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Abstract

Kurzfassung

Im LHC werdenbei nomineller IntensitdProtonen aubis zu7 TeV beschleunigtund erreichen
insgesamt eine Energie von 360 MJ je Strahl, ausreichend um eine Menge von annahernd 500 kg
Kupfer zu schmelzen. Die im LHEIngesetzteMagnetsysteme speichern durch ilmduktivitaten

dariiber hinaus benhaximalem Stroneine Energie von bizu 10 GJ. Es ist offensichtlictlas bei
Beschleurgeranlagen dieser GréRenordnuschwerwiegende maschinengefahrderBitiationen

auftreten kénnen. Um demntgegenzuwirkenwurde ein ausgekligeltes Maschinenschutzsystem
entwickelt. Ein wesentlicher Alaitor dieses Systems ist das LHC Beam Dump System (LBDS) zur
schnellen Strahlextraktiomas LBDS dient sowohl zur geplanten Extraktion von Teilchen z.B. nach

der Beendigung eindsollisionsexperimentesals auch zur sicheraind schnellerEntsorgung von
voraussichtlich nicht mehr beherrschivar&trahl. Die Installation in Punkt 6 des LH@nfasst
hierbei je Strahl r i-ragreteriMgD) in& horzentalere\bldnlaingAgkfolgt k e r A
von 15DC ASept-Mangnet en mi t vertikaletrerAb| dadkmuetge nu
horizontalen und vertikalen Intensitatssteuerung am Target.

Diese Dissertation beschaftigt sich mit deralysedes LBDS hinsichtlich der schnellen Extraktion

von Teilchen im Normalbetrieb, wie auch im Falle auftretender Fehler undUdestanden
besonderer  kritischer  SystemparameterDazu  wurde  unter  Zuhilfenahme  des
Beschleunigersimulationscodes MAD eine variantenreiche und parallel arbeitende
Simulationsumgebung zur Bestimmung der Teilchenflugbahnen unter den besonderen
Betriebsparmetern des LBDS geschaffen. Hierbesrdenrealistische Teilchenverteilungen erzeugt
und eine den realen Betriebsumstanaedglichst naheSimulationsmaschinaufgesetzt, welche
Magnetfeldfehler, Ausrichtungs und Vermessungstoleranzen, mechanische Apertuned
Messfehler der Strahlinstrumentieruggnauso berlcksichtigtie die Einstellungen der installierten
Schutzelemente und Kollimatoren. Ein wesentlicher Punkt der Simulationsarchitektur ist hierbei die
Beruicksichtigung des in 28 ansteigenden Magfiee | d e s e&eirc kRMKD Magnet gr urg
einer bns Zeitbasis um umlaufaktualisierte Magnetfeldeinfliisse abbilden zu késowie die
Position des variablen Hauptkollimators TCDRQer hierflr entwickelte Simulationscode nutzt die

am CERN zur Verfigung stehde [FiInfrastrukturunter Ausnutzung voparalleen Algorithmen
undvariablerVerteilung deiSimulationaufdie zur Verfiigung stehende CPU Anzahl.

Mit der entwickelten Methodologi@urdein einem ersten Schrittie Grundlage geschaffebereits
vor der Erstinbetriebnahme wesentlichaicherheitsrelevante Parameter des LBDS durch
Simulationen zu ermitteln bzveu Gberprifen.

Die Resultate dieser Arbeit zeigen auch, dass die Auslegung des LBDS wesentliche
strahlphysikalische Risiken einer Extraktion bebhbér Intensitat und/oder Energienter
Normalbedingungen sehr gut beriicksichtigt. Eventuelle Moglichkeiten adielem Strahlverlust

unter aormalen Betriebsumstdnden werden diskutiert.

Die zuklnftig genauere &idierung der Simulationsergebnisse duibssung und Beobaahtg
wird es erlauben,die sichere Betriebsparameteirestellung von Schutzsystemen flhohere
Energiebereich&on Anfang an besser zu ermdglichées ist von besonderem Interesda fur
solche Energigdreicle direkte Messungen bzw.e$ts aus Grinden der Maschinensicherbed
auch auf Grund sehr lang&trahlproduktionszyklemur eschwet durchfihrbar sindund so mit
Hilfe von Simulationserkenntissewertvolle Maschinenentwicklungszeit gezielt gendtzt werden
kann
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Abstract

Abstract

The LHC accelerates proton bearttsa momentum of up to 7 TeV/c. #iis energy level and with
nominal beam intensity the stored energy of 360 MJ per lieauificient to melt 500 kg of copper.

In addition up to 10 GJ are stored within the LHC magnet systdopatnergy. It is obvious that

such a machine needs well designed safety and protection systems. The LHC Beam Dump System
(LBDS) is sucha systemandone of the most criticabnceconcerning machine protection and safe
operation. It is used to dispose agln intensity beams between 46@V and 7TeV andis thus
designed to fast ¢vact beamin a loss free way ani transfer it to an external absorber. For each

ring systens of 15 horizontalfast kicker magnets (MKD), 15 vertically deflecting magnetic septa
(MSD) and 10 diluter kicker magnets (MKB) are installed.

This thesis is concerned with the analysis of the LBDS performance under normal operating
parameters as well as under abnormal conditions like in the event of asynchronous beam abort or
missing MKD elements. Therefore a sophisticated simulation environment was developed based on
the use of the MAEX tracking codeA system of tracking jobs was set up to study failure cases and
losses for various dump evenfBhose jobs can be distributed to avaialdPU power and be
calculated in parallel.

Studies into the consequences of abnormal beam dump actions have been performed. Different error
scenarios have been evaluated including an asynchronous dump action, prefire cases, and the impact
of different orbt and collimator settings. Losses at locations in the ring and the beam dump transfer
lines have been quantified as a function of different settings of the dump system protection elements.
The implications for the setup and operation of these protectomeels are discussed.

Particle distributionscan becreated according to the used orbit. Simulations with diffeoeiit
parameters (including magnet field errors, beam position read out errors, misalignments, mechanical
apertures and tolerances) as vedldifferentcollimator settingdor the TCDQ protection systein

IR6 can be done in parall&onsideringime dependent kicks applied for the fast MKD and MKB
magnets with a 5ns resolution.

The developed architecture allowsisnulatingon the basis forealistic machine settings amdlowed
to verify in a first steppomesafety relevant LBDS design parameters already béfieractual beam
commissioningstarted

The results obtained show that the LBDS is very well designih sufficient margin to amept the
failure cases which are expected to happen during its oper@tientual partial beam losses during
abnormal operation parameters are discussed.

The future precise validation of simulation results will allow to use seatiniquedo evaluate daty

and operation parametsettingsfor higher energy levels. This iparticularlyinteresting as machine
development and measurement at top energy is time consuming due to long beam generation cycles
as well as it is a concern of machine safety. Hesncwilations can give useful starting points to
minimize the measurement effort.
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Introduction

Introduction

The European organisation for Nucl ear Research
particle physics. The name itself CERN (Conseil Européen pour la Recherdiiecléaire) is

originally the name of the convention set in place in the early fifties to found and build the
laboratory.

The Large Hadron Collider (LHC) is a proton or léad collider, built in a 267 km diameter
underground tunnel on the SwiBeench lorder near Geneva. The accelerator relies on
superconducting magnet technology and is one of the biggest and most complex machines ever built.

| t i s, at t he ti me of writing, t he worl dos n
accelerator, desigdewith a protonenergy of 7 TerglectronVolts (TeV) for each of its two counter

rotating beams. In four interaction regions tmain high-energy physics experiments ATLAS,

ALICE, CMS and LHCb will take data fromte 14TeV centreof-mass protosproton cdlisions. The

beam commissioning of LHC began in late summer 2008, with circulating beam achieved in early
September

Figure 1.1: Aerial view of the LHC ring and the
CERN injector complex

LHC is a discovery machine, and its physics motivation is \atging. One of the main objectives

is the discoveryof the Higgs bosgnwhich isneeded to complete the Standard Model and which is
postulated to explain the mass differences between elementary particles. In addition, the LHC
detectors will also be searching for physics beyond the Standard Model, including supersymmetry,
dak matter particles, evidence of extra dimensions and for signs of string theory. The heavy ion
program will investigate ulg-high energy density phenomena such as gglmn plasma. To
maximise the discovery potential, the LHC energy and the LHC pactiiision rate are required to

be as high as possible.

The principal motivation to collide higher and higher energy beams comes from quantum mechanics,
which basically describes particles as waves. The wavelength is related to the momentum of the
particleas/ = h/p and was firstly described by De Broglie in 1924. Higher momentum brings

shorter wavelength which is able to reveal finer details in the structure of matter. In addition, higher
energy allows the production of heavier elementary particlesc ar di ng t o Ei nst ei
relationshipE = m¢.

To achieve the TeV energy per beam the LHC tunnel (2665%ircumference) is filled with 9300
magnets, comprising 1232 superconductirain dipoles operating at 1.9 Kelvin (K) and a peak field
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Introduction

of 8.3 Tesla (T), 858 quadrupoles and several thousand corrector magnets. There are also 8
accelerating radiofrequency cavities per beam.

A high event rate is required, measured by the luminosity at the experiments. The luminosity is a
function of the beam inteitg and the bea size at the collision points. Ftlne LHC the design
luminosity value is 1& cm®s*, which requires a very large beam intensity ®1@* protons. At

7 TeV this corresponds to a stored energy per beam oMBBO

The protection of the LB machine against accidental beam loss is a major design challenge, since
the uncontrolled loss afven 0.01%of the beam would cause damage to the accelerator, requiring
many months to repailncontrolled loss of the whole beam could destroy a subdtéitaion of

the whole machineSeveral machine systems dhereforededicated tgrotection One of the most
important is the beam dump system which is designed to safely remove the LHC beam from the
accelerator in a very short time if required duehtfailure of another machine system.

In order to be able to correctly set up the beam dump system, and also to evaluate the risk to the
machine in the event of a functional failure of one of its component parts, numerical simulations
were carried out usig a detailed model of the aderator and of the beam dursgstem and its

failure modes. The study also comprised an application of the techniques developed to the SPS
accelerator, where benchmark experimemtse carried out with theSPSbeam dump systenThis

thesis presents the work done on these topics and quantifies the effetaguweaf the LHC beam
dumpsystem functionality in terms of beam losses on the aperture limits around the accelerator.

In Chapter1 the LHC accelerator and its machine protection systems are presented. The context of
the beam dump system is explained together with the reliability requirements and the particular
failure modes of interest. The LHC injector chain is briefly rereid.

Chapter?2 presents the basic concepts of accelerator physics required to understand the simulation
results and terminology used in themaining chapters. Theauthor summarizedhe transverse
dynamics of chrged particle beams in a synchrotron, linear transverse beam optics, Twiss
parameterization and basic longitudinal dynamics.

Chapter3 gives an overview of theumerical simulation tools and methodologsed br the beam
abort simulations whilsChapter 4 briefly describes different beam dump systems in the LHC
injector chainand abeam abort simulation for the less compESbeamdump system.

Chapter5 presentstte LHC beam dump systeim detail and describes its main components and
relations important to th thesis.

Chapter 6 describeghe results of the tracking studies fdifferent failure casesf the LHC beam
dump system

Chapter7 gives a brief overview of thissues ofbort gap population anithe simulationsmade for
abort gapleaningas well as a summary pérticipationin abort gap cleaning tests with SPS beam

In Chapter 8 first results from thdeHC beam commissioningre presented angvhere possible
compared to the simulation resulsnally Chapter9 presents theanclusiors anda brief summey.

Work done by the Candidate andientific aspects

The candidate declares that this thesis was authored independently, as the work carried out. However
every activity in a challenging accelerator field like the LHC represemustly requires the help of
hundreds of engineers and scientists e.g. to run the machine its subsystemsaandlerators. This

help is indispensable for every measurement and gratefully acknowledged.

The candidatstudied literature, available knowlgel and systems used at CERN to summanizes
own wordsthe background of the thesis in Chapter 1, the interrelation to accelerator physics in
Chapter 2 and thenvironment ofthe used simulatioprogramin Chapter 3Considerations of the
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candidate on @mputing time and simulation structures as well as on the simulation methodology
when using random numbers generatwesalso presented in Chapter 3

Chapter 4 already contains an overvievspécific topic related systems. The candidate summarized
available informationin his own wordsand describessubjectsinvestigatedduring operation of
CERN equipmentThe candidate had the gratefully acknowledged opportunity to participate in the
SPS to LHC extraction region and transfer line commissiofiihgg wok is presented isection 4.3

The candidate was euthor of a paper published on the result$é that work at the Particle
Accelerator Conference 2007 (PACO3}]

First results ofdevelopmentork doneby the candidatéor the SPS beam extraction systeans
presented in section 4.%he intention of this work wakédeployment ofn o v e | itrackingo
well known system so that newly introduced featwesld be verified in aeasonablevay on a

running acceleratosystem Those results were published (RIAC07) [32]. The chapter is rounded

off by considerations concerning a developed extraction and dump concept for a possibly new
accelerator at CERNIhoseresultswere published ahe Euopean Particle Accelerator Conference

2008 EPAC®) [39].

In Chapter5 the candidate studied available information on the LHC extraction system and its
protection elementand summarizedn his own words.Sections 5.5.2 to 5.5 represent LBDS
specifications reworked by the candidd#®AD-X aperture modslfor the dump lines TD62 &8

were created by the candidats well as models for the IR6 extraction region were reviewed and
upgraded

Chapter 6 represents the work donetlyy candidate concerning tkhevelopmenbf tracking jobs

and thesimulationresults forspecific extraction events. The develog@&dAD-X thin lens opticé
tracking job comprisea modularised parallel architecture capable of appltiing dependent kick
strengthparametersand usinga wide range ofchangeablgparameters likehe inclusion oferror
tablesfor magnetsas well as corrector and collimateettingsall set up ina Monte Carlo like
approachThis development yielded a novel way ofsynchronas dump simulations for the LHC.
Especially for the interaction region(BR6) and both dump linefTD62 & TD68) this was the first
time that such a methodology halleen appliedHence the developed methodology and it's
conversion into a working trackinglp gave proof that numerical methods can nowadays also
perfectly assist in evaluating and preparing safety relevant aspects for accelerator commissioning in
such complex problem sets as the LBDS requirbe.methodology developed for the LBDS particle
tracking and the results achieved form the scientific claim of this thEbis.candidate was main
author of papers presented on that core toptP#&tC08 B2], PAC09[84] and IPAC1(125 as well

as ceauthor for a contribution tthe journalfiPhysical Review Special TopiesAccelerators and
Beamsi 2][

The candidate took part in machine devad opment
summarized together with sias and simulation results (courtesy A. Koschik) in Chaptérhis
work was presented at EPACQBLE (Co-author)

The first phase of LHC beam commissioning is described in Chapter 8. The candidate took part in the
commissoning test of the new SPS to LHC extraction, the SPS to LHC transfer lines andifinally

the initial LBDS commissioning phas@he Candidate contributed as-aothor to publicationsit
EPACO08 119, PACO09 [12]] as well as 3] andas main author aPAC10[125.

The candidate summarizes the key iterhthe work and its outcome inh@pter 9.
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1 The LH@ccelerator and itdMachine Rotection System

The LHC is divided into eight sectors. Each sector consis@rc (bendng) cells, the irsetion
regions(IRs) in the straight sectianand dispersion suppressor (DS) cellsvben the arcs and
straight sectiong¢Figure1.1). The layout of theeacharc cellcomprises six superconducting dipoles
and two superconducting quadrupoles as well as smaller corrector and highernaritigole
magnetsOne arc consists &3 such cells.The LHC circumference (26658) is thus filled with
more than 9300 magnets (main machine elements: 1232 superconducting, @dp8leuadrupoles
and 8 cavities per beam).

The eight insertion regionsontainthe four LHC experimentsas well as special systems including
beam transfer and machine protectiBeam injection in point 2 a8l the RFcavitiesarein point4,
the expementsarein pointl, 2, 5 and8, the collimaion areas in point 3 andand finally the beam
extractionsystems arén point 6. The detailed layout of IR6 is showand further explained in

Chapters.

<L /
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Figure 1.1: Schematic layout of the LHC octants.
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1.1 The CERN injector chain

All particles which are accelerated in the LHC have to first travel through a chain of accelerators in
the CERN complexRigurel.2), since each accelerator has a limited energy range, typically a factor
10-20. The LHC Protons start from a source from which they are extracted with a curresi wiA.

After being accelerated to B@eV by a linear accelerator (Lin&) the particles are injected into the
circular Proton Synchrotron Booster (PSB) and accelerated to 1.4 GeYeahmsare then extracted

into the CERNProton Synchrotron (PS) which acceleratesrtlip to 26GeV. The PS beam is then
transferred to the 6lan circumference Super Proton Synchrotron (SPS) which accelerates it to
450Ge V. Finally the particles are extracted and
transfer | ine TI 2 or to the L B.Qhisrertre grocés®e a m2 0
repeated 12 times per ring to fill the LHtBe LHC then accelerates the full beam fBe¥ .

CERN Accelerator Complex

CMS

LHC

2007 (27 km)

Noﬁth Area

ALICE

U ATLAS
\_/f/ﬂ
]
AD

SPS

LINAC 2

N LINAC 3

lons

» ion I » p(antiproton) === /antiproton conversion  » neutrinos  » electron

LHC Large Hadron Collider SPS Super Proton Synchrotron  PS Proton Synchrotron

Antiproton Decelerator CNGS Cern Neutrinos to Gran Sasso
LEIR Low Energy lon Ring LINAC LINear ACcelerator

Figure 1.2: Schematic overview of the CERN accelerator complex

Particles are accumulated in buashwith typical lengths of around 1 ns, with the nominal intensity

for LHC being 1.1%10" protons per bunch. The bunch spacing of 25 ns is determined by the
frequency of the accelerating radiofrequency systent o get her with beam dynam
datataking considerationsA nhu mber of consecutive bunches for
form a Atraino.

Due to the growth in circumference, the next synchrotron in the injector chain always needs several
batches or trains to be filled. A full LHGehm comprises 2808 bunches and requires 12 injections
from the SPS, giving a LHC filling time of about 4 minutes per beam.

In the LHC, after being accelerated f@ rdinutes tathe top energy of TeV, the two beams will be
collided together, producing @ind 600 million prototproton collisions per secon@ihe beams are

left colliding for about 12 hours, until the intensity has decreased to a level where recycling and
refilling is necessary.
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1.2 The LHC operating cycle

A LHC fAphysics r unedmachind clycterfgarels), whieh bhsicallyecbrisists of

the preifection, the 15nin long injection phase and tl8®mi n | ong accel erati on
When the beam reaches its desi riccudedte prepargthe a ded
machine for optimized collisionpticsby reducing the beam sizes at the interaction poimd,the

beans arebrought to collision at the interaction points one, two, five and €idtg data takg phase

can lasffor 12-24 hoursdepending on the actual beam lifetime and the consequent luminosity values.

After thedumpat collision energyhe accelerator has to go back to the preinjection leyelramp

down phase.
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Figure 1.3: The LHC baseline cycle parameterg4]

1.3 Classifiation of beam losses in the LHC

Beam losses are an extremely important phenomenon for machine performance. Low levels of beam
loss are normal and can be tolerated, and are captured by the collimation systemledaitef

beam loss may deposit sufficient energy in the superconducting magnet coils to caasel tivgor

to become resistive, l eading to a 6quenchéo. Ev
damage. The losses can occur over different sicades.

1.3.1 Normal beam losses

During operation with nominal beam 1.15%4particles per bunch and a total of 3.1¥1articles

per beam will circulate in the LHC machineepending on vacuum and beam optics conditions
complex beam dynamics proceswill continuouslydrive some patrticles to large amplitudes §d

a so called dAprimary beam hal oo due to space ch
intra beam scattering, and bedeam effects.This halo will spread out and thus be contuosly

lost at aperture bottlenecks. Consequently the total beam intensity will slowly decrease odeetime

to these steady losseA significant parameter tealuatethis processs the beam lifetimégz). It is the

amount of time after which the beam intensity is reduced by 1/e

The LHC beam lifetime has be@stimated to 18.4 hours afléV [5]. However the beam lifetime
will vary over the LHC cycles and also within each cycle (e.g. higher lossese adtdlt of

acceleration due to uncaptured bdasing los}. Worst case beam life times of G or injection and

0.2h for high energyhave ben consideredor the collimation system desiguhich corresponds to
8.6 and 4.810" lost particles per seconid]

1.3.2 Abnormal beam losses

Abnormal losses are unplanned losses which can be dividefdimttypes[7]:
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1 Slow losses: Losses due ¢og, optics errors, movement of elements into the beam (e.g.
slowly movingcollimator), moderate vacuum leaks etc., wha#velop over seconds.

9 Fastlossed.osses in less than 1 secdnd not faster than 10 nfs.g. beam instabilities, RF
failures...)

9 Very fast lossesLosses develop in less than 60 tufgeme ms)e.g. fast powering failures
for some special magnets, wgbmagnet strength settings at injection energy...)

9 Ultra fastor singleturn losses Losses within ns up to several ps. (drgection failure,
extraction kicker failure...)

1.4 The LHC Machine Protectiolysgem (MPS)

One nominal LHC beam atTeV has a st@d energy of around 36@J which is enough theat and

melt more than 50Rg of (1.9K temperature) copper. Another of energy are stored in the huge
inductance of the LHC magnet systeBuch huge energies requim@oper protection system which
avoids unwanted dangerous operations and can handle a wide scope of potential malfunction
possibilities.The machine protection strategy for beam is always to detect redundantly any problem
as early as possible atalextract the beam with a reliable and safarbeextraction system onto a
special 7.8 meter long graphite block before significant beam losses could seriously damage the
accelerator elementdAs the LHC is based on superconducting magnet technology it is also
mandatory to avoid frequent magnet quescseperconducting to resistive transitions) as this would
significantly affect the machirgvailability.

14.1 The Beam Loss Monitor system (BLM)

Around 3500 nitrogen filled ionisation chambers and 400 secondary emission monitors are installed
around the ringtaeach quadrupole and collimator as well as in regions of special interest (aperture
bottlenecks, dump region...). Tlségnal acquisitionis based on a current to frequency conversion,
where the measurement current is sampled eveps4hd integrated fqueriods variable between

80 s and 10G. Calculated values are compared with predefined threshold yalh@sangenerate

a beam dump reque$g]

1.4.2 The LHC BPMs

Around 520 Beam Position Monitors (BPM) are installed in the LHC per ring which allow nmaasuri

the beam orbit in both the horizontal and vertical pda®&eich a system is very importantdetect

orbit deviations from the ideal orbit before any losses occur. Dedicated interlocks have been
implemented in IP6 where specifications for the beam ipasiequire any orbit deviation to be not
greaterthan 4mm to ensure a proper extraction process. These local BPMs generate a dump request
if the orbit offset exceeds3mm.

1.4.3 The Quench Protection System (QPS)

A fiQuencho i s a f asductipgrmagne wcally wdetse sugercandustingpstate ¢ o n
for example due to energy deposited from beam lo3$esmagnet current produces more heat over
this resistance which is a positive feedback and causes a very fast rise of heat depbsitiaran

quickly lead to melting of the conductor material. To avoid this, a quench detection system has been
installed in the LHC superconducting magnetsch detects any resistive voltagg@eS8ial resistors

so called quench heaterare installed tahenuniformly warm up the coil in order to get the whole
conductor intoa resistive state rapidly and thus distribute the dissipated energy to avoid damage at
the quench originThe magnets are grouped in series to powering circaitd h case of a quench

the QFS deviates the circuit current into special discharge resistors.

1.4.4 The Powering Interlock System

Guiding the beam very accurately through the accelerator vacuum chamber requires several thousand
magnets, hundreds of instruments and beam related detectorspiex controls system and many

more electrical energy dependent systems. It is obvious that any malfunction in the powirasg of
complex accelerator systenesuld immediatelylead to beam losse&or this reason all crucial
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systemsare connected tpowering interlock controller(PIC) which detectpowering failuresand
request a beam dump

1.45 The Fast Magnet Current change Monitors (FMCM)

For some magnet circuits the response time of the PIQoisloav as it processes signateming
from the power coverterson a ms timescaldf the currentthangegapidly significant losses could
developbeforethedump signals finally produced by the PIC

For these circuits specialagt Magnet Current Change dviitors have been developed which are
capable to deteamall but fastchanges in the magnet current directly and hence can send a interlock
signalwithin 60 ps. [9]

1.4.6 Safe Machine Parameter System (SMP) and Software Interlock System (SIS)

The Safe Machine Parameters system distributes via software importahtnmamarameters like

beam enegry and machine mode. The Software Interlock System igougkshtify and prevent
wrong or dangerous settings in the higher software layers of the control room applications. However
it cannotprevent dedicated equipment spdists from intentionally changing settings to wramg
potentially dangeroukevels. The SIS can be used to easily ¢teeeomplex interlock conditions, but

its response time is more than one secat(. [

1.4.7 The Beam Interlock System (BIS)

The BIS consists o021 Beam Interlock controller units with over,Q00 connected devices. This
hardwaresystem collects all interlocks and finally generates the beam permit signal which allows
injection of and operation with beam in the LHC. The beam permit flag (onedbrries) ensures

that at injection all systems are ready for beam. Any absence inhibits injection into the LHC (and
beam transfer to that LHC ring) and sends a trigger signal to the LHC Beam Dump System (LBDS).
Figurel.4 shows aroverview of the BIS and its connected systems.

Two optical fibre signal loo per ring carry the-10MHz beam permit signal. If one of the BIC
receives a dump request it opens the loop and the missing signal is consequently detected by the
LBDS in IR6 where the dump request is then immediately performedd&lag forgeneration of the

dump trigger varies between 20 and 120depending on which equipment generates the request
[171].

safe Beam LHC Movable Beam Loss ||[Experimental Collimator ||Environmental
— Parameter Devices Detectors Monitors Magnets Positions parameters
Distribution BCM
1 Special
Safe Software | |[Sequencer| |Operator LHC Transverse Beam Collimation BEME
LHC Interlocks Buttons | [Experiments Feedback Aperture System
Parameter cccC Kickers
— 8] T T T L Beam
L_slBeam Beam Interlock System q Dumping
Flag1 e I Ol L o] 2 O Sysiem
I_T T T T I l[ T T T Injection
Powering Powering Magnet RF Beam loss Beam Access (|Vacuum ||Screens / Interlock
Interlocks Interlocks Current System monitors Lifetime [ System || System Mirrors
sc magnets| |[nc magnets || Monitor BLM FBCM BTV
L3 4 Timing System
(Post Martem
Tri
Magnets Power Monitors Monitors rigger)
Converters aperture in arcs
limits (several
(some 100) 1000)
[ I I |
QPs Power AUG ||UPS (|Crye Doors ElS Vacuum || Access RF
(several [Converters OK valves Safety || Stoppers
1000) ~1500 Blocks

Figure 1.4: The beam hterlock System (BIS) and its interfaces[12]
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1.4.8 The Beam Dump System

Every dump request is finally processed and executed by the LHC Beam Dump.Shseuses

fast pulsed and DC magnets to extract the beam from the LHC and transport it to a large shielded
block where it can be safely absorb@dull description of ths importantsystem is given in Chapter

5.

1.5 The LH®eam cleaning and collimationystem

The LHC collimation system was mainly designed for an efficient cleasfitige beam halo during
operation to avoid quenches and to reduce the halo induced noise in the experiment detectors.
However this system also protects machine elements in case of abnormal beandiksesed in

detail inChapter6.

Figure 1.5 shows thesetting hierarchy of primary (TCP), secondary (TCS) and tertiary (TCT)
collimators The primary collimators are closest to the beam and made out of daldwés with a
relatively low density They do not absorb the full beam energy but dilute the beam and create
secondary showerdlost of the particle shower is then absorbed in the secondary collimators which
are further away from the beam centre. Particles also escaping the sectagarftertiary shower)

are then intercepted by tertiary absorbers made out of a relatively dense material like tungsten or
copper. Any quartiary shower should then be small enough to be lost on the cold aperture without
causing a quench. The longitudir@bsition and the rotation of the collimator jawsoigstimized
considering the phase advance and optical functions to achieve a full coverage of the halo phase
space.

Primary C Secondary C

; B . o Offset
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. A .
4 mm orbit
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Figure 1.5: Principle of the staged bet&on cleaning at injection energy(from [13]).

The overall collimation layout follows a phased installation. In phaskidure 1.6) a two stage
cleaning in IR3 &7 is installed whilst tertiary collimators are placed at the irmestonly. All in all

88 collimatorsare in place along the LHC ring. The main devices are primary (TCP), secondary
(TCSG) and absorbing (TCLA) collimators. Phase 2 will bring 30 low impedance hybrid secondary
collimators which are used at top energy arablst conditions only to reduce the impedance by
retracting the more robust standard TCS and finally phase 3 and 4 are foreseen for additional
upgrades to exceed the nominal beam intensity. Protection eleagaitst single turn lossder
injection (TDI, TCLI) extraction (TCDS,TCDQ plus one TCSG) and experiments will be in place

for all phases. The collimator settgwgsed for calculations in this thesieediscussed ilChapter6.
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Figure 1.6: Schematic overview of thecollimators position in the LHC,
phase 1 for beam 1 (red) and beam 2 (black}4].

Ty 13



Q

Introduction to Accelerator Physics

2 Introduction to Accelerator mysics

This chapterintroduces the basic concepts of accelerator physics and beam dynamicgopiusse
are very extensive and only the most impatrand frequently used relations and forneyartaining
to synchrotrons are covered. Complementary and more detailed information can be fag#Bjn [

For practical considerations the units commonly used in particle amteetor physics are often
non-Sl. Energy is most frequently expressed in units of eledfats (eV), where ome electrorvolt

is the discreet energy increase amount of energy E of an electron traversing an accelerating potential
difference of one Volf2.1) where q is the charge of the particle in Coulomb (C) and U is the voltage

in Volt (V):

E=q 0 (2.2)

Hence 1 eV is 1.602.0"° Joule. This energy also corresponds to a certain relativistic velocity. At
LHC injection (450 GeV) protongavel with a velocity of about 0.9999978&8and at top energy
(7 TeV) with 0.999999994c. It is obvious why energy and not velocity is used.

2.1 Basic relativistic relations

The relativistic gammég2.2) is defined as the ratio between the total energy and the rest energy of the
particle whilst the relativistic bet#2.3) represents the ratio of the particles velocity to the speed of

light:
E
g=— (2.2)
E
-V (2.3)
C

The total energy E is the sum of the kinetic energgnd the particle rest energy, Eand one can
modify the relation between gamma and beta as shoy@an

E=T 4 (2.4)

(2.5)

For calculations with accelerated patrticles it is important to congideetativistic mass & particle
which can be expressed ag26).

m =2 3 nf (26)

Thus also the classical momentum of such a particle becomes the relativistic momentum p:

p=m @ g&mpQ (2.7)
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2.2 Reference coordinate system

The path of a patrticle circulating in an accelerator theoretically only made of ideal bending magnets
defines thgideal) reference orbit. It is defined under the assumption that all elements are perfectly
aligned so that no magnet fringe fields or imperfections and no beam interaction disturbs the ideal
motion. Such an ideally moving particle is accompanied by a tripod which spans a local right handed
coordinate systerfx,y,s).The locals-axis is the tangernb the reference orbithe xaxis points to the

outer side of the ring (in the bending plare) anticlockwise motionand the positive 4axis is
pointing upwardsThe closed orbitis the path of a particle which is perfectly closed after tane

this deviates from the reference orbiécause ofinavoidable errors in alignment and magnetic field.
The many particles which circulate in the accelerator perform betatron oscillations abounighes

closed orbit

centre

closed
orbit

\ reference orbit
—

Figure 2.1: Reference coordinate system

2.2.1 The MAD-X coordinate system

MAD-X is a computer code used to calculate accelerator optics and perform particle traclsag. It
the ideal reference orbit as its refergnatich consists of a series of atght drift segments and
circular arcs.

Due to various errors like misalignments, field errors, fringe fields, momentum error etc., the closed
orbit does not coincide with the reference orbit but it is described with respect to the reference orbit,
using he local reference systexny, s. A particle on the reference orbit has zeandy deviation.

The definition of the bend angles is for a positively charged particle as fobquesitive horizontal
bend angle in the MAEX coordinate system represends bend to the righi{for clockwise
translation) i.e. towards negative. This is different forkicker elementswhere a positive kick
increase®x (or py) which means that a positive horizontal kick bends to the left.

2.3 Charged patrticle focussing and guiding

A synchrotron is a quasircular accelerator where particles are stored for nfamyrs, making
millions or billions of turns. To keep particle
bending force has to be applied. This is achievad umniform vertical magnetic fields produced by

dipole magnets.

Small errors will disturb the ideal motion and leadd&viations from the ideal orbit. In additiamy

real initial distribution of particles has a spread in angle and pos8jp@tial elerents areherefore
required to focus the particlés avoidthe beam being rapidly losthis is achieved with a periodic
structure of alternating vertical and horizontal quadrupolar magnetic fields, which results in a net
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focussing effect in both verticand horizontal planes. These fields are produced by quadrupole
magnets.

The space between the bending dipole magnets and the quadrupole focusing magnets contains
various other magnet systems, beam diagnostics, high energy physics experiments or egen simpl
vacuum drift spaces. All of these elements together form a basic structute| e d ahich | at t i ¢
generally has several levels of periodicity

2.3.1 Magnet multipoles

The magnetic field in a certain point in the region between the gap of magnet polesdeaorteed

by a Taylor expansion as shown for the horizontal plan€2i8). The dipole and quadrupole
componentsTable 2.1, produe linear forces, while the sextupole and higher order multipoles are
nonlinear.

Q)o

oﬁl?g,)g
&,

Table 2.1: Overview of basic multipoles

1
B,oy =B Ha— >€

y(0) 1| (28)

vO Qo
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Taylor expression Beam optics Multipole
%_adB g 1 Dipole
c dx 9( r P
14d°B, G, < drunol
§£_9 B ﬁ Quadrupole
14ad°B, §,
3%%@ ﬁ M Sextupole

2.3.2 Lorentz force

The Lorentz force K2.9) acts on a particle with charge g moving through an electroiglticE or
magnett field B with velocity v:

F=qg B g{v(B (2.9)

We can derive the equation of motibg equalising all relevant forces for a constam@mentum
particle on a circular path using only a uniform magnetic component to maintain the trajectory.

d_b vOB (2.10)

Since this force always acts perpendicular to the particle velocity vector, only the direction of
movement changes without affecting the magnitude of velocity dlsp implies that a longitudinal
acceleration can only come from an electrostatic field.
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dp_ (0] dy (2.11)
dt dt
dv v
—=a, =— 2.12
at & = (212
R4 .
gon— g v@& (2.13
r
BO 2 (2.14)
q

The beam rigidity B. (2.14) describes the relation between the particle momentum p and the
magnetic field B needed to keep the particle (with the charge q) on a circulaotsajafctadiusr .

The higher the particle momentum, the higher the field needed to keep the particle on the synchrotron
design orbit. During acceleration the magnetic field therefore has to be ramped according to the
particle momentum.

-

—_

Figure 2.2: Schematic trajectory through a bending magnetseen from above)

Eqg. (2.15) is the arc length s of the trajectoryugh the bending magnet whil& 16) represents the
secant (which is in fact the magnet lengthfbr this arc. For very small angles the sinus is close to
the angle itself and the arc length is similar to the secant s(thdtis valid for such cases.

s=qg O (2.15)

| =2 8 siﬁ'%q (2.16)
v

For many systems it is useful to know the deflectipoaused by an applied fieldhis socalled
Akick angleo i s:

~dS Im
q= n- = g= " (2.17)
Using equatior{2.14):
g= % € (2.18)
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g[rad]=B[T] &fn 0.6998 — 10 (2.19)

p[<]

Equation (2.19) shows the total deflection for a particle with unit charge traversing a uniform

magnetic field. It has to be noted that the relafib® G is true for Bfields outside of magnetic
conductors in the absence of current densityhlis the bending force only occurs in one plane
perpendicular to the direction of movement, which also indicates that no accelerating forces are seen

by the particle in the longitudinal plane.
This is especially interesting for the total deflection guadrupole magnet. For the quadrupole field
the B field is described by:

KB, _ 1B, (2.20)
XM
B=Bk 8y (2.21)
_ & B, B, 4 a4 B By
B= =2y +2x —4 x —T+y 2.22
EEB” w7 % P&” W Ty 222

Equation (2.22) shows that for small displacementgx,y) from the design orbit, linear force
components are produced which are equivalent due to the curl cor{@ifilén Thus his magnet is
focusing in one plane and defocusing in the other plane.

The beam rigidityfor other particles than protoi{2.23) where A is the atomic numband Z is the
charge number of the particle can also be expressed as a function of thedparimigy(2.24).

=t 8

= 2.23

0.2998p Z (223

N E?- E?

BO -—EO (2.24)
e

2.3.3 Equation of motion

The equation of motion is intensively discussed in various publications this section only briefly
covers basic relations needed for a better wtaeding of the particle motiorMore detailed
information can be found ifi6], [17].

= 1 Dp
P = = 2.2
Xj-ik, 9 S (229
The right side of this equation represents dispersive effects which will not be further considered as

the momentumﬂewatlon—p is assumed to be zero for these explanations. The remaining equation
P
can be solved ith an ansatz lik¢2.26).
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x=AQcoqy, 7 (2.26)

The amplitude factor A and the phasare integration constants. We replace A by the square root of
the  emittance (\E ) and 4 by the square root of the betatron

function (\/E).

xS:a/e Qe y ) (2.27)
The first derivative is then dsllows:
e .. . .
0= o e ooy, F s )
s (2.28

x and X" describes the particles trajectory in thézbatal plane.

siif g+ cog g=: (2.29

Using relation(2.29) and transforming equatiof2.27) and (2.28) into (2.31) and (2.30) the phase
advance can be eliminaté€2l32).

S
+ - 2.30
cosy + ) =% 7 (230
_ . Je0 b 3

sin(y.+ A R eé’@ jigs, (2.31)

- o
“rgpmx x[b, X0Og (232

b, &b, 8
_Lra, 2.33
9s = b (2.33

S

With (2.33) the elimination of the phase advance finally yields an invariant of the motion which is
known as the ACour[@d8t & Snyder Il nvarianto

9.0 2 ax0Oq O pxEi (2.34)
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2.34 Transfer matrices

A useful way tocalculate parameters of particles moving from positi@with a ), b, go) to
position g (with a, b, g) in an accelerator i® use the transfer matrix formalism. A general transfer
matrix can be derived by expanding &27) into two terms

x, = ay/bcos( ) e bsin( Y (235

The general solution dflill’s equation(2.36) can be expressed in a mat(&37) where C and S
representosinus and sinus like solutions of the differentialapn andK represents thperiodic
s-dependent focusing properties of the lattice.

Xj-iK, Q O (2.36)
é- 6 éC S S
%X; 2t %9 & 237
e 2l ]9 &
a; and a can then be replaced by thdugimns for C(2.38) and S(2.39) considering the starting
boundary conditions =1 and $)=0.

-t a, =% (2.39)
& % e
a=0; a /b, (2:39)
This finally yields in the matrix M:
a .
® \/Z:(cog/+%sin Dy J b0sin Dy
M= ; (2.40)

(cos P a=sin )

ge\/mo \/_smﬂ)

This notation is called the Twiss parameterisation of the motion, and the Twiss parameters
a , and »\are functionsof the S coordinate anare defined bythe accelerator latticézor one full
revolution one can séthe secalled periodic conditiona=a ), b=Dbg), andY¢=".

acosmt asin m gn m
M =g _ _ (2.41)
c -gsin.m cos m sn

The particle parameters for the new position can now be easily obtained us{@gBq.
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ax, 6 a
£<XZ g M %X: (2.42
¢ T ¢!
M canalso be written as:
M =cos ol O 6+sin maél b (243
1 INE |
where thecosinegart is multiplied with he unity matrix and the sinus part fulfils:
€. d4a b oo
detgsinmge &g bg ?®ail (2.44)
é ¢9 -ay
Considering Hills guationthe Twiss parametersan be expressexs:
g = 1+a,’ (245
(s) ~ '
b(s)
b.
O
a(s) = —2 (246)

2.3.5 Dispersion

As shown in(2.23) the actual bending radius not only depends on the magnetic field but it is also
dependent on the particle momentum. Thus a bunch consisting of many particles with small
deviatiors in momentunmwill show a spead intrajectories through a bending magnet. This effect is
called dispersion.

The solution for the inhomogeneous differential equatib®b) is only a sinple extension term to
the homogeneous solutiga27) where D is known as the dispersion functi@m8):

x,=e @coq y );ﬁD(S)%;£ (2.47)

b s+c N

»\/ (s) ~ 1 e m g

=— ¥ "V A’ |b..COSZY., - — st 2.48
Ao cosg )ty - 5 (248

©  2sin(m/ 2)
2.3.6 Emittance and acceptance

The emittance is the area of the Courant Snyder elligsich contains a certain percentage of all
particles.For examplethd 9% emi tt anceo is then defined as the
of the particles Another way to describe this area is to use the sigma parameter of a Gaussian
distribution. One sigma is then defined as the distance given by one standard deviatiothé

distribution mean. A sealled one sigma beam size based on an initial Gaussian distribution would
therefore contain 68.% of the whole beanin this thesisunless statedtherwise all emittances are

defined a®ne sigmamittances
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NESY

e

Figure 2.3: The transverse beam emittancén phase space

The acceptance is the size of the physical apertureslingsibsferred into phase spaead thus
associateavith the largest possible phase space area covered by theA®acuum chamér with
the semi axis aperture r would then have an acceptance of:

A=— (2.49

2.3.7 Tune

The tune (Q) is the number of betatron oscillations in the vertical or horizontal plane that one particle
sees in one completevolution(2.50).

1 ..ds

- 2.50
Q Zp[ﬁi—) (2.50

Since the change in phase advance is inverse proportional toaHereton(2.51) the tune can also
be expressed as shown(252).

d
1Yo (2.51)
by 2s
Q= P Yy (252
o .

The fractional part of the tune is essential for the stability of the beam. Integer tunes or resonant
fractional tune such as %:,m etc. cause beam instabilitiesas the effect of any magnetic
imperfectionswill add up over several turnBor example, if the fractional tune is set at 0.5, a
quadrupoleerror at a certain location will deflect the beam at exactly the gdrage in its motion

every second turn, such that the particle amplitude will grow very rapidly and the beam become
quickly unstable. For proton colliders such as the LHC, it is common to need to avoid resonances of
order 10 or above.
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2.3.8 Chromaticity

Chromaicity effects are caused bthe fact that focussindattice elements have a momentum
dependence of the focal propertiés.a quadrupole lens particles with different momentum are
focused at different focal lengtlvhich produces a dependence of fagtidet une on a part
momentum Chromaticity consequentlymanifests itself as a tune spread which depends on the
momentum spread

Qi= % (2.53)

Chromaticity effects can be correcigldbally usingsextupole magnet3he sextupole field produces

an amplitude dependant quadrupole focussing, and if the sextupole is placed insvdispgion,

the particle amplitude depends on the momentum offset and so the chromaticity can be compensated.
This is rather complicated to achieve in reality, and careful arrangement of the sextupole elements is
required.

2.3.9 Longitudinal dynamics

A particle circulates around the machifnadiusr) with a certain frequendly

_b@

2pr
Such particles can be accelerated byoscillating electrostatic fieldas presenin Radio Frequency
(RF)-cavities.The field within a cavity is described {8.55) where V is the maximum RF voltage, d
the cavity gap ang the (electrical) phase of the R¥ave.

(2.54)

:g sm(mt A (2.55)
Any circulatingparticlearriving with the desired phase lagin respect to the rising zero crossing of
the RFwave is called a synchronous partidie.a collider like the LHC it is mandatory to fill the
ring longitudinally atmanyplaces. Thus a Rffequency much higher thahe revolution frequency
(frey) is needed. In fact the LH@as a RRrequency 35640 times higher thig which is called the
harmonic numberln principal there would be 35646cations in the accelerator where a bunch of
particles could be placed; hovwesvonly 2808suchbuckets ardilled in the LHC with a spacing of
25 ns,in order to optimize the machine concerning collective effectsodtain manageable data
rates for thaletectos.

U [V] A

Usync

~ Vv

Figure 2.4: Simplified situation of particles arriving synchronous (blue), with a small lag (red)
a big lag (orange) and earlier (green)at the RF-cavity.
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The patrticles in a bunch have a spread in momentum and arrival time at the lotHt®RF cavity.
Figure2.4 shows a RFsignal applied to a cavity together with a simplified set of arriving particles.
Particles which arrivan time (blue) with the ideal synchronous particle will see the accelerating
voltage U, Particles which arrive tar than the synchronous omél see a higher voltage and thus

a higher accelerating field than particles which adigarlier. This means #y are able to catch up
with the synchronous particle as they gain more in momentum each time they pass lwtyhe ca
Particleswith a higher velocity than the synchronous partareve before andio not get so much
acceleratiorso that the synchronous particle catches up

This simplified explanatioris only true if the particles oscillation in phase does notbiggerthan
f= p- and the particle stays nealativistic Any particle exceeding thighaselimits (orange)

would get unstable as it receives an acceleration which mowesgen furtheraway from the
synchronous particleThe orangeparticle in Figure 2.4 for instance is much slower than the
synchronous phase but arrives so late that it already excHesi@thase constraint and theees a

lower voltage than it would neeid orderto receive a higher acceléian than the synchronous
particle.Hence for this particle the momentum gap increases further and it’s longitudinal motion gets
unstable and it is finally lost in the accelerators apertibe boundary between the stable and
unstable particles is callegparatrix, the area within the separatrix is thebRéket.

A second constraint of the simplified viesithat the explanations given are only true if the particles
are norrelativistic. In principal the same explanation approach is valid for relatipstiticles but

one has to consider an effect inherent to the relativistic relation between velocity and momentum:
From a certain point orhé particlesvelocity is increasinglower than itsmomentum Hencethe
particles path gets longer (for the sameotéipfield strength)out the gain in velocity does not
compensate for the additiorzdth length.

This means that anypff momentumparticle arriving too lateat the cavity- compared to the
synchronous particle would see a higher -Eeld in the cavity andwould again increase its
momentum more than its velocity which results in an even loodpiirand thusagain ina later time

of arrival. It is obvious that such a particle woulccbme longitudinallyunstableln the extreme case
very close to the speanf light any acceleration would increase the momentum but velocity (and
revolution frequency) would nearly stay at the same |eMeé slip factorQdefines this relation
between frequency and momentum chaiig®6). Equation(2.57) shows the relation between
momentum change and orbit length change which is called the momentum compaction factor.

b
h:% % % (2.56)
p
_DR/R
ap - q)/ p (257)

Particles accelerated from zero to the speed of light would see both effects described above. The
point where the longitudinal particles behaviouuld changerom stable to unstable due to the
relativistic functiongfor a normal latticehe slip factor changes sigh)s cal | ed fAtr ansi
be compensated by a jump in{RRase when crossing this point.
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3 Methodology of Particle Tracking i§ulations

This chapter gives a brief overview of the basic principal and tools used fordkiagraimulations
performed for this thesis. A short example explains the computational challenge and a brief
introduction to the MADBX program is discussed.

3.1 The crucial performance limitationCPU time

Given thehugedimension ofthe LHCaccelerator ands numerous differenattice elements, it is
majorcomputationathallengeto describe every piece of it in detailis computationally impossible
to model the motion of each particle in the nominal Lb&am (up tB.1x10" particleg even with
the nost powerful computers available todayCERN

To get a feeling of the order of magnitude we can assume the foll@vimgified example(in
reality times will be longer as any additional calculation task will significantly change this numbers
to higherlevels)

If we take one full LHC beam and track it around the forgone turn, themwith the full aperture
modelone particleneeds around 2800 CPU cycles

Extending this to the full beamenget the following numbers:
3x10" particles x 1 turn x 2500 cycles =7.5x10" CPU cycles,
7.5x10' cycles divided by 210° (cycles per s on a 2 GHz CPU) = 3x18°s e ¢ 8yeats2 0 0

Thus simplifications must be made in order to fit the actual situation into a model that can be
computeddy theavailable equipment

Oneway is to use a reduced number of partidies,still a valid distribution whiclis representative
Such particlearethen often called macreparticles since each particle in the simulation represents
many thousands of real particlesnotherway is to simplify the acceleratanodel (e.g. by using
fewer slices in the thin lens versiorh practise both ways are needed to arrive at reasonable
computation times.

A practical value of a standard beam abort simulation as performed for chaptEs,@0 seconds
for 8x10" particles tracked through the most sophisticated LHC model including apertures,
tolerances, alignment and magnet field errors.

3.2 The MADX code

MAD-X (Methodical Accelerator Design)19] is a widely used accelerator design tool for
calcuhting charged particle optics in alternating gradient accelerators or beam linesXNhap
developed over many years with many different modules, isngrogrammed in two different
languagesFortran77 and C.

The main program is written in C whiltetr ac ki ng c¢c ode éxfedsivelyforrttasc k 0 us
thesisis written in Fortrary7. Thintrack only allows a thin lens sequence which can be obtaimad

a thick lens one by usinghe MAKETHIN commandThe code uses the thin lens approximation to
convieensdiso with a certain |ength into |l enses w
the thick lens). Therefore the approximation is made that each particle sees it's deflection according

to its transverse position only at a transverse plane imitidle of the lens. The longitudinal space

in front and after this plane tseatedlike drift space. It is obvious that particles going through this

drift space will hit te middleplane slightly different then particles gettingith@eflection over the

total lens length. This mismatchrche reduced by converting oelement not only into one thin lens

plane in the middle buby splitting the magnet into several equally lopigceswhich are then
individually converted into thin lenses. By doing thaedhicklensis replace by several thin lenses

and the angle mismatch at the middle plane is reduteg small erors still obtained by such a
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conversion to thin lens optics have to be corrected by rematoehthgthin lensquadrupole strength
which canbe done with the MATCH module.

Another essential feature ®HINTRACK and the thin lens version is that it supports the allocation
of errors. Misalignment errors can be assigned by using EALIGN whilst field errors can be assigned
by the EFCOMP command.

3.2.1 Frequently used MD-X modules

This section briefly summaries the most often used modules and gives an overview of the actual
module ordetused in the individual simulation jobBigure 3.1). More detailed information can be
found n[20], [21].

The TWISS module:

The TWISSmodule is one of the main MAR modules. Thicommand causes computation of the
Twiss linear lattice functions, and optionally of the chromatic functidhi& possible to set initial
optics values for computatiasf the Twiss matrix, which is necessary for handover between different
sequences. An option is to choose the position for the Twisslation within an elementStart,
Centre, End). It has to batedthat the CENTRE option includes any misalignmenthi@ output
orbit coordinates.

The THINTRACK module:

Particle trajectories can be tracked either for single passage (option onepass), or for many turns
(default option). In all cases the tracking is performed element per element. Only thin elements are
allowed, which guarantees teamplicity of the coordinate transformation.

TheMAKETHINmodule:

This module converts a sequence with thick elements into one composed entirely of drifts and thin
multipole elements as requirbgt THINTRACK. The optics genellg needs to be rematched back to
the nominal one after this command.

The MATCH command:

Before a match operation at least one sequence must be selected by means of a USE command.
Matching is then initiated by the MATCH command achieve the desired Tsg parameters, e.g. at

the experimental interaction point$he matching module can act on more than one sequence
simultaneously by specifying more than one sequence when initiating the matching mode. From this
command to the corresponding ENDMATCH comm&aD accepts various matching commands.

TheERRORModule:

It is possible to assign alignment errdSALIGN) and field errors(fEFCOMP)to single beam
elements or to ranges of beam elemevita the SELECT commandErrors can be specified both

with constah or random valueslt is mandatory to activate a sequence with tHeELtommand
before assigning any errorg/ith EOPTION it can be chosen if errors should add up or if each
existing error should be overwritten by a new value. It has to be noted thauringr f{USE
command will reset all assigned errors which limits the degrees of freedom when programming the
MAD-X applications.The command ESAVE can be used to save and reload all error settings for
selected elements. However it is so far not implemeteeldad corrector settings.
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The CORRECT module:

The CORRECT statement makes a complete closed orbit or trajectory correction usiom ploged

values at the monitors from the Twiss table. Thus the orbit correction must always be preceded by
TWISS commads which generate Twiss tables. The most recent Twiss table is assumed to contain
the optical parameters and the distorted orbits, whilst Twiss tables generated before (under different
names) can be used as target orbits. An option abatirgating or diablingring monitors separately

and all monitor and corrector values can be written intfiléfs. Howeveran easy read baak such
corrector valuess not implemented yet.

v
Import LHC sequence, .
strength fies and aperture Assign Errors
definitions

Set overall model parameter: ARG ({ie Gl Ehrat)

CORRECT, calculate closed
MAKETHIN orbit (Twiss),save
parameters
MATCH (tune and chroma) Set collimators
THINTRACK i track

particles and export results

Figure 3.1: Schematic overview of a simple MABX tracking job.

3.3 The LHGIAD-X Model

Different LHC optics have been developaeker the past decadén overview is given in42]. For

this thesis version V6.503 has been ugath LHC optics version consist of thelC sequence, the
strength files, the aperture and tolerances files and several special optics files e.g. the local settings
for different beta functions in the collision points.

Only the sequence and strength file is needed to calculatelwies paramefrs and beam
trajectories. However these trajectories have to be compared to the mechanical boundaries within the
accelerator (usually an installed vacuum chamber or a mageat screencollimator yoke..).
Therefore an aperture model is available aad be easily included. THINTRACK then compares

the trajectory with the actual element&dpre and detects any trajectory which reaches the aperture

A proper model of the athine imperfectionss mandatory for the type of tracking studies done in

this work. MAD-X supports misalignments and field errors. Misalignments are important as they
change the available apertumad for magnets also the resulting field. A horiatly misaligned
quadrupolegives a additional deflection like a bending magnet whsignificantly changes the

beam trajectory. Misalignments are specified for every type of element and are discussed in detail in
Chapter 6. Multipolar field errors have complex non linear effects on the bearactoay A
repository of measured field errors is available for the main LHC magnets and was used for this
study. Further details are explaineddnapter6.

The imperfection causea distorted orbit which wouldave amplitudeleviations too large tfit into

the design aperture. Thus corrector magnets are installed to apply small corrections so that the orbit
offsetcan be kepwithin a specification ol mm RMS and a maximum ofr@m peak to peak (ptp).

For thetracking job thisorbit correctionhas to be done using the CORRECT module which applies a
MICADO [23] algorithm. This algorithm finds the corrector magnehich could affect the RMS

orbit value most andlsofinds suitable strength vals¢o decrease thRMS orbit. This process is
iterative and redone until the RMS orbit is below the initially specified one.
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The assigned errors and the applied correatigo perturb the optics function and thus tune and
chromaticity have to be matched to their nomindlies. The tune usually changes dramatically due
to the applied errors. Hendearring the matching proceduttee crossing of tune resonanocasnot be
avoidedandthis together witithe presence of higher field errors (non linear machamep very
demandig casedor the MAD-X matching routines.

The resulting orbieven after matching of the optical functiassstill different from the ideal one.

This isimportantfor the collimators which need to be set at a certain distance in beam sigma from
the actuabrbit; hencein the simulation the collimator positions are adjusted afteptbit and optics

is corrected. This is necessary becatlee orbit changes position, but albecausehe optics is
perturbed which changes the beam sigma at the collimatdiolosa

After this setup the tracking routine can be started. However THINTRACK cannot change magnet
strength values over timavhich is essential for modelling the effects of the beam dump kickers
Every step in strength (or time) has to be calculatedratgha whichrequiredthe development of a
loop-based THINTRACK job and post processing for data visualization. This process is further
explained inChapter6. Figure3.1 shows asimplified overview of aMAD-X THINTRACK program

flow.

3.4 Random numbers

Random numbers are at theucial inputof every Monte Carlo simulation. In thikesisthey were
neededo generate differenbdependeninitial beam distributions.

In theory here are twdypes of randommumbers true- and pseudeandom numbersWhilst true
random numbers areften obtainedby measurement of a physical phenomenon expected to be
random (e.g. thermal noise)sguderandom numbers are calculated with special algorithms that
produce long sequences of apparently random results, which are in fact determined by a initial value,
known as a seedMAD-X uses only such a simple pseudandom numbergeneratoPRNG) It
provedimpossibleto create suitable independent distributionstifie tracking tasks done in this work
with the implemented PRN@ue tothe fact that it always givahe same sequence of numbers for
one seedA pragmatic solution was found by calling a shell scripts which reads a time & CPU clock
dependent random numbfeom the system and saves this number into a short MAdaript. This

script is then read by the MAR main program and the independent number is used as a seed of the
MAD-X-PRNG. This step is repeated several thousand times and each random numlzitas use
calculate a x, px or y, py coordinate of the initial distribution. For the tracking job itself again this
random number principal is used to pickree out of the distribution table which is then usedhas

initial tracking coordinates for that rublnfortunately this concept requires many system shell calls
and read sequences which is quite CPU intensive and limits the program perforRigucz3.2
shows the crosesorrelation between the x and y coordinates of on ing&tl of 7400 particle
coordinates at the top and the aatorelation for the x coordinate at the bottom. One can only see
the spike around 7400 steps when the MATLAB algorithm fully circulates through the set for the
first time. The same is true for px apyg relations. All tested correlations are at low level without
any unwanted peaks. Thus the created particle coordinates camdideredas unique. The exact
calculation of the initial Gaussian beam distribution is discussed in more detail in Chapterell

as a more detailed analysis of the distribution shape.
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Figure 3.2: Cross-correlation between x and y values (top) and autaorrelation

of one randomnumber series (bottom).
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4 Beam ump and Extraction Systems

This chaptergives anoverview of general extraction systems and beam dumps. Firstly the main
elements of beam extraction systems are explained and their interaction in different designs is briefly
discussed, followed by thrgmacticalexamples. The first example explains toenmissioning of the

single turn fast extraction system used in the SPS to transfer beam to the LHC. The second section is
a detailed study of the internal SPS dump system, including results of tracking studies used to test the
methods deployed for the LHGtudies, and the third section presents the preliminary design
considerations for the dump systems for the PS2 accelerator, proposed as an upgrade of the LHC
injector chain. The work of all three examples has been published at particle acceleratoncesmfere
(PACO7 and EPACO08)3(L,32,39].

4.1 Main machine elements used for beam dump and extraction systems

An extraction system comprises all the equipment needed to nebedm trajectory precisely onto

a new orbit into a transfer line. A dump system comprises all the equipment needed to safely dispose
the beam onto a special (shielded) device (dump block).This section describes the main hardware
elements of such systems.

4.1.1 Kicker magnets

Kickers are dipole magnets which are builtsuch a way that they can switch on and off their field in

a required (short) time windowrigure 4.1 shows a simplified sketch of a kickeith a window

frame designKickers usually need complex power supplies to deliver the requested waveform and
have challenging requirements for the power supply switchee magnet is often within the
vacuum, built into a special tank which requires machining, cleaning and selafctitnmaterial in

order to fulfil thedemandingracuumand pulsed high voltagequirements.

The kicker rise and fall times are important performance paramefignslO ns to a few us as typical
values For special applications, for example CLIZ4], the specifiedrise time isa fewns. The

kicker pulse shape or waveform quality is also important, since any deviation from an ideal
trapezoidal pulse shape will cause different parts of the beam to be deflected with different angles. A
maximum flattop varation of 1% is a typical specification.

For high energy (or intensity) it becomes important to build extraction and transfer systems which are
capable to make loss free beam transfer. This requires a precise timing of the kicker magnets within
special gap# the beam pattern. For dump kickers usually the rise time only is crabiateador
extractionor injectionkickers the fall time can also be important, as it is often the case that only a
certain part of the beam is demanded by different beam lines.

For the LHCa set of beamilition kickers isusedin addition to the beam extraction kickers. The
dilution kickers are installed in the transfer linetweerthe extraction poinandthe dump Theyuse
orthogonal sinusoidal and cosinusoidal kick wavef®ito paint the beam onto the dump during the
extraction process in order to dilute the beam intensity over a bigger area so that the dump material is
not damaged.

Ferriteyoke

Vacuum chamber

Figure 4.1: Schematic sketch of a kicker dipole with its main components.
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Due to their fast rise/fall time kicker magnets are alw@gsighed andeveloped together with their
power suppliesFigure 4.2 shows the simplified design @ typical kicker magnet power supply
circuit. A Resonant Charging Poweungply (RCPS) 25| chargesa Pulse Forming 8twork PFN (or

a Pulse Brming Line PNL) which is then discharged over the switch and the transmission line into
the kicker magnet. In order to avaitiwanted reflections all system parts have to be matchtbe to
same impedance Zor this reason a terminating resistdsohas to be installed after the magiet
otherwiseunwantedeflections would superimpose with the created waveform.

RCPS
Dump 1 PFN or Main Transmission I\TCkert
Switch PFL Switch Line agne
e S
| Dump Single-way | Terminating
Resistor delay T, Resistor

Figure 4.2: Typical schematic design of a kicker magnet power supph2p].

Figure 4.3 describes the general function of a pulse forming line charged to the Voltage V. The
parameters andb (4.1) (where Z is the load impedance and the characteristic PFL impedance)
give the ratio of the voltagdivider and the reflection coefficient. For the mattloasea=0.5 and

thus the PFN charging voltage has to be set to the double of the voltage required at theTimagnet.
reflection factor for the load end is zero (matched case) and set to +1 at the charging end of the line.

a z o Za- Z,
a :ac-ziL 5 G = = 4.1
C~o + ZL 9 E@a +ZO @D
Charging Load end
end of line of line
t= : _________________ :aV
l
T :
|
I(a—1){1+,ﬂ)V
|
@ BTpl :
E|l :ﬂ( D(1+8)Y
"l |
5?:-f’l :
i :ﬂ’(a—l]{l+ﬁ)V
| |
v i B (a-1)V i

Figure 4.3: General schematic descriptionof a pulse forming circuit [26].

The magnet impedance is very importanttasfluencesall systems when being matched. Albe t
induced voltage in the csils the inductance times dl/dt. As the rigediis fixed by the functional
specificationsthe maximum voltage can be limited Imaving a low product of inductance and
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current. Therefore a small pole gap (lower current) and a low number of windings (lower circuit
impedance) is of advantage. The maximallowed voltage is mostly determined by the isolation
design and the power switch capability.

In modern accelerators twuoain types of switches are used: Thyratrons and power semiconductor
switches. Deuterium Thyratrons are still widely usedhich acheve theirfunction by rapidly
ionising aneutral gas. This igitiated by free charges crossing the switch gap under an electrical
field. Gas molecules are than ionisedogudng new free charges) and positive charged ions are
accelerated towards the lempotential electrode where they cause the release of secondary electrons.
If this process occurs with sufficient energy under right circumssaihtecomes selustainingthe
voltage breakdown over the switch happans the Thyratron commutateSuch switches can be

built for voltagesup to 250kV and peak currents of up to 1R8 whilst providing very fast rise

times (150kA/us). [27] A disadvantage of Thyratron swiites is their tendency for erratic tewn.
Therefore Thyratrons were not considered the LHC dump systenwhere accidental turon of

one kicker switch could have serious consequences for the maktstead semiconductor switches

are usedwhich have significantly reduced erratic rates as well as less maintenance requirements.
Howeverthe maximum rate of rise currentlimited to around 20 kA/us.

4.1.2 Magnetic gpta

In general, highdeflection strength and fast rise time are mutually exclusive, and all possible
measures are taken to reduce requiredekiskkength. Septum magnets are d@gaotagnets with a
special asymmetric design in order to minimise the kicker strength needed in an injection or
extraction region. Septum magnets are designed to allovingthe deflecting elementery close to

the circulatingbeam They are comprised of ¢in element the Septumwhich separates the zero
field region from the full dipole field. This minimises the distafarewhichthe kicker magnets have

to provide the deflection to changfge beam trajectoryto the septum dipole fieldhe septum itsél

(as shown irFigure4.4) is commonlymade out of copper and is used as the return conductor of the
magnetcoil, to produce dipole field in the magnet gap

A major design criterion for septa magnetsisaducehe stray field seen by the circulating beam in

the nominally field-free region. Thin magnetic screens can be used to separate the septum area from
the circulating beam region. In order to keep the thickness of the septum low (and also the number
and lengh of magnets) it is mandatory to use liggiabled coils. In addition many septa magnets are
built within vacuum to avoid having two additional beam pipes (and their wall thickness) for the
circulating and extracted or injected beam. Magnetic septa cgiowered in DC mode or with
pulses of some 1000s of ms length.

N )

Iron laminated yoke

k Extracted beam )

Figure 4.4: Schematic overview of the main elements of a magnetic Septum.

For the LHC a specialeptumdesign wasisedin order toaccommodat¢he two circulating beams
without increased separationithin areliable backto-backseptum design. The principal design of
these sacalledfi L a mb e eptasissshowrSinFigure4.5. In the LHC thel5 septeor beam onare
installedin IP 6backto-back with the 15 septa for beam two (Clep gives a detailed description).
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An advantage of the Lambertson design is that the coil is out of the dreanand thereforieetter
protectedagainstaccidentabeam losses. This construction allothiinerseptum blades whilst still
using water cooled coilsarryinghigh currents.On the other hand a more massive yoke construction
might be necessary (depending on the intendetking poin) to prevent from saturation in the
septum ared 28§

Figure 4.5: Left: Principal design of a lambertson septumwith yoke (gray), coils (yellow), circulating
beam channels (white circular area) ad field lines within the yoke.Right: Lambertson septa as build for
the LHC. The region of the deflecting field is marked in red; beam is deflected in the vertical plane.

4.1.3 Electrostatic spta

The electrostatic septum is a device which basically hasattme function as the magnetic one, but is

used in applications where very thin septum elements are required to minimise beam losses, such as
slow extraction where beam is removed from the accelerator over many thousands of turns. A totally
different approeh for the design has to be followed as it is impossible to carry high currents in very
thin (0.1 mm) septum blades. Electrostatic fields are therefore used, even though the performance in
terms of total deflection angle is far below that possible withrmeg fields. High voltages (several

100 kV) have to be applied to a flat anode/cathode construction where one electrode is made out of a
thin foil (or wires). The required vacuum level is in the range Oftd(0"* mbar and the field levels
reached araround 10MV/m. [29]

With such a construction it is possible to build septa magnets with a septum of less than 0.1 mm
thickness. This means that the distance thich t
a magnetic septa (minimum54mm thick.

( Septum foil \

\ Anode
§ Circ.
_‘% @ beam
(@]
—
Vacuumtank oo ted beam )

Figure 4.6: Schematic sketch of an electrostatic Septum.
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4.1.4 Dump elements

Dump elementyary considerablyn their construction, depending on the beam endoggm size

and totalintensity. Hence their material varies in a wide range from steel, copper, tungsten for lower
energies to carbon for higher energies likehe SPS and LHCrigure 4.7 shows an image of the
internal SPS high energy dump instdllén the SPS tunnel, which comprisescarbon core
surrounded by a 2i7steel shielding block-or the external LHC dump a carbon composite is used,
where the density varies over the length to keep the energy deposited within acceptable limits while
minimising the overall length. The central carbon core is surrounded by heavy shielding to reduce the
ambient radiation dose.

Figure 4.7: Internal SPS TIDV dump element (green) with beam instrumentation tank in font.

4.2 Overview of beam dump and extraction systems

This Section gives a brigiverviewof beam extraction systems used for LHC-aceelerators in the
GeV range. It is split into two subsections dedicated to fast and slow beam extraction systems.

42.1 Fast bem extraction systems

4.2.1.1 Internal beam dump systems

The internal dump is a widely used concept. It comprises a set of dump kickeabaach dump
devicewhich is inside the main acceleratdrhe principal is to deflect the beam with fast rising
kickers onto alump block which is within the vacuum near the circulating béagure4.16 shows

a schematic overview of the SPS internal beam dump design. In this case the dump is designed as a
single turn beam dump, where all the beam isedtfd onto the dump block within a single turn of

the machine (28s for the SPS). However if the machine aperture is big enough and the dump block

is close enough to the circulating orbit it is possible to sweep the beam onto the dump block over
several turns, whiclelaxesrequirements for the dump magnet design anthesefore cheaper to

build. For single turn solutions the dump kickers are usually the most challenging part of the system,
since for machines providing higher energies or intensities the Kiekeés have torise extremely

quickly within a particlefree abort gap to avoid dangerous losses duringgivee® wher e t he f
is still increasing

The SPS dump is split into two blocks which are a few meters (and one quadrupole) from each other
in order to cover a bigger energy area. A detailed explanatitredPS system is given with some
practical simulations later in this chapter.

Another advantage of internal dump blocks is that they can be arranged to limit the overall machine
aperture and as they are designed to cope with a full intensity beamtareyepiresent some kind of

an ultimate protection devicas an element where beam losses can be concentiatedverthere
arealso some negative aspects like additional impedance of the dump and the kickeisegstday

the beam
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4.2.1.2 Fast extraction

Figure 4.8 shows the simplified principal of a fast single turn extraction systeinis also used in

the CERN SPS acceleratir transfer beam to LHMuring a gap in the beam pattern (abort gap),
the orbiting beam is kicked by a s#tfast rising kicker magnets, receives an additional deflection by
the subsequent quadrupole and is finally extracted by a set of septum m8gadtg. before the
extraction kicker magnets are switched on a closed orbit bump is created which briogstihg

beam closer to the septumreduce the required kicker strengdordump processssuch a bump is

not reasonablesincefor emergency reasons the dump function must be operable whenever beam is
in the machine, and as a result such bumpers wad to be as fast as the kickers.

Septum magnet

ey

RN

Kicker magnet

Closed orbit bumpers

Figure 4.8: Principal of fast extraction with one set of kicker magnets and one set of sept&0]

A beam extracted in such a way travels down a transfer line where étbenendup on a fixed

target experiment, be injected in to a subsequent accelerator or is simply dumped onto an external
beam dump.

4.2.1.3 Multiturn extraction (non resonant)

Multiturn extraction isanextraction methodisedto divide the stored intensityf an accelerator into

integer parts. The principal is partially kick the beam into a thin electrostatic septum blade which

cuts the beam into two differently sized parts. It deflects then only a certain amount of it which is
further deflected and fingllextracted by the magnetic septa. With the machine tune set at the quarter
integer, the remaining part of the beam takes another turn and due to the accelerators phase advance
another part of it is cut away when it arrives again at the sefithisiproces repeats wer a total of

four turns and therthe remaining phase space core is [Efiis is thenfully moved into the septum

by an additional deflection coming from tkiekers

Q,=0.25 septum

A

Bump vs. turn

f1.2:3 4.5

Figure 4.9: Principal of a multiturn extraction as used for beam transfer from the PS to the SPS3()
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4.2.2 Slow beam extraction systems

4.2.2.1 Closed orbit bump dump system

Another way for beam disposal is to bump the beam into an aperture restrictiona tige from

several to many turns and requires an accelerator with a suitable aperture so that for all energies
beam is only lost at the dump device. The beaassentiallyscraped away. This principal is mainly

used in smaller machines, where the d@ed intensity will not cause damage aidowhere the
revolution time is so small that a reasonable abort gap would fill a huge part of the actual machine
circumference and therefore would limit tinéensity too much

4.2.2.2 Resonant extraction

Resonant ex#iction is a sophisticated slow extraction concemually using the thirdrder
resonanceA sextupole field drives the beam into resonance so that parts of the beam move to a well
defined but unstable outer orbithich then passes into the extractionacimel of the electrostatic
septum. The intensity of the actually extracted particle flow depends on the exact setting of the
resonancand can be precisely controlled over many thousands of turns

Extracted beam

Closed orbit bumpers

Figure 4.10: Simplified overview of a resonant slovextraction area (extraction elements only)30Q].

A simplified overview of the beam extraction elements in a resonant extraction area is shown in
Figure 4.10 with the circulating and extracted beam indicated in feéidure 4.11 shows the
transversal phase space of a beam driven into third order resonance with a septum blade indicated in
orange and the electrostatic field deflectingipkes in the extraction channel.

Figure 4.11: Third integer resonant extraction, with beam already following theseparatrix arms (red) and the
septum blade (orange). (modifiedrom [ 30])
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4.3 Commissioning of the SPS LSS6 beam extraction for LHC

In 2006the extradion channel in LSS6 of the SRas modifiedto switch the beam from the SPS

into the TI 2 transfer line for injection into LHC beam 1. Hesvextraction systeris a conventional

fast single turn system working in the horizontal plane. It comprises horizontal closed orbit bumpers,
extraction kickers and magnetic septa as well as protection devices, beam instrumentation, interlocks
and contrés. [31]

Thebeam extracteth LSS6 for LHC operation travels down the TT60 line which is the first part of
the Tl 2 transfer line between the SPS and the LHC. In late 2006 the extraction systems and all
elements up to the temporary beam dump (TED) in TWé& commissioned with beam.

DDDDDDDD

e g

i
}
[ T"apa 81010

Figure 4.12: Detailed overview of the extraction area in LSS6 witlquadrupolesQF & QD (indicated in
blue), kickers MKE (red), bumpers MPLH (purple), protection device TPSG (yellow) and septa MST &
MSE (green).The beam direction is from left to right.

Figure 4.12 shows a detailed overview of the three twalis used for the LSS6 extraction system.
Four horizontal and four vical bumper magnets are used to control the circulating beam orbit at
extraction. The bumped beam is horizontally deflected across the septum by a totahadOusing

three fast pulsed kicker magnets (MKE). The beamhés deflected out of the SPSathine by a

total of ~12mrad using DC septa magnetaio thin (4mm septum) units (MST) and five thick

(16 mm) units (MSE). An interlock system surveys the beam positions, losses, bumper and septum
magnet currents, kicker charging voltages, etc. A graphiluter and aluminium absorber (TPSG)
protects the first septum from beam impact arising from kicker failures. The magnets in the TT60
line are conventional warm DC types. Timevablebeam dump (TED) in TT60 is capable of safely
absorbing the full extraed beam, and has a graphite core surrounded by cast iron. The TED is
retracted if beam is supposed to travel further down to the LHC. The beam instrumentation includes
beam loss monitors BLMs, beam position monit@BMs and profile monitors BTVs in the
extraction channel and TT60, and a beam current transformer BFCT in front of the TED.

A series of measurements with beam evarade during commissioning: The performance of beam
instrumentation was checkedcker waveforms were measured and the kickergwen at a higher

voltage (in order to use only 3 out of 4 and keep on as hot spare); therefore the ferrite saturation was
checked; MSE and MST apertures were measured and the correct alignment validated with beam as
well as the MSTgood field region.

Figure 4.13 showsan aperture scan done with bealuring the 2006 commissioning, made by
bumping low intensity beam shots over the septa aperture and monitoring the beamrTlisses.
allowedthe alignment of the installed devices dhdir final mechanical aperturés be determined
in respect to the beam.
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Figure 4.13: Scan of the LSS6 Septa aperture with beam.
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Figure 4.14: MST linearity measurement.

Figure4.14 shows the result of the linearity measurements done for the MST septa. The septa current
is displayed against the extracted beam position and shows no sign of non lifkeguitg.4.15

shows the measurement of the MKE kicker waveform done for the kickers in LSS4, where the beam
position was recorded on a luminescent BTV screen located at a suitable phase advance downstream.
The 10us flat top for the extraction of one LHC batchindicated(note that the min. flat top
requirement is $is). The overall ripples at flat top were0.6% which is slightly outsidethe
specification needed in order to preserve the beam emittance forTitid&icker PFN was modified

as a result, in theoflowing shutdown.
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Figure 4.15. Measured MKE kicker pulse formin SPS LSS4.
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4.4 Investigation of abnormal operation of the SPS beam dump system

This section briefly describes the SPS beam dump process, aetigréhe tracking studies carried

out for failure cases. The SPS beam dump was studied in detail to develop the tools needed for the
LHC. Thestudy was used to investigate the possibility of operation with reduced kicker voltage and
to better understantié trajectories and loss patterns of rkikked beam. The simulation results are
compared to the results of measurements made with low intensity [32hm.

44.1 The SPS and its beam dump system

The CERN Super Proton Synchrotratcommodated in &9km longtunnel,was switched on in

1976 when it was the largest accelerator at CERN. It was originally designed to accelerate particles
up to an extraction energy of 3@&V for protond however nowadays it can accelerate protons up

to 450GeV. Amongst the 1317ommal conducting magnets are 744 g4ong dipoles and 216

3.2m long quadrupoles arranged in a separ&iaction FODO lattice with 6 long straight sections
(LSS). Thedipolebending field is 1.9 with a tolerable field error of 5x10[33]

The SPS beamump system consists of the fast kicker magnets MKDV and MKDH and the internal
dump blocks TIDH and TIDV. The system is installed in SPS long straight section 1 (LSS1). A
schematic layout of the system is showrFigure 4.16. In the vertical plangwo MKDV magnets
provide a deflection with a rise time of aboytd, Figure4.18. ThethreeMKDH magnets provide a
horizontal sweep with a rise time of about one full SPS turm$23-igure4.19. The combination of
horizontal and vertical deflection sweeps the beam across the front face of the TIDV core,
distributing the high beam energy over a large volume of the absorber block (exafFigleré#.21)

to reduce thepeaktemperature rise. The kinetic energy of a beam3df0% 450GeV protons is

about 2 MJ, sufficient to melt OKg of steel B4].

QDA117 QFA118 QDA119

- ]

Figure 4.16: Schematic layout (side view) of the SPS beam dunsgstem, showing the vertical and horizontal

kicker systems (MKDV, MKDH) and the two beam dump blocks TIDH and TIDH.

For beam energies of up to 37 GeV the beam is dumped on the Gitiek; for energies above
105GeV the beam is deposited on the TIDV. B long TIDV consist of a graphite absorber core
inside a copper yoke, surrounded by a cast iron shielding block. The quadrupoles QDA117, QFA118
and QDA119 are transversely displaced to realise a closed orbit bump of abouin7both planes

which allowel the TIDV block to be installed closer to the design oibitmped beams receive an
additional kick from QFA118
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Figure 4.17: Detailed layout of the SPS beam dump region with vertical kickers MKDV (rey} horizontal kickers
MKDH (blue), the quadrupoles QD &QF (orange) and the dump elements TIDH & TIDV (green).
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Figure 4.18 Simulated MKDV kicker pulses, 47 kV, Figure 4.19: Simulated MKDH kicker pulse, 9 kV.
nominal case (blue) and with sparks aftefl (green),
11(red) and 16us (turquoise).

442 Failurecases

During 2006 SPS operation high voltage breakdowns in one of the MKDV magnets were observed.
To fulfil the specifications for operation at 450 GeV, a third common Pulse Forming Network (PFN)
was added to the two original PFNs. This implies that failures occurring in one magnet automatically
have an impact on the field in the other magnet. The whole systefneen simulated in Pspi@&]
Simulationsof the current pulséor different failure cases (sparks aftepd, 11ps and 16us) have

been made and are includedHigure4.18.

Two main &ilure cases have been analysed:

The firstis an asynchronous beam dump, where the beam dump kickers are not fired in the abort gap.
The kicker rise time and field shape are hominal for this case.

The second and more critical case is that sparks or-ahowits occur during a normal (or
asynchonous) beam dump. In both cases not all particles are directly sent to the TIDV as foreseen.
Particles are instead swept through $®Saperture during the kicker rise time for the asynchronous
case, and are also swept with varying deflections in the-sinouit failure cases.
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Figure 4.20: Design drawing of the TIDV dump (front view).

4.4.3 Tracking studies Methodology

In order to quantify where and how such particles are lost around the accelersiipiX Macking
studies were performed.

A MAD-X tracking job using standard AMD-X functions was developed to fulfil the special
requirements due to the fact that the particles which are not dumped within the first turn receive
another, different, kick on subéguent turns. The job is designed for the whole time range over which
the MKDV pulse is fluctuating and is divided into three sections. The first one consists of setting up
nominal SPS conditions to create the orbit bump in LSS1 and to rematch sevelatatmce
parameters. In the second part a Gaussian particle coordinate distribution in phase space is created
and the calculation for the different kick values is done. The third part contains the tracking modules
and contains loops which allow loading dfferent initial particle positions and a simulation from

zero to 23.0548s (one SPS turn time) at intervals of 25 ns (corresponding to the LHC bunch
spacing). As long as the particle is not lost in the accelerator it is restarted in a cascade of tracking
routines with the appropriately modified kicker strength (which is a function of the turn and bunch
numbers) until it is lost or it has survived several thousand turns. At this stage no optical, orbit or
alignment errors were included in the simulation.

4.4.4 Beams and Aperture Model

The standard SPS aperture model was improved to obtain a better understanding of losses in the
region of the TIDV and to make it possible to track particles. Therefore especially the apertures of the
TIDV and TIDH including their &M grids had to be defined in a more accurate way. Due to the use

of the whole aperture model the CPU time rose above 14000 seconds for 180,000 initial particles. For
all cases a fixed target beam with a normalised emittancee,sfl2.0p.mm.mrad and

g,n=7.0 p.mm.mrad was usedhe time spacing for all calculations wset to25 ns.

4.4.5 Post Processing

The MAD-X output files with the position data of the lost particles for each turn were sorted and
filtered using MATLAB [36] to get the loss pattern around tHeSs

4.4.6 Simulation results for the asynchronous dump (sweep) cases

Figure 4.21 shows the loss pattern for an asynchronous dump with the kickers working under
nominal conditions. The beam is painted onto the dump block as expeatejl btept thesmall
part of the beanwhich had not seen enough deflection and therefore was transmitted into the
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acceleratarParticles shown in red were not lost in other locations andfdititarn hitting the dump
block consequently one turn afteetparticles shown in blue.
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Figure 4.21: TIDV loss pattern, asynchronous beam dump (400 GeV, nominal pulse), blue® furn, red: 2™ turn.

In Figure 4.22 loss pattern®ver the aceleratorfor asynchronous dumps (sweeps) under nominal
conditions are shown for thevo SPS versionsThe upper part of the plot shows a peak in LSS4 at
the MPLH 41672 (s=3986.48). This element is a bumper magnet used for beam extraction, with a
small hoizontal aperture. Abnormal irradiatievas measured here in the past during SPS operation.
This was clearlya limit and thdayout in this region and in the other extraction channel in SPS LSS6
was therefore modified at the start of 2007, with the magweted to a position with a lower beta
function, increasing the vertichkamaperture.
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Figure 4.22: Loss pattern for a 400 GeV sweep with old bumper layout (top)
compared to the new2007 layout (botton).

The lower part ofFigure4.22 shows the loss pattern of the simulation with this new layout. One can

see dramatically reduced losses at the MPLH position. Some losses are now recorded on elements
(main bending magnets) whichwerepvi ously in the fishadowodo of th
LSS1 at s=602 m indicates the losses on the dump block.

4.4.7 Simulation results for the kicker failure (spark) cases

Figure 4.23 shows the loss patterns for dumps with MKDV whaircuits after 1Jus for 9 GeV
(top) and 400 GeV (bottom).
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Figure 4.23: Losses for 30 GeV (top) 400 GeV (bottom), MKDV sparks after 1fis.

The 30 GeV simulation i n ttheSPSrArnop)vias idchided Becadse mp
of a faulty dump which occurred in 2006 and which was suspected to have irradiated the MPLH
magnet. Note the different vertical scale compareBigare 4.22, with losses a factasf 10 higher

around the SPS:igure 4.24 shows the TIDV loss pattern of a 400 GeV dump with a short circuit
after 1us.

Figure 4.24: TIDV loss pattern, 400 GeV, sha -circuit after 1 ps, blue: losses 1st turn, green: losses 2nd turn

One can see that most of the beam does a second turn in the SPS. Interestingly, due to the higher

MKDH field in turn two and the breatown of the MKDV field, these particles do not kiie
graphite block as intendethstead they are depositedtonhe steel TIDV yoke. With high intensity
low-emittancebeam this could possibly damage the TIDV; more studies beyond the scope of this
work are required to check if the energy deposition wbeldufficient to damage the yoke.

448 Measurements

Figure4.25 shows a plot (preliminary results) of the beam loss monitor readings during a deliberately
provoked asynchronous dunigr the new (2007) bumper layquihich was produced by adjusting

the kicker timing. The relatively low peak in the TIDV region appears because the BLM is installed
on the following quadrupole and not directly on the dump block. High losses are seen in SPS point 2
at £ 1600 m,on a main beting magnetvhile there are no losses in point 4, contrary to expectation.
The measured loss pattern does not fully correspondent to that obtained by simulations and looks
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