. Retract the reference collimator to its starting position

| e
! g
l |
1 |
Tcp u
l l
1 |
I |
'T |
|
Beam axis

Figure 10.3: Collimator tilted at an angle with primary collimator used as reference.

This method generates the positions of both collimators after each alignment,

at angles between o® and o”. As a result, the best angle can be extracted by
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identifying the angle which generates the smallest measured beam . This method
is ideal for cases where there is a real offset of the tank, as the requirement that

the collimator jaws are parallel would be met.

10.2.2 METHOD 2: Angular alignment at maximum an-

gles

This method does not require a reference collimator or any user inputs, it auto-

matically applies the following steps on the selected collimator i:

1. Retract collimator ¢ by 2 mm

2. Tilt at maximum angle (1900 prad) to find the upstream centre as shown on

the left in Figure [10.4
3. Align collimator ¢ then retract by 2 mm

4. Tilt at opposite maximum angle (-1900 prad) to find the downstream centre

as shown on the right in Figure [10.4]

5. Retract collimator ¢« by 2 mm

LDy ! |

| |

: |

: :

: :

T :
Beam axis

Figure 10.4: Jaws tilted at maximum angles, from [106].

This method generates the upstream and downstream centres of collimator i,
which can be used to calculate the optimum angle. This is the quickest method

out of the three as it simply requires two alignments to be performed.
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10.2.3 METHOD 3: Angular alignment using a jaw as ref-
ereince

This method does not require a reference collimator, as it treats the two jaws of
collimator ¢ separately, such that one jaw acts as the reference and the other jaw
is tilted at different angles. Running this method requires the same parameters as
the first method, whereby the user selects a collimator 7, then sets the start and
end angles (e.g.: o® = 1000 prad, o* = ~1000 yrad) and the angle step size (e.g.:
6 = 100 yrad). The following procedure is then performed automatically:

1. Align the collimator i (collimator 7 angle: 0 yrad)

2. Retract the left jaw of collimator ¢ and tilt it to o® (left jaw angle: 1000 urad)

as shown on the left in Figure [10.5
3. Align the left jaw at the angle set (left jaw angle: 1000 yrad)
4. Align the right jaw as a reference (right jaw angle: 0 yrad)
5. Retract the left jaw and tilt it by & (left jaw angle: 900 yrad)

6. Repeat the above three steps until the angle o is reached (left jaw final angle:
-1000 prad)

7. Tilt the left jaw back to its initial angle (collimator i angle: 0 yrad)
8. Retract collimator ¢ by 1.2 mm

9. Repeat all steps 1 - 8, this time by tilting the right jaw and keeping the left

jaw as a reference as shown on the right in Figure [10.5

This method generates the positions of both jaws after each alignment, at angles
between o and o, for both the left and right jaws separately. As a result the most
optimal angles for both jaws can be determined independently, making this method

useful in cases of asymmetries within the collimator itself.
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Figure 10.5: Single jaw at an angle with other jaw used as reference, from [106].

10.3 Calculations

For each alignment at an angle, the measured beam o can be calculated, and the
angle which results in the minimum value is the most optimal one. This is due
to the fact that the angle resulting in the lowest measured beam o implies that
the collimator is the most parallel to the beam axis at the given angle, recall
Figure [10.1]

The different methods produce different data, therefore the way the measured

beam o is calculated varies according to the method used.

e Method 1: This method is based on the fact that if there is a misalignment
of collimator 7 with respect to the beam, the measured beam size of the
collimator will be larger than the real one. This method gives the positions
of collimator 7 aligned at each angle, as well as the position of the reference
collimator aligned before and after collimator i. Therefore this method uses
the BBA equations presented in Section 2.3 whereby the jaw gap is calculated
using Equation and the half gap is then used to calculate the measured

beam size using Equation [2.3|

e Method 2: This method gives the left and right positions after aligning the
upstream and downstream jaw corners separately. From these positions the
upstream and downstream centres can be calculated using Equation [10.1}

then the difference between the two positions using Equation [10.2| can be
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converted to an angle using the small angle approximation.

A = N TN gdown 0 X T (10.1)
! 2 ! 2
0 = Axfovno AP (10.2)

e Method 3: This method is based on the same concept of monitoring the
measured beam size of collimator ¢ as a function of the angle, this time using
one jaw as a reference. This method gives the position of the aligned angular
jaw at each angle and the position of the aligned reference jaw before and
after. Equation is then used to calculate the measured o at each of the

angles aligned.

Ax) — Ax?
ot = ! . : (10.3)
(NOjawl + MOjaWQ)/Q

—

where Az‘g is the average of the up and down positions of the aligned jaw at
angle 7, in millimetres, A:EZ-O is the centre of the collimator jaws when aligned
with zero angle, in millimetres, Nojqy, is the No of the reference jaw before
aligning the angular jaw and Moy, is the Mo of the reference jaw after

aligning the angular jaw.

10.4 Software Architecture

The angular alignment tool was first implemented by automating the semi-automatic
BBA, by selecting a high BLM threshold and keeping it constant, and assuming
that any losses that exceeded such a high threshold were a result of the collimator
touching the beam. The aim of this implementation was to test the angular align-

ment algorithms and understand whether the optimal angle of collimators can be
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found using each of the methods.
Following the implementation of the dedicated algorithms to replace the user
tasks, the angular semi-automatic BBA was then transformed into a fully-automatic

one. The angular fully-automatic BBA tool requires a number of inputs to execute:

e Collimator name - The name of collimator 7 to be aligned at multiple angles.

e Starting angle (o) - The first angle in yrad, of the angular range to be
explored.

e Ending angle («”) - The last angle in yrad, of the angular range to be explored.

e Angle step size (6) - The step size in prad, at which collimator ¢ will be tilted
between each alignment.

e Operation - A flag that identifies which of the three methods to execute.

1) Collect 100Hz data
Setting Property SET
1) Position Tuning SET
Set_ﬁng Property SET Acquisition Property
2) Disarm 25Hz BLM Data l
isition Property, GET GETl
3) Measured Corner Positions - GET
Supervisor Setting Properties T
Acquisition Property Start/Stop frreeeeeneenen ; | .
4) Collimator Status —_| —> 2) Align Collimator -: Pattern H H isition Property | isition Property
Setting Property SET [ Flag ———="—ggr > PRData i Auto Alignment Status :
5) Required Absolute Position TURN ON | ’ T I
Setting Property SET | |
6) Software Trigger
RETRACT Ui SET SET [GET ]?Er
GETI lSET ‘
-l RTAction
: . , 1) Pattern Recognition Alignment GUI
! Collimators | (‘supervisor) - Machine Learning ceT
_________ \ - Spike, No Spike, Error Display

GET| |SET NEW 1) Semi-automatic BBA
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.................................. Setting Property Start/Halt SET
A \ | Start/Halt 3) Automatic Alignment
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Figure 10.6: Overview of fully-automatic Angular BBA implementation in FESA
and Java, from [10].
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The angular fully-automatic BBA is implemented in the same CollAlignSuper-
visor FESA class, as the standard fully-automatic BBA explained in Section .
This software is built on top of the semi-automatic BBA and provides the same
functionality as the standard fully-automatic BBA, as depicted in Figure[10.6, The
main difference is that the angular fully-automatic BBA is controlled from a sepa-

rate application, however it preserves the same play, pause and stop functionality.

Angular Alignment x

[= List of Properties: |
~— 25Hz BLM Data
~o Threshold

BLM Data

10:27:00 10:27:15 10:27:30 10:27:45 10:28:00 10:28:15 10:28:30

TCTPV.AR5.B2_Align

Left jaw angle 550.000e-3 Right jaw angle 550.000e-3

Collimator
Position

10:27:00 10:27:15 10:27:30 10:27:45 10:28:00 10:28:15 10:28:30

TCTPV.4RS5.B2

Figure 10.7: A screen shot of the GUI designed for the angular fully-automatic
BBA, such that the top part monitors the 25 Hz BLM data and the automatic
selection of the threshold, whilst the bottom part monitors the 1 Hz positions and
angles of the collimator jaws, from [10].
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A standalone GUI was designed for the angular fully-automatic BBA which
serves solely as a display, as shown in Figure[10.7] In this case, all commands must
be provided directly to FESA to control the angular alignments. This was designed
as a temporary solution to monitor the status of the collimators aligned at different
angles when performing beam tests. A more user-friendly version of this tool will
eventually be incorporated with the rest of the collimation controls. Figure [10.7]
shows the TCTPV.4R5.B2 being aligned using Method 1, and one can clearly see:

e The threshold selection algorithm automatically increases and decreases the

threshold as required.
e The clear spikes generated when aligning the collimator.

e The BLM losses resetting back to a steady state with each collimator retrac-

tion, before aligning with a new angle.

Finally, similar to the standard fully-automatic BBA, multiple instances of the
same application can be opened at the same time to align collimators in parallel.
At present this is open for the user to select any collimators, as the parallel selection

using the cross-talk model has not yet been incorporated in this tool.

10.5 Software Validation in LHC Operation

The three methods were tested with beam at the SPS and the LHC [107], and

compared to BPM results where available.

10.6 SPS Results

The methods were first tested using the semi-automatic alignment in the SPS, using
coast beam at 270 GeV, with one LHC-type nominal bunch having an intensity
of 1.1 x 1011 p. The BPM prototype collimator in the SPS, TCSM.51934, was
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aligned using each method and the results obtained are displayed in Figure [10.8|
The results are normalized using;:
o — min(cj")

= max(oim) - min(o{n) (10.4)

norm

TCSM.51934 Angular alignment results
1

—e— method 3: left jaw
—=— method 3: right jaw
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—— BPM align (700 prad)
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Figure 10.8: The normalized measured beam o for different tilt angles for the SPS
beam test with the TCSM.51934 collimator, from [106].

Since the SPS has only one LHC-type collimator where the position of both
jaws is known with respect to a common zero position (i.e. the centre of the
beam pipe), the method which requires a reference collimator had to be done using
a scraper instead. The scraper is another device for scraping beam and has a
different reference system. Its jaw position is the absolute one starting from zero
at parking and therefore it was not possible to calculate the gap between the two
jaws, which is required to calculate No in Equation [2.3] The results using methods

2 and 3 indicate that the most optimal angle is approximately 600 yrad.
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10.7 LHC Results

10.7.1 Semi-Automatic Angular Results

The three methods were then executed in the LHC at injection [I07] using one
nominal bunch of an intensity of 1.1 x 10 p, in beam 2. The BPM collimators
were first aligned to quickly determine the collimator with the largest tilt angle.
The angles found for each collimator are displayed in Table The angular
range explored for each collimator was between ~800 prad and 800 urad, and an
angle step size of 100 yrad was used. The step size of each jaw movement was set

to 5 um, at a time interval of 0.1 s.

Table 10.1: Angles obtained from BPM collimator alignments in beam 2.

Collimator Angle (um)

TCSP.A4L6.B2 -345
TCTPH.4R1.B2 50
TCTPH.4R2.B2 -490
TCTPH.4R5.B2 95
TCTPH.4R8.B2 -165
TCTPV.4R1.B2 63
TCTPV.4R2.B2 133
TCTPV.4R5.B2 -245
TCTPV.4R8.B2 -25

The TCTPH.4R2.B2 which is a tertiary horizontal collimator in IP2 beam 2,
was found to have the largest tilt, therefore this was aligned using the three angular
alignment methods. The movements of each of the jaw corners during the align-
ments are shown in Figure [10.9] in order to better visualise the different methods.
The times taken for each of the methods were: 22 minutes for method 1, 5 minutes
for method 2 and 15 minutes for method 3.

When aligning the right jaw using method 3 one can observe a large number of
misalignments, whereby the jaw was stopped too early due to non-alignment spikes.

This issue comes from using the semi-automatic tool without spike recognition,
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Figure 10.9: TCTPH.4R2.B2 angular alignment movements.

therefore in this case the right jaw alignment was performed a second time. The
second alignment was then used to display the results in Figure|[10.10 The results
using each of the methods indicate that the most optimal angle is approximately

-450 yrad, and the misalignments are included in the plot as outliers.
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Figure 10.10: TCTPH.4R2.B2 results using the three methods and BPMs,
from [106].

As expected, such misalignments were also encountered when aligning other
collimators. This was especially an issue when aligning the TCTPV.4R5.B2 at
different angles. Figure [10.11| shows the movements of each jaw corner during
the angular alignments, such that only methods 1 and 2 were applied due to the
large number of misalignments. The results in Figure further highlights the
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inconsistent results when attempting to automate the semi-automatic tool.

Timeseries chart between 2017-09-18 00:22:00.000 and 2017-09-18 00:39:00.000 (Local Time)
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Figure 10.11: TCTPV.4R5.B2 angular alignment movements.
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Figure 10.12: TCTPV.4R5.B2 results using methods 1, 2 and BPMs.

Overall, the results indicate that all three methods are able to converge to the
same angle, therefore the most optimal angle can indeed be obtained using any of
the methods. However, a major issue observed is the need for a fully-automatic tool
able to automatically determine whether a collimator is aligned or not using spike

recognition, and to automatically update the threshold before each alignment.

10.7.2 Fully-Automatic Angular Results

As explained in Section [10.4], the semi-automatic angular alignment was also fully-

automated using the automatic threshold selection algorithm and spike recognition
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models. This fully-automatic angular software was tested in the LHC at injec-
tion [I08] using one nominal bunch of an intensity of 1.1 x 10! p, in each beam.
The collimators were first aligned with BPMs, then an angular range between
600 prad and 0 yrad was explored, using an angle step size of 50 yrad. The step
size of each jaw movement was kept at 5 um, as the losses generated with 10 um
steps were not conservative of the beam. In addition, the alignments during com-
missioning 2018 (recall Section showed that the time interval can be decreased
to 0.02 s, thus speeding up the angular alignment.

The TCTPH.4R2.B2 was re-aligned at different angles using this tool, such that
the movements of each of the jaw corners are shown in Figure [10.13] The results
in Figure show that the most optimal angle is approximately —370 urad,
indicating that there is a real offset in the collimator tank.
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Figure 10.13: TCTPH.4R2.B2 alignment movements.

The TCTPV.4R5.B2 was then re-aligned and its alignment movements are
shown in Figure [10.15] The results obtained are shown in Figure [10.16| show-
ing that the three angular alignment methods perfectly converged at —200 prad,
whilst the alignment with BPMs indicated an optimal angle of ~350 yrad. These
results highlight the consistency, reliability and efficiency provided by having a
fully-automatic alignment tool, in comparison to the semi-automatic approach.

Finally, these three methods were performed on the TCSG.D4L7.B1 which is
known to have a tilt (recall Section [10.1)), such that its alignments are shown in
Figure [10.17] The results are shown in Figure [10.1I8] indicating that the most
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Figure 10.14: TCTPH.4R2.B2 results using the 3 methods and BPMs, from [75].
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Figure 10.15: TCTPV.4R5.B2 alignment movements.

optimal angle for the right jaw is 300 yrad, whilst the most optimal angle for the

left jaw is —500 yrad. This suggests an asymmetry within the collimator itself,

which is consistent with previous results.

Note: According to the collimation angular tilt convention (recall Figure [2.1b)),

the right jaw angle is the negation of the left jaw angle when the jaws are parallel,

however in order to plot them together to determine a single optimal angle, the

inverse of the right jaw angles are plotted throughout this work. In the case of

the TCSG.D4L7.B1 the right jaw needs to be taken individually thus when using

the collimation angular tilt convention the most optimal right jaw angle is actually

around 300 yrad not -300 yrad as may be understood from Figure [10.18|
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Figure 10.16: TCTPV.4R5.B2 results using the 3 methods and BPMs.
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Figure 10.17: TCSG.D4L7.B1 alignment movements.
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Figure 10.18: TCSG.D4L7.B1 results using the 3 methods, from [75].
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The times taken to determine the most optimal angle at each collimator using
the three different angular alignment methods are compared in Figure[10.19, These
times indicate that methods 1 and 3 require a similar amount of time at around

13 minutes on average, whilst method 2 requires 3 minutes on average.
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Figure 10.19: The time taken to find the optimal angle of various collimators using
the three angular alignment methods.

Overall, the fully-automatic tool aligned collimators at different angles with
minimal misalignments, and the angles obtained are consistent with previous align-
ments. These results indicate that the new angular alignment software is reliable
and the results are reproducible.

Finally, this new tool allows for fully-automatically aligning a collimator at 41
different angles using 3 different methods in 25 minutes. This is 70% faster in
comparison to the previous approach used in Section [10.1} This software will be

used in the near future, to achieve a tighter hierarchy.
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11. Conclusion

11.1 Summary

The CERN Large Hadron Collider (LHC) is the world’s largest particle accelerator,
built to accelerate and collide two counter-rotating beams, each currently having a
nominal energy of 6.5 TeV. The LHC is equipped with a complex collimation system
consisting of around 100 movable collimators, to protect sensitive equipment from
unavoidable beam losses.

The collimators are aligned to the beam to calculate beam parameters, such
as the beam centres and beam sizes at the collimator locations. The operational
settings are determined using this beam-based alignment procedure, whereby the
jaws are moved towards the beam until an alignment spike is observed in the signal
of the BLM immediately downstream from the collimator.

Since 2011, beam-based alignments are performed semi-automatically such that
a collimator automatically moves towards the beam and when its BLM losses exceed
a predefined threshold, the collimator automatically stops moving. At this point
a collimation expert must be present to analyse the BLM losses and determine
if the collimator is aligned or not, and proceed accordingly. Therefore the user
is responsible for; selecting the threshold, starting the alignment, analysing the

BLM losses when the collimator stops moving, and restarting the alignment as
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many times as required. As a result collimation experts must be present during
the whole period of the alignment, therefore the frequency at which alignments can
be performed is limited.

In addition to this, collimators have always been aligned assuming no tilt be-
tween the collimator and the beam, however, recent beam tests indicate that this
approach will not be adequate to operate the system with tighter collimation set-
tings. This is due to the fact that any tank misalignments or beam envelope angles
at large-divergence locations could introduce a tilt, and at present this is solved
by aligning collimators with a wider gap between the jaws. Therefore in order
to tighten the collimator jaws, tilts must be introduced to counteract the tilts
introduced by imperfections in the systems in the machine.

The aim of this dissertation is to implement software able to fully-automatically
align all collimators without requiring any human intervention during the process.
This can be done by replacing the three main user tasks; cross-talk analysis, spike
detection and threshold selection, to close the loop between BLM feedback and
decision making.

In order to automatically align a collimator, pattern recognition needs to be
applied to detect spikes in the BLM signal, to determine whether a collimator
is aligned or not. A machine learning model was implemented to automatically
classify between the two classes of temporal beam loss patterns. Past alignment
campaigns were studied by extracting all collimator alignments performed, to form
a data set. Fourteen features were initially extracted from this data set, which were
then analysed in detail. Six machine learning models were trained and tested, whilst
selecting their best features and hyper-parameters, and achieved a precision of over
95%. Robustness testing was then applied to each of the models, and confirmed
that machine learning is indeed reliable to be used during LHC operation.

Automatically aligning a collimator involves automatically selecting the BLM
loss threshold, such that the collimator stops moving when its losses exceed this

threshold. An algorithm was designed to calculate the exponentially weighted
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moving root mean square (EWMRMS) on fixed length windows of data. The
thresholds selected by the algorithm were compared to thresholds selected by users
during alignment campaigns in the past. The results indicate that the difference
between the two thresholds was negligible and that the algorithm selected suitable
thresholds for all cases. Therefore this algorithm managed to achieve the correct
balance between selecting a low threshold to decrease beam losses and selecting a
high threshold to avoid stopping at noisy spikes.

Collimators are selected to align in parallel based on the cross-talk observed
across their corresponding BLM devices. This cross-talk was studied to provide an
initial solution for automatically aligning collimators, based on data gathered from
previous sequential alignments. Furthermore, beam tests were performed to seek to
quantify the levels of cross-talk observed by BLM devices, to determine the actual
beam loss signals generated by their corresponding collimators. The cross-talk was
successfully predicted with an error less than 10% of the measured BLM signal,
thus providing a foundation for future analysis.

These three dedicated algorithms are used to transform the semi-automatic
beam-based alignment into a fully-automatic one. The alignment software is de-
veloped in the real-time C/C++ FESA environment, having the semi-automatic
and fully-automatic alignments implemented in their own FESA class and execut-
ing on separate FECs. The new fully-automatic FESA class automatically selects
collimators to align in parallel based on the cross-talk analysis. For both collimators
it then selects a threshold and starts the same beam-based alignment used for the
semi-automatic alignment. Once the selected collimator stops moving, control is
returned to the new FESA class to apply machine learning to automatically detect
whether the collimator is aligned or not. The new FESA class then automatically
continues the alignment, without requiring any human intervention. The new fully-
automatic alignment was designed to work on top of the semi-automatic alignment,
whilst allowing both tools to be available for use, whereby the fully-automatic BBA
GUI simply extends the semi-automatic BBA GUI.
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The new fully-automatic software was used in all collimator alignments through-
out 2018. The first version was used during commissioning, such that the collima-
tors in the two beams were automatically aligned sequentially, at injection and flat
top. A few months later, an improved version of the software was used to align the
collimators in the two beams in parallel at injection, successfully decreasing the
2017 alignment time by 71.4%.

An additional alignment technique that can significantly benefit from a fully-
automatic approach is the angular alignment. Three novel angular alignment meth-
ods were introduced to align the same collimator at different angles to determine the
best angle for operational use. The angular fully-automatic BBA is implemented
in the same FESA class, as the standard fully-automatic BBA and provides the
same functionality. The implementation successfully decreased the alignment time
by 70%, no human intervention was required for the alignments, and the most
optimal angle can indeed be obtained using any of the three methods. The an-
gular BBA is controlled from a separate application and a separate interface was
temporarily designed to monitor the status.

Overall, the fully-automatic software significantly decreased the time required
for both standard and angular alignments, and successfully generates reproducible
results without requiring any human intervention during the process. This full
automation is a major step in enhancing operational efficiency and will be used as

the default software for starting the LHC in 2021.

11.2 Suggestions for Future Work

In view of the envisaged LHC re-start in 2021, a few suggestions for further work
are provided. The cross-talk analysis performed provides a stable foundation for
expanding the analysis by taking measurements at different energies and using more
collimators, especially skew collimators, to analyse any energy dependent effects.

Furthermore, once this analysis is more conclusive and covers the full range of
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collimators, this can be incorporated with the full automation to allow for more
collimators to be aligned in parallel.

The GUI of the standard fully-automatic BBA can be upgraded by providing an
additional panel to give users the option of more advanced control of the alignment.
This panel can provide additional control of; number of spikes required to conclude
the alignment, decay waiting time to apply the machine learning model, choice of
moving all collimators in a plane in parallel, etc. Moreover an additional tab can be
introduced, to allow for fully-automatically aligning a single collimator in a more
straightforward manner.

On the other hand, a new GUI can be designed for the angular fully-automatic
BBA such that it can be incorporated with the rest of the collimation controls.
A new panel can be designed to allow for multiple collimators to be selected for
angular alignments, which is only now possible following the work done for this
dissertation. Moreover, this will allow to introduce fully-automatic parallel angular
alignments, by making use of the cross-talk model presented.

The full-automation can be extended to also automatically analyse the beam-
based settings measured during the alignment, to determine if any collimators needs
to be re-aligned, and automatically re-align them. Moreover, the settings could also
be stored directly in LSA database tables, rather than locally on disk, making it
easier to import the measured settings directly into the beam processes. Finally,
this automated setup for collimators can be extended to any movable device in an

accelerator, which requires a beam-based alignment using BLMs.
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A. Cross-talk Factors

This section gathers, in Table cross-talk factors measured from beam tests,

which quantify the effect of a closed collimator on all downstream collimators.
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Table A.1: BLM cross-talk factors calculated from the individual cases during
LHC beam tests, from [16].

Case ID Effected Collimators
B1V-1 B1V-2 B1V-3 B1V-4
B1V-1 1.0 0.00523  0.00402 0.00016
B1V-2 - 1.0 0.01522  0.00064
B1V-3 - - 1.0 0.01340
B1V-4 - - - 1.0
B1H-1 B1H-2 B1H-3 B1H-4 B1H-5 B1H-6
B1H-1 1.0 0.00093 0.014584 0.00094 0.00039 0.00018
B1H-2 - 1.0 0.013217 0.00131 0.00284 0.00022
B1H-3 - - 1.0 0.05542 0.02536 0.00730
B1H-4 - - - 1.0 0.02127 0.00831
B1H-5 - - - - 1.0 0.01688
B1H-6 - - - - - 1.0
B2V-1 B2V-2 B2V-3 B2V-4 B2V-5
B2V-1 1.0 0.0052  0.00304 0.00257 0.00016
B2V-2 - 1.0 0.61890 0.00761 0.00020
B2V-3 - - 1.0 0.00979  0.00030
B2V-4 - - - 1.0 0.01237
B2V-5 - - - - 1.0
B2H-1 B2H-2 B2H-3 B2H-4 B2H-5 B2H-6
B2H-1 1.0 0.00105 0.01836  0.00122 0.00039 0.00018
B2H-2 - 1.0 0.01432 0.00165 0.00217 0.00033
B2H-3 - - 1.0 0.08164 0.03403 0.01557
B2H-4 - - - 1.0 0.02399 0.01535
B2H-5 - - - - 1.0 0.02145
B2H-6 - - - - - 1.0
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B. Measured and Simulated

Impacts

This section gathers, in Tables and [B.2] the percentage distribution of proton
impacts that were measured from beam tests, and obtained from Sixtrack simu-
lation, respectively. Due to the shielding of upstream collimators assumed to be
zero, the proton impacts at all downstream collimators are overestimated, thus

underestimating the percentage of impacts at the primary collimators.
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Table B.1: Measured proton impacts percentages calculated from the combined
cases of closed collimators, from [16].

Case ID Measured Collimator Impacts

B1V-1 B1V-2 B1V-3 B1V-4
B1V - 1+2 0.91244 0.08756 -

B1V - 14243 | 0.91201 0.08706 0.00092 -
B1V - 1+..44 | 0.91121 0.08704 0.00096 0.00078

B1H-1 B1H-2 B1H-3 B1H-4 B1H-5 B1H-6
B1H - 142 0.78973 0.21027 -
B1H - 1+2+3 | 0.74165 0.17754 0.08081 - - -
BI1H - 1+...4+4 | 0.74997 0.17338 0.07406 0.00258 -
B1H - 1+...45 | 0.74876 0.17105 0.07724 0.00261 0.00033 -
BI1H - 1+...46 | 0.75561 0.16990 0.07141 0.00224 0.00042 0.00042
B2V-1 B2V-2 B2V-3 B2V-4 B2V-5

B2V - 1+2 0.88429 0.11571 -
B2V - 1+24+3 | 0.82250 0.11091 0.06659 -
B2V - 1+..+4 | 0.82752 0.10763 0.06468 0.00017 -
B2V - 1+..45 ] 0.82376 0.10759 0.06489 0.00365 0.00011

B2H-1 B2H-2 B2H-3 B2H-4 B2H-5 B2H-6
B2H - 1+2 0.75050  0.24950 -
B2H - 1+243 | 0.70668 0.15890 0.13441 -
B2H - 1+...+4 | 0.70038 0.16475 0.13472 0.00015 - -
B2H - 1+...45 | 0.69905 0.16281 0.13738 0.00076 0 -
B2H - 1+...4+6 | 0.69675 0.16309 0.13939 0.00058 0 0.00019
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Table B.2: Simulated proton impacts percentages calculated from the combined
cases of closed collimators, from [16].

Case ID Simulated Collimator Impacts

B1V-1 B1V-2 B1V-3 B1V-4
B1V - 1+2 0.94446 0.05552 -

B1V - 14243 | 0.94420 0.05530 0.00049 -
B1V - 1+...4+4 ] 0.94395 0.05541 0.00048 0.00016

B1H-1 B1H-2 B1H-3 B1H-4 Bl1H-5 B1H-6
B1H - 142 0.88632 0.10943 -
B1H - 1+2+3 | 0.85836 0.07169 0.06919 - - -
B1H - 1+...+4 | 0.85697 0.07164 0.06909 0.00216 -
B1H - 1+...+5 | 0.85627 0.07161 0.06894 0.00217  0.00102 -
BI1H - 1+...4+6 | 0.85592 0.07154 0.06897 0.00214  0.00101  0.00042
B2V-1 B2V-2 B2V-3 B2V-4 B2V-5

B2V - 1+2 0.93951 0.06049 -
B2V - 14243 | 0.93477 0.06004 0.00519 -
B2V - 1+...+4 | 0.93450 0.06001 0.00518 0.00031 -
B2V - 1+...+5 | 0.93447 0.06001 0.00519 0.00032 0.000004

B2H-1 B2H-2 B2H-3 B2H-4 B2H-5 B2H-6
B2H - 1+2 0.89701 0.09678 -
B2H - 1+243 | 0.87597 0.06427 0.05878 -
B2H - 1+...+4 | 0.87511 0.06415 0.05864 0.001838 - -
B2H - 1+...4+5 | 0.87464 0.06415 0.05877 0.001829  0.00079 -
B2H - 1+...+6 | 0.87426 0.06418 0.05858 0.001832 0.00079  0.00035

161



C. Commissioning Loss maps

The alignment campaigns during commissioning at the start of each year, are fol-
lowed by loss maps to validate the collimation hierarchy defined by the alignment.
The loss maps generated after injection and flat top commissioning in 2017 are
displayed in Figures and respectively. Similarly, the loss maps generated
after injection and flat top commissioning in 2018 are displayed in Figures
and [C.4], respectively. Loss maps are individually generated for the horizontal and
vertical planes in each beam. One can see that in each case the collimators ab-
sorb the majority of the losses and these losses follow the direction of the beam,

indicating the correct hierarchy:.
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Appendix C. Commissioning Loss maps
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Figure C.1: Loss maps generated on 13-04-2018 to validate the BLM collimator
alignment at injection for (a) beam 1, and (b) beam 2, indicating the beam direction
by the arrow in each case.
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Appendix C. Commissioning Loss maps
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Figure C.2: Loss maps generated on 13-04-2018 to validate the BLM collimator
alignment at flat top for (a) beam 1, and (b) beam 2, indicating the beam direction
by the arrow in each case.
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Appendix C. Commissioning Loss maps
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Figure C.3: Loss maps generated on 13-04-2018 to validate the BLM collimator
alignment at injection for (a) beam 1, and (b) beam 2, indicating the beam direction
by the arrow in each case, from [75].
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Appendix C. Commissioning Loss maps
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Figure C.4: Loss maps generated on 13-04-2018 to validate the BLM collimator
alignment at flat top for (a) beam 1, and (b) beam 2, indicating the beam direction
by the arrow in each case, from [75].
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