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Abstract

The application of superconducting materials in the field of high energy accelerator physics
not only opens the doors to the generation of the magnetic fields unattainable to normal
conductors but also demands facing new challenges. A transition from the superconducting
state, which is characterized by a resistance-free flow of the electric current, to the normal con-
ducting state is called quenching. This process might be extremely dangerous and even lead to
destruction of a magnet superconducting coil if no protecting actions are taken. Therefore, the
knowledge of a magnet quench level, i.e. amount of energy which causes the transition to the
resistive state, is crucial for the safety and operational efficiency of the accelerator. Regarding
that, specific thresholds are incorporated to dedicated quench prevention systems in order to
suppress the origin of detected energy perturbation, for example beam losses, or mitigate the
consequences of the quenching process by dissipating the energy stored in the magnetic field
and extracting electric currents from the magnet circuit.

The coils of Main Magnets of the Large Hadron Collider (LHC) are made of superconducting
cables based on niobium-titanium. These cables can carry the electrical current of up to
13 kA. The generated magnetic field of 8.33 T will allow governing protons at unprecedented
energy of 7 TeV. However, an operation in such a critical environment follows a risk of beam
losses high enough to provoke magnet quenching. This is due to the fact that the total stored
energy of the beam will reach 362 M]J while the quench level of a superconducting cable at
high current is in the order of millijoules. Therefore, the LHC is equipped with the Beam
Loss Monitoring (BLM) system surveying a level of ionization radiation along the machine.
Understanding the mechanism of quenching allows setting BLM thresholds so that beams are
extracted from the LHC if the losses exceed certain safety value. This prevents magnets from
undergoing the transition to the resistive state due to beam losses.

In this thesis, the experimental studies on the LHC Main Magnet quench levels are presented.
These include finding and testing a method of inducing beam losses which would meet the
demands of quench test specifications, i.e. particular loss duration and appropriate loss
rate (a number of particles lost in the unit of time). Two cases varying in loss timescale and,
therefore, mechanisms of heat transport in a superconducting system were investigated. In
the fast loss regime in the order of milliseconds, a quench level is defined by heat capacity of
the cable and the liquid helium, which the cable is immersed in. In contrast, a quench level
of a superconductor exposed to steady state losses lasting for seconds is determined by the
efficiency of heat evacuation to liquid helium bath.

Since currently no measurements of energy deposited by lost particles can be provided inside
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the superconducting coils, the quench levels were assessed using Monte Carlo simulations.
The conditions of the dedicated experiments were recreated in Geant4 code. In order to opti-
mize time needed to simulate various loss scenarios, an approximation method of weighting
point-like losses with coefficients corresponding to an estimated loss pattern was applied.
The accuracy of this technique was validated by comparing simulated radiation of secondary
particle shower outside magnet cryostats to the BLM signals measured during the quench
tests. In addition, complementary calculations of quench levels were provided using QP3 heat
transfer code.

The quench levels assessed in these studies provide important information for the optimiza-
tion of BLM thresholds. This will allow limiting an uncertainty margins used nowadays and
therefore avoiding unnecessary beam dumps when still assuring reliable machine protection.

KeEYwoRrDS: quench level, beam-induced quench, superconducting magnets, quench test, fast
losses, steady state losses, Beam Loss Monitors, BLM, magnet protection, Geant4 simulations



Résumé

Lutilisation de matériaux supraconducteurs dans le domaine de la physique des accéléra-
teurs a haute énergie permet la génération de champs magnétiques inatteignables pour des
conducteurs habituels, mais requiert de faire face a de nouveaux défis. Une transition de
phase depuis I'état supraconducteur, caractérisé par une résistance nulle a la circulation du
courant électrique, vers un état de conduction habituel (résistance non nulle) s’appelle le
"quench". Ce processus pourrait étre extrémement dangereux pour les bobines supracon-
ductrices des aimants et méme provoquer leur destruction si aucune mesure de protection
n’est prise. En conséquence, la connaissance du niveau de quench d’'un aimant, c’est-a-dire la
quantité d’énergie pouvant causer la transition de phase vers un état résistif, est cruciale pour
la sécurité et I'efficacité opérationnelle de I'accélérateur. Dans ce but, des seuils spécifiques
ont été incorporés a plusieurs systemes de prévention des quench pour supprimer I'origine
des perturbations énergétiques détectées, comme par exemple les pertes de faisceau ; ou pour
atténuer les conséquences du processus de quench, en dissipant I'énergie contenue dans le
champ magnétique et en extrayant les courants du circuit électrique de 'aimant.

Les bobines des aimants principaux du Grand Collisionneur de Hadrons (Large Hadron
Collider, LHC) sont constitués de cables supraconducteurs faits de Titane - Nobium. Ces
cables peuvent transporter un courant électrique de prés de 13 kA. Le champ magnétique
généré, de 8.33 T, permettra de diriger des protons circulant a une énergie sans précédent
de 7 TeV. Cependant, opérer dans un environnement aussi critique créé un risque de pertes
de faisceau suffisamment importants pour provoquer un quench des aimants. Ceci est da
au fait que I'énergie totale du faisceau atteindra 362 MJ, alors que le niveau de quench d'un
cable supraconducteur a haute intensité est de I'’ordre du millijoule. En conséquence, le LHC
est équipé d'un systeme de moniteurs de perte de faisceau (Beam Loss Monitors, BLM) qui
mesure le niveau de radiation ionisante tout au long de 'accélérateur. La compréhension des
mécanismes de quench permet de régler les seuils des BLMs de facon a ce que les faisceaux
soient extraits du LHC si les pertes dépassent certaines valeurs considérées comme stires. Ceci
empéche les aimants de subir une transition vers un état résistif due aux pertes de faisceau.

Dans cette these, les études expérimentales des seuils de quench des aimants principaux du
LHC sont présentées. Ces études incluent la recherche et le test d'un moyen de créer les pertes
de faisceau correspondantes aux spécifications des tests de quench, c’est-a-dire la durée des
pertes et leur fréquence (nombre de particules perdues par unité de temps). Deux cas ont été
étudiés, différenciés par I'échelle de temps des pertes et donc les mécanismes de transport de
la chaleur dans un systéme supraconducteur. Durant le régime de pertes rapides (de 'ordre
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de quelques millisecondes) le niveau de quench est défini par la capacité thermique du cable
et du da a ’hélium liquide, dans lequel le cable est immergé. A I'inverse, le niveau de quench
d’un supraconducteur exposé a des des pertes de régime permanent (qui durent plusieurs
secondes) est déterminé par 'efficacité de I’évacuation de la chaleur par le bain d’hélium
liquide.

Actuellement, comme aucune mesure de I'énergie déposée dans les bobines supraconduc-
trices par les particules perdues n'est disponible, les niveaux de quench ont été estimés par des
simulations Monte Carlo. Les conditions des expériences ont été recréées par un code Geant4.
De facon a optimiser le temps de calcul nécessaire a la simulation des différents scénarios de
pertes, une méthode d’approximation de pertes ponctuelles par des coefficients correspon-
dants a une structure de pertes estimée a été appliquée. La précision de cette technique a été
validée en comparant les radiations simulées de gerbes de particules secondaires en dehors
des cryostats des aimants avec le signal des BLMs mesuré durant les tests de quench. De plus,
des calculs complémentaires des niveaux de quench ont été fournis par le code de transfert de
chaleur QP3.

Les niveaux de quench estimés dans ces études ont fourni des informations importantes
pour I'optimisation des seuils des BLMs. Ils vont permettre de limiter les marges d’incertitude
utilisées actuellement, et par conséquent d’éviter des suppressions de faisceau non nécessaires
tout en conservant une protection de la machine fiable.

MOTS-CLES : niveau de transition de phase supraconductrice, quench di au faisceau, ai-
mants supraconducteurs, tests de quench, pertes de faisceau rapides, pertes de faisceau en
régime permanent, moniteurs de pertes de faisceau, BLM, protection des aimants, simulations
Geant4.



Zusammenfassung

Die Anwendung von supraleitenden Materialien auf dem Gebiet der Beschleuniger fiir die
Hochenergiephysik erdffnet die Tiiren zur Erzeugung von bisher unerreichbaren Magnetfeld-
werten, bringt aber auch neue Herausforderungen mit sich. Der Ubergang vom supraleitenden
Zustand, der durch den widerstandsfreien Fluss des elektrischen Stroms gekennzeichnet ist,
zu dem normalleitenden Zustand, wird als Quench bezeichnet. Dieser unerwiinschte Prozess
kann sogar zur Zerstérung von einem supraleitenden System fithren, wenn keine Schutzmalf3-
nahmen ergriffen werden. Deshalb ist die Kenntnis des Quenchlevels eines Magneten, d. h. die
Energiemenge, die den Ubergang zum widerstandsbehafeten Zustand bewirkt, entscheidend
fiir die Sicherheit und die Effizienz des Beschleunigers. Um mit dem Quenchen von Magneten
umzugehen, werden in speziellen Systemen Schwellenwerte verwendet, die die auslésenden
Effekte von erkannten Energiestérungen, wie Strahlverluste, unterdriicken oder die Folgen ei-
nes Quenches mildern. Dies wird erreicht, indem die in dem Magnetfeld gespeicherte Energie
in Warmeenergie tiberfiihrt wird.

Die Hauptmagnete des Large Hadron Colliders (LHC ) basieren auf Niob-Titan Filamenten und
konnen einen elektrischen Strom von bis zu 13 kA bei 1,9 K unter nominellen Bedingungen
leiten. Das erzeugte Magnetfeld von 8,33 T erlaubt es, Teilchenstrahlen mit einer bisher nicht
erreichten Energie von 7 TeV abzulenken. Der Betrieb der Magnete birgt das Risiko, dass Strahl-
verluste hoch genug sein konnen, um einen Quench zu provozieren. Die gesamte gespeicherte
Energie im Strahl betrédgt 362 MJ, wahrend das Quenchniveau eines supraleitenden Kabels bei
hohen Strémen lediglich Millijoule betrdgt. Daher wird der LHC mit Strahlverlustmonitoren
(BLM) ausgestattet, welche die ionisierende Strahlung ausserhalb der Magnete entlang des
Beschleunigers messen. Das genaue Verstdndnis des Mechanismus eines Quenches ermog-
licht die Ermittlung von BLM-Schwellenwerten, so dass Strahlen aus dem LHC extrahiert
werden, wenn die Verluste bestimmte Sicherheitswerte tiberschreiten. Dies verhindert den
Ubergang der Spulen der Magnete in den widerstandsbehafteten Zustand durch Strahlverluste.

In dieser Arbeit werden die phdnomenologischen Untersuchungen zu den Quenchniveaus
der LHC-Hauptmagnete dargestellt. Dazu gehoren die Suche und Erprobung eines Verfahrens
zur Erzeugung von Strahlverlusten, welche die Anforderungen der Quenchtestspezifikatio-
nen, insbesondere die Verlustdauer und die addquate Verlustrate, erfiillen. Zwei Fille mit
unterschiedlicher Verlustzeitskala und somit verschiedenen Warmetransportmechanismen
im supraleitenden System wurden untersucht. Im Falle von kurzzeitigen Verlusten in der
Groflenordnung von Millisekunden wird das Quenchniveau durch die Warmekapazitét der
Kabel und des fliissigen Heliums definiert. Im Gegensatz dazu wird das Quenchniveau bei



einem Sekundenlangen Strahlverlust bestimmt durch die Effizienz des Warmeentzugs aus
den Kabeln, die von fliissigem Helium umgeben sind.

Da noch keine Messungen der Energiedeposition durch verlorene Teilchen in den supralei-
tenden Spulen existieren, wurden die Quenchlevel mit Hilfe von Monte-Carlo-Simulationen
untersucht. Die gut definierten Bedingungen der durchgefiihrten Experimente wurden in
Geant4 Code nachgebildet. Um die Simulationszeit der verschiedenen Verlustszenarien zu
optimieren, wurde ein Ndaherungsverfahren angewandt, welches lokalen Teilchenverlusten
dem Verlustmuster entsprechende Koeffizienten zuteilt. Die Genauigkeit dieser Methode wur-
de durch den Vergleich von simulierten Teilchenschauern auBerhalb der Magnetkryostaten
mit den BLM-Signalen wihrend der Quenchtests validiert. Ergdnzende Berechnungen des
Quenchniveaus wurden mit einem QP3-Wiarmeiibertragungscode durchgefiihrt.

Die Quenchlevel aus dieser Studie liefern wichtige Informationen fiir die Optimierung der
BLM Schwellenwerte. Dies erméglicht die Reduktion der Unsicherheitsspannen und damit
die Vermeidung unnotiger Strahlextraktionen.

STICHWORTER: Quenchlevel, strahlinduzierter Quench, supraleitende Magnete, Quenchtest,
schnelle Strahlverluste, stationére Strahlverluste, Strahlverlustmonitore, BLM, Magnetschutz,
Geant4 Simulationen
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|§ Introduction

1.1 CERN

European Organization for Nuclear Research, CERN,! is one of the leading research centres
in the World. It was founded in 1954 and currently (year 2013) has 20 member states. The
laboratory is located on the Franco-Swiss border close to the city of Geneva.

Approaching the technology frontiers in development of sophisticated instruments allowed
performing experiments never done before. This resulted in several breakthroughs among
which, the most prominent are the discovery of Z and W bosons (1983, Nobel prize for
C. Rubbia and S. van der Meer in 1984), creating first atoms of anti-hydrogen? (1995) and
discovery of Higgs boson (2012).

The variety in CERN’s scientific domain is broad - from studying fundamental particles,
producing antimatter and engineering to software development. Nevertheless, what makes it
the most recognizable nowadays is the largest and the highest-energy accelerator in the World
- the Large Hadron Collider (LHC).

1.2 Accelerating particles at CERN - a journey from the red bottle to
the experiments

The LHC will deliver particles with unprecedented energy of 7 TeV to experiments where they
will collide. However, due to the magnitude of ultimate energy, the LHC cannot work as a
standalone machine. Therefore, a system of pre-accelerators is required to provide beam
energy increase in intermediate steps.

1 The acronym CERN stands for Conseil Européen pour la Recherche Nucléaire (i.e. European Council for Nuclear
Research). This provisional organization was established in 1952. Although the European Organization for Nuclear
Research was founded two years later, the former acronym is used till nowadays.

2An anti-hydrogen is an atom constituting from one antiproton (particle alike proton but with the negative
charge) and one positron (i.e. antielectron, particle alike electron but with the positive charge).



Chapter 1. Introduction

A story of particles® heading to the LHC starts in the red bottle filled with gaseous hydrogen. In
order to strip electrons from the H, atoms, a so-called duoplasmatron (an ion source) is used.
As the result of applied electric field, 50 keV protons are obtained and extracted to the first and
the last linear accelerator (LINAC2, Fig. 1.1) on their way. At the end of the machine, particle
energy reaches the value of 50 MeV. Then, they are injected to the first circular structure
- the Proton Synchrotron Booster (PSB). This four-ring accelerator increases a number of
protons delivered to the Proton Synchrotron (PS) by a factor of 100 when comparing to direct
transferring from the LINAC2. At this level, the beam energy is enlarged to 1.4 GeV. Bunches
are guided to a 628 m long structure of 277 room-temperature PS electromagnets where their
structure is modified (a so-called bunch splitting) and the protons reach the energy of 25 GeV.
This is followed by leading them to the SPS (Super Proton Synchrotron) where they travel
through the same path as they predecessors 40 years earlier when contributing to the discovery
of W and Z bosons. Finally, after reaching the energy of 450 GeV, protons are injected through
two transfer lines (TI2 and TI8) in the opposite directions to their final destination - the LHC.
Eight radio-frequency (RF) cavities operating at 4.5 K provide the total accelerating voltage of
16 MV per beam at 400 MHz. Around 9600 LHC magnets (most of them superconducting) will
allow controlling beams at the nominal energy of 7 TeV. At the last stage, the particles collide
in one of the four dedicated experiments: ALICE (A Toroidal LHC Apparatus), ATLAS (A Large
Ion Collider Experiment), CMS (Compact Muon Solenoid) or LHCb (Large Hadron Collider
beauty). Besides that, there are two other experiments: TOTEM (TOTal Elastic and diffractive
cross section Measurement) and LHCf (Large Hadron Collider forward).

mc*\

ALICE LHCb

ATLAS
TT60

Figure 1.1 — CERN accelerator complex [1]. LINAC 2 - linear accelerator, PS - proton Syn-
chrotron, SPS - Super Proton Synchrotron, LHC - Large Hadron Collider, TT2 and TT8 -
transfer lines, ATLAS, ALICE, CMS, LHCD - experiments.

3Two types of particles are currently used in the LHC - protons and lead ions. However, since the experiments
presented in the thesis were performed using protons, only these particles are considered here.



1.3. The Large Hadron Collider

1.3 The Large Hadron Collider

Design of the LHC The LHC (Large Hadron Collider) is the highest-energy accelerator ever
built* which at nominal energy will provide unprecedented beam energy of 7 TeV. This 27 kilo-
meter in circumference structure is located on average 100 m below the ground level® depend-
ing on the geological feature between Jura mountains and Lake Geneva. The LHC is housed in
the same tunnel, where previously the LEP (Large Electron—Positron Collider) was installed.
The diagram of the LHC is presented in Fig. 1.2. The machine is subdivided into eight arc
sections and eight insertion regions (straight sections). Each arc section is built of 23 regular
=~ 107 m long arc cells (so-called FODO cells®) which are made of two half-cells (like in Fig. A.5).
Three = 15 m long Main Dipoles (MBs, see Section 1.5) and one = 6 m long Straight Section
(SSS) constitute a single half-cell [2]. A SSS consists of one Main Quadrupole (MQ) and several
corrector magnets [3]. A structure of insertion regions varies depending on the position along
the LHC and its role, i.e. injecting beams from transfer lines T12 and TI8, beam collisions in
experimental areas, beam extracting line in Point 6, collimation regions for beam cleaning
in Interaction Regions (IR3 and IR7), RF cavities in IR4. A very important part of the LHC is
so-called beam dump - the only place where high energy particles can be safely deposited in
case of failures or decrease in beam quality.

Particle beams circulate inside vacuum pipes with pressure of (10714 - 10713) atm [4] which is
equivalent to (10~!! — 1071%) mbar. This has to be provided in order to prevent interactions of
particles with gas atoms and correlated losses.

LHC protonbeam Hadrons, i.e. particles constituting of quarks held by strong forces, circu-
lating in the LHC are formed into bunches, i.e. packages constituting of (1.1—1.7)-10'! protons
at nominal conditions. This is a direct consequence of accelerating fields of RF cavities’ [5].
The bunches will be 7.55 cm long at 7 TeV [6]. A distance between each of 2808 bunches is
around 7.5 m [7] which corresponds to 25 ns spacing. A transverse bunch size, o, varies along
the machine with respect to the following equation

o(s) = \/6-,3(8) + D?(s5)62 . (1.1)

The transverse emittance, ¢, is an area enclosed by a particle phase space defined by a position
and an angle. According to Liouville’s theorem, the emittance remains constant along an
accelerator if the conservative forces act on the particles [5]. Here,  refers to the optical
periodic function (one of Twiss parameters), which changes along a ring. D(s) is the dispersion

4 Although the LHC is housed in the old LEP (Large Electron—Positron Collider) tunnel, its performance allows
achieving the collision energy almost 28 times larger than in the case of its predecessor.

5This value varies from 50 m to 175 m below the ground level.

6FODO cell is a periodic lattice consisting of one Focusing quadrupole, O - nothing, i.e. drift space/bending
magnet, one Defocusing quadrupole and O - nothing, i.e. drift space/bending magnet.

“Continuous beams can be managed only when using DC (Direct Current) accelerating fields or when no
acceleration is needed [5].
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Figure 1.2 - Diagram of the LHC [2]. Particles are injected from the SPS to the LHC through two
transfer lines, TI2 and TI8. Beam 1 circulates clockwise and Beam 2 travels counterclockwise.
The LHC is divided into eight arc sections and eight insertion sections. Collimation systems are
installed to intercept particles occupying a space beyond an acceptance regions. Beam dump
allows particle beams to be safely extracted from the machine in case of machine failures or
decrease of beam quality. Beams collide in the dedicated interaction points: ATLAS, ALICE,
CMS and LHCb.

function (also dependent on the longitudinal position of the beam) and § is the momentum
spread of the beam.

The beam size needs to be kept as small as possible in the interaction points where two beams
collide. This is due to the fact, that the beam size is one of the parameters determining the
luminosity of a collider and, therefore, its performance. The additional decrease of the beam
size before the Interaction Points (IP) is provided by inner triplets® (so-called beam squeezing).
Considering head on collision of two beams with the same transverse sizes, oy and o in the
horizontal and vertical planes, the peak luminosity is defined as

ny N1 N;
[ > f

1.2
Ao 50y, (1-2)

where N; and N, represents populations of particles per bunch, n; is a number of collid-
ing bunches and f is the revolution frequency. In the case of LHC, where f = 11.245 kHz,

8Inner triplets are three low-beta quadrupole magnets located symmetrically before the IPs in order to decrease
a beam size.
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Figure 1.3 — Critical surface of NbTi [8]. The superconducting state is determined by three
characteristic quantities - critical temperature T¢, critical current density /¢ and critical
magnetic field Bc. If any of these is exceeded, a transition to the normal conducting state, i.e.
quenching, occurs.

0x =0y =16.7 um at f+ = 0.55 m (beta function at the interaction point), the luminosity at

the nominal energy is L =~ 103* cm™2s7!.

1.4 Basic concepts of superconductivity

The phenomenon of superconductivity is an excellent example of a quantum mechanics
effect which manifests macroscopic properties. Its history dates back to 1908 when Heike
Kamerligh Onnes succeeded in liquefaction of helium. This opened the door to studying
material properties at temperatures of several Kelvins. Three years later, for the first time the
state characterized by vanishing resistance was observed in pure mercury at 4.2 K. Further
examinations revealed that in some materials an electric current can flow without power
dissipation under certain conditions. Later it was discovered that not only the low temperature
(T) but also the current density (J) and magnetic field (B) determine the existence of the
superconducting (SC) state. Each superconductor is described by so-called critical surface
(Fig. 1.3) which sets a boundary between the superconducting state and the normal conducting
state. A material remains in the resistance free state as long as none of the quantities (7, J, B)
exceeds its critical value (T¢, Jc, B¢). Otherwise, quenching, i.e. a transition to the normal
conducting state, occurs.

Besides being perfect conductors, the superconductors turned out to exhibit perfect dia-
magnetism. Experiments performed in 1933 by Meissner and Ochsenfeld showed that the
magnetic field was expelled not only if a superconductor cooled down below T¢ was exposed

5
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(a)

T<T, iB\’A (c)

B=0 T<T,
i Bz0O

(b)

T>T. /

T\
B#0

Figure 1.4 — Meissner effect. Regardless of the history of events leading to state c, i.e. case a,
when a superconductor is at T < T¢ and then is located in B > 0, or case b, when the super-
conductor is in external B-field at T > T¢ and then is cooled down below T, the magnetic
field is expelled from the superconductor’s interior.

to the magnetic field (Fig. 1.4, case (a)). The same effect was achieved when a superconductor
with initial temperature T > T¢ was located in the magnetic field and then was cooled down
below the critical value (case (b)). As the first case could be explained by the properties of
perfect conductors, the other one stayed beyond the physics described by classical Maxwell’s
equations [9]. The exclusion of the magnetic field from the interior of SC material is called
Meissner effect and implies that the resistance-free state can be destroyed if B > B¢ [10].

In 1935, Heinz and Fritz London proposed phenomenological approach to the Meissner
effect assuming the existence of "super-electrons". This lead to the definition of the London
penetration depth given by

A=y ——, (1.3)
Honse

where m, denotes electron mass, n, is the density of super-electrons, e-electric charge and
to = 4m-1077 (V-5)/(A- m) is the vacuum permeability. The physical interpretation of 1
is that actually the magnetic field lines can enter a superconducting material but only to a

certain depth. Therefore, the current is allowed to flow exclusively® in a thin layer limited to
about (1078 -10"") m [9], [11].

Type I and type II superconductors

Constraining current flow to a very small region inside a superconductor makes an application
of these materials very limited. Fortunately, besides type I superconductors characterized
only by Meissner (the magnetic field free) phase, there are also type II superconductors where
additional mixed phase (also known as Shubnikov phase) occurs (Fig. 1.5). If such a material
isin B < B¢ the magnetic field is expelled the same as in the case of type I superconductors.

9This applies to type I superconductors.



1.4. Basic concepts of superconductivity

STRY SC type | STRY / SC type |l

4
4

I S

BC B Bcl Bc2 B
Meissner phase Meissner  Mixed
phase phase

Figure 1.5 — Magnetization curves of type I (left plot) and type II superconductors (right plot).
Description in the text.

However, if B¢y < B < Bc the magnetic field lines enter the material in the form of flux tubes
around which the super vortex current can flow. This property finds a great use in designing
accelerating cavities and high field magnets and, therefore, high energy accelerators, fusion
reactors and medicine.

The criterion used for distinguishing superconductor’s type relies on Ginzburg-Landau pa-
rameter. This is defined as a ratio of the London penetration depth (1) and the coherence
length ¢ [12], i.e. the boundary over which the density of supercurrent carriers decays to zero:

A (1.4)
K=—. .
S
and
1
ifx < E — type I superconductors (Pb, Hg, Sn, Al etc.) (1.5)
1
ifx > E — type Il superconductors (PbIn, Nb, NbTi, Nb3Sn, YBCO, etc.). (1.6)

Introduction to the BCS theory

In 1957, John Bardeen, Leon Neil Cooper, and John Robert Schrieffer proposed a theory
(BCS) postulating that a flow of Cooper pairs, not single electrons as in normal conductors,
is responsible for vanishing resistance in superconductors. The Cooper pairs are nothing
else as objects constituting of two bounded electrons, which posses the same magnitude
of momentum but the opposite sign (direction). Although single electrons are fermions,
i.e. they have a half-integer spin, their condensation results in total integer spin. Therefore,
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Single electrons

‘ ________ . ........ . ........ . ........ . ........ . — — BCS ground state

Figure 1.6 — Diagram showing the principle of the BSC theory. Left plot: a negatively charged
electron passing through a lattice of positive ions induces lattice vibrations. Therefore, another
electron will experience effectively greater attractive potential there and will follow the same
path as the first one. Right plot: BCS ground state is separated from the single electron state
by the energy gap of 2A. This energy has to be provided in order to break a Cooper pair into
single free electrons.

Cooper pairs behave like bosons'? and prefer occupying the same quantum state. The origin
of creating Cooper pairs lies in the existence of attractive force between two electrons. This
is due to an exchange of phonon - a quasiparticle - with a lattice of positively charged ions
(left picture in Fig. 1.6). The first electron passing through the lattice causes its vibrations.
However, due to inertia of the ions, this deformation is delayed with respect to the motions of
the electron and spread over the distance of around (100 — 1000) nm. Consequently, another
electron experiences the strongest attractive potential in the region of accumulated positive
charges along the path of the first electron and, therefore, follows this way. The reason why
the phenomenon of the superconductivity is observed only in low temperatures is the fact
that binding energy of two electrons constituting a Copper pair is small, around (0.1 — 1) meV,
and delivering energy sufficient to excite this object results in breaking the pair into two free
electrons. Vanishing resistance in superconductors is directly related to the presence of energy
gap (right picture in Fig. 1.6), i.e. energy needed to excite a Cooper pair, which is equivalent to
breaking it to single electrons. The magnitude of energy gap is given by

Eg(0) =2A =3.528kpTc, (1.7)

where kg is the Boltzmann constant (1.38-10723 J/K). The resistance in normal conductors
originates from scattering processes - on impurities and thermal vibrations of the lattice.
However, in the case of superconductors, a Cooper pair does not experience scattering. This is
applies if the kinetic energy of Cooper pairs is less than the energy gap.

101n contrast to bosons (atoms or He nuclei), Cooper pairs are much more extended objects, i.e. a distance
between electrons is around (100 — 1000) nm. Moreover they exist only in the BCS ground state [9].
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Quenching

A transition from the superconducting state, where resistance is zero, to the normal con-
ducting state with non-zero resistance is called quenching. This process occurs when at least
one of the characteristic critical parameters (T¢, B¢ or J¢) is exceeded. Following a sudden
increase of electrical resistivity, Joule heating causes warming up of the superconductor and
further expansion of the quenching zone.

As it was already mentioned breaking a Cooper pair is related to depositing energy grater than
Eg(0). The liberated single electrons suffer from scattering which is the source of resistance.
Nevertheless, considering superconducting cables used in a magnet coil production the
situation becomes much more complicated. This is because of additional aspects, like a size
of superconductor filaments (see Section 1.5.2), insulation type, design of a cable, etc., which
start playing a role.

High current flowing through SC cables might induce through electromagnetic forces a super-
conductor’s movement of several micrometers. This might be equivalent to releasing frictional
energy of around 1 mJ/g [13] which is high enough to cause quenching. Tests performed at
CERN showed that quench levels of the same type magnets provided by the same manufac-
turer varied significantly [4]. Most of the first magnet quenches occurred at around (70 —90)%
below the critical surface. However, it was reported that providing so-called training allowed
approaching the quench levels to the critical surface. During this process, magnet quenches
appeared at operating with higher and higher fields.

Magnet quenches can be also induced by energy perturbation. Regarding superconducting
accelerators, this might originate from beam losses. However, in this case not only the mag-
nitude of deposited energy but also the loss duration matters. Hence, because of various
timescales of heat transport mechanisms, the following regimes can be distinguished [14], [15]

* shortlosses (loss duration up to around 0.1 ms) - Q; is given by the enthalpy of a dry
cable; the loss duration is so short that the heat does not propagate from the supercon-
ducting strands to the liquid helium, which is inside the cable,

* intermediate losses (loss duration of 1 ms to 1 s) - Q; depends on the liquid helium,
which a cable is immersed in, due to its great heat capacity,

* steady state losses (loss duration longer than 1 s) - Q; is a determined by the efficiency
of heat evacuation by liquid helium from a magnet coil.

Fig. 1.7 presents quench levels of the LHC MQ magnets obtained with the algorithm presented
in [14] as a function of time and beam energy. Quenching might result in damaging super-
conducting components of an accelerator. Therefore, in order to provide a safe operation of
the machine, adequate detecting and protecting mechanisms have to be incorporated to the
system. More in this topic can be found in Section 1.6.
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Figure 1.7 — Quench levels of the LHC Main Quadrupole as a function of the magnitude and
duration of energy perturbation [16]. The agent responsible of a superconductor transition
to the normal conducting state is a loss of beam with energy of 450 GeV (blue line), 4 TeV
(green line) and 7 TeV (red line). Quench levels of more complex structures, i.e. magnet
coils, depend not only on the properties of used superconductor. Considering the duration of
energy deposition to a superconductor longer than around 1 ms, superfluid helium dominantly
contributes in the heat evacuation.

1.5 LHC main magnets

A majority of any circular accelerator structure is constituted by magnets. This allows govern-
ing beam behaviour as a natural consequence of the fundamental interactions between the
induced magnetic fields and electric charges. In this section, the basics of magnet physics are
presented. In addition, a description of the LHC main magnet design is provided.

A number of magnet poles and their configuration determine a role of the component in beam
controlling. Dipoles are the magnets which provide bending of a beam trajectory. This is
feasible due to the fact that charged particles passing through the magnetic field experience
the Lorenz force. In order to keep particles on a closed orbit a condition of equilibrium state
with the centrifugal force has to be conserved. Therefore, the magnetic field, B determines a
curvature, p, of particles traveling with energy E [5]:

B[T]

BEIGeV] (1.8)

1 -

—[m™] =0.2998

[y
In this equation'!, B is a ratio of velocity of particles to the speed of light and for the relativistic
case 8 = 1. However, using only dipole magnets would not be sufficient for operating an
accelerator properly. This is because a beam constitutes of billions of particles possessing
the same charge. If no external forces acted on them, this would result in spreading out and
loosing particles on an aperture. Therefore, a focusing system needs to be incorporated to
guide the particles back to their initial orbit. This is provided by magnets, called quadrupoles,

11n other chapters, f might refer to f-function of particles circulating in an accelerator.

10
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which are built of four poles. The main property of quadrupoles is the presence of the gradient
of the magnetic field g. This implies that the particles diverged more from the magnet center
experience stronger forces. The focusing strength of a magnet, k, is expressed by the following
formula
Tm™!
k[m™?] = 0.2998M (1.9)
BE[GeV]

and is correlated with a focal length f, i.e. a distance from the focal point where the particles
are focused, by

1

—=kl, (1.10)

f
where [ is a length of particle path inside the magnet. However, quadrupoles posses such a
feature that they focus a beam transversely in only one plane and defocus it in the perpendic-
ular one. Hence, in order to deflect the beam towards the centre in both planes, a system of
alternate magnets has to be applied (so called FODO-lattice). Higher order magnets are used
in addition to improve beam quality and remove errors. For instance, sextupoles are installed
close to quadrupoles to reduce chromaticity effects, i.e. errors coming from a particle energy
distribution and, therefore, a focal point spread due to quadrupole focusing [17].

1.5.1 Transfer matrix formalism

The matrix formalism is a very useful tool which allows describing a particle trajectory along
an accelerator. Although in the nature, physical fields cannot change abruptly, in this approxi-
mation it is assumed that focusing, which originates in dipoles, %, and quadrupoles, ky, is
constant over a magnet length

1

K:—2+k0:const. (1.11)
Po

Therefore, a particle transverse motion is expressed by Hill's equation
W'+ Ku=0, (1.12)

where u is a generalized variable standing either for the horizontal, x, or the vertical, y,
direction. This differential equation has two principal solutions with respect to the longitudinal

position, s:
. ) _ 1
if K>0: C(s) = cos(\/fs) and S(s) = ﬁ(sm(\/fs) (1.13)
and
if K <0: C(s)zcosh( |1<|s) and S(s) = — sinh( K| ) (1.14)
VIK]|

11



Chapter 1. Introduction

Therefore, they can be used in the matrix formalism giving the following correlation

C(s) S(s)
C'(s) S'(s)

up(9)
Uy (9)

u(s)
u'(s)

) (1.15)

where 1 (s) and u(s) represent initial values of a particle position and angle, respectively.

Considering drift space (i.e. region with zero magnetic field) and weak dipole magnets (#,
ko =0, K = 0), the particle trajectory can be written as ’

U (s)
Uy (s)

u(s)
u'(s)

1 s—59
0 1

. (1.16)

Taking into account the length of the drift space [ = s — sy, the transformation matrix is given
by

Mq (1]0) =

L (1.17)
0 1| '

In the case of quadrupoles, the K = kj because % = 0. Since kp can be either positive or
negative, a quadrupole works either as focusing (Eq. 1.18) or defocusing (Eq. 1.19) element:

1

Cos sin
e | Vo VRT0O ek — ko > 0and w = Vi (s—s0)  (118)
w(s)| |-ykosing  cosy | |Up(s)
or
cosh —_sinh
e | Vo IR ) e kol <0 and v = VIR0l (s — o).
u'(s) —+/lkolsinhy coshy Uy (9)

(1.19)

For practical reasons, these can be simplified by the thin lens approximation which uses
assumption that the total quadrupole length, [ = s — 59, is much less than its focal length f and
tends to zero (I < f, I — 0) fulfilling condition that

1

— = kol = const. (1.20)
f
Consequently, since ¥ = \/kgl — 0, Eq. 1.18 and Eq. 1.19 are expressed as
ul |1 0] u (1.21)
u'| —% 1 fug|’ '

12
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Figure 1.8 — Diagram of a beam transfer line. M; and M3 represent transformation matrices
of drift space regions, My is a matrix for a focusing quadrupole and M4 for a defocusing
quadrupole.

where for the focusing quadrupole

1
—=lkyl>0 (1.22)
f

and for the defocusing quadrupole
! kol <0 (1.23)
— =Ko . .
f

A position of a particle can be studied simply by multiplying transformation matrices M;
of accelerator components. For the situation presented in Fig. 1.8, the total transformation
matrix is given by

M = MyM3M,M, . (1.24)

1.5.2 Design of the LHC Main Magnets

The majority of the 27-km long LHC accelerating system!? is filled with bending and focusing
magnets. For a construction of 15-meter long Main Dipoles (MBs) and 3-meter long Main
Quadrupoles (MQs) the concept of 2-in-1 structure was applied (Fig. 1.9). This enabled
installing two apertures for both beams circulating in the opposite directions in single magnets,
which means that the yoke, helium vessel and helium bath, shrinking cylinder, cryostat are
common. In the LHC, there are 1232 MBs and 392 MQs installed!3.

One of the most important aspects of the LHC Main Magnets is the fact that they are based
on the technology of superconducting cables. This allows reaching high magnetic fields of

12More than 90% of all LHC arcs [4].
13There are 1232 MB in the LHC - 1104 in the lattice and 128 in the Dispersion Suppressor (DS). Among 392 MQs,
360 are installed in the lattice and 32 in the DS [18].
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Figure 1.9 — Cross-sections of the Main Dipole [19]. The magnet design is based on 2-in-1
concept which allows both beams to be guided inside single magnets. Description in the text.

up to 8.33 T and gradients of 223 T/m in the case of the MB and MQ!*, respectively. As
a consequence of that, proton beams with energy of up to 7 TeV can be controlled. On
the designing stage of the machine, it was decided to use niobium-titanium (NbTi) alloys.
However, pure superconductors could not be applied since they are unstable and easily
undergo transition to the normal conducting state. This is mainly due to flux jumps from the
pinning centres and accompanied heating [13]. Moreover, this energy is sufficient to cause an
increase of the material’s temperature above its critical value. Therefore, thousands'® of thin
NbTi filaments with a diameter of (6-7) um were embedded into a copper matrix (Fig. 1.10).
This solution not only provides mechanical stability but also, due to the excellent thermal and
electrical conductivity of copper, allows returning of a temporarily quenching filament to the
superconducting state. In addition, the chosen stabilizer has to withstand a current density
of 1000 A/mm? which usually flows through the superconductor [4]. After coating, around
1 mm in diameter single strands [20] are twisted and form Rutherford cables (bottom picture
in Fig. 1.10). In order to achieve desired magnetic field distribution and remove higher order
components, copper wedges were inserted between cables when constructing magnet coils.
Since high currents in the order of up to 13 kA induce strong forces affecting a position of the
coils, a counteracting mechanism was needed. This was provided by installing austenitic steel
collars around the coils (Fig. 1.9). The next stage of the magnet construction is represented by
ayoke surrounding the collars. The purpose of introducing this element lies in the fact that the

14The MQs in the LHC have the peak magnetic field of 6.85 T [20].
15 Around 8900 filaments are used to create one strand of MB inner layer cable. In the case of MB outer layers
and MQ layers, around 6500 filaments are used.
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Figure 1.10 — The LHC Superconducting cable [21].

magnetic fields should be confined in order to protect electronics mounted in the proximity
of the magnets and enlarge magnetic field in the central part of the magnet [4]. All elements
described by now constitute so-called cold mass which is immersed in the superfluid helium
at temperature of 1.9 K and housed inside a helium vessel. Finally, the entirety is inserted into
a cryostat where the vacuum of about 10~ atm is ensured to separate the cold environment
from the room temperature tunnel.

Each LHC arc half FODO cell is made of three Main Dipoles, one Main Quadrupole and several
corrector magnets. This gives more than 53 m long unit.

1.6 LHC magnet protection systems

1.6.1 Introduction

The LHC design has crossed the technological frontiers set by the previous accelerators to
provide beam energy up 7 TeV. The total electromagnetic energy stored in the superconducting
magnets will reach an unprecedented value of 10 GJ (Fig. 1.11) at nominal operation conditions.
Each circulating beam consisting of 3-10'* particles will carry the stored energy of 362 MJ
[22], two orders of magnitude greater than in the case of Tevatron. Therefore, handling the
machine operation under the circumstances is challenging not only in terms of delivering
beams with quality specified by the demands of the experiments but also regarding probable
failures. This is due to the fact that any uncontrolled release of this magnitude energy can be
destructive to the accelerator components.

15
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Figure 1.11 — Energy stored in the beam as a function of beam momentum in the case of
various accelerators [22]. The LHC stores 10 GJ in the SC magnets and 362 M] in each of 7 TeV
circulating beams.

A series of studies have been performed before the LHC start-up to estimate consequences
of a direct beam impact on the matter. The experiment demonstrating material damages
caused by 450 GeV (6.4% of the LHC nominal energy) SPS beam losses was performed in 2004
[23]. A 30-centimeter structure consisting of 108 metal plates (copper, stainless steel and zinc;
dimensions of the plates were 6 cm x 6 cm x 2 mm) was exposed to irradiation (Fig. 1.12).
Evaporating and melting of the material was observed depending on beam intensities. De-
positing around 8- 10'2 protons resulted in drilling a hole with several millimeter in radius in
the penetrated material.

Another interesting studies devoted to assessing implications of the worst case scenario, i.e.
accidental release of the total 7 TeV proton beam are presented in [24]. A loss of 100 bunches
(out of 2808 which will be used in the LHC) onto a solid copper target was simulated with
Fluka program. The obtained results were combined with BIG-2 code'® which allowed hy-
drodynamic and thermodynamic response of the material to be modeled. This revealed that
depositing less than 4% of the nominal LHC beam would cause development of a shock wave
moving a material from the impacted region outwards. Hence, bunches arraving later would
experience less material due to the local density decrease and would be able to penetrate it
deeper. The penetration depth in the copper block was estimated to be between 10 m and
40 m.

16B]1G-2 is a two-dimensional code concerning semi-empirical equation of state. It is used for describing material
changes occurring during its heating and expanding.
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Figure 1.12 — Material damage test at 450 GeV: SPS beams with different intensities were
deposited on a metal block consisting of copper, steel and zinc plates (the left plot [23]). A
dependency of beam intensities on a damage level is presented on the right plot [22].

These two examples perfectly illustrate that the machine equipment is under a real threat of
damage. Therefore, a reliable Machine Protection System (MPS) continuously surveying the
machine and beam parameters, detecting failures, diagnosing and appropriately reacting is
essential for providing safe operation conditions.

Three top priorities of the LHC MPS are [25]:

* protecting the LHC components from damaging by beams,
* preventing quenches of SC magnets,

* avoiding unnecessary beam dumps.

These requirements are met by incorporating many subsystems capable to absorb beam
energy (absorbers and collimation system), measure particle losses (Beam Loss Monitoring
System), detect transition of superconducting components to the normal conducting state
(Quench Protection System), estimate beam transverse location (Beam Position Monitoring)
and many others. If any of these systems registers abnormal beam or machine behaviour
exceeding the predefined safety margins, the information is sent to the Beam Interlock System
(BIS). The beam permit loop is aborted and, as the consequence, beam dumping is initiated.
This means that the beam is extracted from the accelerator to the Beam Dump Absorber Block
(TDE) - the only place which can accept such high energy density. The core of the TDE is built
of a7.7 mlong, 0.7 m in diameter graphite block [26] (Fig. 1.13, the left plot) shielded against
radiation by about 900 tons of iron and concrete [27]. Although this structure is designed to
withstand temperatures up to around 1000°C, two systems of orthogonally deflecting dilution
kickers (MKB) provide beam sweeping into e-shape to spread the beam energy (Fig. 1.13, the
right plot).
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Figure 1.13 — The LHC Beam Dump. Left plot: the TDE carbon composite (CC) core is housed
in the concrete shielding. Over-pressured nitrogen prevents the heated block from firing [28].
Theright plot: the calculated temperature increase map in the case of depositing 7 TeV nominal
beam. The energy stored in the beam (362 M]J) will result in rise of the block temperature by
=~ 750°C [25].

Among many systems belonging to the MPS, there are three complementary and independent
systems playing a dominant role in protecting the SC magnets against quenching. At the first
stage passive components intercept particles, which lie outside a certain transverse acceptance
region and, otherwise, could be lost somewhere in the cold regions. This is done by applying
collimators which constitute dynamic aperture limitation. They protect machine from beam
losses, which are always present and cannot be avoided. However, a whole spectrum of failures
can occur at any step of the acceleration process leading to accidental losses (Section 1.7.1).
Therefore, Beam Loss Monitors are installed along the LHC in the locations with highest
probability of loosing particles. This system has the property that allows beam to be extracted
from the machine before quenching of SC components appears. The mechanism of the
BLM system is based on measuring the radiation dose of the secondary particles showers
outside magnet cryostats. Hence, if the acquired signals exceed specified thresholds, the
BLM system initiate beam dumping. The Quench Protection system reacts in the case when
a superconducting material enters the normal conducting state. In this scenario, not only
beam losses'” but also the energy stored in the magnetic field are dangerous to the quenching
magnet. Therefore, the QPS assures the safe magnet quenching by extracting the beam through
the BIS and additionally by firing quench heaters to dissipate energy over entire volume of the
superconductor. The detailed description of the QPS system actions is given in the following
section.

17Remember that only one billionth (millijoules) of the total stored beam energy (362 M]J) is sufficient for
inducing a magnet quench while the energy stored in a Main Dipole circuit is 1.22 GJ.
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1.6.2 Quench Protection System

Quenching

The basic condition of existence the superconducting state is that all the characteristic pa-
rameters, i.e. the current density, temperature and magnetic field, stay below the critical
values (see Section 1.4). This provides resistance-less flow of current. However, if the critical
surface of a superconducting material is exceeded, the transition to the normal conducting
state occurs. In this situation, electrical resistivity rises rapidly leading to Joule heating. This is
followed by increase of the magnet temperature causing further expansion of the quenching
zone.

Energy stored in the electromagnetic field

Powering of the LHC magnets is divided into eight independent and symmetrical sectors.
Each such a sector contains one circuit of 154 Main Dipoles (RB) and two circuits of 47 or
51 (depending on a location) Main Quadrupoles (RQF and RQD; focusing and defocusing
magnets, correspondingly). Moreover, there are other circuits dedicated to corrector magnets.
Overall, including both superconducting magnets and normal conducting magnets, the LHC
consists of 1612 various electrical circuits. Concerning the case of the nominal beam energy of
7 TeV, the energy stored in one RB circuit is around 1.22 GJ and 20 M] per each main quadrupole
circuit [29]. In the event of one magnet quenching, the magnetic energy of all connected
magnets would be dissipated in this resistive magnet if no protecting actions were taken [30].
This would certainly result in destroying it. Therefore, a system devoted to preventing the
damages resulting from superconductor quenching is needed.

Quench detection and protection

The Quench Protection System (QPS) is based on a principle of measuring voltage occurring
when a superconducting element undergoes the transition to the normal conducting state. An
analog Wheatstone bridge is applied in order to compare continuously the voltage across two
apertures (Uy, U,) of a Main Dipole [31] (Fig. 1.14). In the case of Main Quadrupoles (Fig. 1.15),
the voltage examination concerns a comparison of two coils of the same aperture. This is due
to the fact that the focusing and defocusing circuits are powered separately [32]. The QPS
condition determining magnet quenching!® is that the absolute value of the voltage difference
exceeds 100 mV for time longer than 10 ms. If quenching is detected, the QPS initiates beam
abort permit and the beam is extracted from the machine. In addition, power converters are
switched off. Triggering quench heaters provides dissipation of energy stored in the magnetic
field over the entire volume of the coil. These elements are made in the form of austenitic
stainless steel strips embedded in polymide-epoxy glue [33] and are attached to outer layers
of SC coils. The power is supplied to the quench heaters by discharging aluminum electrolytic

18The QPS system concerns all superconducting components of the LHC. A strategy of detecting quenching,
setting thresholds and taking appropriate actions varies depending on SC elements. Details regarding insertion
region magnets, inner triplets and corrector magnets can be found in [31].
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Figure 1.14 — QPS: Diagram of the LHC MB electrical circuit. Courtesy of Alexandre Erokhin.
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capacitors which is triggered by a thyristor. Each power supply consists of two sets of three
capacitors connected in series which gives 7.05 mF of total capacitance [34]. The capacitors
operate at nominal voltage of +460 V with respect to the ground giving around 2.9 kJ of
stored energy per Quench Heater Discharge System (DQHDS) unit. The application of quench
heaters allows the energy concentrated in a hot spot to be spread, thus providing protection of
this magnet. However, the magnets are connected in series and the overall energy of the circuit
is too large. Therefore, the idea of by-passing current from quenching magnet was introduced.
This is done by incorporating high-current silicon cold diodes parallel to the magnet coils
[32]. In the event of quenching the SC coils, a threshold voltage of the diode (about 6 V [29])
is exceeded and the current flows though the diode instead of the quenching magnets. This
causes discharging of the magnet over internal resistance. Nevertheless, such diodes have
to be protected since they are not able to accept the energy of all magnets belonging to the
same circuit without destruction. Thus, the Main Magnet circuits are equipped with energy
extraction systems which enable extracting the current from chains of magnets. Due to the
magnitude of the energy stored, there are two identical Energy Extraction (EE) systems in
the case of Main Dipole circuits - one located in the mid-point of the electrical circuit and
the other EE placed in the vicinity of the power converter. The Main Quadrupole circuits
(RQE RQD) require only a single EE per circuit [35]. Circuit breakers and dump resistors are
the main components of each EE system. The powering of the circuit is permitted if all four
branches of the 4 kA DC breakers are closed, three branches are needed for a safe operation
of the breakers. The switches are opened for extracting the current to the dump resistors if
two branches are opened. The extraction resistors have to withstand large power loads. Thus,
they have to be made of a material characterized by low inductance and a low temperature
coefficient!®. For both main circuits the dump resistors consist of stainless steel body. Cooling
is provided by a forced air-to-water heat exchangers. The time constants of the exponential
current decay are adjusted so that the quenching due to the eddy currents (so-called quench
back) are prevented. For the currents of 13 kA and inductance of all dipoles in one sector
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Figure 1.16 — QPS:Diagram of the LHC MB circuit in the case of quenching [36].

1911 the case of the LHC Main Dipole circuits, dump resistors reach the temperature of up to 350 °C.
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L =15.1H, the time constant is around 104 s. In the case of quadrupoles (L =0.26 H) the time
constant was calculated to be around 40 s [37].

Fig. 1.16 presents the actions of the QPS system in the case of quenching of Dipole 4. The
current (red dotted line) by-passes the resistive magnet and flows through a cold diode. The
entire circuit is discharged thanks to open switches and guiding the current to the dump
resistors.

The described system is so-called old QPS (iQPS)?? and it protects SC coils when asymmetrical
quenching occurs (voltage drop AU > 0). Unfortunately, it fails in the case of symmetrical
quenches, i.e. in the situation when a resistive zone develops identically in both compared
superconducting parts and AU = 0. This happened during magnet training in sector 5-6 in
June 2008 and was caused by a heat exchange between neighbouring magnets. Therefore,
a new QPS system (nQPS) was developed. In contrast to iQPS, the total voltage drops are
compared between separate magnets - four neighbouring dipoles and two quadrupoles [38].
The voltage detection threshold is twice as big as in the case of iQPS (200 mV, the same
detection time of 10 ms) in order to recognize an origin of a dump event.

1.6.3 Beam Loss Monitoring System (BLM)

The Beam Loss Monitoring (BLM) system is one of the most crucial and critical elements of
the LHC MPS providing continuous surveillance of particle losses along the machine. It was
designed to meet three main requirements [39]:

¢ protecting magnets and other accelerator components from damages originating in
beam losses,

* preventing superconducting coils from quenching due to energy deposition (local heat-
ing) of lost particles,

¢ enabling beam diagnostics, i.e. studies on local aperture limitations, beam orbit distor-
tions and particle oscillations.

The driving mechanism of the BLM system is based on measuring radiation dose using
ionization chambers?!. Due to various phenomena (see Section 1.7.1) primary particles are
lost on an aperture and interact with mater of accelerator components. As a consequence,
a hadronic shower of secondary particles develops and propagates in all directions. If a
registered signal exceeds a certain threshold, the BLM system breaks a beam permit loop and
the Beam Interlock System (BIS) initiates beam dumping.

201n this chapter only systems directly related to coils of the arc Main Magnets are presented. Considerations of
bus bars, splices, corrector magnets etc. are beyond the scope of this thesis.

21The BLM system uses several methods of detecting radiation of secondary particles - ionization chambers (IC
BLMs), secondary emission monitors (SEMs), diamond detectors. However, in these studies only IC BLMs are
presented since only their measurements were used for the Quench Tests analysis.
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Figure 1.17 — Diagram of an ionization chamber [40]. A charged particle passing through a
detector ionizes gas molecules. Positively charged ions are attracted to a cathode with the
negative polarity while free electrons are collected on an anode with the positive polarity. A
drift of charges constitutes the ionization current. Resistance is incorporated to the circuit in
order to allow low currents to be measured indirectly.

Principle of ionization chambers

The ionization chamber is the simplest gas-filled detector built of electrodes embedded in
a tight container (Fig. 1.17). A charged particle passing through the ionization chamber
can ionize neutral gas molecules if its energy is greater than specific ionization potential.
A pair consisting of a positively charged ion and a negatively charged free electron is created.
In order to induce movements of the charges the electric field is imposed - the ions are
attracted to a cathode with the negative polarity while the electrons are collected on an anode
with the positive polarity. Measuring this generated electric current is the basic principle
of ionization chambers. Nevertheless, its magnitude is very low (in the order of 10712 A).
Therefore, an active amplification has to be provided to measure it indirectly. This is done by
incorporating electrometers or dynamic capacitors into the electric circuit [41]. Ionization
chambers measure only the charges coming directly from a gas ionization by incident particles.
This means that no multiplication processes are involved which distinguishes ICs from other
gas detectors.

Design of IC BLMs

A BLM is a 50-centimeter long cylindrical detector with a diameter of 9 cm. 61 parallel alu-
minum electrodes (thickness of 0.5 mm, diameter of 75 mm, spaced by 5.75 mm; Fig. 1.18)
are housed inside a stainless steel tube with the wall thickness of 2 mm. The interior of the
chamber is filled with gaseous nitrogen, N», with overpressure of 100 mbar. A bias voltage of
1.5 kV was implemented between electrode plates to induce movement of ions and electrons
and enables charge collection. After installing the ICs in the LHC, the response of the mon-
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Figure 1.18 — Design of BLM - an internal structure which is housed in a cylinder [44].

itors is checked with a radioactive source, i.e. caesium '37Cs [42], [43] in order to verify the
correctness of connecting the cables to appropriate channels of the electronics.

Locations
The BLMs are located along the LHC in the places where the losses are expected to occur first
or have the highest magnitude. This particularly applies to:

¢ collimators [45], where the aperture is limited in order to cut of transverse beam tails,
e quadrupoles, where the §-function reaches maximum values,

« inner triplet magnets®?, where the high radiation occurs due to the proximity of collision
points [46].

e dispersion suppressors,

¢ beam dumps, where total beam intensity is deposited during beam extraction from the
machine.

Recording specific losses and distinguishing losses coming from both beams are the main
criteria taken into account when deciding on monitor placement. Each arc Main Quadrupole
(MQ) is equipped with six horizontally-mounted monitors (Fig. 1.19, yellow bars) outside
magnet cryostat. Three detectors are devoted to surveying losses of beam 1 and three others
detect losses coming from beam 2. However, a so-called cross-talk appears, i.e. monitors
record losses of the opposite beam. The cross-talk signals are approximately five times smaller
than the signals coming from the observed beam.

Electronics

The ionization chambers measure radiation of secondary particles. The generated current is
evaluated by the BLM analog front-end electronics which, for arc magnets, is located below
quadrupoles. Since the system specification required measuring a wide dynamic range varying

225 sequence of three superconducting magnets installed just before the interaction points is called an inner
triplet. These magnets provide final squeezing of beams before collisions.

24



1.6. LHC magnet protection systems

Beam 2
_
PEEMBTT | (ma | MBI
Beam 1
——
- BLM

Figure 1.19 — A diagram of the BLM locations in the LHC arcs. Each arc MQ (the grey bar) is
equipped with six BLMs (the yellow bars). Three monitors observe losses coming from beam
1 and three others survey losses of beam 2. A direction of beam trajectories is indicated by
arrows. The blue bars represent MBs. The diagram is not to scale.

from 10 pA to 1 mA (eight orders of magnitude), a specially designed Current to Frequency
Converter (CFC) was applied. Its mechanism is based on the balanced charge integration
and allows the ionization chamber signal to be converted into proportional frequency in
ranges from 0.05 Hz to 5 MHz [47]. In addition, an Analog to Digital Converter (ADC) was
incorporated to improve the response time of the CFC to low currents [48] and increase the
dynamic range [47]. The signal is integrated over a 40 us long time window and transmitted
using redundant high speed optical links to the module called BLETC (Beam Loss Electronics
for Threshold Comparator). This is done every 40 us. The BLETC is installed on the surface
and provides signal processing, i.e. collecting, analyzing and comparing the acquired data
with threshold tables. The backbone of the BLM system is the FPGA (Field Programmable Gate
Array) where the decision process whether the beam should be removed from the machine is
taken [49]. Fig. 1.20 shows the schematic overview of the FPGA components. Up to 16 channels
can be treated in parallel by a single module. For each detector the recorded data is verified
and signals coming from the CFC and ADC are merged. An analyzing method of Successive
Running Sum (SRS) generates history of BLM signals in 12 integration time windows [50].
These values are continuously computed and compared to the corresponding pre-defined
thresholds in the Threshold Comparator (TC). In the case of detecting unacceptable radiation
dose, the system communicates with the Beam Interlock System (BIS) requesting for the beam
abort.

BLM signals are stored in the on-line logging database with the frequency of 1 Hz which
enables tracing beam loss evolution and studying history of various events. Moreover, in the
case of beam dumping, the data with resolution of 40 us is recorded in 82 ms long BLM Post
Mortem?® (PM) buffer which is stored forever. This allows investigating signals 78 ms before
and 4 ms after the dump.

Running Sums
A signal from the BLM is delivered to the FPGA card every 40 us and added to a register. This

23The BLM Post Mortem can also provide 1.7 s long debugging expert data [51].
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Figure 1.20 — A diagram of processes assigned to the FPGA of the BLM system [52].

value is subtracted after n cycles. The time difference between these two actions defines the
integration time of moving sum window (Running Sum, RS). In the other words, this means
that a certain window contains m signals recorded within 40 us. When a new signal arrives,
the oldest one is removed from the register [49]. The value of m is characteristic for each RS.

A summary of all Running Sums available in the BLM system is given in Table 1.1.

Thresholds
The BLM thresholds are calculated with respect to the estimated quench levels [54]. A loss
of a single proton with energy of Ejp.., results in measuring the BLM signal Qs (Epeam)-
Depending on beam energy and loss duration, At, there are different total numbers of protons,
Ny (Epeam, At), which can be safely deposited on an aperture without inducing quenching of a
superconductor:

QL (Epeam,AT)

T(Epeam A1) = QM (Epeam) - Np (Eveam A1) = QLM (Epeam) - (1.25)
Ecoi1(Epeam,At)

E oi1(Epeam,At) is the energy deposited in a magnet coil and Q. (Epeqr) is the quench level at
given beam energy. T(Epeqm, At) is the BLM Master threshold which includes a margin three
times the estimated quench level. Due to uncertainties in threshold computation, a monitor
factor MF is introduced. Usually, M F=0.1 but this value can be change up to 1. Therefore the
Applied Thresholds, which are implemented to the electronics, are defined as:

t(Epeam, At) = MF x T(Epeam, At) (1.26)
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Table 1.1 - BLM integration time windows. Source: [53].

Time windows Refreshing Data formats Comments
Measurement
Signal | Number | Duration | Number | Duration FPGA & Available
name | of 40 us [ms] of 40 us [ms] or Logging DB Logging
steps steps VME (rate: 1 Hz) data
[Gy/s]

RSO1 1 0.04 1 0.04 X
RS02 2 0.08 1 0.04 X
RS03 8 0.32 1 0.04 Maximum of Maximum X
RS04 16 0.64 1 0.04 sum values of sums X
RS05 64 2.56 2 0.08 observed normalized X
RS06 256 10.24 2 0.08 from the to window X
RS07 2048 81.92 64 2.56 last readout length X
RS08 16384 655.36 64 2.56 X
RS09 32768 1310.72 2048 81.92 Last calculated | Last calculated X
RS010 | 131072 5242.88 2048 81.92 sums observed | sum normalized
RSO11 | 524288 | 20971.52 16384 655.36 in the last to window
RS012 | 2097152 | 83886.08 16384 655.36 readout length X

Each of approximately 4000 BLM detectors®* installed along 27 km of the LHC ring is charac-
terized by a set of 384 threshold values. All 12 integration time intervals varying from 40 us to
83.89 s and 32 energy levels covering the range from 450 GeV to 7 TeV are taken into account
in so-called threshold tables. This gives about 1.5 -106 BLM thresholds in total[56] which need
to be handled in order to provide a safe and efficient (avoiding unnecessary dumps) operation
of the machine. Knowing quench levels (see Section 1.4) of LHC superconducting magnets is
the key to assessing appropriate BLM thresholds. Monte Carlo simulations have been used for
modeling the response of the magnets to energy deposition considering various loss scenarios.
The obtained results were verified during dedicated experiments and standard LHC operation.
This method allows approaching the optimal BLM settings.

1.6.4 Operational statistics

The operational experience with the MPS system confirms its good performance. In the
period of three years (2010-2013) around 1500 beam dumps were successfully carried out
at energies above 450 GeV. However, unnecessary dumps constituted around 15 % of these
events reducing the LHC availability for physics, i.e. delivering particles to the experiments.
Until the LHC Long Shutdown 1 (February 2013), no beam induced quenches have been
observed during operation with circulating beams. This is mainly due to the fact that the

24The LHC BLM system comprise of 3592 ionization chambers and 289 secondary emission monitors [55].
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LHC operated at a half of its nominal energy. Moreover, the provided beam quality was very
good and the collimation system ensured efficient beam cleaning. Besides that, the absence
of beam induced quenches proves that the BLM thresholds are low enough to initiate beam
extracting from the ring before a magnet transition to the normal conducting state is initiated.

1.7 Beam losses

Beam losses are natural phenomena occurring in accelerators. They might come from applied
conceptual solutions (collimators), imperfections or failures of machine components. Proba-
bly the most unavoidable losses come from cleaning process, during which collimation system
intercepts transverse beam tails. This leads to development of secondary particle shower
propagating in the beam direction. On the other hand, although high level technologies are
applied for positioning the accelerator elements, some misalignment might occur due to
influence of strong forces originating in high currents. Such mismatching might influence a
distribution of the magnetic field lines and, therefore, particle motion. Moreover, there is a
wide spectrum of possible failures related to powering, material quality and data processing
which might affect beam behaviour. These effects are potentially critical, in particular, when
operating with high stored energies (both in beams and electric circuits) and high intensity
beams since even small initial perturbations might lead to serious consequences.

Good knowledge of mechanisms provoking beam losses enables designing appropriate pro-
tection systems against damages and quenching. These systems either reduce impact of beam
losses onto superconducting components (by intercepting disturbed particles in the dedicated
regions) or prevent further developing of the losses (by removing beams from the accelerator).
Depending on chosen benchmarks, beam losses are mainly classified with respect to their
nature (regular and irregular losses) and loss duration (ultra fast, very fast, fast and steady
state regimes).

1.7.1 Regular and irregular losses
The regular (normal) beam losses are unavoidable aspect of the machine operation. They are
always present and mostly correlated to
* beam dynamics (beam scattering processes, particle diffusion or various beam instabili-
ties)
e variations in machine operation (changes in tune, orbit, phenomena occurring during

ramping, squeezing and collisions [57])

The regular losses might occur at any stage of the machine operation [58] - from injection,
through ramping, squeezing to final colliding. For instance, ineffective damping of injection
oscillations might result in loosing particles during the first several turns. In addition, protons
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staying outside RF buckets are also lost during beam energy ramping. This is mainly due to
phase errors, noise and instabilities. The timescale of the flash of transient losses is in the
order of 1 s [59]. Finally, collisions in the interaction points are the source of steady particles
losses.

The effects of the regular losses can be reduced by means of applying passive protection, i.e.
collimators and absorbers. Cutting off beam transverse tails allows limiting beam emittance
and prevents losses of particles with high amplitude oscillations in SC regions which could
lead to magnet quenching. Therefore, beam aborts are avoided and beam parameters can
be corrected [60]. Moreover, in the LHC the Transverse Damper (see Section 1.8.2) provides
damping beam oscillations.

Failures or improper operation of machine components contribute to irregular (abnormal)
beam losses. In this case, not only quenching of the superconducting magnets can be induced,
but also accelerator components can be destroyed if an appropriate protection is not applied.
The most critical failure scenarios are:

* Asynchronous dump - this event is defined as a lack of synchronization between
15 dump kickers (MKD) with the 3 us beam abort gap,

* Erratic dump (single module pre-fire) - it occurs when one of MKDs is pre-triggered
randomly and soon later other 14 kicker modules are simultaneously re-triggered almost
certainly out of phase with respect to the beam abort gap [61],

* Flash-over of the LHC injection kicker

¢ UFOs (see Section 1.7.3)

* undetected orbit bump (resulting for example from human error).
In order to avoid damages caused by beam losses, collimators and absorbers are located in
the places where the machine failures are the most probable. Moreover, losses are monitored
by fast Beam Loss Monitors (Section 1.6.3) which, in the case of detecting abnormal rise in

radiation, initiate the beam abort system actions. This allows the beam to be extracted to the
beam dump within 2-3 turns, i.e. (178-267) us.

1.7.2 Classification of beam losses by loss duration

There is no uniform criterion of specifying strictly the time ranges and they vary depending on
literature [62], [14], [15], [63]. However, from the machine protection point of view, beam loss
types are distinguished as follows:

 Ultra-fast losses (one turn, i.e. 89 us) occurring due to injection and ejection kicker
failures,
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¢ Very fast losses (< 5 ms) related to D1 warm (normal conducting) magnet failure, UFOs
(see the next section)

* Fastlosses (> 5 ms) appearing due to hardware errors,

» Steady state losses (several seconds) occurring close to aperture limitations (collimators)
and collision points (debris radiation).

Nevertheless, regarding the protection of LHC superconducting coils, another time-dependent
aspect is taken into account - the capability of transporting heat. This classification is given in
Section 1.4 and physics behind it is explained.

1.7.3 UFOs

In the LHC, UFOs (Unidentified Falling Objects) refer to dust macroparticles moving across the
vacuum chamber [64]. Interactions of UFOs with particle beams (beam scattering, secondary
particle shower production) cause fast beam losses in the order of 10 LHC turns (= 1 ms).
Although, the UFO-induced losses are characterized by a Gaussian profile in time, asymmetries
in the loss shape can be observed due to beam dumping mechanism [65].

The first>® UFO was registered in July 2010. Since then UFOs have appeared in different
locations around the LHC, however numerous events were observed in the vicinity of MKIs
(Magnet Kickers for Injection). For example, within one year (between July 2010 and August
2011) 13 out of 35 beam dumps were related to UFO losses in this region [66]. Intensive studies
on MKI UFOs revealed that they are up to 100 um large, positively charged Al,O3 compounds
which detach from the ceramic beam screen support tubes surrounding the beams [67], [68].
However, the nature of the UFOs occurring in the cold magnets remains unknown.

Existence of UFOs was considered as an significant limitation when handling higher energy
beams after the LHC upgrade (fall 2015). Therefore, the UFOs were the subject to investigations
during 2013 Quench Test slot.

1.8 Methodology of inducing controlled beam losses

In general, the existence of particle losses is an undesirable phenomenon which occurs
during the standard LHC operation. However, many machine tests and experiments require
controlled beam losses in order to validate machine settings (positions of collimator jaws,
BLM thresholds, aperture measurements) or understand physical mechanisms (development
of magnet quenching). The objectives of the tests, location along the LHC ring and the
specification of correlated beam loss features, i.e. loss type (primary/secondary particles),
beam size, beam intensity, loss duration determine which method can be applied for provoking
beam losses.

25Further detailed analysis has shown that small UFOs had appeared earlier.
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Figure 1.21 — A diagram of a three corrector orbital bump. Particles traveling along s-axis are
distorted in the transverse plane due to the magnetic field of the corrector magnets HK1, HK2,
HK3. Zero on the x-axis represents the ideal beam orbit.

In this section two methods, which played a crucial role for performing Quench are presented.
A standard procedure for changing beam trajectory in the LHC involves a three corrector orbit
bump technique. Its principle is based on changing the magnetic field in corrector magnets
which results in determining a new orbit for traveling particles. This method was used for
tests done in 2010. At that time, a dynamic mode was applied which means that the bump
amplitude increased in time. Three years later, the Transverse Damper, known also as the
ADT, was combined with the static (i.e. with fixed bump amplitude) three corrector orbit
bump in order to create beam losses with strictly defined parameters (loss duration, loss rate).
Implementing two modes of the ADT during the dedicated experiments, allowed obtaining
fast losses for UFO studies and real steady state losses with almost constant loss rate.

1.8.1 Three corrector orbit bump

Local orbit bumps provide a controlled and well-specified transverse beam displacement in
an isolated region of an accelerator [69], [70], [71]. This means that the rest part of the beam
orbit remains unaffected by the implemented changes. A basic principle of corrector orbit
bumps relies on using additional small corrector (steering) magnets. The applied magnetic
field causes beam distortion from its initial obit. The simplest case of this technique is
represented by so-called 180° bump (-bump). Only two correctors are sufficient to change
a transverse beam position, x, by applying an angle, x’, in one place and revert to the beam
initial parameters at another location. However, this solution imposes constraints on the
distance between two steering magnets which has to be adjusted so that the phase advance is
equal ¥ = 7. This matching is barely possible when designing a real machine. Therefore, a
method providing freedom in positioning correctors is required.
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The idea of the three corrector orbit bump is presented in Fig. 1.21. Beam transverse motion?®

is presented as a function of longitudinal position given by s-coordinate. A particle traveling
along the initial orbit experience deflecting field of corrector HK1 at the position s;. Hence,
the trajectory from point s; to s3 is expressed by [69]

Xi-3 =M1~3'( 0 ), (1.27)
K1

where M;_.3 is the transfer matrix and « is the bending angle (strength) of HK1. The position

of steering magnet HK3 can be freely chosen, regardless of the position of HK1. Thus in

position s3 the beam is characterized by the separation x, and angle x;. Since the dispersion

has to vanish, an additional corrector with strength «» is used in point s, (HK2). If only this

magnet acted on the beam, the beam motion would be defined according to

0
Xo_.3=My_3- ( ) (1.28)
K2

where M,_.3 is the transfer matrix from point s, to point s3. Combining Eq. 1.27 and Eq. 1.28
gives the following trajectory vector

K1 K2

_|an a2 | [0 N bin bz | [ 0 (1.29)
a» ax K1 b1 boo K2

_( a2 k1 biz-x2 )

0 0
X3=M1—»3'( )+M2—»3'( )

ax K1 ba-Kz

After passing the bump, the particle has to return to its initial orbit (otherwise the bump is not
closed). Therefore, the strength k3 of the third corrector is adjusted so that the particle angle
is compensated

0
), (1.30)

X5 =

The correlation between corrector strengths is obtained by merging equations 1.29 and 1.30

aipk1 +bipky =0

axK1 + byprky = —k3. (1.31)

The matrix elements a;; and b;; can be calculated by using the transfer matrix dependent on

26The basics of the matrix formalism are presented in 1.5.1.
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where zero index corresponds to the initial conditions. Thus, having the value of x; specified,
the other magnet strengths can be derived according to

a2 _[Bisin(¥5-¥1)
—_ e — -2 1.33
K2 b1z e B2 sin(¥s — ¥5) h (133
and

K3 = —dpoK1 — b2oko

in(Vs - ¥
b {M—COS(\Pg—‘PI)} (1.34)
Bs ltan(¥3 - ¥>)
where B denotes the f-function and ¥ is the phase advance at the location of HK . Index s
refers to the longitudinal position of the correctors (s=1, 2, 3).

As it is demonstrated, the three corrector orbit bump allows matching corrector strengths and
providing closed orbit bumps regardless of the corrector positions. Despite the fact that the
slope of the bump cannot be controlled (as when using four steering coils), this technique
finds application in correcting orbits locally.

During Quench Tests in the LHC arc sections, three corrector orbit bumps are applied in
order to deposit beam energy on a quadrupole located next to the middle corrector. The
LHC correctors work in Parabolic-Linear-Parabolic (PLP) mode?’ reaching the maximum
linear current increase rate of 0.5 A/s. This corresponds to the gain of 1% of their maximum
current every second. Therefore, at the beam energy of 4 TeV, the maximum kick is about
150 urad which corresponds to the maximum current. Therefore, the correlated bump speed
is =1.5 prad/s. At the energy of 450 GeV the correctors are able to deflect a beam by =10 prad/s
which corresponds to a speed of bump amplitude at the targeted quadrupole of 1.8 mm/s
(73] .

The dynamic bumps, applied during 2010 Quench Tests, provided beam losses with the time
constant in the order of several seconds, as required. However, due to the operation in PLP
mode, it was not possible to control the speed of the bump (done automatically by the control
system). During this experiment a loss rate increased nonlinaerly in time. Hence, in 2013 a
static orbit bump was combined with the transverse damper white noise excitation to provide

27parabolic-Linear-Parabolic (PLP) mode means that the current, and therefore the magnetic field, in a magnet
is increased smoothly in order to reduce beam orbit perturbations and beam excursion. This is followed by the
linear component and finally smooth reaching the ultimate current value. The obtained function of the current in
time is characterized by a sigmoid-like shape.
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areal steady state regime, i.e. constant number or particles lost within certain time window.
In addition, a static bump was used as a part of inducing fast losses for UFO studies. In this
case additional beam excitation was implemented as well (see Chapter 4).

1.8.2 Transverse Damper (ADT)

The Transverse Damper, also referred as the ADT, is a feedback system playing an important
role in a safe and efficient operation of the LHC. On one hand it reduces consequences of
effects leading to beam size growth and therefore helps conserving beam emittance. On the
other hand, it removes particles present beyond longitudinally specified regions, e.g. in an
abort gap.

The ADT system covers a wide spectrum of applications:

* suppressing particle oscillations originating in errors related to injecting beams from

the SPS to the LHC, i.e. kicker magnet errors, ripples of bending magnets and septa in
the transfer lines.
The transverse beam emittance has to be preserved in order to fulfill conditions of
reaching the nominal LHC luminosity during collisions of beams. However, a series of
various error sources (steering errors, betatron mismatch, dispersion mismatch, energy
errors, mechanical mismatch, coupling [74]) occur during transferring beams from the
SPS to the LHC. Hence, the LHC Transverse Damper can deal with oscillation amplitudes
of up to =4 mm (3.5 0, o - initial RMS beam size) due to injection errors [75] within
a damping time of around 50 turns (=4.5 ms). The ADT provides beam deflection by
maximum 2 urad per turn at the injection energy [76].

« stabilizing coupled bunch transverse instabilities?® in the frequency range varying from
3 kHz to 20 MHz (higher frequency oscillations are reduced by natural Landau damping).

¢ cleaning the abort gap of LHC beams in order to enable a safe extraction from the
machine.
Circulating LHC beams have high stored energy which, in the case of failures or degrada-
tion of beam quality, has to be safely and reliably removed from the accelerator. This is
provided by special kicker magnets which deflect beams to extraction lines. No particles
should be present (or more precisely, the number of particles should stay below the
damage level) in the kicker magnet during its magnetic field rise time. Therefore, the
LHC filling patterns contain a so-called abort gaps, i.e. 3 is long time slots, which are
deliberately provided free of particles. Nevertheless, due to various mechanisms, the
abort gap can be repopulated because of particles transferred into this region. The
ADT ensures the abort gap cleaning by exciting unwanted particles. Due to oscillation
amplitude increase, these particles are later lost on aperture limitations [78].

28Coupled bunch instabilities occur when instabilities from one bunch propagate to other bunches along a
bunch train (set of bunches) within subsequent revolutions [77].
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Figure 1.22 — A simplified block diagram of the transverse feedback system [80].

* exciting transverse beam oscillations for various measurements of beam parameters

and machine settings - loss maps, aperture bottleneck studies, tune measurements,
quench tests, etc.
The collimation system intercepts particles which stay beyond certain acceptance re-
gions. This prevents loosing particles on superconducting magnets. Loss maps are
performed in order to verify settings of the multistage beam cleaning process, i.e. align-
ment of collimator jaws with respect to the beam orbits. The ADT is used for controlled
beam blow-up as an alternative method to crossing the third order resonance [79].
Moreover, the application of the ADT gives a big advantage over the other method due
to the possibility of acting on single bunches instead of the entire beam. Since the ADT
enables creating very controlled excitations, it was also used during Quench Tests in
2013 (See Chapters 4 and 6).

System description

The general principle of the transverse feedback system is presented in Fig. 1.22. The bunch
position is measured by a Beam Position Monitor (BPM) and based on that the displacement
from a closed orbit 2 is estimated [80]. The data is treated by a series of electronic processes,
including the feedback system. Finally, the signal is sent to the power electronics which
controls the behaviour of a deflector. This allows correcting the transverse momentum, i.e.
the angle of the measured bunch by applying the corresponding electric field. The feedback
has to be adjusted to the phase advance between the beam position monitor and the kicker
on one hand and the bunch time of flight on the other hand. The LHC is equipped with
four individual transverse damping systems - one per transverse plane (horizontal/vertical)
and per circulating beam (beam 1/beam 2). The ADT operates in the bunch-by-bunch and
turn-by-turn mode. The main components of this system are presented on the diagram in
Fig. 1.23 [75]. A bunch transverse position is measured when passing through Pick-Ups (PU).
These devices are 15-cm long and have an aperture of 49 mm. Each LHC ADT has two pick-ups

294 closed orbit is a path along which particles of a circulating beam perform betatron oscillations [5].
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Figure 1.23 — A diagram of the LHC Transverse Damper [75]. DA - Driver Amplifier, DK -
Damper Kicker, PA - Power Amplifier, PU - Pick-Up, CF - Comb Filter, DSPU - Digital Signal
Processing Unit, BPosM - Beam Position Module, ADC - Analog to Digital Converter, DAC -
Digital to Analog Converter.

per beam and plane (eight in total). The signals are sent to a hybrid located in the surface hall.
At this stage data is merged and subtracted giving new signals, Z and A, correspondingly. The
Comb Filters (CF) are used for adding signals to the same signals delayed in time. This results
in constructive and destructive interference generating wavelets at 400.8 MHz. Depending
on the magnitude, the signals are sent either to attenuators (signals too high) or amplifiers
(signals to low). In the Beam Position Module (BPosM) the data is digitized with the ADC
and the normalized transverse beam positions A/Z for single bunches are calculated with
a FPGA [81]. In the DSPU (Digital Signal Processing Unit) [82], the signals are normalized
proportionally to 1/f at PU, rejecting closed orbits and converting the digital data to analog
signal. Eight Driver Amplifiers (DA) with a power of 200 W are located in the underground hall
and controlled by the incoming processed signal. In the final stage electrodes of the kicker
are driven by wide band amplifiers. A large kick voltage is obtained when the amplifiers work
at low frequencies due to the impedance of around 1 kQ. The components of the kickers are
located on both sides of Interaction Point 4 (IP4) in RF regions where the §-function reaches
high values (f = 100 m). This is done to provide maximum efficiency of the ADT kickers.

Fig. 1.24 shows the normalized transverse beam positions (A/ZX) as a function of number of
LHC turns (1 turn = 89us) recorded by two pick-ups. The violet line represents signals recorded
in Q7 and the pink line - signals in Q9. Beam oscillations induced by injection errors decay
but are not completely suppressed in the case when no external damping is applied (the left
plot). Activating the ADT allows not only the oscillation amplitudes to be reduced but also to
keep them relatively small and stable during the further operation.

The ADT gain
Depending on the applied ADT mode, the overall gain determines how much the particle
oscillations are damped or induced. Several systems and signal processing blocks constitute
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Figure 1.24 — Comparison of damping horizontal injection oscillations without (left plot) and
with (right plot) transverse damper. Signals from two pick-ups (Q7 - top function, Q9 - bottom
function) are reproduced from [75].
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Figure 1.25 — Impact of the transverse damper gain on damping vertical oscillations induced
by a tune kicker. Left plot: high gain, right plot: lower gain. Signals from two pick-ups (Q7 -
top function, Q9 - bottom function) are presented [75].

the damping system and therefore contribute to the total gain. The LHC ADT gain is nor-
malized so that a specified amplitude of bunch oscillations results in a corresponding kick
voltage (100% gain). However, for the non-standard applications, like during the Quench
Tests, not the linearity between these two features but the fastest possible beam excitation
was required for single bunches. Therefore, by carefully modifying gains of chosen blocks of
the data processing chain, it was possible to reach gains above the standard 100%. This means
that the higher kicker voltage could be applied [83].

Depending on the ADT feedback loop gain, a control of the damping time is provided (Fig. 1.25).
High gains result in fast reduction of the oscillations (left plot) when applying lower gains - in
slower damping.

ADT modes
The LHC Transverse Damper system provides suppression of beam oscillations as a result of
applying the feedback. Depending on the magnitude of beam displacement from the ideal

37



Chapter 1. Introduction

orbit, an appropriate angle change of the beam trajectory is imposed. In contrast to this
performance, the ADT can work in three modes providing beam excitation:

* Coherent excitation - this mode is used for abort gap cleaning during which, the particles
moved outside dedicated slots are excited. Due to increase of their amplitudes, these
particles are lost on aperture limitations.

¢ White noise excitation - this mode is used for a controlled emittance blow-up provid-
ing beam losses for special experiments like Quench Tests or validating positions of
collimators (loss maps).

» Feedback sign flip - this mode is never used during the standard LHC operation. More-
over it can be considered as a potential failure mode. Nevertheless, changing the sign of
ADT response to beam oscillations has found a great application for inducing fast losses
for UFO studies (see Section 1.7.3).

The ADT played a crucial role during the Quench Test MD slot in February 2013 recreating
conditions of specified loss scenarios. Thanks to that, all experiments, during which the ADT
system was used, terminated successfully delivering precious data needed for the LHC set-up
after LS1%°.

30Long Shutdown 1 (LS1) is a period devoted to maintenance and consolidation of the LHC components,
injectors and experiments. LS1 is scheduled for approximately 1.5 year.
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Quench Tests

A transition of a superconductor from the superconducting state to the normal conducting
state is called quenching (see Section 1.4). This phenomenon can be induced by exceeding at
least one of the characteristic parameters determining the critical surface (Fig. 1.3): the current
density, magnetic field or temperature. In the case of accelerators, superconducting magnets
are continuously affected by particle beam losses. In order to provide efficient protection of
these devices the critical amount of energy, which could be deposited inside a superconduc-
tor, i.e. the quench level, needs to be estimated. Results of theoretical considerations [14]
and simulations (Geant4, Fluka) have to be verified by means of experimental techniques.
Therefore, so called Quench Tests (QTs) are performed. During such an experiment, abnormal
conditions are deliberately imposed to disturb a beam and cause energy deposition on an
aperture limitation. As a consequence of primary particle interactions with the matter, a
cascade of secondary particles is generated and develops towards superconducting elements.
Quench levels strongly depend not only on a superconductor coil design (SC material prop-
erties, ratio of copper to superconductor, insulation type etc.) but also on the loss duration
(ultra fast, fast and steady state regimes). All these aspects have to be taken into account to
fully understand the mechanism of quenching and provide an adequate protection. Therefore,
various scenarios have to be considered.

In this chapter, an overview of beam-induced quench tests, which were done between the
beginning of the LHC operation (September 2008) and LS1 (February 2013), is given. Experi-
ments are classified depending on a beam loss duration due to different agents participating
in heat evacuation from a superconductor-based system. The nomenclature of the quench
tests is correlated to a name of a quenching element, a location where a test was performed or
the main tool applied during an experiment:

e LHC arc main magnet QTs,
e wire scanner QTs,

« Q6QTs,

¢ collimation QTs.
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It needs to be stressed that no superconducting materials are used in the design of collimators
and wire scanners. These elements are used for provoking beam losses. In these cases, the
accelerator components, which undergo the transition to the normal conducting state, are
usually downstream SC magnets.

2.1 Ultra fast losses

Beam losses in the order of nano- and microseconds are classified as ultra fast losses. In this
timescale, the quench level is determined by the enthalpy of a dry superconducting cable.
This is due to the fact that the loss duration is too short for the heat to propagate from the SC
strands to the liquid helium which is present inside a cable. There were three experiments
dedicated to ultra fast loss regime: two on Q6 magnet and one on arc magnets.

2.1.1 Q6 Quench Test 2011

Although the collimation system is designed so that beam losses are intercepted (see Sec-
tion 1.3), a certain failure of injection kickers may be one of the origins of quenching the SC
magnets located downstream the collimators. This happened in April 2011 when a batch! of
36 bunches was over-kicked by the MKI due to the vacuum degradation and grazed the colli-
mators: the TDI and the TCLIB. As a consequence, scattered primary protons and developed
secondary particle shower caused quenching of 11 magnets [84], [85].

The Collimation Quench Test was performed on 3" July 2011 in order to verify a loss rate at
magnet Q6.L8 depending on the TCLIB jaw positions. In addition, the quench level at this
magnet was studied. Single proton pilot bunches of beam 2 were used in the Injection&Dump
mode which means that the particles had the energy of 450 GeV. During the experiment,
the aperture in the TCLIB was reduced in steps from 8.3 o to 1.3 ¢ (= 1 mm). In addition,
an offset of up to -3 o (towards beam) was introduced to catch the entire beam. Beam
losses and voltage measurements were done for different bunch intensities (1-10'° protons,
2-10' protons, 3-10'° protons) and currents (in 200 A steps up to 2200 A which corresponds
to 5 TeV conditions) in Q6.L8 magnet.

The experiment terminated without quenching Q6.18 although the BLM signals exceeded
significantly the values expected at quench, i.e. by a factor of = 8 at 450 GeV (200 A) and = 40
at 5 TeV (2200 A)2. This divergence comes from the fact that in this case, similarly to the wire
scanner QT, the expected BLM signals at quench were defined according to a different loss
scenario than was provided. This means that, the BLM thresholds are set with respect to results
of experiments in arc magnets, where a beam hits magnet aperture directly. However, in the
case of Q6 QT, beam affected the collimator and the secondary particles shower propagated
through longer distance to reach the detectors located downstream.

1A batch is a group of bunches.
2The expected BLM signal at quench for Q6.L8 was 5.8 Gy/s at 450 GeV and 0.46 Gy/s at 5 TeV [86].

40



2.2. Fastlosses

2.1.2 Q6 Quench Test 2013

Q6 Quench Test 2013 was the repetition of the experiment performed in 2011. In order to
succeed in quenching Q6.L8, it was decided to use bunches at 450 GeV with the intensity twice
as big as previously (6.5 1010 protons). Indeed, hitting a collimator with such a bunch leaded
to development a secondary particle shower with energy high enough to cause quench of the
magnet located downstream the collimator. At that moment, Q6.L8 operated at the electric
current of 2500 A which is equivalent to generating the magnetic field needed for 5.6 TeV beam.
The QP3 computations predicted the quench level of the MQM (Insertion Region Quadrupole)
to be 20 mJ/cm?® and 16 mJ/cm? at currents of 2000 A and 2500 A, respectively. However, no
quench occurred at 2000 A. The magnet quenched at 2500 A and according to Fluka simulation
the quench level was around 30 mJ/cm®. Summing up, there was a factor of 2 difference
between QP3 and Fluka results.

2.1.3 Injection&Dump Quench Test on arc LHC Main Magnets

The Quench Tests in the LHC arc Short Straight Sections (see Section 1.3) are performed
to estimate the Main Quadrupole quench levels. These focusing magnets are considered
to be in danger of quenching because of their localization in the places where B-function
reaches maximum values. A three corrector orbit bump technique (see Chapter 1.8.1) was
used to deflect beam trajectory and aim at a central magnet during the experiments done in
2010. Later in 2013, this method was enhanced by applying the ADT and the MKQ. All these
experiments were done using direct proton losses. It should be stressed that current BLM
thresholds are mainly based on results of these tests.

The first Quench Test with a three corrector orbit bump (see Section 1.8.1) after the 2008/2009
LHC break was performed between 18/ and 19" September 2010. Bunches consisting of
(3-6)-10° protons (beam 1) were individually delivered to the LHC in Injection&Dump
mode (energy of 450 GeV). They were diverted from the nominal orbit towards quadrupole
MQ.14R2 with a rising amplitude up to 24.3 mm in the horizontal plane. Although the beam
screen® aperture was 23.25 mm and the beam was certainly deposited on the magnet, no high
losses were observed in the transient regime. Therefore, an increased bunch intensities of
(9-9.5) - 10Y protons were applied. Due to electronics problem?, the experiment terminated
without quenching with a bump amplitude of 22.8 mm.

2.2 Fastlosses

Fast losses are the losses with a timescale of several milliseconds. In this case the entalphy of a
cable still plays a dominant role in quenching process. Moreover, the contribution from liquid
helium bath is not negligible any more. In the LHC there were two quench tests dedicated to

3cpp drawings: LHCVSSB_0146, LHCVSSB_0147
4A communication with the old QPS system was lost, a controller needed to be restarted.
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fast losses. During the first one, wire scanner was used for provoking beam losses. The other
experiment was done in arc region and, therefore, a novel method of inducing fast losses, i.e. a
combination of three corrector orbit bump technique with ADT sign flip mode, was applied.

2.2.1 Wire Scanner Quench Tests 2010

The observation of fast losses in the LHC in 2010 and 2011 and correlated beam dumps induced
certain worries about LHC beam availability in the future when operating with higher beam
energy. Not only beam extractions from the LHC triggered by exceeded BLM thresholds but
mainly probable quenching of superconducting magnets could limit the machine operation.
Therefore, it was decided to conduct the Wire Scanner (WS) Quench Test devoted to studying
quench levels in the timescale of milliseconds. In addition, the obtained data was used to
validate the QP3 heat transfer code [87].

The experiment was done on 1°" November 2010 [88] in cell 0514 using 3.5 TeV circulating
beam 2. The beam constituted of 144 bunches with total intensity of 1.53-10'3 protons. A
34 pm in diameter carbon wire was moved into a beam. As a result of interactions between
the wire and the beam, a cascade of secondary particles was generated [89]. This situation
perfectly mimicked the processes occurring during UFO-induced losses (see Section 1.7.3).
Every WS measurement consists of two scans - IN and OUT. The IN scans are taken when
a wire is driven from its parking position through the beam. These scans were done with
nominal speed of 1 m/s. The OUT scans are performed when the wire comes back to the
initial point. During the WS QT, a speed of the wire OUT scans was decreased in steps from
1 m/s to 0.05 m/s. Due to the location of the Wire Scanner, a Twin Aperture Separation Dipole
(MBRB)® was the most exposed to the radiation of the secondary particles. Quenching of
the MBRB occurred as a consequence of passing around 1.4-10'* protons through a wire®
during approximately 10 ms (wire scan speed: 5 cm/s). Fig. 2.1 presents the final results of the
experiment. The BLM signal (the blue line) is characterized by an irregular shape (thee peaks).
This might indicate that a wire started vibrating when going through the beam. The voltage
measurement (the red curve) allowed the moment of MBRB quenching to be estimated (the
green line). The sudden drop on quench heaters’ voltage points the moment of the beam
dump. The Fluka simulations [91], [92], [93] were provided [88], [94] in order to estimate the
energy needed to induce MBRB superconductor transition to the normal conducting state.
Fig. 2.2 shows the comparison of simulated and measured BLM signals. The agreement was
in the order of 30 %. Studies of radial energy distribution showed that the energy density
of around 10 mJ/cm?® was needed to quench the magnet. The QP3 code [87] calculations
provided the value twice as big. This might result from different definition of the moment of
quenching between Fluka and QP3 code.

5The MBRB (Twin Aperture Separation Dipole) is a special magnet operating at 4.5 K. It was built in Brookhaven
National Laboratory [90], USA.

6Although about 1.4-10 protons passed through the wire, only about 10™# of them probably were lost there
[86].
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Figure 2.1 — Final Wire Scanner Quench Test results: the correlation between BLM and QPS
system measurements. The blue line represents the beam losses in the most exposed BLM
monitor, the red line - the voltage on the MBRB magnet, the black line - the voltage on the
quench heaters. The green line points the moment of quenching, which was estimated from
the first significant rise in voltage measured by the QPS [88].
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The Wire Scanner Quench Test has provided the quench level estimates for the loss scenario
considering an impact of secondary particles onto a magnet aperture. These studies are very
important especially in the sense that BLM thresholds are set regarding direct beam losses
[95].

2.2.2 Fast Loss Quench Test 2013 on MQ12.L6

An increasing interest in UFO losses and their real hazards to the LHC efficiency made the
Fast Loss Quench Test to be the top priority of the 2013 MD slot. However, the previously
applied method of inducing losses with a wire scanner was not available any more. This was
due to the proximity of WS to the MBRB magnet which was distinguishing among other LHC
magnets. In 2012, neither any fully functional spare MBRB magnets nor production lines were
available at CERN. This means that in the case of damage of the MBRB installed inside the
LHC, it would take around four years to provide replacement [96]. In addition, the MBRB was
not a representative magnet for UFO studies since UFOs were observed everywhere and the
MBRB is was a very rare magnet. Hence, it was decided to conduct the experiment in the arc
region but to do so a new strategy of inducing fast losses needed to be invented.

The experiment was performed on 15" February 2013 at 4 TeV using beam 2 in the horizontal
plane. MQ.12L6 quenched after depositing around 8.2 - 108 protons within 10 ms. This loss
duration was feasible thanks to a novel technique of combining the three corrector orbital
method with the ADT sign flip mode and MKQ excitation. Analysis revealed that the BLM
signal at quench of a monitor installed on the MQ was =12 times higher than the expected
value. Detailed proceedings of the experiment, Geant4 simulation results and data analysis
are provided by the author and presented in Chapter 4.

2.3 Steady state losses

The loss duration of several seconds is considered as a steady state regime. In this timescale, a
quench level of a superconductor is determined by the liquid helium capability of evacuating
heat from a magnet coil. Six dedicated experiments were provided between 2010 and 2013 to
assess a quench level in the cases of slow losses.

2.3.1 3.5TeV Collimation Quench Test with protons 2011

The Dispersion Suppressor (DS) regions are considered as critical parts of the LHC ring due the
highest losses originating in cleaning insertions, i.e. collimators, and experiments [97], [98].
Therefore, in order to investigate a response of the system to the designed load of 500 kW, the
steady state loss quench test on the primary collimators (IR7) was performed on 5% May 2011.
74 BLM monitor thresholds were changed basing on loss maps [99] to avoid beam dumps
triggered by the BLM system. The positions of collimator jaws were set to the default nominal
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Figure 2.3 — Proton Collimation Quench Test 2011: Tune functions in time [97].

values. The horizontal tune Q;, was shifted close to % (Fig. 2.3). Under this condition sextupole
fields can cause third order resonances [72] leading to a beam oscillation amplitude rise and
beam losses.

The tests were done with 3.5 TeV unsqueezed beams. Using beam 2 consisting of one train of
12 bunches and 4 individual bunches (total intensity = 1.2-10!! protons), a peak loss rate of
9.1-10'! protons per second was obtained. This value corresponds to the power of 510 kW
delivered to the primary collimators within 1 s, as intended. The loss rate on limiting magnet
Q8.L7 (regarding the collimators for beam 2 cleaning) was estimated to be around 336 W and
gave no quenching. The experiment proved that the collimation system is capable to safely
withstand high beam losses as designed.

2.3.2 3.5ZTeV Collimation Quench Test with lead ions 2011

The Proton Collimation Quench Test was followed by a similar test using lead ions (6" De-
cember 2011). The idea behind it was to verify estimated limitations related to ion beam
intensities and critical locations. Since the collimation cleaning efficiency for ions is less than
in the case of protons, the loss load was decreased by a factor of 100 (to 5 kW) [100]. This
corresponds to the loss of 108 ions, i.e. 82-108 charges at 3.5 Z TeV within one second (Z is
the atomic number of lead). The driving mechanism for inducing beam losses was the same
as for the proton test (crossing the 3" d resonance, default machine setup, increasing BLM
thresholds [101], switching off the ADT). Using 3.4 - 101! charges per beam (three trains of
12 bunches) peak losses of 1.1-10'! charges per second (on Q11R7) were achieved for beam 1
and 4.9-10'° charges per second (on Q09L7) in the case of beam 2. Table 2.1 contains final
results of the experiment. The maximum ratios of the BLM signals to the assumed quench
levels are given together with the locations and the integration times. All beam dumps were
triggered by the BLM system due to the exceeded threshold values, meaning that no magnet
quenched. The test showed that ion losses are faster than proton losses.
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Table 2.1 —Ion Collimation Quench Test 2011: Summary - BLM signals compared to the quench
levels for different limiting locations. Table based on [97], [100].

BLM signal/quench level [-] Location RS Integration time [s]

2.4 Q08.L7 07 81.92-1073
1.2 Q11.R7 07 81.92-1073
1.7 Q08.L7 06 10.24-1073
1.6 MB9.L7 09 1.3

2.3.3 4TeV Collimation Quench Test with protons 2013

The 4 TeV Proton Collimation Quench Test was a part of the Quench Test slot in February
2013 at the end of LHC run before LS17. The motivation of performing this test was the
same as previously, i.e. studying leakage from the collimation to the dispersion region in
IR7. The main difference between these two tests lay in the method of inducing beam losses -
instead of crossing the 3" order resonance, the ADT white noise excitation was applied to
blow-up beams. This provided the loss duration of up to 14 s. In contrast to the 2011 tests, the
collimation jaws of TCSG in IR7 and all collimation jaws in IR6 were retracted by 1 ¢ in order
to generate the same loss rate using lower beam intensities [102].
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Figure 2.4 — Comparison of the Proton Collimation Quench Test performed in 2011 and 2013.
Left plot: Beam intensity as a function of time. Right plot: Power loss in time. Courtesy B.
Salvachua [103].

7Initially it was planned to perform both, proton and ion, tests in order to repeat previous experiments at higher
energies and longer loss durations. However, due to the issues related to the ion source (maintenance of an oven),
the second experiment could not be done.
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Figure 2.5 — Proton Collimation Quench Test 2013:Losses in DS IR7. Courtesy B. Salvachua
(103].

Fig. 2.4 shows comparison of the Proton Collimation Quench Tests performed in 2011 and 2013.
The red curves show beam intensity loss (left plot) resulting in the power loss of 1050 kW on
collimator TCPB6R7.B2 and approximately 1 kW in Q8 (Fig. 2.5). Although such high load was
delivered, no quenching occurred. The BLM signal recorded by BLMQI.08L7.B2110_MQ was
greater than the estimated BLM signal at quench by a factor of 2.3 in RS09 (signal integration
time of 1.3 s) and 5.1 in RS10 (signal integration time of 5.2 s). This issue is further discussed
in Section 6.3.3.

2.3.4 450 GeV Steady State Loss Quench Test 2010

450 GeV Steady State Loss Quench Test 2010 was performed in arc half-cell 14R2 on 6! Octo-
ber 2010. In order to induce beam losses on the MQ, a beam with intensity of 10'! protons
was deflected using three corrector orbit bump method.Depending on the focusing properties
of the MQ.14R2, during the experiment beam 1 was used in the horizontal plane and beam 2
- in the vertical plane. The FBCT (Fast Beam Current Transformer) measurements (Fig. 2.6)
show that in the case of tests with beam 2 all particles were deposited on the aperture when
in the case of beam 1 - around 34% of initial intensity was dumped. BLM signals, in the
moment when maximum signals occurred, are given in Fig. 2.7. The details of the MD slot are
summarized in Table 2.2.

First two beam losses (B2V) triggered the QPS on bus bars to cause beam extraction. This
was probably related to quenching the MQ. Later, as the result of loosing 1.10-10'! protons of
beam 1 in the horizontal plane during around 1.5 s (the last case), the downstream Main Dipole
(MB.C14R2) quenched?®. The recorded BLM signal (0.039 Gy/s) was very close to the expected
BLM signal at quench (0.041 Gy/s). The reason why the MB quenched instead of the MQ is

8Among six quench tests performed in arcs and using the three corrector orbit bump technique, only once
(6.10.2010) quenching of the main dipole located downstream of the targeted quadrupole was observed.
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Figure 2.6 — 450 GeV Main Magnet Quench Test 2010: Beam intensities. Zero on the time axis
corresponds to the moment of the beam dump.
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quenches (1.3 s integration time, RS09). Left plot - monitors observing beam 1 losses, right
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Table 2.2 — 450 GeV Main Magnet Quench Test (6.10.2010): Summary. Losses of beam 2
deflected in the horizontal plane resulted in quenching the MQ bus bars. Losses of beam 1
in the vertical plane caused quenching of the main dipole (MB.C14R2) located downstream
the targeted quadrupole. Ny;otons; i - initial beam intensity, Nprotons,,,, - number of lost
protons, tj,ss - loss duration from the moment when 5% of initial intensity was lost.

No Time Beam Plane Nprotonsiniiai  Nprotonsiess  tloss [S]  Quenching part
1 10:13:58 2 Vertical 2.43-10'! 2.43-10" ~1.9 MQ.14R2
2 12:35:11 2 Vertical 1.53-10'1 1.53-101 ~2.0 MQ.14R2
3 13:37:00 1 Horizontal ~ 1.67-10"! 1.10-10" ~1.2 MB.C14R2

probably due to a loss pattern, especially the loss orientation, and loss intensity. Two first
attempts were done with the vertical losses so considering the situation geometrically, most of
a secondary particle shower propagated to the region of MB magnets were no superconductor
was present (coils are located horizontally). In the last case, the beam loss intensity was smaller
than previously but provided in the horizontal plane. Therefore, it was possible to quench MB
for which the threshold was apparently lower than in the case of the MQ.

2.3.5 3.5TeV Steady State Loss Quench Test 2010 on MQ.14R2

Specific results of 450 GeV Steady State Quench Test were encouraging to repeat the experi-
ment at nominal (for year 2010) energy of 3.5 TeV. The main objective of the test performed on
17" October 2010 was to validate current BLM thresholds based on simulations and measure-
ments [104]. In order to induce beam losses, the three corrector orbit bump technique was
applied in LHC half-cell 14R2. A 5.6 s long loss of approximately 1.1-10'! protons of beam 2
deflected in the vertical plane caused quenching of the MQ. Detailed description, simulations
and data analysis were prepared by the author and can be found in Chapter 5.

2.3.6 4TeV Steady State Loss Quench Test 2013 on MQ.12L6

The outcomes from the 2010 QT at 3.5 TeV delivered very interesting information of quench
behaviour. Based on that, the BLM system was updated (in terms of modifying BLM thresholds
and implementing additional RS10 and RS11 into the logging data base). However, in order to
verify BLM settings for the actual steady state losses (previous loss rate increased in time), the
Quench Test at 4 TeV (16" February 2013) was performed by combining the three corrector
orbit bump technique with the ADT white noise excitation. This solution ensured close to
constant losses of about 3.1 - 102 protons per second. Beam 2 was distorted in the horizontal
plane over about 20 s. The results confirmed the reliability of BLM thresholds in the steady
state loss regime. The detailed case study is given by the author in Chapter 6.
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2.4 Strategy of assessing quench levels

The Quench Tests presented in previous sections have delivered the data necessary for the
further studies on loss patterns and quench levels in different loss timescales. The procedure
of assessing quench levels is based on several correlated and complementary steps which are
presented in Fig. 2.8. Yellow blocks represent measured observables and settings of accelerator
components used during the experiments. According to the simulation methods (given in
blue) and their results (shown in green), the following stages are distinguished:

e MAD-X [105], [106] or SixTrack simulations [107]
MAD-X and SixTrack simulate beam trajectory by recreating machine settings and their
influence on beam behaviour. This includes the lattice specification (definition of
magnetic elements: bending, focusing, etc.), tune, position of collimator jaws, ADT
parameters and applied bumps. In addition, a beam size and an initial beam position
are defined. As the result, the loss patterns, i.e. the distribution of lost particles along
the aperture limitation is provided.

¢ Geant4 [108], [109], [110] or Fluka [91], [92], [93]
In Monte Carlo codes (Geant4 and Fluka), representation of accelerator components
(magnets, collimators, etc.) is implemented together with the magnetic field maps
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in order to simulate electromagnetic processes and interactions of primary particles
with matter. These simulations might use loss patterns obtained from MAD-X/SixTrack
either directly (specification in the code) or indirectly on the stage of further analysis
(see Chapter 3). Based on the experimental conditions (beam type, beam energy, target,
impact angle), Geant4/Fluka provide energy distribution in magnet superconducting
coils and signals in BLMs. Depending on loss timescale, and therefore different agents
contributing in heat evacuation from the coil, and number of particles lost during the
experiment, quench levels can be calculated. The values of computed BLM signals are
compared to the measured observables.

* QP3 [87] or Thea [111], [112]

QP3 and Thea are the programs for calculating the energy gain of a superconducting
cable, which is needed to induce its transition from the superconducting state to the
normal conducting state at the current used during an experiment. As an input, the
normalized loss distribution (experimental data) is used together with the normalized
radial distribution of energy deposited inside a coil (results from Monte Carlo simula-
tions). Depending on the loss duration either peak energy (fast losses) or average energy
(slow losses) has a meaning of quench level.

Concluding, the quench levels are obtained in two ways but the QP3/Thea computations
depend on the input from Geant4/Fluka simulations. The agreement between these results
gives the confidence in the correctness of the obtained quench levels. The performed studies
revealed that in the steady state regime, the quench levels resulting from different simulation
techniques are consistent. Nevertheless, in the fast loss case, significant discrepancies have
been observed. This requires further investigations but the most likely is related to the fact that
the models used in QP3/Thea were not yet validated with experimental data in the timescale
of milliseconds.

2.5 Summary of the beam induced Quench Tests

Among all LHC quench tests performed between 2010 and 2013, six of them terminated in
magnet quenching and two others - in quenching of the MQ bus bars. Table 2.3 summarizes
performed experiments regarding the test type, the applied method of inducing beam losses,
the loss location, the energy, the number of lost particles and the particle impact on magnets.

The most important conclusion coming from the experiments is that the quench level is not
only determined by the superconductor properties and the design of the coil but also by the
loss duration. In addition, BLMs signals strongly depend on the loss scenario, i.e. primary or
secondary particle impact onto the magnets.

Understanding the mechanisms of

¢ beam losses,
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* the propagation of the secondary particle shower along the various parts of the accelera-

tor system ,

* magnet quenching process

allows LHC interlocks to be precisely adjusted in order to prevent machine damages and
unreasonable beam dumps. Moreover, the thorough knowledge of the quench levels enables
pushing the machine to its design limits resulting in an efficient luminosity productions for
experiments like ATLAS and CMS.

The author’s contribution to that process was to plan and conduct arc Main Magnet Quench
Tests (in the cooperation with the BLM experts, operation team, ADT team and collimation

team), provide Geant4 simulations and analysis.
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Table 2.3 — Summary of the beam induced Quench Tests: 3COB - three corrector orbit bump, 30R - 374 order resonance, ADTgr - ADT Sign
Flip mode, ADTyn - ADT White Noise excitation, p - protons, Pb* - lead ions, * - if there were more than one tests, at least one terminated
with quenching.

Name ‘ Type Method ‘ Location ‘ Energy [TeV] ‘ Particles | Impact on magnets ‘ Quench*

Ultra fast 3COB 14R2 0.45 p direct yes
. Fast 3COB+ADTsr+MKQ 1216 4 p direct yes

Main M t QT
ain Magnet Q 3COB 14R2 0.45 p direct yes
Steady State 3COB 14R2 3.5 p direct yes
3COB+ADTw N 12L6 4 p direct yes
Wire Scanner QT ‘ Fast wire scanner 0514 3.5 p indirect yes
Ultra fast closed collimators 06.1L8 0.45-5 p indirect yes
Collimation QT collimators+30R 06R7 3.5 p indirect no
Steady State collimators+30R 06R7 35 Pb* indirect no
collimators+ADTy/ v 06R7 4 p indirect no
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] Geant4 simulations

3.1 Motivation of using Geant4 code

The Quench Tests on LHC magnets do not provide any information about density of energy
deposited inside the superconducting coils directly. This is due to the fact that no detectors
allowing this kind of measurements are currently (year 2013) installed in the machine. However
the quench levels can be estimated by using particle shower physics simulation codes like
Geant4 and FLUKA. The idea behind it is to correlate the energy deposition inside the SC coils
(unknown) with the secondary particle radiation outside the magnet cryostat. The simulated
BLM signals are compared to the experimental values. Agreement between these values
specify uncertainty of the estimated quench level.

3.2 Introduction to Geant4

The Geant4 name comes from "GEometry ANd Tracking". This object orientated (C++) toolkit
based on Monte Carlo methods has been developed to fulfill demands of complex nuclear
physics experiments which required simulations of particles passing through matter [108],
[109], [110]. The structure of the code is very complex - it includes representation of a system
(i.e. geometry of magnets, detectors, etc.), material definitions, characterization of the fun-
damental particles (i.e. specification of mass, charge, spin, parity, life time, decay types, etc),
implementation of the electric and magnetic fields, description of interaction types and their
products (secondary particles), particle tracking.

3.3 Code description

The very complex structure of Geant4 code is based on complete specification of particles
and their types of their interactions, the distribution of the magnetic field inside a magnet
and representation of magnet system. The accuracy of implementation these conditions
determine proper production of a secondary particle shower (as the consequence of primary
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particle interactions with matter) and its development. Moreover, the way of recording energy
deposited by particles has to be defined in order to obtained results with desired resolution. In
this section one of the most important elements of Geant4 are presented. Each part contains
a short introduction and description of applied settings used for Quench Test simulations.

3.3.1 Physics list

In the Physics list all particles which are expected to be important in the simulated process
are defined. This concerns their fundamental properties (mass, charge, spin, constituting
subparticles if applicable, lifetime, etc.) Additionally, type of interaction, which particles
undergo, are specified.

The Quark Gluon String with Bertrini cascade model (QGSP_BERT) was implemented to the
Geant4 Physics List for the Quench Test simulations. The decision of choosing QGSP_BERT
was based on the fact that this list is the most recommended for this type of simulations [113].
The QGSP_BERT list contains following models[110]:

Quark Gluon String model describing interactions of mesons (pions 7, kaons K) and
barions (neutrons n and protons p) with nuclei for energies greater than 12 GeV,

* Low-Energy Parametrized (LEP) model concerning interactions of =, K, n, p with nu-
clei in energy range from 9.5 GeV to 25 GeV,

Bertini (BERT) cascade model considering intra-nuclear cascades,

¢ parametrized (LEP + HEP) models taking into account all other hadrons (namely hy-
perons).

In addition High Precision neutron transport was implemented. This was provided since the
amount of materials considered in simulations might significantly influence the scattering
processes.

3.3.2 Magnetic field

A distribution of the magnetic field has to be defined in order to impose an adequate motion
of a charged particle inside magnetic elements. Based on the provided data points, Geant4
calculates the particle trajectories. The obtained curves are broken into linear chord segments
which well approximate the movement of the charged particles.

The magnetic field maps were obtained from ROXIE calculations [114] and implemented
to the Geant4 code for both, the MQ and MBs. The field mesh, i.e. distance between two
simulated data points, for the MQ was 4.59 mm and 5.19 mm in the case of the MB map. These
field maps were done for the central coil parts, i.e. where cables are parallel to the beam axis.
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Figure 3.1 —- Magnetic field map of the MQ at 3.5 TeV from ROXIE simulations [114]. Zero on
x-axis corresponds to the centre of a cold mass, or in other words - the middle point between
two apertures of a single magnet.

However, the situation gets more complicated at the endings of the coils where cables are
bended. The magnetic field cannot terminate abruptly. Therefore, a smooth linear decay of its
lines was implemented in order to take into account magnet fringe fields. Fig. 3.1 shows the
magnetic field generated by the MQ at current of 5.94 kA which is needed for operation with
3.5 TeV beam. The external cables of the coils provide the highest magnetic field values.

3.3.3 Magnet representation

The environment, in which particles travel and interact, i.e. the mechanical components of
a machine, have to be described. In Geant4 code, an object representation is built in four
subsequent stages:

¢ defining materials - an atomic number, atomic mass (in the case of chemical elements),
number of elements (in the case of compounds) and density have to be specified,

* creating a geometrical volume - a shape and size of a magnet element in the three-
dimensional space are defined,

* creating alogical volume - the material type, which the element is made of, is imposed
onto the geometrical volume,

* creating a physical volume - the logical volume is inserted in the 3D environment of
the simulations, called "World".

This means that a physical volume cannot exist if three precedent steps are not provided.
Obviously, separate parts of a complex system have to be organized in space in such a way
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that they exactly represent the simulated case.

The magnet representation was introduced to Geant4 code from scratch by the author. This

process has required massive time load due to the complexity of the magnet structure and

spread of information in various data bases. The implementation of the magnet representation

was based mainly on technical drawings (CERN Drawing Directory - CDD), the LHC Design

Report and consultations with magnet and vacuum experts. Since the accelerator structure is

very sophisticated, being built out of many complex-shape elements, a compromise between

accuracy of the model and computing time had to be found. Although some simplifications

were applied, the magnet representation was constructed in details. The introduced elements

are listed below:
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¢ LHC tunnel

a tunnel concrete floor, tunnel walls, cryogenic distribution line (QRL),

MQ ensemble

a MQ cryostat, a vacuum vessel, thermal shielding, inertia tube (helium vessel), iron
yoke (lamination), austenitic steel collars, superconducting coils (internal and external),
endings of the coils with epoxy stabilizers, beam pipes (cold bores), beam screens,
end plates, end flanges, internal epoxy connections, insulating washers, end caps, a
simplified MQT magnet, a MSCBB yoke, MS laminations, MS shrinking rings, MS epoxy
stabilizers, MS coils, MCB epoxy stabilizers, MCB caoils,

MB ensemble

a MB cryostat, a vacuum vessel, thermal shielding, inertia tube, iron yoke, austenitic
steel collars, superconducting coils (internal and external), endings of the coils with
epoxy stabilizers, beam pipes, beam screens, end plates, end flanges, a lyra side, end
spacers, copper wedges, beam screen supports, MCS caps for magnetic shielding, MCS
magnetic shielding, MCS clamps, a MCS cylinder, MCS laminations, MCS lamination
slit tubes, MCS coils,

Interconnection between MQ and MB

beam screens, nested bellows, a vacuum vessel, cooling tubes exits, asymmetrical
conical clamps of a SSS side, upstream cooling tubes, asymmetrical conical clamps of a
MB side, plug-in modules (PIN) of a SSS-MB side, beam pipes, thermal shielding, MQ
end plates,

Interconnection between MB and MQ

sliding bellows, a vacuum vessel, MB rotable flanges, a MB lyra side, beam screens,
downstream cooling tube exits, asymmetrical conical clamps, beam screen nested
bellows, beam pipes, PIN modules of a MB-SSS, beam position monitors (BPMs), BPM
supports, MQ end plates, beam screen supports,

Beam Loss Monitors
two long pseudo-detectors along the entire "World".



3.4. Strategy of simulating BLM signals

Instead of simulating exact BLMs, it was decided to implement two long pseudo-detectors
along magnet cryostat. Their horizontal and vertical positions are exactly the same as in the
case of the physical BLMs. This solution provided information on the secondary particle
radiation not only in the locations of the detectors installed in the LHC, but also beyond these
regions. Therefore, thanks to the studies of 2010 experiments, it was possible to determine
the most interesting places (regarding the maximum radiation or the steepest slope of the
radiation distribution) were new mobile monitors should be mounted for 2013 Quench Tests.

Additionally, separate elements were defined to reconstruct complex shapes of the endings
which are different than central parts (for example, superconducting coils). The characteri-
zation of media (vacuum, air, liquid helium), in which a certain element was immersed, was
provided as well. The geometries of the sophisticated elements were approximated by simpler
submodules resulting in introducing more than 1120 physical volumes to the Geant4 code.

3.3.4 Sensitive Detector

Applying the so-called "Sensitive Detector" (SD) allows particle energy deposition to be lo-
calized and measured. The idea behind this is based on specifying a shape of a virtual object
which is subdivided into smaller pieces. The whole structure is incorporated onto a mechani-
cal element (for example a part of a magnet) from which information (like deposited energy)
should be acquired.

In the Geant4 simulations provided for Quench Test studies the SD grid was applied onto
the MQ superconducting coils (only inner coils) since estimating the quench levels was the
main objective of these studies. The sensitive volume was divided into 108 000 unit cells in
the case of 2013 QT simulations and 81 000 recording unit cells regarding 2010 QT in order to
obtain required resolution of determining deposited energy density. Fig. 3.2 shows steps of
segmenting the coils - A z=9.83 mm, A¢p =9 °, Ap =3.85 cm (2013 QT; Ap =5.13 cm for 2010
QT). The binning was was chosen so that the longitudinal dimension is much smaller than the
nuclear interaction length!. The transverse size was imposed in the way which allowed the
energy deposition across a cable to be interpolated.

3.4 Strategy of simulating BLM signals

Besides assessing the energy deposited inside SC coils, it is also important to ensure a reference
signal which could be compared to the measured observables from an experiment. In the
case of the performed Quench Tests, the beam loss monitor data was used for validating the
accuracy of simulations. Generally, there are two methods of estimating BLM signals in Monte
Carlo simulations. The first one is based on direct scoring energy inside an ionization chamber
which leads to generating the corresponding current. However, this method requires high
statistics of simulated events and a complex representation of a detector has to be simulated

1 The nuclear interaction length in Nb is =18 cm, for Ti =28 cm and for Cu =15 cm.
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Figure 3.2 — Geant4 simulations. The very left picture shows cross-section of the implemented
MQ representation. Other pictures: the segmentation of the MQ superconducting coil into
81 000 recording unit cells (for 2010 Quench Test, cell 14R2). Applied binning n, = 300, ny = 90,
np = 3. Visualization was done in Autodesk Inventor based on the magnet representation
introduced to the Geant4 code.

separately. The other solution, which was applied in these studies, relies on so-called response
functions of the detectors. These functions were prepared for various particles, energies and
impacting angles. In contrast to the previous solution, here signals are obtained faster with
lower particle statistics. Moreover, it allows estimating the radiation dose relatively easy in any
place outside a magnet system.

3.4.1 BLM response functions

A response of ionization chambers to various conditions (types of incoming particles, wide
range of energies, various impacting angles) was studied in [115], [116], [117], [118], [119].
The main objective was estimating systematic errors coming from Geant4 simulations and
validating the results using experimental data. The Geant4 BLM representation consisted of
aluminum electrodes, connecting rods, plates (top, bottom and aluminum), an outer cylinder,
insulators and an electronic box. The sensitive volume was imposed on a nitrogen gas (at
1.1 bar at temperature of 20°) which filled the space between the electrodes.

The total energy deposited in a detector is proportional to a number of particles, which
cause the ionization of gas molecules when passing through the medium of the detector.
This correlation was used to estimate the BLM detector response to the primary particle
exposition. Every gas is characterized by so-called W -factor which specifies the energy needed
to produce an ion-electron pair. In the case of nitrogen, W=34.8+0.2 eV. Only charges reaching
the electrodes contribute to the generated signal. Thus, in the simulations the appropriate
electric field map was implemented to recreate impact of bias voltage applied in the physical
detectors. In addition, results of using two physics lists, QGSP and QGSP-BERT-HP, were
compared.

The simulations were done in a wide range of energies of incoming particles - from 1 keV
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Figure 3.3 — BLM response functions based on Geant4 simulations [115]. Left plot: particle
beam hit detector in the longitudinal plane. Right plot: particle beam hit detector in the
transverse plane.

to 10 TeV with the statistics of 10° and 103 primary particles for low and high energy cases,
correspondingly. An impact of p*, e™, e*,y, ¥, 77, u*, u~ and n was investigated.

Depending on an angle of an incoming beam, the wall thickness "seen" by the particles is
different. These particles, which come with small angles, have to go through longer distance in
the wall than those ones, which arrive with angles close to 90 °. Therefore, the BLM response
functions were provided for various particle impacting angles (see Appendix B).

Fig. 3.3 shows two BLM response functions depending on the particle distribution position:
the results of the longitudinal impact direction is presented on the left and the transverse
impact direction on the right. The factor of two in the signal amplitudes was explained by the
difference in paths which the particles pass through (the BLM length was approximately a
factor 2.4 larger than its width).

Although the BLM response functions were obtained for SPS BLMs, they can also be applied
for LHC BLMs due to the similar designs of these detectors.

3.4.2 Contribution of secondary particles to the total BLM signal

Interactions of a primary particle beam with matter results in developing a secondary particle
shower which propagates in all directions. However, only five response functions are available
(0 deg, 15 deg, 30 deg, 60 deg, 90 deg) from the previous BLM studies. Using one response
function for all incoming particles would result in incorrect results. Therefore, it was decided
to apply a combination of all response functions with appropriate weights. In order to specify
a contribution of certain response functions, for each BLM detector an angular distribution
was provided.

The angular distribution represents a particle population as a function of angle at which a
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particle reaches the detector. It is calculated using the following correlation:

Pz
\/ P+ P5+ 3

Particle momenta in x, y, z - directions are given by py, py, p., correspondingly. The angular

a= arccos( ) = arccos 3.1)

Ptrotal

distributions (Fig. 3.4) with binning of 180 were divided into nine non-equal ranges. The
border lines were chosen to be in the middle of the distances between two neighbouring
values for which the response functions are known. Moreover, it was taken into account that
particles coming with angle a are indistinguishable from particles coming with (180° — a).
Therefore, they are described by the same response functions. A contribution of each range
to the BLM signal was introduced by calculating ratios of integrals over (@ + Aa) range to the
total integral over entire range (0, ) I;o¢41:

I
w; = (axAa) (3.2)

Itotal

The final simulated BLM signal is expressed in charges (in aC) collected on the detector
electrode plates. It is derived by folding the particle fluences N; i by the corresponding
response functions R; j k:

Q=) wi- Y. Y RijiNjk (3.3)

i=15°,...,165° j=p,n.ey,.. k

The first sum over i takes into account all available response functions for angles i = 15°, 30°,
45°,60°,90°, 120°, 135°, 150°, 165°. The second sum is over all simulated particles, j = p*, v,
e”, e, n*, 17, n. The last component corresponds to k which is the energy range.

Physical BLMs return signals in Gy/s (see Section 1.6.3). In order to compare simulated values
with the experimental data, signals have to be converted to Gy using :

10—18
5.4-1075[C Gy~ 1]’

SprmIGyl = Q[aC] - (3.4)

Value of 5.4-107° was calculated for N gas using the W-factor equal 34.8 eV. The dose absorbed
by the detector (in Gy) can be obtained by multiplying Sgras by a loss duration (specific BLM
integration time, RS).
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Figure 3.4 — Angular distribution - calculating contributions of available response functions.
Description in the text.

3.5 Strategy of determining loss patterns

The main objective of performing Geant4 simulations of the Quench Tests is estimating
quench levels of the LHC superconducting magnets. The general procedure of correlating
BLM signals with energy deposition inside the superconducting coils consists of two main
stages:

1. Geant4 simulation level

(a) Inputs:

i. representation of the LHC arc half-cell where the experiment was performed
(14R2 in the case of 2010 QTs and 12L6 in the case of 2013 QTs),

ii. experimental conditions (particle type, beam energy, beam impacting angle,
the magnetic fields in the magnets),

(b) Outputs: a ROOT file including information on:

i. energy deposition inside SC coils (with resolution depending on the coil
binning) ,

ii. characterization of the secondary particle shower reaching two long pseudo-
detectors located outside the magnet cryostats - information on a particle
type, particle energy, particle moment and a population of specific particles.

2. ROOT analysis level

(a) Inputs:
i. ROOT file

ii. experimental observables (beam intensity, BLM signals, a loss duration)
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iii. BLM response functions
(b) Data processing:
i. creating a 3D histogram of energy deposited inside the coil,
ii. creating around 91 histograms with energy spectra (for each BLM, seven
histograms of different secondary particles spectra are provided),
iii. creating 13 histograms with angular distributions for each BLM,
iv. calculating contributions of various angle ranges of incoming particles to the
total signals of all BLMs (Fig. 3.4),
v. weighting energy spectra proportionally to the previously calculated coeffi-
cients,
vi. folding energy spectra with the corresponding response functions.

(c) Outputs: a ROOT file including information on:

i. the final BLM signals in Gy
ii. alongitudinal energy density distribution along a cell where maximum value
was recorded
iii. aradial energy deposition distribution for the most exposed bin; this function
is later used as an input to the QP3 heat transfer code
iv. simulation validation in the form of a plot presenting ratio between measured
and simulated BLM signals
v. a value of the normalized simulation-experiment similarity estimator (see
Eq. 3.5)

Experimental methods allow many parameters (incoming particle angle, radiation outside
magnet cryostats, moment of quenching, loss duration, beam size, etc.) to be precisely
measured. However, a loss pattern, i.e. distribution of particles deposited on an aperture
limitation (beam screen) along z-axis remains unknown. In 2010, when the first Quench Test
at 3.5 TeV was done, there were no available techniques to deduce how the beam was lost.
Therefore, it was decided to simulate many (70-80) point-like losses along targeted magnets
(in steps of 0.1 m) and weighting results with calculated coefficients corresponding to an
assumed loss pattern. This provided flexibility of considering various loss scenarios without
necessity of repeating the very time-consuming simulation process.

In order to efficiently find the best fitting (to measured observables) case, an algorithm with a
working name Geanto-Quencho-Meter (GQM) was developed by the author. The idea behind
it was as follows:

* Since a particle beam has the Gaussian shape, a projection of losses onto a beam screen
would also have Gaussian-like distribution?.

2During the quench tests, a significant part of the beam was lost on the magnet aperture. Therefore, the
Gaussian distribution could be applied in the Geant4 simulations. However, this approach is not valid in the case
of a beam halo.
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 Strong focusing forces act on charged particles inside quadrupoles. Thus, the loss
pattern can possess an asymmetry.

* Weights are calculated for all simulated loss locations depending on an assumed loss
scenario; a sum of all coefficients is equal 1.

* All histograms (particle spectra for all BLMs, energy deposition in coils, angular distri-
bution for each BLM, etc.) are summed up with appropriate weights.

* Particle spectra are folded with the response functions (depending on angular contribu-
tion).

* BLM signals are calculated.

* For each considered loss scenario, a normalized simulation-experiment similarity es-

timator is calculated ZZf’Jrf’gl. This parameter expresses a comparison of 7 measured

BLM signals BLM"*“® with simulated values BLM l?im and is defined as

n ( BLMSi™ — BLM®P\?
znorm :Z i i
H,0r,0]

: 3.5)
b BLMS'™

Index p refers to a position of the maximum of the Gaussian distribution, o, and o; are
size of the right and left half-Gaussians, correspondingly. The number of BLMs depends
on the locations where the experiments were done: n=6 for cell 14R2 and n=13 for cell
12L6. The smaller ZZ,%V,% ,» the better agreement between the measured and simulated
values is obtained.

norm
K001

o and o). This value estimates the best fitting loss pattern.

* The program searches for the minimum value of in the specified ranges of (y,

Additionally, an option of introducing defined loss pattern was introduced to the GQM. This
allows, for example, results of orbit simulations (MAD-X) to be directly used without affecting
Geant4 files.

A typical distribution of normalized simulation-experiment similarity estimators as a function
of u for the symmetric case (o, = g;) is given in Fig. 3.5. In this case (based on 2010 QT data)
the best fitting results would be obtained for the loss scenario with p — 0.5 m from the center
of MQ.14R2. The changes of Z[}7/"’ as a function of o, and o for a fixed y can be seen in
Fig. 5.15.

It has to be stressed, that although the presented method was developed in order to reduce
simulation time (i.e. not simulating every assumed loss scenario separately), the process is very
time-consuming. Simulating a single loss location with the statistics of around 2500 events
(corresponding to single primary protons) takes around 4 days using Ixbatch cluster (CERN).
In parallel four different simulations can be run which gives around 70 days of continuous
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Figure 3.5 — A distribution of normalized simulation-experiment similarity estimators as
a function of a location of the maximum Gaussian shape. Data of 2010 QT are presented
assuming a symmetrical distribution of lost protons.

simulations in total. Since simulations are terminated after 140-200 events, they cannot be
sent to Ixbatch in a single step but have to be spread over 20-30 lower statistics cases. Different
random seeds were used to assure that the various simulated samples were not biased. Before
using GQM all files of single loss locations were checked and faulty assigned data was rejected.
Creating around 105 histograms takes around 16 s. Taking into account 2500 events per loss
location, it gives 40 000 s, i.e. more than 11 hours per loss location. Having 70 loss location, the
total pre-analysis takes 32 days if done in row. The final stage of data analysis with final (70-80)
files takes from around 10 minutes (in the case of using pre-defined loss pattern) to several
tens hours (in the case of searching for the best fitting loss pattern; depending on number of
considered scenarios).

3.6 Error origins

Although the Geant4 simulations were supposed to be done in the way so that the experimental
conditions were recreated, there are several probable origins of errors.

* Material definition
The complex structures were approximated by a pseudo-material which density was
calculated from the percentage contributions of their components. For example, the
MQ superconducting coils were implemented in the form of uniform material (no "cable
in helium bath"-structure). This material consisted of Cu (62.80%), Ti (15.13%), Nb
(17.07%) and He (5%). The calculated weigheted density was around 7.78 g/cm 3.

¢ Geometry
Certain simplifications were applied in order to reduce simulation running time. All
major elements are implemented but small elements (like screws) were neglected.
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* Response functions
Currently (summer 2013) there are no response functions which would cover entire
the angle range (0°,360°). The proposed solution for calculating contributions of all
available data sets seems to be the best possible option. However, it is still a subject of
error origin.

e Simulating point-like losses

As it was already mentioned, the strategy of simulating many point-like losses was
applied in order to limit very time consuming simulations. In other words, the idea was
to possess a set of data which later can be quickly used for various loss scenarios. The
step between neighbouring simulated loss locations is Az = 0.1 m, which is less than
the average distance between two nuclear interactions (= 0.15 m) in typical metals (Fe,
Cu)[14]. Nevertheless, no transverse particle beam distribution is considered in these
studies.

» Secondary particle cut-off
In the Geant4 simulation 1 mm long cut off was applied regarding secondary particle
production. It was done in order to limit CPU time needed for tracking particles which
have too little energy to cause producing new secondaries. Nevertheless, it was found
to be important statistically [95]. In addition, all particle trackings were stopped in the
case of reaching the longitudinal positions: z < —7 m and z > +7 m with respect to the
MQ centre. Neither BLMs nor other sensitive volumes are located outside these limits.

3.7 Summary of the Geant4 simulation strategy

The summary of the assessing quench levels and the corresponding BLM signals when using
Geant4 simulations is presented in Fig. 3.6. The core of the simulations contains the magnet
representation (the LHC Design Report, technical drawings, specifications), the magnetic
field maps (ROXIE) and the choice of the adequate physics processes. The experiment is
simulated by introducing a specific particle type, its energy, impacting angle, position and
the orientation of beam losses. Imposing a loss pattern (either simulated in MAD-X or found
relying on defined assumptions) allows obtaining energy deposited inside a superconducting
coil. In order to calculate a quench level, the number of particles lost during the test has
to be taken into account. Combining energy spectra of secondary particles outside magnet
cryostats with monitor response functions gives the final BLM signals. These values can be
compared to the measured observables, which allows validating the accuracy of obtained
quench levels.

The presented algorithm of performing Geant4 simulations was tested considering a simple,
infinitely long MB magnet (interconnection regions omitted) [95]. Later, it was decided to
extend the studies to the case of much shorter MQ magnet with the interconnections MB-SSS
and SSS-MB.
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Figure 3.6 — Diagram of the Geant4 simulation strategy. Description in the text.
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4 TeV Fast Loss Quench Test 2013

4.1 Motivation

The fast beam losses in the order of 1 ms are expected to be a potential major luminosity limi-
tation for higher beam energies (6.5 TeV - 7.0 TeV) after LHC Long Shutdown 1 (LS1). Therefore
studying quench behaviour at the nominal energy of 4 TeV in the UFO loss (see Section 1.7.3)
regime was the main motivation for this experiment. Assessment of the superconducting coil
quench level would allow the current theoretical models to be revised, following the BLM
thresholds to be recalculated. These updates would ensure still safe LHC operation together
with reducing a number of undesired beam dumps caused by the UFO events.

4.2 Preparation to the Quench Test

The preparation of the Quench Test started in early 2012, shortly after it was suggested to
conduct a series of meetings devoted to a knowledge transfer between experts from the
Superconducting Magnet Design and Technology (MDT) section, the BLM team, the QPS
team, the Collimation section and the Machine Protection Panel (MPP). During six meetings
of the Quench Test Strategy Working Group (QTSWG)[120], the results of previous experiments
were carefully discussed in order to plan the Quench Test slot in the end of LHC run (February
2013).

Fast Loss Quench Tests could not be done any more using the Wire Scanner (see Section 2.2.1),
as in November 2010, due to its location in the vicinity of the MBRB magnet (see Section 2.2.2).
Thus, a new method of inducing losses in the order of milliseconds was needed to be found. It
was proposed to use the LHC Transverse Damper (ADT, see Section 1.8.2) in a non-standard
operation mode. The idea behind this was to create and amplify beam oscillations instead of
reducing them. Between March 2012 and January 2013, a series of experiments were conducted
to determine the ADT potentials and limitations. They are presented in Sections 4.3-4.7 and
the final quench test is described in Section 4.8.
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4.3 ADT Fast Loss Test at 450 GeV (26.03.2012)

The main aim of the experiment done on 26.03.2012 was to study the ADT as a system for
inducing the fast losses in the order of one millisecond. Two ADT modes, the coherent
excitation and the sign flip mode, were tested using proton pilot bunches at 450 GeV to
characterize beam loss properties, i.e. the temporal loss shape and the loss duration. The beam
was manipulated in such a way that the losses occurred on the LHC collimators. Therefore,
the test was safe in terms of the machine protection.

A comparison of the losses and beam oscillations resulting from testing different ADT modes
is given in Fig. 4.1. The experiment showed that the most adequate results for the final quench
test were obtained when using the ADT sign flip method at the maximum gain. The smallest
amount of initial losses, i.e. the losses occurring before the peak value, indicates the possibility
of having a very short deposition of the primary particles onto the aperture. Moreover, the
BPM (Beam Position Monitor) measurement analysis (Fig. 4.1, right plot) revealed that the
beam amplitude rose the most regularly during this excitation. The shortest losses were
obtained within six LHC turns (~ 550 us) at the injection energy which proved this method to
be a good option for the UFO-like loss studies. Nevertheless, due to the fact that the higher
the beam energy is, the more rigid the beam becomes, additional investigations were required
to determine the ADT-induced loss duration at the nominal energy (4 TeV).

00:23:28, Coherent excitation
00:35:01, Sign flip method, max gain
00:41:47, Sign flip method, lower gain
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Figure 4.1 — Results of the ADT preparation test (26.03.2012). Left plot: the temporal loss
distributions obtained using different ADT modes. The ADT sign flip mode at the maximum
gain (blue line) provides the smallest amount of initial losses - losses occurring before the
highest peak. Right plot: the beam transverse oscillations as a function of time. The most
steady and close to linear increase of the beam amplitudes was observed when exciting the
beam with the sign flip mode at the maximum gain. Zero in the time axis corresponds to the
moment when the maximum value in BLM or BPM measurements was reached.
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4.4 ADT Fast Loss Test at 450 GeV and 4 TeV (22.06.2012)

The second experiment, devoted to the preparation of the final Quench Test, was focused on
the following aspects:

- Creating the conditions of the fast (~ 1 ms) proton beam losses which were the most
similar to the Quench Test foreseen in winter 2013 (before LS1) at 4 TeV

- Studying the ADT system as a tool for inducing fast beam losses

- Investigating the impact of the phase advance between the source of losses (the trans-
verse dampers) and the targets (the primary collimators)

The test was based on exciting a proton beam by the ADT and observing induced losses on the
LHC primary collimators. In order to provide beam losses only on one side of the aperture,
the collimator jaws were set asymmetrically. The tests were done at injection and nominal
energies considering various combinations of beams and excitation planes, for instance:
beam 1 excited in the horizontal plane.

During the first part of the MD, pilot bunches were individually excited in one plane using
100% of the ADT gain. Beam behaviour and loss properties were studied in order to find the
most optimal configuration to be applied during the Quench Test 2013. There were three the
most significant parameters determining this:

¢ abeam loss duration (the shortest losses are preferable),

* abeam loss amplitude (with respect to amplitudes of the initial losses occurring before
the maximum value; the higher the better),

* beam loss confinement (losses should not occur beyond the targeted region).

Based on the criteria given above, beam 2 excited in the horizontal plane (B2H) was chosen
to be the most suitable candidate (Fig. 4.2) compromising the required features. Specifically,
this was due to the fact that among other configurations (beam 1/beam 2-horizontal/vertical
plane) in this case the highest beam position amplitude was achieved and the maximum loss
velocity occurred. Although the loss duration was shorter when exciting beam 1 in the vertical
plane (B1V) than beam 2 in the horizontal plane, this option was disqualified due to other
low parameters. The efficiency of exciting a beam in a specific plane depends on a physical
condition of the corresponding ADT amplifiers (four amplifiers per beam and per plane) and
the B-function at the location of the ADT [121].

A sufficiently high beam distortion from the ideal orbit results in particle losses which are
measured by BLMs. A correspondence between beam oscillations and temporal loss pattern is
important in understanding the processes of propagating a secondary particle shower through
a magnet system. Since BLMs record data every 40 ps and BPMs deliver signals every LHC
revolution (89 us), these two systems are not synchronized in time. First of all, in order to

71



Chapter 4. 4 TeV Fast Loss Quench Test 2013

_.
i)
%
X

10°

X
fr—T LB o e e e e ™ e T T T T B |
= r E 24— -
S L B - The most optimal candidate ——| ]
S 14— — S 2o A
s T L s ]
o B1H ] s .. 4
> o 20— 3
o, 1.2? ] g r - 1
% L The most optimal candidate B 1” 18} B1H {
2 - — > C ]
g = S o ]
E I ] z o E
© [ B B 3
0 (=] — —
K 0.8— - s 14: .
° = - » E ]
% ool ] g E
1% E 5 100 ]
S e . = fevm ]
4 L | ] ] E 4
04—B1V - - —
Be Lo b L L | L, B2Y, 8*\\\3\1\/\‘ L Lo b Lo b g
0.0018 0.002 0.0022 0.0024 0.0026 0.0028 0.003 0.0032 2 25 3 35 4 4.5 55

Loss duration [s] Beam amplitude [mm]

Figure 4.2 - Final results of the 450 GeV ADT Fast Loss Test (22.06.2012). Four cases are
presented considering both beams (beam 1/beam 2) and both excitation planes (horizon-
tal/vertical). During the experiment individual bunches were affected in only one plane. B1H
denotes beam 1 excited in the horizontal plane, B2V - beam 2 excited in the vertical plane
etc. A superposition of desired beam and loss properties determined B2H to be the optimal
candidate for the future Quench Test.

arrange the corresponding measurement points, the number of BLM records was reduced
to the number of BPM data. These BLM points were selected which occurred the closest in
the timescale to the BPM points (details are presented in [122]). There are several criteria of
adjusting measurements on the same timescale. The most common method uses the moment
of the beam dump. Nevertheless, in the case when no dump occurs, the synchronization
based on the correlation coefficient can be applied[122]. If xgpy;, and yprym, are measured
values, Xgpp and yg; s are the means of the respective BPM and BLM samples, the correlation
coefficient can be written as [123]

X1 (xBpm; —XBpa) (YBLM; — VM)
Famar o = i 4.1)

\/2?21 (xBPM; —}BPM)Z(J’BLM;‘ _yBLM)2

Avalue of ry,,,, y,,,, is bounded in the range of (-1,1) and its sign determines a type of correla-
tion. The positive one (ry,,,, y5.,,=1) has a meaning of increasing linear relationship between
variables and the negative one (ry;,,, y;.,,=-1) represents a decreasing linear dependency. If
the considered signals were independent of each other, then the correlation coefficient would

be equal zero (ry,,,, =0). Probing various shifts (multiplications of LHC half-turns, i.e.

YBLM
44.5 us) between the BLM and BPM signals ensures finding the most linear (synchronized)
configuration, i.e. Iy, y5;,, reaching the value which is the closest to 1. Fig. 4.3 presents the
correspondence between the BLM (blue line) and BPM (red line) signals for 4 TeV B2H at the
location of BPM.6R7.B2 obtained when exciting the beam with 200% ADT gain. The beam
oscillation amplitudes reflect in the radiation peaks above certain threshold. However, in the
final stage only the BLM signal can be observed. This is due to the beam intensity decay in

time and BPM sensitivity which lower limit is around 5- 107 protons at 450 GeV [83].
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4.4. ADT Fast Loss Test at 450 GeV and 4 TeV (22.06.2012)
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Figure 4.3 - Correspondence between the beam oscillations induced by the ADT sign flip mode
at 200% gain (the red curve) and the radiation dose measured by the BLM (the blue curve). The
synchronization between BPM and BLM systems based on finding the maximum of 7y, y;,.,
(nine turn shift with respect to the synchronization based on fitting to the signal maxima). The
dotted lines represent linear fit functions for the positive (xgpps > 0) and negative (xgpps < 0)
beam position measurements.

It was already mentioned that the higher the beam energy is, the more rigid and difficult
to manipulate it becomes. Fig. 4.4 shows the beam positions when applying the ADT sign
flip excitation for the cases of injection and nominal energies. Although the 4 TeV beam
was treated with four times larger ADT gain than the 450 GeV beam, it is characterized by
amplitudes approximately twice as small. The rise time, i.e. the parameter characterizing a
response of a system to a time-dependent input, was calculated using

Xpeam (D) = Aet +b 4.2)

where Xpeqm (t) is @a beam transverse position, A (p1) and b (p2) are the fit parameters. The
parameter b has the meaning of the beam position offset. During the excitations, the time
constants reached values Ts0ger = (2.50+0.01)-1073 s and T47ey = (6.30+0.03) - 1073 s for
the cases of 450 GeV and 4 TeV beams, respectively.

The induced beam losses on collimators were compared to the losses created during the Wire
Scanner Quench Test and three UFO losses (Fig. 4.5 and Fig. 4.6). The Transverse Damper
provided around 7.5 times faster losses with respect to the WS operating at the wire velocity of
5 <8 ! Nevertheless, the loss duration was still approximately one order of magnitude greater
than UFO-induced losses. Based on integrated signals, it was found that a certain region in
the case of the ADT-induced losses could be steep enough to correspond to the UFOs.

1Obviously, the wire movement to 10 £ would significantly reduce the loss duration. A repetition of this test
was proposed with greater beam intensity what could result in magnet quenching within about 1 ms. However,
due to the risk of quenching the MBRB this experiment was not performed.
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Figure 4.4 — Beam stiffness increase with energy (22.06.2012). The 450 GeV beam (magenta
line) was treated with 100% of the ADT gain. In the case of the 4 TeV beam, 400% of the ADT
gain was applied. BPM signals measured at the location of BPM.6R7.B2. Left plot: positions of
the collimator jaws (TCP.C6R7.B2) are marked with dotted lines (450 GeV - purple line, 4 TeV -
dark green line). Right plot: estimation of the time contants - beam envelopes fitted to the
exponential functions.

The detailed proceedings and data analysis of the ADT Fast Loss Tests are presented in [124],
[125] and [122].

4.5 ADT combined with MKQ Fast Loss Test (13.10.2012)

Although the ADT-induced losses were determined to be 7-8 millisecond long when loosing
the beam on the collimators, it was expected that losses might be longer when depositing
a beam on quadrupoles. This results from the strong focusing magnetic field acting on
charged particles in the direction of the aperture centre. Therefore it was decided to apply a
combination of two systems. ADT-induced beam oscillations were built on top of an initial

Table 4.1 - Summary of fast losses in the LHC. Complementary data for Fig. 4.5 and Fig. 4.7.

Name Beam

. Date Beam Plane BLM monitor
(loss origin) energy
ADT 2012-06-22 13:09:48 4 TeV horizontal BLMEIL.06R7.B2110_TCP.C6R7
WS 2010-11-01 15:40:03 3.5 TeV horizontal BLMEI.05L4.B2E10_MBRB

UFO1 2012-05-13 15:03:20 4 TeV

UFO2 2012-08-03 06:28:57 4 TeV

UFO3 2010-08-23 13:50:38 3.5 TeV
ADT+MKQ 2012-10-13 06:30:30 4 TeV

unknown BLMQI.32L.2.B2120_MQ
unknown BLMEI.05L2.B1E20_MKI.C5L2
unknown BLMQI.22R3.B2E10_MQ
horizontal BLMEI.06R7.B2110_TCP.C6R7

NN = DN DN DN
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4.5. ADT combined with MKQ Fast Loss Test (13.10.2012)
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Figure 4.5 — Temporal loss distribution at 4 TeV. The UFOs are characterized by around 1 ms
long Gaussian-like losses (green, yellow and bright blue lines). The ADT-induced losses posses
a complex structure in the form of spikes and gaps in between (red line). The dark blue line
represents losses measured during the WS Quench Test. Detailed information about the
presented losses is given in Table 4.1.
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magnet coils. Here the integrated BLM signals from Fig. 4.5 are presented. A narrow range of
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Figure 4.7 — Losses on the primary collimator TCP in the case of using only the ADT (red curve)
and the combination of the ADT and the MKQ forces (black curve).The UFO-induced losses
are represented by the yellow line. Detailed information about the presented losses is given in
Table 4.1.

deflection of a beam trajectory provided by the tune kicker (MKQ). Although the MKQ effect on
a beam was very small, it allowed specifying the exact moment for ADT to start the excitations.
In addition, during the experiment the ADT excitation time window was increased in order to
achieve faster beam losses. Thanks to the introduced modifications, the losses on collimators
were created in the timescale of 2-3 milliseconds at 4 TeV Fig. 4.7.

The proceedings of the experiment are given in [126].

4.6 Installing the additional equipment

Fast Loss Quench Test 2013 required facing many challenges not only in terms of inducing
1 millisecond losses but also in dealing with very low intensity bunches (108 particles). In
order to increase the spatial resolution of radiation measurements, seven additional beam
loss monitors were installed in the close vicinity of MQ.12L6 in December 2012. This also
allowed the beam loss pattern to be better estimated. Fig. 4.8 presents a diagram of the LHC
region where the Quench Test was planned. The gray bar represents the Main Quadrupole
(MQ) between two Main Dipoles (MBs, the blue bars). All arc quadrupoles are equipped with
six standard BLMs (the yellow bars) - three of them survey losses originating from beam 1,
three others register losses coming from beam 2. In addition, seven mobile monitors were
located on beam 2 side (here, the internal part of the LHC ring). They are represented by
the orange rectangles. Moreover, a diamond detector (the green bar) was attached to an
ionization chamber at the end of MQ cryostat. Just before the Quench Test it was connected
to a QPS oscilloscope to provide a synchronization between BLM and QPS systems?. Pictures

2A synchronization between BLM and QPS systems is extremely important for understanding a development
of quenching superconductor. The applied solution was expected to ensure this in the order of nanoseconds.
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4.7. ADT setting test (30.01.2013)
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Figure 4.8 - Diagram of the LHC region where the Quench Tests were performed in 2013. The
gray bar represents the Main Quadrupole (MQ). The Main Dipoles (MBs, the blue bars) are
located on both sides of the MQ. Besides six standard Beam Loss Monitors (BLMs, the yellow
bars), seven additional mobile monitors (the orange bars) were installed on the internal part
of the LHC ring. The diamond detector was attached to the ionization chamber (the green bar)
close to the end of the MQ. In the LHC 1216 half cell, beam 1 travels in the external magnet
aperture and beam 2 in the internal one. Dcum is the cumulative distance from Interaction
Point 1, i.e. in the middle of ATLAS experiment.

of the LHC tunnel before the intervention are shown in Fig. 4.9. The final location of the
mobile BLMs is presented in Fig. 4.10. The positions of the new monitors were established
based on the results of the Steady State Quench Test performed in 2010 and Geant4 studies
(longitudinal distribution of the secondary particle shower, Chapter 5). Movable stands (metal
rods) were applied to ensure exact both, longitudinal, vertical and horizontal arrangement of
all components - the mobile monitors were positioned on the same altitude as standard BLM
and as close to the cryostats as possible.

4.7 ADT setting test (30.01.2013)

The last of the preparation tests was performed at 450 GeV two weeks before the final Quench
Test and was devoted to setting the ADT to "ultra low intensity" parameters. This was required
due to the operation with 108 proton bunches. The standard LHC BPMs cannot measure
displacements of such low intensity bunches. Therefore the ADT pick-ups were used. This
test was repeated just before the final experiment in order to estimate calibration of the ADT
pick-ups’ measurements with respect to those provided by the BPMs.

Moreover, the timing tables were prepared and tested at injection energy using = 1-10° pro-
tons bunches. These tables are used in order to activate operation of various LHC systems
which require accurate synchronization with an initial event. This involves mainly beam

However, during the experiment a communication with the scope was lost and no data could be recorded.
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Figure 4.9 — Pictures of MQ.12L6 and its vicinity before the installation of the mobile monitors
(Versonnex, France, December 2012).

Figure 4.10 — Pictures of MQ.12L6 and its vicinity after the installation of the mobile monitors.
The mobile monitors were attached to the metal stands. The red arrow indicates the location
of the diamond detector which was later connected to the QPS scope (Versonnex, France,
December 2012).
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4.8. Description of the Fast Loss Quench Test

manipulation and measurements. Since Post Mortem data is only saved when a beam dump
is triggered, the BLM Study Buffer was used to obtain 80 us resolution BLM signal records.
This synchronization with a MKQ kick and an ADT excitation is extremely important since the
buffer length is limited to only 350 ms and missing this time window would result in loosing
experimental data.

During the final part of this test, the connection of the new mobile monitors to the data
acquisition systems was checked as well. In order to register BLM signals, a small bump with
the amplitude of 15 mm was created on MQ.12L6.

4.8 Description of the Fast Loss Quench Test

Before the Quench Test special machine settings were applied in order to allow imposing the
non-standard environment, i.e. beam distortions, increased BLM signals, opened collimators
etc. This operation included:

* deactivating the ADT,

* setting BLM thresholds to the electronic maximum (23 Gy/s),

* masking BLMs on collimators, masking IR6 BPM interlock,

« setting the Safe Beam Flag® to the relaxing settings,

» masking the collimation interlock, setting high resolution FBCT data acquisition.

Ten bunches with intensities of (4 — 6) - 10° protons were injected from the SPS to the LHC
(Fig. 4.11). They were separated by at least 5 us to ensure that protons from only a single
bunch would be used during the final excitation (Injection Scheme* Single_12b_8_8_8). Then,
the beam energy was ramped up from 450 GeV to the nominal value of 4 TeV. The octupoles
were set to zero and the chromaticity was decreased below 5 units providing the machine
operation as linear as possible. This was required in order to reduce natural beam oscillation
damping and reduce couplings between the horizontal and vertical planes[129]. A dynamic
three corrector orbit bump on the Main Quadrupole in LHC half cell 1216 was created in the
horizontal plane. Its amplitude was increased until it reached the value of 21.61 mm when the
losses were observed. In order to control a further bunch intensity reduction, the bump was
decreased by 2 mm. This was followed by beam scrapping on the horizontal collimators which
resulted in the bunch intensity decrease to about (1.4 — 2) - 10° protons. The ADT was set to
the "ultra low intensity" mode enabling operation with very low intensity bunches. Moreover,
the horizontal and skew collimators were open to avoid any beam losses there. Based on the
theoretical models, it was expected that several 10% protons at nominal energy are needed to
induce magnet quenching. Therefore a single bunch was gated and slowly blown up in the

3The Safe Beam Flag (SBF) is the LHC setting mode when beam parameters are below the damage level. During
an operation with SBF not all protection devices are necessary. The conditions for SFB depends on beam energy
and beam intensities [127].

4According to the nomenclature of filling schemes [128], Scheme Single_12b_8_8 8 means that 12 single
bunches were injected to the LHC and 8 pairs of bunches were expected to collide in IP1 (IP5), IP2 and IP8.
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vertical plane using the ADT white noise excitation. This method allowed the bunch intensity
to be slowly reduced since the dispersed particles (tails of the transverse Gaussian distribution)
were lost on the collimators. The three corrector orbit bump was set back to 21.61 mm. Finally,
the MKQ was activated® which caused a small bunch deflection of approximately 0.7 urad.
This was done to provide an initial bunch excitation which was further amplified using the
synchronized ADT system in the sign flip mode. In the end, an optimization of the ADT gain
and bunch intensity resulted in magnet quenching. It was already mentioned that the greater
the ADT gain is, the faster the beam losses are. Thus, during the excitation of the first bunch
(1.9- 108 protons), the maximum gain of 400% was applied. However, it resulted in reaching
42% of BLM electronic limit (23 Gy/s) in the 40 us long integration time (RS01). During the
second approach with the similar experimental conditions, the results were confirmed. The
probability of dumping the beam by the BLM system without having the magnet quenched
was high when using a greater intensity bunch. Therefore, it was decided to apply 200% of the
ADT gain which is equivalent to prologation the loss duration. Three bunches with different
number of protons (2- 108, 4-108 and 8.2 - 10%) were excited one after the other. The last one
induced MQ.12L6 quenching.

The proposed experiment was approved before the Machine Development slot by the Machine
Protection Panel (MPP) after careful analysis and consideration of experts’ suggestions. The
summarized details can be found in [130].

4.9 Analysis of the experimental data

4.9.1 Characteristic of the beam and induced beam losses

The loss properties have been analyzed based on the BLM and QPS system measurements. In
this section the following aspects are studied:

¢ Temporal loss structure and loss duration (BLM)

¢ Loss pattern (BLM)

¢ Influence of losses onto the development of the resistive volume (correlation between
BLM and QPS).

Loss structure and loss duration

During the experiment three last bunches with different intensities were excited individually
using the same MKQ kick strength and the ADT gain (200%). The bunch-by-bunch measure-
ments showed that all protons of the excited bunches were lost on the magnet, i.e. no particles
from these bunches were extracted to the beam dump. In addition, the BLM measurements
along the ring confirmed that the losses occurred only in the targeted region. This means
that the experimental conditions were exactly the same in the case of the concerned bunches.

5In order to provide an exact sequence of events with specified time intervals, the "timing tables" were applied.
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4.9. Analysis of the experimental data
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Figure 4.11 — Diagram of the procedure applied during the Fast Loss Quench Test (15.02.2013).
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Figure 4.12 — Loss structure. Left plot: normalized BLM signals of individually excited bunches.
Right plot: integrated normalized BLM measurements. Signal integration time: 40 ps (BLM
RS01) in the case of PM buffer (data recorded with quenching) and 80 us in the case of BLM
Study Buffer (data recorded without quenching). The signals were normalized to one incident
proton.

Therefore, taking into account that the radiation dose is proportional to the number of lost
particles, it was expected that the radiation patterns measured by BLMs should also be the
same or very similar when normalized to one incident proton. However, both the shape of
the temporal loss distribution and the loss duration (Fig. 4.12, left plot) varied significantly.
The losses of the 6/ bunch (the red line) which ultimately caused MQ.12L6 quenching, were
characterized by the maximum amplitude of the normalized BLM signal of 0.50- 10! Gy/pro-
ton. This is much smaller than in the case of two other bunch losses - 0.64 -10~'2 Gy/proton
(4'" bunch - the blue line) and 0.85-10712 Gy/proton (5" bunch - the green line). In addition,
the loss duration was extended over around 10 ms when in the other cases - 7 ms and 8 ms,
correspondingly. It has to be stressed that, these given loss timescales are rough estimations
since there is no precise criterion of estimating the BLM signal value which would indicate the
beginning of losses. Due to the complex spiky loss structure consisting of sharp peaks and
gaps in between it was not possible to fit any function giving a correct characteristic time®.
The previous studies’ have shown that the integrated losses in time are the most important
regarding quenching process in the fast regime. This applies when heat diffusion is short with
comparison to the loss duration [131].

The right plot in Fig. 4.12 presents that although the losses of 6! bunch had relatively low
maximum peak amplitude, overall they provided the highest total radiation dose in time. The
observed differences in loss patterns measured using BLMs are not completely understood.
The only factor known so far, which could be relevant, is related to the transverse shape of the

6The sigmoid shape function based on the Gauss error function was used. However, the correspondence
between the data and the fit function was fairly poor.

“The impact of various heat dissipation shapes (rectangular, triangular, Gaussian and others) on the quench
levels were tested using QP3 heat transfer code.
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4.9. Analysis of the experimental data

Table 4.2 — FLQT: Beam and loss parameters. Ij - initial bunch intensity, I; - loss intensity,
t; - loss duration, L;us,max maximum of the BLM signal normalized to one incident pro-
ton, Lins max - maximum of the integrated BLM signal normalized per incident proton, oy -
horizontal bunch size, oy - vertical bunch size.

Bunch Ip=1; [p] Lnormmax [GY/Pl  Lint,max |Gy/pl  t;[ms] ogylum] oy [um]

qth 2.0-108 0.64-10712 8.05-10712 7 123 1156
5th 4.0-108 0.85-10712 8.70-10712 8 134 1099
6! 8.2-108 0.50-10712 9.15-10712 10 129 830

bunches. The Wire Scanner measurements showed that, the 6! bunch possessed the smallest
vertical size, oy among other bunches. In addition they have the smallest ratio between the
vertical and the horizontal beam sizes. This indicates that the accumulation of protons in
smaller space could result in locally higher energy density deposited in the superconducting
coil which would be effective in inducing the magnet quenching. The parameters of the three
bunches and correlated losses are summarized in Table 4.2.

Loss pattern

The installation of seven additional mobile BLMs in the vicinity of MQ.12L6 allowed the
radiation dose pattern outside the magnets to be investigated with higher spacial resolution®.
The BLM signals around the MQ.12L6 magnet for three bunches with increasing intensities
(see Table 4.2) are shown in Fig. 4.13. The detector integration time of 10.24 ms (RS06) covers
the entire loss duration of all considered losses and therefore was chosen for this comparison.
In all cases the maximum signal was observed in B2120 monitor (Fig. 4.8). According to the
knowledge that the maximum BLM signal occurs around 1 m from the loss location, this
indicates that the protons were lost in the first part (with respect to the beam motion) of the
MQ magnet.

In Fig. 4.12 it was presented that the normalized BLM signals of three last bunches varied from
each other despite the same experimental conditions. In order to check whether this tendency
was conserved along the targeted region, the longitudinal distributions of normalized BLM
signals per proton are given in the left plot in Fig. 4.14. Since the shape of the signals look
very similar, the ratio of the normalized BLM signals of 6° " bunch to the normalized BLM
signals of 4’" bunch (green line) and the ratio of the normalized BLM signals of 6" bunch
to the normalized BLM signals of 5/ bunch (blue line) were calculated. The results confirm
that the losses propagated longitudinally in the same way (besides one point) and, thus, are
characterized by the the same shapes. However, the difference in absolute values reaches

8Seven mobile monitors were installed only during the 2013 Quench Test slot. This increased a number of BLMs
surveying beam 2 losses from three to ten giving required resolution. The Main Quadrupole (MQ.14R2) which was
used as a target in 2010 was equipped in only three monitors per beam.
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Figure 4.13 — FLQT 2013: Radiation along the magnets in the integration time of 10.24 ms
(RS06). In all cases, the maximum of the loss occurred in B2120. This indicates that the protons
were lost in the first part of MQ. Beam 2 comes from the right.

up to 15% but is nearly constant for specific cases. This seems to confirm that the variations
observed in Fig. 4.12 originated rather from the transverse than longitudinal effects.

Development of the beam loss and onset of the quench

Under standard LHC operation conditions, the BLM system would detect beam losses and
initialize the beam abort. However, during the Fast Loss Quench Test, the BLM thresholds
were increased to the electronic limit of 23 Gy/s in order to allow a resistive volume to develop
in the superconducting coils. In the case of quenching, the QPS system decides whether the
situation is safe or not. If the voltage difference between two parts of superconducting coils
(U_QS0) is greater than 100 mV for time longer than 10 ms, the QPS system sends information
to the beam abort system to extract the beam from the accelerator. At the same time, the
quench heaters are triggered to dissipate the energy stored in the magnetic field over a whole
volume of the superconductor. The detailed description of all protection actions assured by
QPS is given in Section 1.6.2.

Although a correlation between BLM and QPS systems is extremely important for studying the
quench phenomenon, these system are not synchronized in time. Moreover, the resolution of
the QPS data acquisition in PM is almost 13 times lower than in the case of BLM signals, i.e.
the BLM signals are recorded every 40 us and QPS data is acquired every 5 ms. The idea of
connecting the diamond BLM detector with the QPS oscilloscope was already mentioned. Nev-
ertheless, the communication with the QPS scope was lost during the experiment. Therefore,
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Figure 4.14 - FLQT 2013: comparison of longitudinal propagation of secondary particle shower
for different bunches. Left plot: normalized BLM signals in RS06 per incident proton. Right
plot: ratio of two signals presented in the left plot. Besides one point, the shape of the
longitudinal distribution of radiation is conserved for all considered bunches. The absolute
values vary up to 15%.

the BLM signals measured in half-cell 1216 were synchronized with respect to the moment of
the beam dump. The correctness of this method was verified using three other signals: one at
the location of the MKD (Ejection Dump Kicker), which deflects a beam to the extraction line,
one just before the beam dump and one located at the very end of the beam dump behind
the graphite block. The U_QSO0 characteristic was synchronized regarding the thresholds con-
ditions but additional 5 ms were taken into account for activating the protection procedure.
The final summary of the Fast Loss Quench Test results is given in Fig. 4.15. The green curve
corresponds to the signal of the BLM monitor which was the most exposed to the radiation of
secondary particle shower (BLMQI.12L6.B2120_MQ). The QPS measurements are shown by
the red and pink curves. The first one presents the development of the resistive volume on the
internal quadrupole coil (U_QS0_INT), the other one provides information when warming of
the coils started (the drop of the voltage on the quench heaters). The initial bunch intensity
is known from the FBCT measurement and in the moment of quenching the 8.2 -10® proton
bunch was excited. Moreover, it is know that the full intensity was lost during the excitation
and that the full intensity was lost in cell 12L6°. Taking into account proportionality of a BLM
signal to a number of lost protons, an integrated BLM signal distribution can be recalculated
to a lost proton distribution. It was calculated that approximately 5.4 - 108 protons (66% of
the initial bunch intensity) induced a sudden increase in the U_QSO0_INT signal, meaning the
Main Quadrupole quenching. It was observed around 16 ms before the beam dump. However,
an exact moment when quenching occurred cannot be precisely determined due to the QPS
system resolution which is in the order of 5 ms. Therefore, the duration of the loss which lead
to quenching is estimated to be 5-10 ms long.

9The three corrector orbit bump technique provides very localized losses. It was proved by previous quench
tests[132].
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Figure 4.15 — Final summary of the Fast Loss Quench Test: the correlation between BLM
and QPS system measurements. The green line represents the beam losses in the most
exposed BLM monitor, the red line - the voltage difference between two parts of the MQ
superconducting coil, the black line - the number of lost protons, the pink line - the voltage
on the quench heaters. The black dotted lines point the moment of quenching and indicate
the corresponding number of lost protons. The red dotted line marks the QPS threshold of
100 mV.

4.9.2 Validation of BLM thresholds with experimental data

BLM thresholds are the functions of the superconducting coil quench level which strongly
depends on a loss duration. Since the loss causing the magnet quench lasted approximately
10 ms, only BLM running sums smaller than six (integration time up to 10.26 ms) can be
analyzed here.

A revision of the nominal BLM thresholds (see Section 1.6.3) for proton beams operating
at 4 TeV is given in Fig. 4.16 and Fig. 4.17. The green dots represent BLM thresholds for
different signal integration times when the red dots correspond to the measured signals. The
ratio between the BLM signals and the BLM thresholds are marked in the form of the blue
dots. On the first plot, the situation when the ADT excitations caused losses of the 5% bunch
with intensity of 4 - 108 protons is shown. Although the losses significantly exceeded the
values which, under the typical LHC operation, would trigger the beam aborting system, no
quenching occurred. The magnet transition to the normal conducting state was detected
when the BLM losses in RS06 reached 40 times the threshold value (the second plot). Table 4.3
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Table 4.3 — Summary of the Fast Loss Quench Test. The ratios of BLM signals to the expected
BLM values at quench are presented for five bunches used during the experiment. B - bunch
number, Q - quench.

Measured BLM signal/Expected BLM signal at quench [-]

ADT BLM loss integration time [s]
B Lostpt gai
ostp g[;l? 4010 80-10-° 320-10-° 640-10-° 2.56-10° 1024-10-3 2

0
2 19108 400  2.60 1.92 0.91 1.26 2.91 2.99 no
3 20108 400 215 1.75 0.86 1.27 2.93 3.06 no
4 20108 200 0.75 1.59 0.30 0.55 1.60 2.57 no
5 40108 200 1.78 1.30 0.63 1.05 3.20 6.60 no
6 8210° 200 277 2.34 1.20 2.06 6.06 1200 yes

contains the ratios of measured BLM signals to the expected BLM signals at quench for six
BLM integration times (RS01-RS06) of all excited bunches. Among the bunches which did not
provoke quenching (bunches 2 to 5), the maximum values are: 2.6 for 40 pus (RS01), 1.92 for
80 us (RS02), 0.91 for 320 us (RS03), 1.27 for 640 s (RS04), 3.20 for 2.56 ms (RS05) and 6.60
in the case of 10.24 ms integration time (RS06). This means that either the quench levels are
actually greater than the anticipated values!? or the energy deposited in the coil is smaller or
the energy deposited in the BLM is grater than expected. In any case, according to obtained
results, the thresholds of arc BLMs can be increased for the short running sums and the
presented ratios indicate how large this change could be. Nevertheless for the understanding
the actual reason of the observations, the Geant4 simulation has to be provided (see the
following sections). The question how the new thresholds should be set for the future LHC
operation after LS1, will be the objective of BLM Threshold Meeting Group to be held around
spring-summer 2014. This will also concern the modification in BLM positions in the tunnel
which is planned!!.

4,10 Geant4 simulations

The Fast Loss Quench Test 2013 was simulated using Geant4 version 9.3.p02. The detailed
magnet representation of region 1216, where the experiment was performed, was introduced
to the code (for details see Chapter 3). Instead of considering exact BLM monitors, two long
pseudo-detectors were implemented along the entire length of the magnets. This solution

10The anticipated quench levels are based on theoretical models, measurements and operational experience
with the LHC beams.

11t is planned to move central BLMs from arc MQs to the interconnection region between MBs and located
them in the vertical position. This decision results from the probable occurrence of fast beam losses related to the
UFOs in the cold parts of the LHC.
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Figure 4.18 — Fast Loss Quench Test 2013: Geant4 magnet representation. The Main
Quadrupole (MQ, grey bar) is located between two Main Dipoles (MBs, blue bars). The inter-
connections between them are introduced in details but for the simplicity are not presented
on the diagram. The green bar represents Short Trim Quadrupole Corrector magnet (MQT).
The Arc Sextupole Lattice Corrector (MS, violet bar) and the Arc Orbit Corrector (MCBH, pink
bar) constitute the Dipole Corrector in Arc Short Straight Section (MSCBB). Two long pseudo-
detectors were simulated along the magnets (white-red hatched bars). The signals in BLMs
physically installed in the tunnel were obtained by imposing constraints in x,y,z coordinates
(standard BLMs - yellow bars, mobile monitors - orange bars). Black arrows indicate positions
of point-like losses, the actual step is 0.1 m. Zero on z-axis corresponds to the MQ centre.

provided also information about secondary particle radiation beyond the regions which are
covered by the actual ionization chambers. Signals in BLMs were obtained by imposing
constrains in x,y,z coordinates regarding the positions of installed BLMs. 61 point like losses
were simulated from z = -3 m to z = 3 m with respect to the MQ.12L6 centre with a step of
0.1 m (Fig. 4.18). This included whole region were particle losses were anticipated. Protons at
4 TeV hit on a surface of a beam screen with a fixed impacting angle'? of 200 urad. Since beam 2
travels anticlockwise in the accelerator, also the particles were directed towards negative values
on z-axis in the simulations. Moreover, in the considered sector, the orbit of beam 2 is located
in the internal aperture. Therefore, the particles were lost on a beam screen in the horizontal
plane outwards into to the centre of the LHC.

4.10.1 Loss pattern studies

A loss pattern is one of the major factors determining a BLM signal at quench. Therefore, it is
extremely important to apply a precise distribution of lost particles along a targeted magnet to
the simulations. Massive effort was made to simulate an orbit of particles excited during the
Fast Loss Quench Tests [133]. Since the experiment was very complex, various scenarios were
considered!3 using MAD-X simulations:

12The choice of the impacting angle was based on the Steady State Quench Test 2010. The angle was calculated
based on Beam Position Monitor measurements just before magnet quenching.

I3Numbers 59, 61, 73 refer to iterations of considered loss patterns. It was decided to follow the original
numbering to be consistent with analysis presented in numerous presentations.
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Figure 4.19 - Fast Loss Quench Test: Loss patterns. Left plot: normalized number of protons
lost along the magnets with step of 0.01 cm (direct data from MAD-X). Right plot: normalized
to 1 number of protons with step of 0.1 cm (recalculated input for Geant4 simulation analysis).
Beam 2 comes from the right. Plots based on the data provided by [133].

¢ Case 59 - the bump was applied first and the tune was matched after wards (this se-
quence of events was not done in the real experiment);

e Case 61 - 3" order resonance was imposed by setting the horizontal tune to a values
of 64.(3), next the bump was introduced (this case was studied to check how particles
behave under extreme conditions, not done during the experiment);

¢ Case 73 - the tune was matched and the bump was applied later, in addition MQ errors
were taken into account (the order of events is as in the experiment, this is the most
probable loss scenario'4).

Fig. 4.19 shows that, regardless of considered initial conditions, all simulated losses occurred
in the first half (with respect to the beam motion) of the MQ magnet. In order to compare how
the losses expanded in the presented three cases, the full width at half maximum (FWHM)
was calculated. The maximum of lost particles appeared around 0.9 m before the centre of the
MQ and the particle losses spread over 0.64 m . The corresponding values for two other cases
are given in Table 4.4. Concluding, the obtained results show that the sequence of events,
which a beam is treated with, determines a particle loss distribution regarding a shape and
longitudinal size.

The loss patterns from MAD-X simulations were obtained with a mesh of 0.01 m along the
aperture (statistics: 10° protons) when point-like losses were simulated with Geant4 every
0.1 m. Hence, the loss patterns were recalculated by rebinning histograms (the right plot in
Fig. 4.19).

14 Although Case 73 recreates the experimental conditions the most accurately, two other loss scenarios (Cases
59 and 61) are presented for comparison.
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Table 4.4 — Fast Loss Quench Test 2013: Comparison of loss patterns. Longitudinal position of
the maximum proton loss is given by zj,,4x with respect to MQ.12L6 centre.

ZLmax (Mm]  FWHM [m]

Case 59 1.1 0.93
Case 61 0.6 0.33
Case 73 0.9 0.64

At the moment of simulating the Fast Loss Quench Test with Geant4, the MAD-X simulations
were still ongoing. The knowledge of impacting angles was limited to one value coming from
previous experiments!®. However, it was checked with Geant4 simulations that increasing
an angle by up to around 500 urad has not introduced modifications in longitudinal energy
distribution. Therefore, it was decided to implement a fixed angle to 2013 code.

MAD-X simulations revealed an angular spread of particles hitting the aperture. Fig. 4.20 shows
the normalized number of lost protons and corresponding impacting angles as a function
of longitudinal position along the magnets. A contribution of higher angles dominates in
a region where the most particles were lost. In order to quantify a difference coming from
neglecting angular spread in Geant4 simulations, a weighted average of impacting angles, &,
was calculated using the following formula

4.3)

The impacting angles are given by a, and are correlated to the corresponding number of
lost particles ;. These values come directly from MAD-X simulations. The index z refers to
the longitudinal position and it changes with a step of 0.1 m. The value of @ is =145 urad is
only a bit smaller than the one used in Geant4 simulations (200 urad). This, to some extend,
confirms that an overall discrepancy between experimental (actually, simulated in MAD-X)
and simulated in Geant4 conditions is small and should not affect the final results significantly.

4.10.2 Energy deposition inside a superconducting coil

Primary protons lost on a beam screen initiate a development of secondary particle shower
which propagates in all directions. These particles which deposit their energy in the super-
conducting coils determine quenching. Therefore, in order to estimate the location of a hot
spot where the maximum energy density, E;, 4, was deposited (7Emax, ®Emaxr ZEmax), the coil
in Geant4 simulations was divided into 108’000 cells. In these cells, the energy deposited
by secondary particles is registered. The size of the unit cells was chosen so that they are
much smaller than a shower scale. Hence, each cell has dimensions of Ap = 3.84 mm, A¢ =9°,

15The impacting angle was calculated from beam position measurements of Steady State Quench Test 2010.
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Figure 4.20 — Fast Loss Quench Test 2013: Angular distribution of incident particles are com-
pared to the loss pattern (Case 73). Most of the protons hit the aperture with higher angles
(data provided by [133]).

Az =9.83 mm in the polar coordinate system.

Fig. 4.21 presents the longitudinal distribution of energy density normalized per incident
proton along the most exposed bin (r = rgmax, ® = PEmax)- In all considered cases the peak
values occur in the center of the MQ, = 0.3 m in Case 59, = 0.1 m in Case 61, = 0.3 m in Case 73
reaching values of (2.8 +0.2) - 107" mJ/cm3, (4.2+0.2)-107" mJ/cm?, (3.2+0.2) - 107" mJ/cm?
respectively (Table 4.5). These values are averaged over the volume of the most exposed cell'S.

In the fast loss regime, i.e. milliseconds, the heat coming from the particle energy deposition
do not have time to propagate through a cable. Therefore, a temperature gradient appears
between inner and outer edges of the cable.

A contribution of the liquid helium in heat evacuation is negligible in the case of ultra fast
losses in the order of microseconds and the entalphy of the cable determines the quench level.
However, in the case of fastlosses, longer by three orders of magnitude, the dominant processes
responsible for the heat transport are not well distinguished. Therefore, the quench level is
defined as the energy deposited in the most exposed part of the coil, i.e. on its edge (r = 28 mm).
In order, to calculate that value, the simulated radial distribution (¢ = ¢rmax, 2 = 2ZEmax) of
energy deposited in the coil is fitted to the power law function defined as

E(r) = p0-(r — p1)P? (4.4)

where p0, p1, p2 are the fit parameters (Fig. 4.22). The maximum energy density deposited

16Note that the volume of cells is not uniform and slightly increases with a distance from the coil centre. However,
since Epqx occurs always in the first exposed layer, the presented values are averages over the same volume.
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Figure 4.21 — Fast Loss Quench Test 2013: Geant4 simulations - longitudinal energy density
distribution inside a coil. Regardless of the considered initial settings, all energy density peaks
appear close to the MQ centre.

Table 4.5 — Fast Loss Quench Test 2013: Maximum energy density in the most exposed cell
of SC coil, zgmax-position of the most exposed cell, |zymax — ZEmax| - distance between the
maximum energy density deposition and maximum of lost protons, Ej;4x - maximum energy
density deposited in a single cell.

ZEmax M) |ZLmax = ZEmax) Ml Epmay [mJ/cm3/proton]

Case 59 ~0.3 ~0.8 (2.8+0.2)-1077
Case 61 =~0.1 ~0.5 (4.2+0.2)-1077
Case 73 =~0.3 =~0.6 (3.2+0.2)-1077
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Table 4.6 — Fast Loss Quench Test 2013: Energy deposited in the coil - final results. Ejeqx is
the maximum energy density deposited in a surface of the SC, E,,¢ is the average energy
density over 18 strands of the cable. The quench level in the fast loss regime (=ms) is obtained
by multiplying Ep¢q« by the number of protons which caused magnet quenching during the
experiment.

Epeak [mJ/cm®/proton]  Egyg [mJ/cm?®/proton]

Case 59 4.19-1077 1.45-1077
Case 61 6.38-107 2.15-1077
Case 73 4.87-1077 1.65-1077

on the edge of the coil, Epeqk, was calculated to be 4.19- 1077 mJ/cm3/proton in Case 59,
6.38-1077 mI/cm3/proton in Case 61, 4.87 - 1077 m]/cms/proton in Case 73 (Table 4.6). By
multiplying these values by a number of protons lost during the experiment, the quench level
of the operational magnets can be calculated (see next sections). The average values of energy
density along the cable are given for comparison and they are equal 1.45-10~7 mJ/cm?/proton,
2.15-10" mJ/cm?®/proton, 1.65-10~7 mJ/cm®/proton for the considered cases, respectively.

Another application of the radial energy density profile is related to QP3 code which concerns
18 strands of a MQ cable. In order to comprise an accuracy of the simulations, i.e. obtain
sufficiently high transverse resolution of energy distribution in the coil, with optimization of
the computing time (rational duration of the simulation process), a coil is divided radially into
four layers in the Geant4 simulation. Therefore, the obtained fit parameters allow the Geant4
results based on only four layers to be recalculated to 18-strand case and implemented the
QP3 code.

The transverse cross-section of the coil in the plane where the maximum energy density was
deposited (z = zgmax) is presented in Fig. 4.23. Most of the energy is confined in the central
part of the targeted coil. A size of a superconductor, which underwent the transition to the
normal conducting state, is another important aspect of quenching process. However, the
minimum length/volume of the resistive zone depends on many parameters (magnetic field,
applied current, cooling efficiency, temperature variations, initial heat pulse, cable twisting
and correlated changes along the cable length [131]) and require calculations using numerical
models which are beyond these studies.

Nevertheless, the Geant4 simulation results can be applied to estimate the importance of
different coil parts in the quenching process. Plots in Fig. 4.24 present color maps of energy
density in four simulated layers of the superconducting coil (r = 0,1,2,3 [bin number]) in
¢, z-coordinates. Black lines bound the regions satisfying the demand of E;,; = fEmax - Emax»
where fpmax is a fraction of maximum energy density in the most exposed cell. The shape
of the energy density distribution is slightly asymmetrical in the azimuthal plane and the
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Figure 4.22 — Fast Loss Quench Test 2013: Geant4 simulations - radial maximum energy density
distribution in SC coil (¢ = ¢Emax, 2 = ZEmax)- Energy density in the simulated radial bins was
fitted to the power law (Eqg. 4.4), last bin was neglected due to the simulation artifacts.

10°

Figure 4.23 — Fast Loss Quench Test 2013: Geant4 simulations (Case 73) - coil cross-section in
the plane where the maximum energy density was deposited.
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Figure 4.24 — Fast Loss Quench Test - Geant4 simulations (Case 73) - Color maps of energy
density in four simulated coil layers. For simplicity r,¢ - coordinates are expressed in bin
numbers, beam comes from the right. Black lines limit the region defined by the threshold
value E¢r = fEmax - Emax, here fgmax =0.5.

tail spreads over the entire coil length (in the case of r = 0 [bin] and r =1 [bin]). Assuming a
threshold value E;j,, = 0.5 Ej,4x, the obtained boundaries indicate that most active regions
are concentrated in the first two coil layers. With this constraint, a Number of Active Cells,
NAC; =301 (= 1.1% all cells in the layer) in the first layer and NAC, = 47 (= 0.2% all cells in the
layer), which correspond to the active volume of V; =24 cm3 and V> = 4 cm3, correspondingly.
The active volume size was checked for values of fg,4x varying from 0.1 to 0.9 (left plot in
Fig. 4.25). If fpmax > 0.5 the total signal is confined totally inside the first, the most exposed
layer (r = 0). Moreover, the volume size drops exponentially as a function of imposed energy
threshold which is presented in the right plot of Fig. 4.25 for the case of the first layer (r = 0).

4.10.3 BLM signals

As it was already mentioned, instead of simulating exact BLMs which are located in the
LHC, two long pseudo-detectors were implemented along the entire magnet length to the
Geant4 code. This approach allowed studying the radiation also in the regions which were not
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Figure 4.25 — Fast Loss Quench Test 2013: Geant4 simulations (Case 73) -Quenching volume as
a function of considered criteria of energy magnitude. Left plot: Above the assumed threshold
value of 0.5 E;;, 4« all energy is confined in the first, the most exposed layer of the coil. Right
plot: the volume decreases exponentially as a function of imposed energy threshold, E;j, =
(results of the first layer).

covered by the detectors in the tunnel. The BLM signals were obtained by imposing position
constraints onto the secondary particle coordinates which corresponded to the locations of
the BLMs installed in the LHC tunnel.

Fig. 4.26 presents a longitudinal distribution of all secondary particles which reached the
pseudo-detectors. Although the loss patterns differed significantly (Fig. 4.19) for various loss
scenarios, the tendency of radiation spread is in general conserved. Among three peaks only
the one appearing the closest to the maximum of lost particles is slightly shifted. The presence
of these three peaks with different widths is related to the density of medium which particles
pass through. The decay of the first peak seems to be natural - particles are stopped by the
dense cold mass (alloys, steel). However, at the end of the MQ cryostat, where the MQT (green
bar) is located, there is more lower density matter (epoxy stabilizers and liquid helium). Hence,
the secondary particles can more easily travel outside the magnet (see Appendix A, Fig. A.5).
Finally, the last peak is in the interconnection region which is constituted mainly of vacuum
pipes and tubes filled with liquid helium.

BLM signals were obtained by folding particle energy spectra with BLM response functions.
The detailed process is explained in Chapter 3. The angular distributions of all standard, i.e. not
mobile, detectors are presented in Fig. 4.27. Although locations of angular distribution maxima
(Fig. 4.27) depend on the distance of a monitor from the loss location both, longitudinally
and transversely, on average (see method presented in Fig. 3.4) most of the particles enter
monitors with angles between 60 ° and 120 ° (Fig. 4.28).

Fig. 4.29 presents the contribution of secondary particles (p*, e”, e*, v, 7%, 77 and n) to the
final BLM current. The highest signals are provided by y, p* and n starting from the BLM

97



Chapter 4. 4 TeV Fast Loss Quench Test 2013

4 TeV FLQT, 15.02.2013, 23:45:15, B2H, 8.2e8 p+

E T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T
o
s 1o va
c - [ | || | | | E
2 140 Beam 2 —|
o - M - 7
o - -
@ 120— 1 ]
i n ]
© - 1 ]
g 100 ; TLLu'J:‘" 1 |k 7:
o 80— J( i 5 by —Case59 |
3 - - d ]
E 60 ] ' | — Case 61 —
3 - ]
g 40 — FF ] Case 73 -
g 20 } f'_"}':'i’_ 1-1_ {
2 0:*‘4‘_:“_’_#?*]* 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 _\-I\_ilhhhlmlh = ‘——‘_l;;
-8 -6 -4 -2 0 2 4 6 8

z with respect to MQ.12L6 [m]

Figure 4.26 — Geant4 simulations - total secondary particle distribution along the magnets.
Three peaks are the result of the difference in density of medium which particles pass through.
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recorded by standard BLMs.
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Figure 4.28 — Geant4 simulations (Case 73) - Angular contribution of particles to the signals
recorded by BLMs.

located the closest to the loss location (z = 1 m) and reaching the maximum around 1 m from
it (z = 0 m). Considering the percentage input of particles into the total BLM signal, gamma
photons dominate over all particles constituting between 40% and 60% of the simulated
radiation (Fig. 4.30). Effectively mainly gammas and backscattered neutrons reach upstream
detectors.

A comparison of measured and simulated BLM signals is provided in Fig. 4.31 using 10.24 ms
integration time (RS06). Left plots correspond to BLMs observing beam 1 losses (in this
case cross-talk from beam 2 is observed) and right plots show results obtained for beam 2
monitors. The longitudinal shape of the simulated signals was obtained with good agreement
with the corresponding measured values. However the Geant4 simulations provided signal
underestimated by a factor of 2-3 (in the case of beam 2 monitors). In order to quantify the
spread of results, histograms (with uncertainty of factor 0.1) are given in Fig. 4.32. In all cases
the mean value is = 0.4 and the RMS is = 0.1 which indicate systematical error of the BLM
signals simulated in Geant4.

4.10.4 Quench levels obtained with QP3 heat transfer code

Complementary to the Monte Carlo simulations, the QP3 heat transfer code [87] was used for
computing the quench level in the millisecond loss timescale. However, since this program
uses input from Geant4 simulations, the final results are not completely independent. The
principle of the QP3 is based on calculating a quench level for a superconductor operating at
certain current. In addition, the loss scenario is incorporated using a loss distribution in time
and a shape of radial energy distribution. During the Fast Loss Quench Test 2013, the current
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Figure 4.29 — Geant4 simulations (Case 73) - Contribution of secondary particles to the BLM
current.
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Figure 4.30 — Geant4 simulations (Case 73) - Current generated in BLMs by various secondary
particles as a function of the longitudinal position of a monitor.

100



4.10. Geant4 simulations

4 TeV FLQT, 15.02.2013, 23:45:15, B2H, 8.2¢8 p+

L e T o s o
0.01* MQ -
| || || |

r Beam 2 -
. B i |
0.008— —
& r -@ Experiment g
'T0.006— —
5 L -@ Case 59 4
2] |- 4
= L 4
@0.004— -® Case 61 a
L Case 73 ]
0.002— —
[ n. ]
ol L s g L
8 6 -4 -2 2 47 6 8
z with respect to MQ.12L6 [m]
\ 4 TeV FLQT, 15.02.2013, 23:45:15, B2H, 8.2e8 p+ \
b
= h va [
g 120 ] | | ] ]
g L Beam 2 |
x | 4
g C ]
<
€ 08— —
E C ]
s C ]
g |- -
e o . =
g ]
5 o4 [ -@ Case 59 .
.5’ r -@ Case 61 ]
= 02— A
a r Case 73 1
S T R N N IS R SRR
0 - w 2 2 3 8

z with respect to MQ.12L6 [m]

4 TeV FLQT, 15.02.2013, 23:45:15, B2H, 8.2e8 p+ \

L e e e L s o e e e e e e B
0.0Ih MQ-
| || || |

L Beam 2 :
0.008— —
& r -@ Experiment B
T0.006— —
5 L -@ Case 59 4
2 - |
= L 4
00.004— -@ Case 61 .
L Case 73 ]
0.002— —
oL BT ek ecaigps ]

-8 -6 -4 2 4 6 8

z with respect to MQ.12L6 [m]

4 TeV FLQT, 15.02.2013, 23:45:15, B2H, 8.2e8 p+ ‘

b T
z h wa [
g 120 " N | L] ]
Q L Beam2 ]
£ L ]
’;i L R b bbbt iiiulul -
$ E -@ Case 59 ]
£ 08— —
3 F -@ Case 61 ]
<] - ]
o 06 @ Case 73 ]
E [ et ]
Fooa- T Ve =
k=4 L Y ]
[ [ ‘.‘ 4
= 02— Lo -
o C % ]

Y S AN AN AN AR R

-8 K - 2 4 8

z with respect to MQ.12L6 [m]
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nals.Geant4 simulations underestimated BLM signals by a factor 2-3 in the case of monitors
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Figure 4.33 — Fast Loss Quench Test 2013: QP3 input distributions. Left plot: Intensity of lost
protons, zero corresponds to the moment of the beam dump. Right plot: Normalized radial
energy density distribution along a cable (18 strands) for different loss patterns (Case 59 - blue,
Case 61 - red, Case 73 - green).

flowing in the circuit was approximately equal 6.38 kA (PM data). A number of lost protons in
time (left plot of Fig. 4.33) was recalculated from the BLM signal of the monitor which was the
most exposed to the radiation (B2120). This could be done since the radiation is proportional
to the number of lost protons. In addition, during the experiment collimators were opened,
thus the particle losses occurred only on MQ.12L6. In order to obtain radial energy density
distribution along 18 strands, as it is required when using the QP3, the Geant4 data was fitted
to the power law. Based on the obtained function, the energy density was calculated in the
centers of the cable strands. Finally the results were normalized to 1 as the QP3 considers the
shape of the distribution, not the exact values. The obtained normalized radial distributions
of three considered cases (59, 61, 73) are almost indistinguishable (right plot of Fig. 4.33).
This reflects in the calculated maximum energy deposited inside a cable during quenching,
Epear (Table 4.7), and average energy over the cable, E;,g (Table 4.8). Although the final
results are given for a loss of 4 - 108 protons, 5.4 - 102 protons, 8.2 - 108 protons, actually the
value which is set in the QP3 code is the loss duration corresponding to the given intensity
loss. This nomenclature was used for simplicity when comparing to Geant4 results. As it was
already mentioned, in the case of fast loss regime, quench level is defined as the maximum
energy, which in this case, was calculated to be (28.7-28.8) mJ/cm 3, (35.9-36.0) mJ/cm 3 and
(68.6-70.3) mJ/cm 3 for the considered loss scenarios. The corresponding values of average
energies are (10.6-10.8) mJ/cm?, (13.2-13.5) mJ/cm? and (25.8-26.0) mJ/cm?3.

Geant4 simulations provide maximum energy deposited on the surface of a superconducting
cable per incident proton. The quench level is obtained by multiplying this value by a number
of protons lost on the magnet. In other words, quench level scales linearly with the intensity
of the loss which lead to quenching during the experiment. In the case of QP3, the situation is
different since a loss shape and loss duration determine quenching. The left plot in Fig. 4.34
presents quench levels corresponding to different numbers of impacting protons for the most
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Table 4.7 — Fast Loss Quench Test 2013: Fast Loss Quench Test 2013: QP3 results - Ejeqx
(maximum value of the deposited energy) in the coil.

Epeak ImJ/cm’]
Lower bound of Upper bound of Anticipated loss

Loss scenario

quench level: quenchlevel:  causing the quench:
4-108 protons  8.2-10% protons  5.4-10® protons
Case 59 28.7 68.6 35.9
Case 61 28.8 70.3 36.0
Case 73 28.8 70.3 36.0

probable Case 79. The QP3 results are shown as blue dots and Geant4 based values are given
by the red dots. Note different scales for two methods. The QP3 calculations seem to be very
sensitive on the loss duration and loss shape. However, the results do not project directly with
respect to these parameters. The same data are presented as a function of loss duration in the
right plot of Fig. 4.34. Since there is no precise criterion of defining which moment should be
considered as the beginning of the loss, the loss intensities in time, Ij,4s(%), were fitted to a
sigmoid shape function given by the following equation

-pp \?
T1oss(8) = PA'%(1+%‘[9(@PC} dt). (4.5)

Symbols p4, pp and pc represent fit parameters. Equation 4.5 is the cumulative distribution,
i.e. the integral, of the standard normal distribution and the parameter pc corresponds to
width of the Gaussian. Therefore, in this case multiplying pc by 4 gives the time during
which 95.5% of assumed protons were lost. The exact values are given in Table 4.9. It was
decided to present the quench levels as the functions of both, the number of loss protons
and loss duration since the first approach is relevant to the Geant4 simulations and the other
one applies to QP3 calculations. Concluding, the quench levels obtained with QP3 code are
around 5.7-9.5 times smaller than these ones obtained with Geant4 simulations. The origin of
this discrepancy remains under investigation.

4.10.5 Comparison between Geant4 and Fluka simulations

A proper estimation of the quench level is critical for a safe and efficient machine operation.
Therefore, independently two approaches of Monte Carlo simulations were developed within
the Quench Test Analysis Working Group at CERN. In the following paragraphs a comparison
between Geant4 and Fluka simulations are presented as well as their results.
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Figure 4.34 - Fast Loss Quench Test 2013: Quench levels obtained with Geant4 simulations
(red dots) and QP3 heat transfer code (blue dots) for the most probable Case 79. left plot: in
the case of Geant4, quench levels are obtained by multiplying Ej¢qx by the number of protons
which induce quenching. Right plot: the quench level obtained with QP3 code relies on loss
duration and loss shape. Detail value are provided in Table 4.9.

Principles of simulating quench tests with Geant4 and Fluka

The first method was developed by the author using Geant4 in the time when no orbit simu-
lations were available and the validation of assumed hypotheses of loss patterns needed to
be done frequently and efficiently. Therefore, instead of simulating exact loss scenarios, a
universal set of many point-like losses was provided with a longitudinal step of 0.1 m. The
contributions of various loss locations were then weighted with correspondence to a loss pat-
tern obtained from orbit studies (MAD-X data from [133]). In this method, a fixed impacting
angle of lost particles was assumed and a transverse beam size was neglected. Although such
an approach is less precise, it allowed considering various loss scenarios very quickly when
the simulation process was done. This could be done since imposing loss distributions was
provided on the stage of analysis, i.e. the histograms with data obtained for point-like losses

Table 4.8 - Fast Loss Quench Test 2013: Fast Loss Quench Test 2013: QP3 results - E,, ¢ (average
value of the deposited energy over entire cable length) in the coil.

Eavg [mI/Cmg]
Lower bound of Upper bound of Anticipated loss
quench level: quench level:  causing the quench:
4-108 protons  8.2-10% protons  5.4-108 protons

Loss scenario

Case 59 10.8 25.8 13.5
Case 61 10.6 25.9 13.2
Case 73 10.7 26.0 13.3

105

Quench level [mJ/cm®] (Geant4)



Chapter 4. 4 TeV Fast Loss Quench Test 2013

Table 4.9 — Fast Loss Quench Test 2013: Quench level as a function of number of lost protons
(Geant4 results) and loss duration (QP3 results) for Case 73. Details of Fig. 4.34.

Number of Loss Geant4 QP3

lost protons ~ duration [ms]  Epear [mJ/cm®]  Eqpg [mJ/cm®]  Epeqr [mJ/cm®]  Eqpg (m)/cm?]
4.000-108 5.5 195 66 29 11
5.400-108 5.7 263 89 36 13
6.000-108 5.7 292 99 36 13
7.000-108 6.4 341 116 36 13
7.500-108 6.8 365 124 41 15
7.750-108 7.2 377 128 41 15
7.900-108 7.4 385 130 41 15
8.100-108 7.7 394 134 45 17
8.170-108 8.0 398 135 45 17
8.190-108 8.2 399 135 48 18
8.195-108 8.4 399 135 53 20
8.200-108 8.5 399 135 70 26

were multiplied by the appropriate factors without changing the root files (Geant4 output
files).

The other method was provided by [134], [135] using Fluka code. This approach concerned
direct implementation of a loss pattern together with an angular spread to the simulations.
The resolution of loss parameters (location, angles) was determined by the resolution of
orbit simulations. In contrast to the Geant4 approach, this solution is more straightforward.
However the loss pattern had to be known in advance and each time a new scenario has to be
simulated.

Concluding, both simulation techniques, Geant4 and Fluka, has used loss distributions from
orbit simulations but the way, how these distributions were implemented, was not the same.
On top of that, the simulation conditions were different regarding details of magnet represen-
tation, resolution of recording energy deposited in the magnet coils and a method of obtaining
BLM signals (Table 4.10).

Energy density deposited in the superconducting coils

Physical magnet coils consist of superconducting cables immersed in the helium bath. Each
cable is made of 36 strands (in the case of Main Quadrupoles) and each strand is built of
~6500 NbTi filaments incorporated into a copper matrix. A representation of such a complex
structure would be extremely difficult to implement to Monte Carlo simulations. Therefore, it
was substituted for a simplified uniform material in both Geant4 and Fluka codes. In the case
of Geant4 simulations the weighted density of 7.78 g/cm® was applied (62.8% Cu, 15.1% Ti,
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Table 4.10 — Fast Loss Quench Test 2013: Comparison of quench levels obtained using various
simulation techniques.

Geant4 simulations Fluka simulations
Imposing loss patterns by Loss patterns
Simulation strategy weighting point-like losses with directly introduced
corresponding coefficients to the simulations
Loss pattern resolution 0.10m 0.0l m
Impacting angle Fixed Changing
Transverse size Neglected Introduced
ny 4 8
Coil binning ng 90 180
ng 300 31
Spectra of secondary particles folded Energy deposited in N,
Signals in BLMs with BLM response functions divided by the mass
depending on angular distribution of the gas

17.1% Nb, 5% He) concerning the inner MQ coil and Fluka used the density of 6.95 g/cm?3.
Additionally, the simulated coils were divided into sub-units to enable determining a location
and magnitude of hot spots precisely. Geant4 simulations has concerned binning of n, =4,
ng =90, n; = 300 when in Fluka division of n, = 8, ny = 180, n; = 31 was implemented. Due
to these non-equal bin sizes used in Geant4 and Fluka codes, the data was rebinned to n, =4,
ng =90, n; = 30 (Fig. 4.35) to compare energy density distributions along the most exposed
cell. The maximum energy density occurs around 0.3 m from the centre of the MQ in the case
of Geant4 simulations and around 0.6 m in the case of Fluka simulations. The corresponding
mean values are 0.1 m and 0.3 m, the RMS is 0.5 m in both cases. This discrepancy probably
results from differently implemented superconductor densities. Additional contribution might
come from considering different impacting angles. It is worth reminding that the maximum
values of energy density presented in Fig. 4.35 are not equal to peak energies on the edge of
the coils. Epeqk, which is later used for calculating the quench levels, is obtained from fitting
data to power law and it is determined by the transverse energy distribution.

Signals in BLMs

The calculations of BLM signals were based on completely different techniques in the case
of two considered simulations. Regarding Geant4 code, two long pseudo-detectors were
implemented along the magnets. This has allowed obtaining not only the BLM signals but also
studying radiation in the regions which were not covered by the physical monitors. Moreover,
the signals were computed by folding various particle spectra with BLM response functions.
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Figure 4.35 - Fast Loss Quench Test 2013: Comparison of energy density distributions along the
most exposed bin obtained with Geant4 (the pink line) and Fluka (the violet line) simulations.
The same coil binning was applied.

Since a reaction of an ionization chambers depends on an angle of incoming particles, the
angular distributions were used for estimating contributions of different particle momenta.
The decision of using this approach was based on the fact that it is faster and requires less
statistics comparing to a direct conversion of energy deposited by particles in the gas filling a
detector (as done in Fluka code).

Simulated BLM signals were validated with the corresponding measured values for both,
Geant4 and Fluka, methods (Fig. 4.36). Geant4 data exhibits constant tendency of under-
estimating BLM signals (represented with dots) by a factor of 2-3. Moreover, this trend is
conserved for all simulated signals. In contrast, Fluka results vary from positive to negative
correlations with the highest variations in the positions of longitudinally external monitors.

Fig. 4.37 presents correspondence between Fluka and Geant4 simulations. The result of
excluding two external points and fitting the data to a linear function indicates that the
systematical error of using response functions is around 2. Besides that, Geant4 and Fluka
simulations seem to be in good agreement.

In order to estimate accuracy between the simulations and measurements, the same procedure
as in Fig. 4.32 was applied. Considering all ten monitors surveying beam 2 losses (Table 4.11)
and the most probable loss scenario (Case 73), the mean value of ratios of Geant4-simulated
and measured BLM signals was obtained to be 0.42 with RMS of 0.13. The corresponding
values of Fluka simulations were 0.66 and 0.18. Taking into account only the central BLMs
located downstream the loss location (z = —4.445 m to z = 0.755 m) Geant4 has given 0.53+0.07
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Figure 4.36 — Fast Loss Quench Test 2013: Ratios between simulated and measured BLM signals
for beam 2 monitors. The dots represent Geant4 and stars - Fluka results.
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Table 4.11 — Fast Loss Quench Test 2013: BLM signals - Comparison between Geant and Fluka
results. The mean and RMS values are given for the calculated ratios of simulated to measured
BLM signals (all beam 2 monitors).

Geant4 Fluka
Mean [-] RMS|[-] Mean|[-] RMS [-]
Case 59 0.43 0.13 0.80 0.15
Case 61 0.40 0.19 0.63 0.27
Case 73 0.42 0.13 0.66 0.18

Table 4.12 — Fast Loss Quench Test 2013: BLM signals - Comparison between Geant and Fluka
results. The mean and RMS values are given for the calculated ratios of simulated to measured
BLM signals (based on five BLMs located between z = —4.445 m and z = 0.755 m).

Geant4 Fluka
Mean [-] RMS|[-] Mean|[-] RMS -]
Case 59 0.53 0.07 0.81 0.14
Case 61 0.50 0.20 0.59 0.39
Case 73 0.53 0.07 0.85 0.07

and Fluka 0.85 + 0.07. The same values of RMS for both simulation approaches indicate that
although the absolute values are different, the accuracy is similar regarding signal variations.
In view of the complexity of performed simulations and knowledge of the loss pattern, the
obtained results are fairly good.

4.10.6 Quench levels - Geant4, Fluka and QP3 results

Since both Monte Carlo simulations provide results normalized per incident proton, the final
quench level scales linearly with the number of protons lost during a dedicated experiment.
However, the exact estimation of protons contributing to the MQ quenching during the Fast
Loss Quench Test (2013) is not trivial. Although the BLM signal can be recalculated to the
number of lost p1rot0ns17 (Fig. 4.15), the resolution of QPS system limits the precision of
assessing the moment of quenching to +5 ms. Moreover the synchronization between BLM
and QPS is not perfect. Therefore, the following three cases were concerned for all studied loss
patterns:

* loss of 4- 108 protons which defines the experimental lower bound; with this intensity

17This can be done only if the loss was confined in the devoted region, i.e. no losses along the machine, especially
on the collimators.
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loss a resistive volume has not developed in the superconductor,

* loss of 8.2- 108 protons which defines the experimental upper bound; all particles were
lost on the magnet before QPS system initiated beam dumping due to magnet quenching
(about 5 ms delay in effective reaction time),

* loss of 5.4 - 108 protons which corresponds to the last moment before sudden voltage
increase on MQ.12L6; however this can be any value < 8.2- 108 protons since no data is
available between these two neighbouring measurement points due to the resolution
of QPS data acquisition. In addition to that, the voltage increase rather does not scale
linearly with the number of lost protons.

Table 4.13 contains the summary of quench levels obtained with Geant4, Fluka and QP3
methods. Concerning the most probable loss scenario (Case 73) and the number of lost
protons to be 5.4 -108, the quench level was estimated to be ~260 mJ/cm?® using Geant4,
~270 mJ/cm3 using Fluka and (70+40) mJ/cm?® when applying QP3 code. Although Geant4
and Fluka methods are based on different routines, they delivered consistent quench levels.

In addition to the Monte Carlo simulations, QP3 heat transfer code was used to calculate
minimum quench energy. However, this Fortran program is dependent on a radial energy
distribution along the most exposed cable which is derived from Geant4/Fluka simulations.
Therefore, the QP3 results are biased by uncertainties and errors coming from Monte Carlo
codes. The studies focused on determining the reason of the large discrepancy between the
QP3- and Geant4/Fluka-estimated quench levels are ongoing.

4.10.7 Final summary and conclusions

Fast Loss Quench Test 2013 was planned precisely and performed successfully, i.e. terminated
with magnet quenching. Detailed analysis of experimental observables and Geant4 simula-
tions was provided. The quench level was estimated to be in the range of (200-400) mJ/cm? at
the magnetic field of about 2.7 T. Such wide range results from the uncertainty of assessing
the number of lost protons which effectively initiated the MQ quenching. The quench levels
obtained with QP3 heat transfer code exhibit large discrepancy with respect to both, Geant4
and Fluka, results. The origin of this difference remains under investigation but it is probably
due to the fact that the theoretical data for the fast loss regime has never been validated with
experimental observables in the case of QP3 code. Presented results are crucial for the future
estimations of the BLM thresholds in the fast loss regime (milliseconds) for higher beam
energies to be reached after LS 1. Applying new thresholds should approach the conditions
allowing effective machine protection against UFO events and limiting unnecessary beam
dumps. However, it has to be remembered that the provided quench levels were obtained
for the case of primary beam losses on the aperture. In the case of UFOs, not only protons
scattered on dust particles but also secondaries produced during the interactions between
protons and dust particles hit the aperture. Therefore, the initial conditions regarding the
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Table 4.13 — Fast Loss Quench Test 2013: Comparison of quench levels obtained with different
simulation techniques: Geant4, Fluka and QP3. Note that QP3 does not consider a number of
protons but the loss shape and loss duration. The given quench levels correspond to the loss
pattern at the moment of loosing certain number of protons (see Table 4.9).

Quench level [m]/ cm?]

Lower bound of Upper bound of Anticipated loss

Method Loss scenario

quench level: quenchlevel:  causing the quench:
4-108 protons  8.2-10% protons  5.4-10® protons

Case 59 170 340 230
Geant4 Case 61 260 520 350
Case 73 200 400 260
Case 59 210 420 280
Fluka Case 61 220 460 300
Case 73 200 410 270
Case 59 30 70 40
QP3 Case 61 30 70 40
Case 73 30 70 40

particles lost on the aperture are different and the loss pattern is probably not the same as well.
However, during the FLQT the loss duration, which is crucial quenching process, was achieved
in the planned scale of millisecond (although 5-10 times longer than the UFO duration).

112



3.5 TeV Steady State Loss Quench Test
2010

5.1 Motivation

The main motivation of performing Steady State Quench Test 2010 was to validate the current
BLM thresholds at nominal energies, estimate the quench levels at the timescale of seconds
(steady state regime) and to study the correspondence between BLM and QPS systems.

In 2010, the BLM thresholds in the LHC were set according to the Geant4 simulations of MQ
magnets [104]. These simulations were validated using data of magnet quenches at injection
energy of 450 GeV (9th August 2008 and 7th September 2008, detailed description in [95]).
However, they have never been tested at the nominal energy of 3.5 TeV. Moreover, these losses
occurred in the fast regime and no data was available for the steady state case. Finally, the
quench tests conducted at 450 GeV provided interesting results (6.10.2010, see Chapter 2),
i.e. depending on the plane of inducing beam losses, different elements (MB or bus bars)
quenched. Combining these three aspects resulted in the decision that behaviour of magnet
system under the exposure to beam losses needed to be examined at high beam energies.

5.2 Description of 3.5 TeV Steady State Loss Quench Test 2010

The experiment was performed in cell 14R2 on 17" October 2010 [132], [136]. Since this was
the first LHC quench test at the nominal energy and the current experience was based mainly
on lower energy tests, precautionary solutions were required. First of all, the collimators were
left un-touched at the nominal values' in order to ensure safe operation conditions . This
means that the particles occupying space in the vacuum chamber beyond an acceptance
region in the transverse plane were intercepted. Therefore, losses in remaining parts of the
machine were prevented if a beam traveled along the nominal orbit (no disturbance sources).
Secondly, modifications of the BLM thresholds in the vicinity of a targeted magnet were

1During 2013 Quench Tests the mechanical aperture was increased at the location of collimators in order
to avoid beam losses there. This operation allowed the number of protons lost on a quenching magnet to be
calculated.
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implemented very carefully. These changes were needed since during the standard LHC
operation conditions, the BLM system would initiate beam extraction from the machine if
losses exceeding certain thresholds were recorded. To avoid that, the BLM monitor factors
were increased? by a factor of three (from 0.3 to 1.0) which corresponded to the values three
times greater than the estimated quench levels. Depositing more particles in the dedicated
region was allowed and hence quenching magnets. The resulting resistive volume in the
superconducting coils was supposed to be detected by the QPS system.

Three pilot bunches with intensities of (5-6)-10° protons were injected from the SPS to the
LHC and their energy was ramped to 3.5 TeV. Since quenching the superconducting magnets
was the main objective of this experiment, the three corrector orbit bump technique (see
Section 1.9) was applied. This enabled particles to be distorted from their initial orbit and
guided onto the target (Fig. 5.1). In addition, the dynamic mode was chosen to achieve steady
state loss regime, i.e. loss duration in the order of seconds. This means that the magnetic
field of corrector magnets was increased continuously in time so that the circulating particles
experienced stronger deflecting forces each turn. Thus, the particles’ amplitude rose in time
as well. Of course, due to safety reasons, the bump was closed, i.e. behind the targeted magnet,
the circulating protons were guided back to the initial orbit not to provoke losses elsewhere.

During the dedicated time slot, beam 1 was not available so it was decided to use beam 2
instead. The beam orbit was modified in the vertical plane due to the focusing properties of
MQ.14R2 (focusing for beam 1 and defocusing for beam 2 in the horizontal plane). Although
the quadrupole coils are symmetric (Fig. A.1), the beam screen shape is not. Therefore,
some differences in quenching process were anticipated regarding the horizontal/vertical loss
planes. In addition, since BLMs are located in the horizontal planes only (in the arcs), the
signals from vertical losses would be much smaller than in the case of horizontal losses.

5.3 Analysis of the experimental data

5.3.1 Studies of beam intensity loss

As it was already mentioned, the knowledge of a number of protons deposited onto a targeted
magnet is crucial for assessing the quench level. In this subsection a discussion devoted to the
observed loss locations and their quantitative contribution to the total beam loss is presented.

The beam intensity distribution in time was measured with Fast Beam Current Transformers
(FBCT) and is presented in Fig. 5.2. At the beginning of the experiment the total beam intensity
of three bunches was equal approximately 1.85-10'° protons. As the consequence of the
applied dynamic bump, the particles were lost continuously. The shape of the loss exhibited
a non-linear behaviour due to cutting transverse Gaussian ® of the beam on the aperture

2During the 2013 Quench Tests monitor factors were set to the electronic maximum of 23 Gy/s.
3An influence of cutting beam Gaussian tails on aperture limitations onto a loss shape was observed during
Steady State Quench Test 2013 when a static bump was applied (see Chapter 6, Fig. 6.6). However, in 2013 QT
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Figure 5.1 — Steady State Quench Test 2010: Diagram of the three corrector orbital bump.
Corrector magnets used for changing the initial trajectory of the circulating particles are
housed next to the Main Quadrupoles (MQs). Grey bars with blue frames represent magnets
focusing in the vertical plane and these ones with the red frames - the magnets focusing in the
horizontal plane. Beam 2 comes from the right and travels along the black dotted line. Due
to the increasing magnetic field of the correctors, beam amplitude rose during the test. This
finally resulted in particle deposition around the central MQ.

limitations. On top of that, the particles followed the parabolic-linear-parabolic (PLP) function
of the dynamic dump([73] as the consequence of the characteristics of magnet currents. A
sudden sharp decrease of the beam intensity represents the moment of beam dumping. This
means that when quenching was detected, the QPS system initiated beam extraction from
the machine in order to prevent further beam losses.Based on Fig. 5.2, it would be possible
to calculate the number of lost protons on the target simply by subtracting the number of
dumped protons (= 0.75- 1019) from the initial beam intensity (= 1.85- 1019). However, it could
be done only if no losses occurred beyond the dedicated region or other losses were precisely
controlled and measured.

In general, the three-corrector orbit bump is a very "clean" method which allows changing
the beam orbit in a well-defined way within a limited region without affecting the other part
of the machine. Nevertheless, during this quench test the collimators were partly closed,
meaning that the particles were also lost there. Fig. 5.3 shows radiation measurements along
the LHC - the highest losses appeared in two places - in the targeted region of MQ.14R2
and in IR7 where the collimation system is located. Although the BLM signal on a primary
collimator was measured to be around 7.5 times smaller than the one on MQ.14R2 (Fig. 5.4), it
represents significant contribution to the total beam losses. This is due to the different loss
scenarios and density of materials involved in development of secondary particle showers?.

Previous studies [138] has shown that a loss of approximately 1.2-10'? protons on primary

around 58% of the beam was deposited which is more than only tails.

4The largest contribution to main magnet volumes come from collars and yokes which are made of steel (typical
density of steel is [7.75-8.05] g/cm3). The LHC primary and secondary collimators [137] are mainly built of carbon
fiber-reinforced carbon (typical density of CFC is [1.6-1.98] g/cm?).
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Figure 5.2 — Steady State Loss Quench Test 2010: beam intensity measurements provided by
the FBCT. Zero on x-axis corresponds to the moment of the beam dump. The non-linear shape
of intensity distribution results from cutting beam transverse Gaussian tails and the bump
dynamic. During the experiment ~1.1-10'° protons were lost in total in MQ.14R2 vicinity and
on collimators (see further analysis).
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Figure 5.3 — Steady State Loss Quench Test 2010: Beam radiation along the LHC [132]. The
three corrector orbit bump ensures very localized beam losses in the targeted region. However,
particles were lost also in the collimator region due to the aperture limitations.
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collimators was needed to register BLM signal of 1 Gy. On the other hand, considering the most
exposed BLM during Fast Loss Quench Test 2013 (see Chapter 4), it was calculated that BLM
signal of 1 Gy corresponded to the loss of ~1.1-10'! protons on the MQ®. However, this value
cannot be used directly for comparing signals at MQ and collimators since it was calculated
for the case of horizontal losses when in 2010 the vertical loss was provided. Therefore,
a factor, which was estimated to be between 2-3, was taken into account to compensate
differences in BLM measurements resulting from losses in these perpendicular planes. Since
the presented values were obtained for 4 TeV beam losses and SSLQT 2010 was done at 3.5 TeV,
additional correction was needed. Studies presented in [139] show that the difference of
0.5 TeV between the considered values lead to a factor of =~ 0.7 in BLM signals®. Combining all
contributions mentioned above, it was roughly estimated that the observed BLM signal on the
primary collimator (1.13-10~3 Gy/s) would be equivalent to a signal of about (2.9-4.3)-10~3 Gy/s
registered by a BLM mounted on the MQ’. This value corresponds to about (35-51)% of the
signal on MQ.14R2 (8.39-1073 Gy/s) measured during this experiment. Therefore, the final
conclusion is that the exact number of particles lost on the MQ.14R2 during the Steady State
Quench Test 2010 cannot be accurately assessed.
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Figure 5.4 — Steady State Loss Quench Test 2010: Comparison of losses on the target and
collimator. The red dots shows radiation dose measured by the most exposed BLM located on
the MQ.14R2. The beam losses on a primary collimator TCP are presented by the black dots.
BLM signals are given in 1.3 s integration time (RS09).

5During the experiment =8.2-108 protons were lost on MQ.12L6. This resulted in BLM signal of 0.73 Gy/s in
10.24 ms integration time (RS06). Therefore ~1.1-10'! protons corresponded to the signal of 1 Gy.

6Simulations presented in [139] show that a normalized detector signal was = 0.25 in the case of 3.5 TeV beam
losses and = 0.35 in the case of 4 TeV.

“Losses on the secondary collimators were observed as well. However, they mainly constitute of secondary
particles created on the primary collimators (multistage collimation system).
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5.3.2 Beam position measurements

Beam position measurements were obtained using BPMs (Fig. 5.5). During the experiment, the
maximum bump amplitude in the vertical plane was set to 15 mm but the MQ quenched earlier
(at about 14.65 mm). Although the beam deflection was imposed only in the vertical plane
(the violet curve), the changes were observed also in the horizontal plane (the magenta curve).
There were several hypotheses trying to explain this additional contribution to the overall beam
disturbance. The first idea concerned influence of the quadrupole field lines on the particles
deviated from the ideal orbit. However, in the considered region the field changes were
negligible [140], [114]. Another possibility was related to the accuracy of BPM measurements
when operating with beams being close to the aperture limitations. Nevertheless, this has
turned out to be to around an order of magnitude smaller [141]. A probable failure of the used
BPM was also taken into account but it was rejected by a detailed investigation performed
by another BPM expert [142]. Therefore the presence of the horizontal beam deflection
measurements remains unknown.

Measurements provided by neighbouring BPMs located the closest to the targeted magnet
(MQ.14R2), allowed calculating impacting angles of incident protons. The beam position
registered just before the beam dump corresponded to the angle of 202 urad. This value was
later introduced to the Geant4 simulations.

Imposed vertical bump amplitude = 15 mm
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Figure 5.5 — Beam position measurements provided by the BPMs. Zero on x-axis corresponds
to the moment of the beam dump. Although the bump was imposed in the vertical plane (the
violet line) the deflection of beam orbit in the horizontal plane was observed (the pink curve)
as well.
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5.3.3 BLM signals and loss evolution

Aloss pattern, i.e. a number of incident protons lost along the magnets, cannot be derived
directly from the experiment since no such detectors are installed in the machine. However,
Beam Loss Monitors (BLMs) located close to the positions, where the highest losses are
anticipated, allow studying development of secondary particle shower originating from proton
losses.

Fig. 5.6 shows the relative positions of six standard BLMs with respect to the arc Main
Quadrupole centre. Three monitors survey losses related to beam 1 and three others - losses
coming from beam 2. The first and the last monitors (for each beam) are installed close to the
interconnection regions (MB-SSS®, SSS-MB). Over there increased radiation occurs due to
the lower density environment (vacuum pipes, helium tubes) which particles need to pass
through. Therefore, the particles can effectively travel much further than in the case of dense
material components of the magnet cold mass. The positions of central detectors are adjusted
so that the losses appearing in the MQ are registered. The origin of these losses is directly
related to the beam optics and the presence of the f-function maximum. Due to the emittance
conservation along the accelerator, this leads to the largest values of beam size.

A comparison of radiation dose measurements provided by BLMs in the vicinity of MQ.14R2 is
presented in Fig. 5.7. Knowing that a peak of the secondary particles occurs around 1 m from
the loss location, the highest signal of B2E20 confirms that the particles were lost in the region
of MQ cryostat (in the MQ magnet and/or front correctors). On the other hand, low signal of
B2E10 denies the presence of significant losses upstream the MQ and in the interconnection
region SSS-MB. Very interesting information comes from B2E30 measurements. Although
this monitor is located around 2.5 m downstream the end of the MQ cryostat, it registered
roughly the same signal as B2E20. Such a configuration has not been found in 2013 Quench

B2E30 B2E20 B2E10 . Beam2
~ MB ma [F mBT
B1110 B1I20 B1130
L 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
8 % -4 2 0 2 4 6 8

Figure 5.6 — Steady State Loss Quench Test 2010: Locations of BLMs. The Main Quadrupole
(MQ, grey bar) is located between two Main Dipoles (MBs, blue bars). The MQT is represented
by the green bar, the MS - violet bar, MCBV - the pink bar. BLMs are shown as yellow bars -
three upper BLMs survey losses of beam 2, three others are devoted to monitoring beam 1
losses. In cell 14R2 beam 2 travels in the external aperture. The red arrow indicate direction of
beam motion.

83SS - Short Straight Section, see Chapter 1
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Tests where correlations between the corresponding monitors were completely different and
loss pattern studies revealed that the loss was very narrow (Fig. 6.13). The ratio between the
middle and the last BLM was calculated to be g%zg = 1 (also confirmed in RS12), when for
the SSLQT 2013, 32 ~ 2 5 (from Fig. 6.6) and for the FLQT 2013, §222 = 4 (from Fig. 4.13).
This indicates that the loss induced with the dynamic bump was widely spread over the length
of the MQ. However, the beam screen shape asymmetry between the horizontal and vertical
planes might also affect the shape of the secondary particle cascade. This could be due to
the different distances between beam screen edges from the beam pipe surface (Fig. A.1) and
thus, unequal amount of medium with low density (vacuum) which particles pass through. In
addition, in the case of vertical losses, the BLMs are not located against the losses but aside of
them, i.e. not on top/bottom of the magnet but on the right/left sides. The presented tendency
in the correlation between corresponding BLM signals (Sp2g20 and Sp2g30) is conserved up to
10% (1.0£0.1) during the entire loss duration (right plot in Fig. 5.8). The shape of cross-talk
registered by beam 1 monitors comes from the transverse distribution of the secondary particle
shower (the left plot). However, interpretation of correlation between beam 1 and beam 2
BLM signals is difficult difficult to estimate. This is due to non-equal transverse distances from
the loss location (both in the transverse and longitudinal planes) to monitors installed on the
opposite sides of the MQ cryostat (difference of about 20 cm transversely).

Fig. 5.9 shows loss evolution in time and space for beam 1 (left plot) and beam 2 (right plot)
monitors. Although relation between B2E20 and B2E30 signals stays almost constant, it does
not apply to the correspondence with B2E10 measurements.

In order to estimate loss development in time, the ratios between consecutive BLM signals
were calculated in the function of time (Fig. 5.10). The red dots represent g%ﬁg and the blue
squares show gﬁiiig . In contrast to the constant correlation between the middle and the last
beam 2 monitor signals, ratio g%ifg changes significantly in time exhibiting loss evolution.
This is probably mainly because of the increasing in time magnetic field of the correctors

(dynamic bump) which resulted in rise of impacting angles of incident protons. Therefore, the

relative distance between loss location and these two monitors changed in time as well. Taking
into account that the maximum radiation outside a magnet occurs around 1 m downstream
the loss location it can be concluded that the loss of the primary particles moved in time from
the first half of the magnet towards the front part of the magnet. In addition, lack of any major
changes of % during the loss duration implies that the loss length was much larger than
the differences in loss locations resulting from angle decrease.

5.3.4 Development of the beam loss and onset of the quench

The energy deposited inside the superconducting coils by the lost protons cannot be derived
directly from the experiment. However, using Monte Carlo simulations, it can be correlated
with the corresponding radiation dose measured outside magnets with BLMs. On the other
hand, the consequences of energy deposition can be observed in the form of developing
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Figure 5.7 - Steady State Quench Test 2010: BLM signals in time (RS09). The highest radiation
was measured by B2E20 and B2E30. These two signals are almost the same during the whole
loss duration. Comparison with 2013 Quench Tests indicate that the loss was widely spread
over the magnet length.
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Figure 5.8 — Steady State Quench Test 2010: Longitudinal radiation distribution in consecutive
time steps of 1 s is based on RS09 measurements. The ratio between B2E20 and B2E30 is
conserved up to 10% (1.0+0.1). The shape of cross-talk registered by beam 1 probably comes
from the transverse distribution of the secondary particle shower. Left plot - signals measured

by beam 1 monitors. Right plot - beam 2 BLM measurements.
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Figure 5.9 — Steady State Quench Test 2010: Radiation distribution in space and time (BLM
signals in RS09).
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5.4. Analysis of the Geant4 simulations

resistive volume if one of the characteristic parameters, i.e. the temperature, exceeded the
critical value. Therefore, it is important to study the correspondence between BLM and QPS
observables in order to understand quenching process evolution. The accuracy of such a
comparison in limited due to two main aspects:

e different time resolution of voltage and radiation measurements (the BLM system
provides data every 40 us when QPS system acquires signals every 5 ms; therefore
the QPS limits the overall synchronization between these two systems),

* lack of synchronization between BLM and QPS systems.

Fig. 5.11 presents correspondence between radiation dose measured by the most exposed
BLM (B2E20, green curve), absolute value of voltage difference between two MQ.14R2 poles
(U_ QSO0_ EXT, red curve) and intensity loss (black curve) in time with respect to the moment
of the beam dump (20:23:13, local time). The BLM signals are synchronized with respect to the
moment of the beam dump. The first 78 ms of PM buffer contain radiation dose measurements
before the beam extraction from the machine and the last 4 ms after include data acquired after
the dump. The accuracy of this condition was verified by comparing B2E20 signal decrease at
the moment of dumping with simultaneous increase of radiation at the position of the dump
kicker (MKD) and the dump (not presented in the plot). The QPS signals were adjusted with
respect to the condition of detecting quenching. This means 10 ms when the U_ QS0_ EXT
was equal or grater than 100 mV. Additional 5 ms were taken into account for activating beam
extraction and triggering quench heaters (pink curve).

Initially constant radiation (within the considered region; note that the loss lasted several sec-
onds) dose suddenly started increasing at about ¢ = 50 ms. However the resistive component
occurred about 25 ms earlier and rose steadily till £ = 15 ms. These two signal do not follow
the same function which implies that the quench process is non-linear.

5.4 Analysis of the Geant4 simulations

Historically, the Geant4 simulations of 2010 Steady State Quench Test were provided before the
simulations of 2013 Quench Tests (see Chapter 4). The difference between these simulations
are mainly related to:

* magnet representation - the upstream MB and the interconnection SSS-MB were not
implemented since it was assumed that the loss would occur in the MQ region,

* division of sensitive detector - the binning in radial plane was smaller, i.e. An, =3
(An, =4 in the case of 2013 simulations),

* position of the particle gun - particles hit the surface of the beam screen in the vertical
plane and they were centered in the horizontal plane, impacting angle of 202 urad was
applied,
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Figure 5.11 — Steady State Quench Test 2010: Summary plot of BLM and QPS signals at the
moment of quenching. The green curve shows the radiation dose recorded by the most
exposed BLM B2E20 within the last 78 ms before quenching. The voltage measured between
two poles of MQ.14R2 is represented by the red curve. The number of total lost (on the magnet
and collimators) protons is given by the black line. The pink line shows the voltage drop on
the quench heaters as a part of magnet protection ensured by the QPS system.

* no secondary particle killing? (in 2013 simulations, particles beyond the position of
longitudinally external monitors were killed in order to decrease computing duration),

* vertically focusing magnetic field for 3.5 TeV beam.

Therefore, since different loss scenarios are considered in the case of 2013 QT (horizontal loss)
and 2010 QT (vertical loss), geometrical asymmetries (the shape of the beam screen, locations
of BLMs) and slightly changed simulation conditions have to be taken into account when
comparing these two experiments.

In total 71 point like losses were simulated in the range from -4 m to 3 m with respect to
the MQ.14R2 centre with step of 0.1 m. Since during the experiment no mobile monitors

9In Geant4 nomenclature, "killing a particle” means that a particle’s track and correclated physics (i.e. energy,
etc.) are deleted.
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5.4. Analysis of the Geant4 simulations

were installed, the simulations considered only six standard BLMs (on the stage of analysis;
long pseudo-detectors were implemented to the code in the same way as in the case of 2013
simulations).

5.4.1 Evolution of applied methods for assessing the loss pattern

At the moment of performing the experiment (2010) and also in a few following years (until
beginning of 2013), the knowledge of incident particle distribution when applying a three
corrector orbit bump was limited to scientific hypotheses!?. Since these ideas were based
on several parameters (position of the loss maximum, loss spread, shape of the loss distribu-
tion) and they evolved many times, a fast and robust method was required to validate them.
Therefore, it has been decided to simulate many point-like losses along the region, where the
quench test was performed. The loss shape was imposed by weighting data by appropriate
coefficients corresponding to an assumed loss shape. Since this was done on the stage of
analysis, the Geant4 simulations were not affected and the data could be used many times
without repeating a very time consuming process of simulations. A fixed angle, resulting from
BPM measurements, was applied for all loss locations. The longitudinal beam size was taken
into account indirectly through the loss shape. The transverse beam size was neglected.

The evolution of applied approaches leading to assessing the loss pattern can be observed in
two publications written by the author. At the beginning a single point like loss in the centre
of the MQ was considered [132]. The choice of the location was based on the presence of the
B-function maximum. During the next step, a spread loss distribution substituted the single
point-like loss method [136]. Two the most probable cases were considered - one in the centre
of the MQ and the other one in the centre of the corrector magnet MCBV (due to the maximum
bump amplitude). Moreover, it was assumed that the primary beam had a Gaussian shape
and thus, the resulting loss on the beam screen plane should also exhibit similar proprieties.
This means that if no external forces would act on the beam, the loss size would be a simple
projection of the beam onto the surface of the beam screen as in the case of vertical losses
inside MB magnets. The vertical beam size was measured with a Wire Scanner (WS) located in
Point4 (ows,ver = 876 um). Knowing the value of S-function [143], [144] at the position of the
apparatus (Bws = 404.55 m) the emittance was calculated by applying the following formula

2
g
€= _WS,ver (5.1)

Bws
Since emittance (¢ = 1.9-1073 pm) stays constant along an accelerator (no beam blow-up
was anticipated during the test), it was possible to calculate beam sizes at the position of
the MQ and MCBV. Taking into account ;g = 184 m and Bp/cpy = 176 m (Fig. 5.12), the
corresponding beam sizes were calculated to be oy, ver =591 pm and o ycB,ver = 577 pm.
Assuming the constant impact angle of 202 urad, this would result in directly projected

10gxtensive studies on loss patterns started in fall 2012 in CERN Technology Department (mainly by [133] and
were devoted to upcoming Quench Tests at 4 TeV (done in 2013).
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Figure 5.12 — Steady State Quench Test 2010: S-function at 3.5 TeV along the simulated region.
In the MQ centre (zp7q = 0 m) S-function reaches its maximum (8o = 184 m). In the centre of
the corrector magnet MCBV (zy;cpy = 2.5 m), Bycpy = 176 m. Note that only the -function
values at the locations of magnets are taken from jmad. Remaining values were obtained from
linear interpolation.

losses with sizes of 0 v, ver,10ss = 2.92 m and 0 pcBv,ver,i0ss = 2-86 m, respectively. However,
charged particles experience strong focusing fields when traveling through a quadrupole
magnet. Therefore, the assumption of constant impact angle is not valid and the presented
simple calculation cannot be applied any more. Since no direct beam size measurements
could be done at the assumed loss locations, it was decided to use Eq. 3.5 for studying the
correspondence between measured and simulated BLM signals the as the function of beam
size changes. The thesis stated that the smaller 29" (u-the mean of Gaussian distribution,
o and o; are standard deviations of the right and left parts of the normal distribution),
the more probable the case is. Based on that, the estimated loss sizes were obtained to be
O MQ,ver,loss = 1.7 m and 0 prcBv,ver,loss = 3.2 M. Because the influence of the magnetic field
should result in a decrease of beam loss length, it was deduced that the loss in the MQ was

more likely.

The final idea of assessing loss patterns resulted in developing the Geant-Quencho-Meter
program (GQM, see Chapter 3). Besides, considering user-specified loss patterns, it enables
finding the best fitting (to observables) loss patterns. Moreover, this approach is correct only if
the correspondence between simulated and measured BLM signals would be 1:1. The program
provided iteration over point-like losses to find the best fitting mean value p of the Gaussian
distribution. In addition two other free parameters related to beam loss sizes, o; and o, where
implemented. This allowed introducing asymmetry of Gaussian shape which could change as
the result of strong magnetic field.
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Summing up, the presented strategy of assessing loss patterns was based on two main princi-
ples:

e aprimary beam has a Gaussian distribution,

* the particle loss shape is the effect of the beam shape and the trajectory of the particles.

Therefore, the loss shape can posses a non-Gaussian, asymmetric structure.

5.4.2 Presentation of GQM results

The analysis which is presented in the following part of this chapter rather shows the method
of assessing loss patterns than provides final conclusions. This is due to the fact that the case
study based on orbit simulations (MAD-X) provided for 2013 FLQT confirmed that Geant4
simulations underestimate BLM signals by a factor of 2-3 (this was previously reported in [95]
and [115]). The performed comparison of results (loss distribution, energy distribution in
coils, signal in BLMs) obtained using MAD-X loss patterns and those one obtained with GQM
showed significant divergence.

The GQM considers loss patterns (determined by the values of y, o; and o, see Section 5.4.1)
in user-defined ranges and for each case calculates corresponding BLM signals. The results
are compared to the measured values using a simulation-experiment similarity estimator
(Eq. 3.5). The minimum of Zﬁf’(,rr’?z, I’ i.e. the squared sum of the normalized differences between
simulated and measured BLM signals, determines the most probable loss scenario (assuming
perfect correspondence between simulated and measured BLM signals) for the assumed loss
location and loss shape. Since the operation of imposing different loss shapes is done on the
level of analysis, this approach allows considering thousands of different scenarios in relatively
short time (about 2000 cases per hour of PC time).

Fig. 5.13 - Fig. 5.14 show how Z197™ evolve for a fixed p and varying o; and o, factors. For

K007
each case only one global minimum exists.

According to the applied algorithm, the location of u was estimated to be (0.4 +0.1) m from
the MQ.14R2 centre. For this value, a color map of ZZ,"J% , as a function of beam size ¢, and
o is presented in Fig. 5.15. The minimum of the simulation-experiment similarity estimator
is marked with a black dot which coordinates were found to be 0,¢; = (1.40 £ 0.14) m and
Oright = (1.54 +£0.15) m. The surrounding region, where Zﬁﬂrf’gl =~ 1.2, exhibits certain blur
with respect to the symmetry line given by the white dotted line. This seems to confirm

influence of the magnetic field forces onto the loss shape.

The loss pattern corresponding to the best fitting scenario is shown in Fig. 5.16. Although,
these results are given only to present the applied method, such wide spread of lost proton
distribution would be in good agreement with observed stable correlation of measured B2E20
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Figure 5.13 - GQM results - Evolution of ZZ%%: as a function of o; for varying values of 0.
For each function only one global minimum exists. The bottom plot shows magnification of

the top plot.

128



5.4. Analysis of the Geant4 simulations

45— T T T T[T T T[T T T @ Opq=2.72m

- =@~ Ojq = :;Z m

- --@- G =2.20mM

401 Gy =2.04m

- - Oy =1.86m

35 — Clep = 1.69 M

L G = 1.54 M

- --0- Gp=140m

30__ --@- Oy=1.27m

- --.-‘Glen=1';gm

— - Opegy = 1 m

= 25 o Gpy=095m

13 - --@-. 0y =0.87m

ij: 20 - --@- Gy =079 m
15— —
10 —
5 —
8 L1 Al

.6

ST T T T [ T T [T T T [T T T[T T T [--@- Opq=2.72m

o --@-: Gy =2.47TmM

2.8 --@- Oy =2.25m

C Ot = 2.04m

- 8- Oy =1.86m

2.6 - Clee = 1.69 M

C O = 1.54 M

24— --®-: Oy =1.40m

- "."Gleﬂ=:'$gm

r --®- Oy =1.10m

- 2.2 - G =1-05m

el C --®- Oy = 0.95m

£ 2 -®- Gy =0.87m

p\]: - --®- Oy = 0.79 m
1.8 —
1.6— —]
14— —]
1.2 —]
1l

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlI
6.6 08 1 12 14 16 18 2 22 24 26 28

Gright [m]

Figure 5.14 - GQM results - Evolution of 29" as a function of o for varying values of 0.
For each function only one global minimum exists. The bottom plot shows magnification of

the top plot.

129



Chapter 5. 3.5 TeV Steady State Loss Quench Test 2010

1.6
1.5“7;2
H
o
14, 8
1.3
1.2

0.5
%.8 1 12 14 16 18 2 22 24 26
csright [m]

Figure 5.15 - GQM results - distribution of Zﬁ_"(,’r’_’(‘,l as a function of o; and o ,. White dotted line
determines the symmetry boundary. The minimum of the simulation-experiment similarity
estimator is marked with a black dot which coordinates are o; = (1.40+0.14) m and o, =

(1.54 £0.15) m.

1

Normalized weight [-]

\I\\‘\\\\‘\\I\|H\\‘\\\I‘I\\\‘i

L L | L L L 1 ‘ L L 1 L
0 2 - 0 1 2 3

z with respect to MQ.14R2 [m]

Figure 5.16 — Steady State Quench Test 2010: Loss pattern obtained using GQM. The best
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and B2E30 signals (Fig. 5.10). However, it has to be kept in mind that Geant4 simulations
underestimate signals of simulated BLMs.

Fig. 5.17 shows the correlation between the energy density distribution along the most exposed
bin of the MQ superconducting coil (the red curve) and the number of secondary particles
reaching pseudo-detectors (the black curve) for the estimated loss pattern. The maximum of
deposited energy occurred in the second half of the MQ (z = —0.5 m) with respect to the beam
motion (beam 2 coming from the right) reaching the averaged (over the unit cell volume) value
of Ejpax = 0.3-107% mJ/cm3/proton. The most numerous population of secondary particles
was recorded in the interconnection region between the downstream MB and the MQ. Since
this distribution does not provide information on the type, energy and impacting angle of the
secondary particles, it cannot be directly used for estimating BLM signals. However, it gives
the first estimates of the radiation outside the magnets.

The radial distribution of energy deposited across the most exposed bin is presented in Fig. 5.18.
The simulation results were fitted to the power law (Eq. 4.4) in order to calculate the energy
deposited in each of 18 stands of the superconducting cable. Therefore, this distribution could
be used as an input to the QP3 heat transfer code. Based on these calculations, the average
energy density was obtained to be Eq,g = 0.16- 1075 mJ/cm3/proton. By multiplying this value
be the the number of protons impacting the quenching magnet, the quench level could be
estimated.

The BLM signals are calculated taking into account a type and energy of secondary particles
reaching the monitors (see Section 3.4.2). As the result of using detector response function,
the Geant4-based signals are given per proton. Therefore, the population of lost protons on
the magnet needs to be known in order to obtain the signal in Gy which is later compared to
the measured values. However, in 2010 SSLQT it is not possible to assess the loss intensity.
Therefore, for these considerations the total value of 1.1-101° protons was used. Fig. 5.19
shows the ratios between simulated and measured BLM signals in the case of integrated loss
(over the entire loss duration). Since the main task of the GQM was to find the best fitting
scenario, these ratios were expected to be around 1 and for the estimated loss scenario indeed
varied from = 0.6 to = 1.1.

By now, the integrated loss was considered. However, to study time-dependent loss evolution a

norm
K00

results for At = 1 s when assuming a number of protons lost at each step proportional to the
total loss. This allowed improving the parameter (u, o, o) fitting by at least factor of 2 (for
time dependent case ZZ"’JT"’},I (t)=(0.1-0.5)). Fig. 5.21 presents how the radiation dose would
develop in time if no experiment-simulation errors would affect the GQM results. Based on

minimum value of £ has to be found for shorter time windows. Fig. 5.20 shows obtained

this approach it would be also possible to investigate the development of resistive volume
inside the superconducting coils.
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Figure 5.17 — Steady State Quench Test 2010: Energy density distribution in the SC coil and the
number of secondary particles reaching the pseudo-detectors.
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Figure 5.21 — Steady State Quench Test 2010: Although contribution of method uncertainty is
dominating (both from the experiment and simulations), this plot shows how the loss shape
could evolve in time. The loss shape is determined by the number of protons lost on the
aperture.

5.4.3 Summary of assessing quench levels

The data analysis presented in this chapter constitutes a prologue to the 2013 Quench Tests
since Steady State Quench Test 2010 was the first such an experiment performed at the
nominal energy. The first part of this chapter showed quantitative contribution of two aperture
limitations to the total loss of beam intensity. In addition, the analysis of secondary particle
shower development was estimated using radiation measurements. The correspondence
between BLM and QPS systems was provided. In the second part, the history of different
approaches of assessing quench levels was presented.

The summary of 2010 SSLQT results obtained when using different simulation and computa-
tion approaches is given in Table 5.1. The maximum energy density deposited on the surface
of beam screen was calculated from fitting data to the power law and is represented by Ej;4x-
The average value of energy density along the entire cable consisting of 18 strands (one of two
layers) is given by E,, . Since their values are expressed in mJ/ cm?/incident proton, in order
to estimate the quench level of MQ.14R2 they needed to be multiplied by the total number of
protons lost on the magnet. Since this value cannot be accurately calculated, the total loss of
1.1-10'° protons was assumed for estimating Geant4 quench levels, Qr, 4. The corresponding
values obtained with QP3 heat transfer code are given by Q; op3 and regardless of the applied
method, they are around 0.5 J/cm?.

Due to many uncertainties related to both, experimental (losses on collimators, non-constant
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Table 5.1 — Steady State Loss Quench Test 2013: Summary of quench limits obtained with
different simulation approaches. Ej,x-maximum energy deposited on the surface of the
most exposed cable, E;,g-average energy deposited along the cable, Qr Gean:4 - quench level
calculated from Geant4 data assuming the beam loss of 1.1-10'" protons (overestimated,
since losses occurred also on the collimators) and loss duration of 5.6 s, Qr, op3 - quench level
obtained using QP3 code.

Emax Em/g QL,Geant4 QL,QP3
mJ/cm3/p] [mJ/cm3/p] [MmW/cm3] [mW/cm?]
Point-like loss in the centre of MQ 3.85-10°%  0.60-1076 1082 89
Spread loss with max in the MQ centre 0.27-107%  0.14-10°° 257 98
the MCBV centre  0.22-107%  0.11-107° 213 98
Loss pattern based on GQM results 0.99-1076 0.16-1076 307 71-89

loss rate) and simulation (underestimation of BLM signals) conditions, the accurate quench
level could not be obtained. Hence, the analysis of SSLQT 2010 shows rather the structure of
possible algorithms than provides the final quench levels. However, the experience collected
during this test was crucial when deciding on operational conditions for the next experiment
in the steady state regime. This concerned a method providing constant loss rate in time
and losses concentrated only within a targeted magnet. The continuation of studies devoted
to assessing quench level in steady state regime is presented in the following chapter. The
better controlled beam behaviour and two limiting loss cases allowed obtaining conclusive
and reliable results.
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4 TeV Steady State Loss Quench Test
2013

6.1 Motivation

Steady state losses are defined as losses lasting long enough (> 1 s) so that heat transfer from
a superconducting coil to the liquid helium bath, in which the conductor is immersed in,
and its further flow to the cryogenics system play a crucial role. Efficiency of this process
is probably mostly determined by pores in cable isolation which constitute channels for
helium. In accelerators, steady state release of energy to magnets is mainly related to slow
beam losses originating in beam cleaning, synchrotron radiation, electron-cloud losses, image
current losses, beam particle scattering and luminosity losses[145]. This means that they are
unavoidable during machine operation and the quench level of superconducting materials
has to be specified in this timescale.

A series of Quench Tests were performed in October 2010 at 450 GeV and 3.5 TeV. However,
the results were ambiguous. During the experiments at 450 GeV, depending on the beam
(beam 1/beam 2) and loss plane (horizontal/vertical), either no transition to the normal
conducting state occurred or the development of a resistive volume was observed in one of
the Main Dipoles neighbouring to the targeted Main Quadrupole. In addition, in two cases the
beam was dumped due to the quenching of bus bars. According to the nominal energy beam
tests (3.5 TeV), there was only one event when the Main Quadrupole quenched after distorting
beam 2 in the vertical plane (17/" October 2010, see Chapter 5). The loss of approximately
1.1-10'° protons in 5.6 s was sufficient to initiate irreversible propagation of resistive zone.
Nevertheless, the loss rate was increasing in time (maximum of 4.5-10° protons per second)
and no constant losses could be ensured.

In 2012, the knowledge on quench level of the superconductors in the steady state loss regime
was mainly based on the measurements [95], [104] and only one fully successful experiment
at the nominal energy[132],[136]. Therefore, a repetition of the steady state quench test at
4.0 TeV was required in order to revise current thresholds. In addition a developed method of
inducing many second losses characterized by a constant loss rate, i.e. a three corrector orbit
bump combined with the ADT white nose excitations mode, was provided.
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Chapter 6. 4 TeV Steady State Loss Quench Test 2013

The second motivation of performing this experiment was studying the quench level with re-
spect to the loss scenario. The Collimation Quench Test was expected to deliver approximately
the same power to LHC magnets but not in the form of a direct proton beam but in the form
of a massive shower of secondary particles originating in a beam hitting the collimators.

6.2 Description of the Steady State Loss Quench Test

The experiment was conducted on 16'" February 2013 as the last test of 48 hour long Quench
Test slot. The location of this experiment (cell 121.6) was the same as for the Fast Loss Quench
Test (see Chapter 4) due to the safety issues and the fact that seven additional mobile BLM
monitors were installed there to increase spacial resolution of radiation measurements.

Since this test directly proceeded the Fast Loss Quench Test (15.02.2013) all BLM thresholds
were set to the electronic limit in order to prevent the BLM system to activate the beam
dumping process. In other words, beam losses were permitted to provoke quenching and the
transition to the normal conducting state was expected to be detected by the QPS system.

1. Injecting three sets of eight pilot bunches with total intensity < 2.7-10" protons

0.45 TeV

- 9000000S - ooo00ee® - cocooeceee - <

2. Ramping to the nominal energy 4 TeV
-- oo00000e ------ 000000 e® ------ PP PRD--

3. Creating the dynamic three corrector orbit bump until losses occur

i - Bump amplitude =21.13 mm
//, My MQy,, \\\\\\
ol -:_T__
MQy, My

4. Reducing the bump to 20.36 mm
5. Gating the ADT on only first eight bunches

-| ooco00®®® -|----- ooocccee - ccoccccoe- -

6. Blowing up the gated bunches in the horizontal plane

N N N N N N

I B “

AL » ADT white noise mode
* Three corrector orbat bump

.....

Figure 6.1 — Diagram of the procedure applied during the Steady State Loss Quench Test
(16.02.2013).
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6.2. Description of the Steady State Loss Quench Test
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Figure 6.2 — The ADT excitation function used during the Steady State and the Collimation
Quench Tests [147]. The total excitation window is 40 s.

The SPS delivered three groups of eight pilot bunches to the LHC (Fig. 6.1). The total beam
intensity had to be less than 2.7-10'! protons to fulfill requirements of relaxed Safe Beam
Flag (SBE see Section 4.8). Moreover, it was decided to inject 24 lower intensity bunches
(10'° protons) instead of a several nominal bunches with 10! protons to minimize the con-
sequences of a potential asynchronous beam dump'. During the injection to the LHC, each
set of bunches consisted of two trains? of fours bunches separated by approximately 1.25 s
(Injection3 Scheme Single_36b_4_16_16_4bpi9inj). This needed to be applied since the max-
imum length of the ADT excitation window is 10.5 ps and all bunches constituting a single
set had to be confined in this range. In addition these three sets of bunches were at least 5 us
apart from each others in order to avoid the bunches from outside the chosen region being
affected.Otherwise more than eight bunches could experience excitations due to the ADT field
rising and decaying edges. The next step of the test was to increase the beam energy from
450 GeV to 4 TeV. In contrast to the Fast Loss Quench Test, here neither the octupoles were set
to zero nor chromaticity changed since the beam oscillations should be naturally dumped in
the case of switching off the ADT. Such settings were applied in order to ensure beam stability.
Aincreasing inwards three corrector orbit bump was created until losses were observed (bump
amplitude equals 21.31 mm). This was followed by opening horizontal and skew collimators
not to have any beam losses there. Further, the bump was reduced to 20.36 mm not only to

permit long losses (i.e. not to lose too much beam in too short time) but mostly to prevent
other two sets of bunches from being disturbed.

There were two attempts during which eight bunches were gated by the ADT system and
blown up using the white noise mode. Combining this with the created three corrector orbital

1 An asynchronous beam dump corresponds to the situation when an activation of an extraction kicker field is
not synchronized with a beam abort gap. In this case a large amount of energy would be stored in the matching
section and at the beginning of the dispersion suppressor region [61], [146].

2A bunch train is a group of bunches which are injected together to a machine from its pre-accelerator.

3 According to the nomenclature of filling schemes [128], Scheme Single_36b_4_16_16_4bpi9inj denotes that 36
single bunches were injected to the LHC and 4 pairs of bunches were expected to collide in IP1 (IP5), 16 pairs of
bunches would collide in IP2 and and 16 collision would be provided in IP8. There would be 9 injections from the
SPS to the LHC in total. Each transfer would constitute of maximum 4 bunches.
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bump, which changed the aperture limitation, allowed the beam to be deposited exactly in
the targeted region of Main Quadrupole MQ.12L6.

Fig. 6.2 shows the ADT excitation function which was used during both, the Steady State and
the Collimation Quench Tests. After approximately 2 s the excitation level is constant in time.
The process terminates after 40 s from its initialization.

6.3 Analysis of the experimental data

6.3.1 Characteristic of the beam losses
Beam intensity evolution in time

The same first eight bunches were excited twice with the same experimental settings (ADT
excitation function, bump amplitude) before the Main Quadrupole quenched. The first
excitation (Fig. 6.3) resulted in around 37 s long non-linear losses. The loss duration was
slightly shorter than the ADT time window (40 s) since very likely parts of initial and final
slopes of the excitation functions are below a threshold of inducing losses. In this step the tails
of the transverse Gaussian distributions were cut off - around 6.1 - 10° protons in total were
lost on the aperture expressing a shape of the polynomial of second degree*. Nevertheless,
this was insufficient to provoke the magnet transition to the normal conducting state. The
second excitation was characterized by the loss of protons almost constant in time (around
3.1-10% protons per second). Around 20 s long loss resulted in quenching of the targeted Main
Quadrupole (MQ.12L6). Therefore, the obtained results of the Steady State Quench Test are in
good agreement with the predictions as it was expected that the threshold loss rate at 4 TeV
would be around (2 — 3) - 108 protons per second.

The Transverse Damper excitation window was very precise and acted only on the specified
set of bunches. This is confirmed by the bunch by bunch intensity measurements shown in
Fig. 6.4. Three groups of eight bunches are presented at different stages of the experiment:
just before the excitations (the green dots), after the first excitation (the blue dots) and just
before the beam dump (the red dots). The decrease in bunch intensities can be only observed
in the case of the first group of the bunches which were gated by the ADT.

Loss structure and loss duration

The radiation measurements of the BLM which was the most exposed to the radiation of the
secondary particles (BLMQI.12L6.B2120) are shown in Fig. 6.5. Zero on x-axis corresponds
to the maximum of the recorded signal. During the first excitation (the green curve) the
loss increased linearly in time reaching the maximum radiation dose of 1.8 mGy/s in RS09

4During the second excitation beam intensity, Ij,4,, l0ss in time, £, expressed a shape of the polynomial of
second degree, i.e. quadratic function given by Ip,g, () = 8.149-10'° —1.619- 109 — 3.687- 108 2. There is no
physical explanation of that - the values are given for the quantitative comparison.
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Figure 6.3 — Beam intensity measurements provided by the FBCT (LOBW). Non-linear losses
occurred during the first beam excitation. The second beam distortion resulted in the MQ
quenching.
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(integration time of 1.3 s). The loss almost constant in time (the red curve) was achieved
during the second attempt - here the peak value was 2.3 mGy/s. The total integrated doses
were 52 mGy and 56 mGy correspondingly. The small margin between the obtained safe and
critical radiation levels confirms that the BLM signals at quench had been assessed correctly
in the steady state regime.

Propagation of secondary particle radiation measured by BLMs

Regarding loss propagation studies, it is important to consider the BLM RS (running sum,
i.e. integration time) which is longer than the loss duration in order not to loose part of the
signal. Therefore, in these studies (Fig. 6.6) the longitudinal distributions of radiation dose
samples probed by BLMs are presented along the magnets in RS12 (83.89 s). The highest
signals in the case of both excitations (red line - termination with quench, green line - no
quenching) were observed mainly in the second part (with respect to the beam direction) of
the MQ and the downstream MB. This loss shape indicates that the losses occurred in the first
half of the MQ and very close to the magnet center since usually the peak signal of radiation
outside the magnets appears around 1 m from the loss location. Fig. 6.5 shows that during
the 1! excitation of the set of eight bunches the induced losses increased non-linearly in
time and applying the same ADT excitation function resulted in constant losses during the
2" attempt. This probably resulted from cutting the transverse Gaussian tails of bunches.
In order to verify an impact of this mechanism on the longitudinal loss distribution the BLM
signals were normalized to one incident proton (Fig. 6.7, left plot) and the ratios between the
corresponding BLM signals were calculated (the right plot). These results indicate that the
losses provoked by the ADT white noise mode are spatially repeatable in spite of different time
structure of the losses (Fig. 6.5). The temporal loss structure related to the transverse particle
population might be the reason of slightly lower signals (around 6%) of the 1°! exitation.

In order to compare the influence of the applied excitation modes, i.e. ADT sign flip mode
(Fast Loss Quench Test) and ADT white noise excitation (Steady State Quench Test), the BLM
signal distributions along the magnets were normalized per impacting proton for the cases of
FLQT (Fig. 6.8, left plot, black dots) and SSLQT (red dots). Surprisingly, the results show that
regardless on the loss pattern (see Fig. 6.13), the radiation dose measured by the corresponding
BLMs located on the downstream MB, interconnection MB-SSS and at the end of the MQ are
almost exactly the same and in this region the shape of the cascade is conserved. Only the
first half of the MQ is affected by the loss scenario, which results from different excitation
methods. As the previous plot shows the consequences (radiation dose of the secondary
particle shower) of loosing a single proton, the right plot in Fig. 6.8 shows the comparison of
absolute BLM signal distributions. This means that the records were normalized to 1. In this
case, the radiation shape seems to be almost the same up to the end of the MQ. Nevertheless,
it has to be kept in mind that the data used for the presented comparison was acquired during
two different integration times, i.e. RS06 (10.24 ms) was used for FLQT and RS12 (83.89 s) was
used for SSLQT. Overall, this aspect also has to be taken into account.
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Figure 6.5 — Radiation dose measured by the most exposed BLM (BLMQI.1216.B2120) during
eight bunch excitations. In both cases the same experimental conditions (ADT excitation
function, bump amplitude) were applied. First attempt did not result in the transition to
the normal conduction state (green curve). The second ADT excitation caused quenching of
MQ.12L6 (red curve).
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Figure 6.6 — SSLQT 2013: Longitudinal loss propagation measured by BLMs in RS12 for two
excitations of the same set of bunches provided by the ADT. The first excitation caused losses
of 6.1-10° protons (green dots) and was insufficient for inducing magnet quench. The seconds
attempt resulted in losing 6.2 - 10° protons (red dots) which caused magnet transition to the
normal conducting state. The difference in signals is very small. Beam 2 comes from the right.
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Figure 6.8 — Comparison of longitudinal BLM signals along magnets between SSLQT 2013 and
FLQT 2013. Left plot: signals normalized per impacting proton. Right plot: signals normalized
to 1. Red dots represent the results of SSLQT when ADT white noise excitation was used and
the black dots - results of FLQT with ADT sign flip mode excitation.
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6.3.2 Development of the beam loss and onset of the quench

In the case of steady state loss regime the heat transport through superfluid helium plays a
dominant role. The energy can be deposited in magnets without quenching them for time
in the order of seconds if the loss rate is low enough. Therefore, for example, no quenching
occurred during the 1°7 excitation of the bunch set and did during the second attempt. In this
paragraph the correspondence between the developing voltage in the superconductor and
radiation dose of secondary particles measured outside the magnet cryostat is presented.

In the case of Steady State Loss Quench Test performed at 4 TeV, the protons hit the aperture
for 20 s in total with almost constant loss rate. Fig. 6.9 presents Post Mortem data with high
resolution acquisition of BLM and QPS measurements. The last 78 ms of the losses before the
beam presence in the LHC was aborted is shown. The peaks in radiation (the green curve)
result from tune and other frequency modes present in a beam spectrum. Although at the
very beginning of the timescale (about 78 ms before the dump) the BLM signal exceeded
0.009 Gy/s (in RS01), the superconductor remained in its non-resistive state. The quenching
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Figure 6.9 — Final Steady State Quench Test results - the correlation between BLM and QPS
system measurements. The green line represents the beam losses in the most exposed to
radiation BLM monitor, the red line - the voltage difference between two parts of the MQ
superconducting coil, the black line - the number of lost protons, the pink line - the voltage on
the quench heaters. The black dotted lines point the moment of quenching and indicate the
number of lost protons. The red dotted line marks the QPS threshold of 100 mV.
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Table 6.1 — Summary of the Steady State Loss Quench Test. The ratios of measured BLM
signals compared and the expected BLM signals at quench for different integration times are
presented for the same set of eight bunches used during the experiment.

Measured BLM signal/Expected BLM signal at quench [-]

BLM loss integration time [s]

Excitati Lost p* h

xcitation - Lostp™ o) 95 10-3 65536.103 1.3 524 2097 83.89 UenC
15¢ 6.1-10° 0.14 0.17 029 078 1.14 0.48 no
ond 6.2-10° 0.19 0.21 037 101 164 052  vyes

started around 42 ms before the dump giving the sudden increase in the voltage on the coil
(the red line). This corresponds to relatively low instantaneous radiation level (=0.0045 Gy/s).
However, in the steady state regime such short variations are not significant. The increase of
the voltage function seems to be linear in two separate time steps® ( € (—0.037 s,—0.022 s)
and ¢ € (—0.016 5,0.0004 s)) during which the steepness of the slope increases.

6.3.3 Validation of BLM thresholds

Assessing the BLM signal at quench in the case of performed experiment is very reliable since
the loss margin between the safe and critical scenarios was very subtle. The BLM signals for
all BLM running sums (from 40 us to 83.89 s, the red dots) with respect to the corresponding
thresholds (the green dots) are given in Fig. 6.10 and Fig. 6.11. Table 6.1 contains calculated
ratios of measured BLM signals to expected BLM signal at quench for RS07 - RS12. Beside two
integration times, which actually are the most important ones for this loss duration (5.24 s
and 20.97 s), all ratios stay significantly below 1. The quenching occurred when the radiation
slightly (by 1%) exceeded the quench level in RS10 (1.01). According to 20.97 s integration
time measurements, during both excitations the BLM signals were higher than the expected
values at quench. This difference seems to be sufficiently low not to change the thresholds.
However, the decision on that will be taken by the Threshold Analysis Working Group, which
will be probably launched in spring 2014.

In Section 2.3.3 the description of 4 TeV Collimation Quench Test with protons 2013 was
presented. This experiment was conducted at very similar conditions as SSLQT 2013 regarding
the ADT excitation function and beam loss duration. The main difference between these
two tests was that during 4 TeV Collimation Quench Test the protons hit the collimator jaws
instead of the magnet aperture. In contrast to SSLQT 2013, in this case no magnet quenching
was observed although the measured radiation dose exceeded the nominal BLM thresholds

5The voltage increase in the first time range of ¢ € (-0.037 5,—0.022 5) was fitted with the function
U_QSO0_INT(t) = 0.56+13.70 - ¢ and in the second range of ¢ € (—0.016 s5,0.0004 s) the data was fitted with
U_QSO0_INT(t)=0.87+31.10-¢.
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occurred. The ratios of the BLM signals to thresholds are presented by the blue dots. Only the
signals, which are relevant to the experimental conditions (integration time longer than 1 s),
are presented.
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Figure 6.11 - BLM signals (the red dots) vs. thresholds (the green dots) during quenching. The
ratio of the BLM signals to thresholds are presented by the blue dots. Only the signals, which
are relevant to the experimental conditions (integration time longer than 1 s), are presented.
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Figure 6.12 - BLM threshold as a function of loss scale [95]. The greater the loss size is, the
higher the BLM threshold becomes.

by a factor of 2.3 in RS09 (signal integration time of 1.3 s) and 5.1 in RS10 (signal integration
time of 5.2 s). This situation can be explained using the results of the studies dedicated to
quench levels of MB magnets [95]. Fig. 6.12 shows the BLM threshold as a function of the beam
loss size - the more distributed loss is, the greater the BLM threshold becomes. Therefore,
the wide secondary particle shower originating in beam losses on the collimator resulted in
higher radiation dose at the location of the downstream magnet. This also indicates that the
deposited energy spread was diluted and, thus, insufficient to cause magnet transition to the
normal conducting state.

6.4 Results of Geant4 simulations

The methodology of obtaining quench levels in the steady state regime was exactly the same
as in the case of the Fast Loss Quench Test (see Section 4.10). According to the estimated loss
patterns, results of simulated point like losses were weighted by the corresponding coefficients.
Signals in BLMs were calculated by folding various particle spectra with response functions of
ionization chambers (for more details see Section 3.4.1).

In this section the analysis of energy deposited inside a superconducting coil is provided. The
quench levels were assessed based on both, the Geant4 simulations and QP3 code. Simulated
BLM signals were validated by comparing them to the measured observables. The contribution
of secondary particles to the total signals was discussed. Besides that, a comparison to the
most probable FLQT scenario (Case 73) is presented. This allowed assessing the influence of
the applied methodology of inducing beam losses (the ADT white noise excitation and ADT
sign flip mode) onto the beam behaviour and development of the secondary particle shower
along a magnet complex.
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Figure 6.13 — Steady State Loss Quench Test: Loss pattern. Left plot: normalized number of
protons lost along the magnets with the simulation step of 0.01 cm (direct data from MAD-X).
The green curve corresponds to losses obtained when applying the ADT white noise excitation
(SSLQT) and the black curve shows loss distribution resulting from the ADT sign flip mode
(FLQT). Right plot: normalized to 1 number of protons with the step of 0.1 cm (recalculated
input for Geant4 simulation analysis). Beam 2 comes from the right. Plots based on the data
provided by [133].

6.4.1 Loss pattern studies

Aloss scenario determines both, the energy deposition distribution inside a superconducting
coil and a profile of secondary particle radiation outside a magnet cryostat, so also signals in
BLMs. Therefore, implementing the most realistic loss pattern to Geant4 simulations is critical
for an appropriate recreation of the processes occurring during the dedicated experiment. In
this section the knowledge of loss distribution is based on results of MAD-X simulations [133].
These orbit studies confirmed that the applied method of combining a static three corrector
orbit bump® with the ADT white noise excitation provided losses limited only to the region of
the central MQ. Moreover, it was revealed that the loss pattern during the SSLQT (the green
curve in Fig. 6.13), in contrast to the FLQT (the black curve), was very narrow and concentrated
in the middle part of MQ.12L6. In order to quantify the loss spread, the full width at half
maximum (FWHM) was computed giving the value of = 0.20 m in the case of slow loss regime
and = 0.64 m in the case of short loss duration. Besides being three times more narrow, the
steady state loss was also symmetric when the fast loss exhibited significant asymmetry. The
most likely, these tendencies resulted from the different principles of the applied ADT modes
1.8.2. During the ADT sign slip mode (FLQT) a beam transverse oscillations were provoked
when during the ADT white noise excitation (SSLQT) a beam transverse size was blown-up7.
In addition, it has to be also kept in mind that the presented loss patterns refer to the losses
integrated over different scales of loss durations (milliseconds and seconds, respectively) and

6This means that the bump amplitude was kept at the same level.
Precisely, only a part of the beam, which constituted of eight bunches, was affected by the transverse damper
due to the chosen length of the excitation window.
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Figure 6.14 — Steady State Loss Quench Test 2013: Geant4 simulations - longitudinal energy
density distribution inside a superconducting coil along the most exposed bin.

during the experiments slightly different bump amplitudes were applied (see Sections 4.8 and
6.2). The right plot in Fig. 6.13 presents an input to the Geant4-based data analysis. Due to the
differences in binning, only nine (out of 61) loss locations contributed to the final signals.

6.4.2 Energy deposition inside a superconducting coil

A longitudinal energy density distribution along the most exposed bin is presented in Fig. 6.14.
The narrow loss pattern of SSLQT also reflected in the the narrow energy density distribution
peak. It has reached the highest value of E,;,4y = (5.2+0.2) -10~" mJ/cm? per incident proton
at Zgmax = —0.15 m, which was approximately 0.3 m from the maximum of the lost proton
distribution. A comparison of these values to the FLQT results (Table 6.2) shows that the
distance between two peaks (|z1max — 2ZEmax|) Was twice shorter but the value of Ej; 4, was
greater by a factor of 1.6 during the long losses. Although the FWHM of loss distribution in the
case of SSLQT was three times smaller than in the case of the FLQT, the FWHM of E,;, was
smaller only by a factor of 1.4 (0.5 m and 0.7 m respectively).

Considering the steady state loss regime, average energy across an entire cable defines a
quench level of a specimen. Therefore, in order to recreate 18-strand situation, the radial
energy density distribution coming from the Geant4 simulation data (Fig. 6.15) was fitted
to the power law (Eq. 4.4). Based on that, the average energy density was calculated to be
Eqyg=2.61- 10~7 mJ/cm?/proton and the maximum energy deposited on a surface of the SC
coil reached the value of Epeqr = 7.92+ 10~" mJ/cm?®/proton. Multiplying Eqyg by the number
of particles lost on the MQ, i.e. 6.2-10° protons, the quench level in the steady state regime was
computed to be 1620 mJ/cm?. This corresponds to ~ 81 mW/cm? when taking into account
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Table 6.2 — SSLQT and FLQT 2013: Maximum energy density in the SC coil: zg;,4,-position of
the most exposed cell, |z ax — ZEmax| - distance between the maximum energy density depo-
sition and maximum in the loss pattern (zym4x), Emax - maximum energy density deposited
in a single cell.

Zlmax ZEmax M) 1Zrmax — ZEmax! [M]  Epmax [ml/cmglprOton]

SSLQT ~0.15  =-0.15 ~0.30 (5.240.2)-1077
FLQT (Case 73) =0.92 =~0.30 =~0.62 (3.240.2)-1077
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Figure 6.15 - Steady State Loss Quench Test 2013: Geant4 simulations - radial maximum energy
density distribution in a SC coil (¢ = ¢Emax, 2 = ZEmax)- Energy density in the simulated radial
bins was fitted to the power law (Eq. 4.4), last bin was neglected due to the simulation artifacts.
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Figure 6.16 — Steady State Loss Quench Test 2013: Geant4 simulations - coil cross-section in
the plane where the maximum energy density was deposited.
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Figure 6.18 — Steady State Loss Quench Test 2013: Geant4 simulations - quenching volume as
a function of considered criteria of energy magnitude. Left plot: Above the assumed threshold
value of 0.5 E;;, 4« all energy is confined in the first, the most exposed layer of the coil. Right
plot: the volume decreases exponentially as a function of imposed energy threshold, E;j, =
(results of the first layer).

the loss duration of 20 s. Moreover, it is worth mentioning that the slope of the SSLQT radial
energy distribution (green curve) was much steeper than the one of the FLQT (black curve).
This means that the strands located closer to the magnet aperture suffered significantly more
during long losses than in the case of short losses. However, the quench levels in these two
regimes are differently defined due different mechanisms contributing in heat evacuation
from a superconductor (see Section 1.4).

Fig. 6.16 shows an azimuthal distribution across the most exposed bin. Similarly to Fig. 4.23,
also in this case, the deposited energy is localized within a small region of only one, the targeted,
magnet pole. Other magnet poles did not experience high radiation from the backscattered
secondary particles.

A spacial resistive volume development can be investigated by observing changes occurring in
different cables. However, in the case of Geant4 simulations, one layer represents a transversely
integrated energy density over 4.5 strands. This was incorporated to the Monte Carlo code
due to the computation time constraints. As it was mentioned in Section 4.10.2 an estimation
of a threshold with respect to the Ej;4x, which would determine a quenching volume size,
requires applying numerical methods and detailed case studies. Therefore, in this section
arbitrary thresholds were considered to verify their influence on the three-dimensional quench
distribution. Assuming E;;,, = 0.5 Ej4x as in Fig. 6.17, only about 0.6% of the superconductor
volume in the first layer would undergo the transition to the resistive state. Considering the
second layer, this would be reduced to only 0.06%. In this case, simulations indicate that at
least nine external strands would not be affected by quenching process. Taking into account
other arbitrary threshold values (left plot in Fig. 6.18) suggests that only one to two layers (4 —9
strands of a single cable) are involved in the transition to the normal conducting state. The
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Figure 6.19 — Geant4 simulations - total secondary particle distribution along the magnets.
Three peaks are the result of the difference in density of medium which particles pass through.
Only the position and width of the first peaks are affected by the loss pattern.

correlation between the volume size contributing in coil quenching as a function of assumed
energy threshold is presented in plot in Fig. 6.18. The results of the first layer exhibit an
exponentially decreasing tendency.

6.4.3 BLM signals

Substituting exact BLMs, which were installed in the LHC tunnel, with two long pseudo-
monitors in Geant4 allowed studying a distribution of secondary particles spread over the
entire length of magnets. Fig. 6.19 presents results obtained for the SSLQT (the green curve)
and the FLQT (the black curve). Directly form this plot it comes out that only the initial part
of the hadronic cascade is determined by the loss location. The remaining part is mostly
dominated by the geometrical effects and material properties of the magnet system. The
first (with respect to the beam motion) peaks occurred at zspssior = 0.65 m (SP-secondary
particles) and zsprror = 0 m when the second and third peaks were located precisely in
the same positions zsp = —1.85 m, zsp3 = —3.45 m regarding the MQ centre. The detailed
discussion devoted to the origin of these peaks is presented in Section 4.10.3.

Fig. 6.20 shows angular distributions of all particles reaching BLM detectors (results given only
for the standard BLMs, no mobile detectors here). All of them have Gaussian shape but in the
case of B1E30 and B2130 local maxima occur at angles of about 63° and 158°, respectively. This
might result from the vicinity of monitors to the MB-SSS interconnection region where many
metal-vacuum interfaces can cause accumulated scattering processes. Additionally, particles
encounter much less shielding materials in the interconnections than than traveling through
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Figure 6.20 — Geant4 simulations - Left plot: angular distributions of particles hitting BLMs (re-
sults for only standard monitors are shown). Right plot: normalized to 1 angular distributions
of particles hitting BLMs.

the magnets. As it was already mentioned in 3.4.2, a number of available BLM response
functions used for calculating the final signals is limited. Therefore, the particles have to
be assigned to the closest simulated case. According to this criterion, effectively the most
dominant are the particles hitting the ionization chambers with large angles of 60° — 120° as
presented in Fig. 6.21.

Besides momentum, each particle getting out from a magnet cryostat in Geant4 simulations is
recognized by its type and energy. The most significant contribution to BLM signals comes
from gammas, neutrons and protons (Fig. 6.22) which is consistent with results presented in
[95]. Moreover, in the case of monitors located upstream the loss location (z > 0 m), mainly
backscattered neutrons and gammas are observed. An impact of protons and positively
charged pions starts playing a role already when the number of neutrons and gammas decrease
at z= 6.5 m (Fig. 6.23).

Taking into account all aspects presented above, i.e. type, energy and momentum of the
secondary particle shower, the corresponding response functions, and in addition a number
of lost protons during the experiment (6.2 - 10° particles), the BLM signals were calculated.
Fig. 6.24 presents a comparison of simulated BLM signals (the green dots) to the measured
observables (the black dots) of beam 2 monitors in RS11. This BLM integration time of 20.97 s
was used to cover entire loss duration (19 — 20 s). The loss shape was recreated relatively
well by the simulations although the absolute values were clearly underestimated. Especially
two monitors located close to the loss location (z = 0.8 m and z = 2.1 m) exhibit the highest
divergence from the measured values. The longitudinal tendency of the calculated ratios of the
simulated to the measured values along the magnets represents satisfying agreement (0.4 —0.7)
for downstream monitors. This level of underestimation is very similar to the one obtained for
the FLQT (Fig. 4.31). In order to estimate simulation error, a histogram of ratios was created.
The results are presented in Fig. 6.25 and confirm previous estimations of simulation accuracy
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Figure 6.21 — Geant4 simulations - Contribution of different response functions to the total
signal.
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Figure 6.24 — Steady State Loss Quench Test: a comparison of measured and simulated BLM
signals. Geant4 simulations underestimated BLM signals by a factor 2-3 in the case of monitors
located downstream the loss location and surveying beam 2 losses.
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Figure 6.25 — Steady State Loss Quench Test 2013: Geant4 simulations - error estimations of
the simulated BLM signals.

(0.42 £0.13, Fig. 4.32) giving the mean value of 0.40. However, the RMS is almost twice greater
than in the FLQT reaching the value of 0.24. Limiting the number of cases only to the monitors
located at z < 0.5 m, the value 0of 0.61 +0.11 was obtained.

6.4.4 Quench levels obtained with QP3 heat transfer code

The QP3 heat transfer code was used as a complementary tool for quench level assessment.
The inputs to the program are presented in Fig. 6.26. The beam intensity was taken from
the logging data base with 1 s resolution since PM data with 20 ms was very noisy. The
normalized to 1 radial distribution was derived from Geant4 simulations along the most
exposed bin (Fig. 6.15). Based on these data, the computing process delivered the peak
value of Epeqr = 3806 m]/ cm? [114]. In the steady state regime, the average energy deposited
along all cable strands E;yg = 1371 mJ/ cm? has the meaning of the quench level. Expressing
this energy as a power needed to induce transition to the resistive state gives the value of
~72 mW/cm? which is consistent with quench level obtained with Geant4 data ~81 mW/cm?3.
The assessed results represent good agreement with direct measurements [148] performed
using a so-called stack method [149]. During these experiments the quench level of MB inner
coil® cables operating at current corresponding to 4 TeV beam (i.e. 6.8 kA) was obtained to be
(58-80) mW/cm®.

6.5 Final conclusions

The Steady State Quench Test was performed applying a combination of the static three
corrector orbit bump with the ADT white noise excitation mode. This provided losses in

8Note that MB inner coil cables differ from MQ coil cables regarding the copper to superconductor ratio,
isolation width, number of filaments constituting a cable and filament diameter [20]. The direct measurements
with MQ cables are expected in March 2014.
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Figure 6.26 — Steady State Loss Quench Test 2013: QP3 input distributions. Left plot: Normal-
ized radial energy density distribution along a cable (18 strands). Right plot: Intensity of lost
protons, zero corresponds to the moment of the beam dump.

20 second scale meeting the requirements of a constant loss rate 3.1 - 108 protons per second.
During the experiment a set of eight bunches was blown-up. In the first attempt losses were not
high enough to cause the transition to the normal conducting state but the second approach
terminated with magnet quenching. The corresponding BLM signals in the integration time
0f 20.97 s (RS11) varied by approximately than 44%. Taking into account that during the first
excitation the BLM signal exceeded the expected value by 15% indicates that in this integration
time the thresholds could be slightly increased.

The quench test was simulated using Geant4 code. Based on the experimental data (number
of lost protons) and loss orbit simulations, the particle loss was simulated using a method
of weighting point-like losses with correspondence to the estimated loss pattern. The ob-
tained averaged energy deposited along a cable was Eyg = 2.61-1077 mJ/cm?®/proton. Pos-
sessing knowledge of the number of particles lost on the quenched magnet (MQ.12L6), i.e.
6.2-10% protons, allowed the quench level to be assessed. The resulting value is 1620 mJ/cm3
which in the case of 20 s long loss corresponds to 81 mW/cm?. In addition, complementary
QP3-based computations were provided in order to cross-check the estimated quench level.
The obtained value is 1371 mJ/cm?, so therefore ~72 mW/cm? which is consistent with the
calculations based on Geant4 simulations. This proves that the quenching process in the
steady state regime is well understood.

Besides, assessing quench levels in the state state regime, the dedicated experiment allowed
revising positively the capability of ADT white noise excitation mode as a system of inducing
constant loss rates.
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gd Summary and final conclusions

The studies presented in this thesis consist of two complementary parts which have allowed the
LHC Main Magnet quench levels to be assessed. The first part has involved planning, preparing
and finally conducting quench tests varying in the loss timescale and therefore mechanisms
of heat transport in a superconducting system. The analysis of the experimental data has
included the beam loss characterization in terms of beam trajectory, intensity decay and beam
loss monitor signals. The second part was devoted to recreating quench test conditions using
Geant4 simulations. Consequently, this has led to the estimation of the distribution of the
energy deposited inside superconducting coils and computation of the corresponding BLM
signals. Overall, the investigated quench tests have allowed better understanding of the beam
behaviour under the influence of external disturbance and of the loss properties.

Although the dedicated quench tests in 2013 were assigned only several hours of the Machine
Development time, the entire preparation process lasted for over a year. This was due to the
fact that a novel technique of inducing beam losses with very strict specifications was required.
Especially the Fast Loss Quench Test was very difficult because of the very low intensity of the
beam and very short loss timescale. The idea of combining the three corrector orbit bumps
with beam excitation provided by the transverse damper appeared early in 2012 and was
followed by a series of tests in order to optimize the settings of the ADT. On top of that, the
machine parameters had to be adjusted so that the provoked losses would be able to quench
a targeted magnet with well known conditions. Careful investigation resulted in choosing
the ADT sign flip mode for inducing beam losses imitating the ones provoked by UFOs. The
other 2013 quench test was performed in the steady state regime as a continuation of studies
conducted in 2010. However, the loss rate was controlled. In order to achieve constant loss
rate, instead of using a dynamic three corrector orbit bump as previously, a bump amplitude
was kept on a fixed level and beam blow-up was generated with the ADT white noise excitation
mode.

The precise knowledge of all quench test parameters (beam loss intensity, loss duration, loss
rate, loss locations) was essential for further Monte Carlo simulations and the accuracy of as-
sessing magnet quench levels. Since it is not possible to measure directly the energy deposited
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by high energy particles inside LHC superconducting coils, the quench test conditions were
recreated using Geant4 code. The outputs of the simulations were the BLM signals, which
were compared to the measurements, and the energy deposition inside the superconducting
coil.

The preparation of the Geant4 simulations was a very complex process since first of all it
required implementing a very detailed magnet representation in the code. All major com-
ponents of the Short Straight Section (the MQ and its correctors), two neighbouring MBs
(with correctors) and the interconnections between magnets (MB-SSS and SSS-MB) have been
considered. In the simulations, the BLMs installed in the LHC tunnel were substituted with
two long pseudo-detectors for studying the radiation of secondary particle shower also in the
regions unattainable directly from the measurements. The BLM signals were calculated by
folding particle spectra with the corresponding response functions of ionization chambers.
Another demanding part of performing the simulations was related to the implementation of
the most realistic way of losing particles along magnets. This part was crucial since the loss
scenario determines signals in the BLMs and this data was used for validating the simulations.
Moreover, the loss pattern determines the radial energy distribution inside a superconducting
coil. This matters when calculating the peak and average energies, which are used for estimat-
ing the quench levels. However, in 2010 when the author’s studies on the subject began, the
knowledge of loss patterns relied only on scientific assumptions. Therefore, a new simulation
technique was needed to provide fast and efficient verification of various loss cases. Instead of
repeating a very time-consuming process of simulating each loss scenario separately, it was
decided to simulate a set of (60-70) point-like losses along a targeted region neglecting the
transverse beam size. The final result was obtained by weighting single loss results with the
coefficient corresponding to the assumed loss pattern. Such a method allowed considering
about 2000 cases per hour of PC time'.

A C++ based program (ROOT macro) was developed by the author in order to analyze vari-
ous loss patterns. Besides an option of incorporating pre-defined loss shapes, the Geanto-
Quencho-Meter also allows finding a loss scenario the most fitting to the measured BLM
signals. Using experimental inputs, the GQM provides a full analysis of three dimensional
distribution of energy deposited inside a magnet coil, secondary particle shower propagation
along pseudo-detectors imitating long BLMs, identification and characterization of particles
contributing to BLM signals, calculation of BLM signals and quench levels.

1 This was possible when point-like loss simulations were already prepared. However, simulating and checking
them have taken around 2-3 months.
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Table 7.1 — Summary of the beam induced Quench Tests 2013. FLQT - Fast Loss Quench Test, SSLQT - Steady State
Loss Quench Test, Ej-beamenergy, t;-lossdurationleading to the magnet quench, I; - intensity of beam loss causing quenching,
Epeak - peak energy at the surface of a superconducting cable, E,,g - average energy over 18 strands constituting one layer a MQ su-

perconducting cable, Q; - assessed quench level, %ﬁx’;i“ - ratio between simulated and measured BLM signals, p - protons.

Experimental conditions Geant4 simulation results Quench levels
Quench
Test
St Ry [Tev)  [s] I [p] Epeak mJ/cm®/p]  Eqpg [mJ/cm®/p]  Definition or
FLQT 4 (5-10)-107% (4.0-8.2)-108 4.87-1077 1.65-1077 Epeak 1 (200-400) mJ/cm?
SSLQT 4 20 ~6.2-10° 7.92-1077 2.61-1077 Eqvg-I;-1;! 81 mW/cm?
Quench %"’Z;‘i“ [—] (all beam 2 monitors) %G;ZT [-] (beam 2 monitors located downstream the loss location)
Test (Mean+RMS) (Mean+RMYS)
FLQT (0.42+0.13) (0.52+0.07)
SSLQT (0.40+0.23) (0.61+0.11)




Chapter 7. Summary and final conclusions

The final results of the performed studies are summarized in Table 7.1. The quench levels of
MQ.12L6 at the nominal beam energy of 4 TeV in the millisecond and second loss timescales
were assessed using the FLQT and SSLQT data, respectively. The loss patterns were obtained
from MAD-X simulations [133] and incorporated into the Geant4 data analysis. The beam
losses leading to magnet quenching during the FLQT have lasted for (5-10) ms. In this case, a
better recognition of the loss duration was not possible due to the resolution of the QPS system.
The number of protons inducing the quench of MQ.12L6 was estimated to be (4.0 —8.2) - 108.
In the considered fast loss regime a quench level (Q;) is defined by the heat capacity of the
cable and liquid helium which the cable is immersed in. Therefore, the maximum energy
(Epeak) deposited on the surface of the cable was taken into account. The calculated quench
level in the millisecond long timescale was (200 —400) mJ/cm?. This range results from the
uncertainty of assessing the number of protons causing magnet quenching. In the case of
SSLQT, the constant loss rate of 3.1- 102 protons per second was achieved over around 20 s.
Since in the steady state regime, the efficiency of evacuating heat from the cable by superfluid
helium determines the quench level, the average energy over 18 strands was considered. As
the result, the quench level in the timescale of seconds was found to be 1620 m]/ cm3. This
value corresponds to the power density of 81 mW/cm?.

Additionally to the Geant4 based quench level calculations, the QP3 heat transfer code com-
putations were provided. However, a significant discrepancy between these two methods was
observed regarding fast losses where the quench level was computed to be (40 —70) mJ/cm3.
This value is around three times smaller than the quench level coming from Geant4 simula-
tions. The origin of this difference remains under investigation but it most probably results
from the fact that the models incorporated to the QP3 code were never validated with experi-
mental data in the fast loss regime. In contrast to the FLQT, the quench levels obtained using
Geant4 and QP3 in the steady state regime are consistent, i.e. the QP3 has provided the value
of 1371 mJ/cm3 which is equivalent to 72 mW/cm? for the considered loss duration.

Besides assessing the quench levels of the LHC Main Quadrupoles, the experience gained
during the quench test studies leads to a few interesting conclusions:

¢ Loss patterns are determined by the method of inducing beam losses. The dynamic three
corrector orbital bump has provided wide losses along the MQ magnet (SSLQT 2010).
Beam excitation with the ADT sign flip mode has resulted in the losses spread over the
first half of the MQ (FLQT 2013). The ADT white noise excitation mode has provoked
very narrow losses, which were concentrated in the central part of the MQ (SSLQT 2013).

¢ The beam size plays a crucial role in the temporal loss distribution and the loss duration
but its impact on the spacial distribution of the radiation measured by BLMs is negligible.

¢ Although during FLQT 2013 the same ADT setting were used for exciting various bunches
with different intensities, the normalized BLM signals have varied in time. This indicates
the influence of the vertical beam size onto the magnitude of beam losses - the smaller
a bunch vertical size is, the higher losses occur.
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The synchronization between the BLM and QPS systems is extremely important for
assessing quench levels (especially in the fast loss regime). Moreover, the resolution
of QPS data acquisition (5 ms) limits estimation of the number of lost protons and
therefore the accuracy of the obtained quench level. In the case of FLQT, this has
introduced un uncertainty of 50%. Hence, for the future quench tests a reliable method
of synchronizing the BLM and the QPS systems has to be provided.

In order to assess a number of lost protons on a magnet, it has to be assured that no
other accelerator components introduce additional aperture limitations or that the
losses provoked elsewhere are well controlled. The example of SSLQT 2010 shows that
recalculation of losses on collimators to the corresponding values on a cold magnet is
not trivial.

Based on the measurements, the BLM thresholds in low running sums, i.e. with signal
integration times from 0.64 ms (RS05) to 10.24 ms (RS06), can be increased even by a
factor = 3 and = 6, respectively (see Fig. 4.3). This will reduce the number of unnecessary
beam dumps related to UFO-induced losses and will increase the time available for
luminosity production.

The BLM thresholds in high running sums, i.e. with integration times in the range 1.3 s
(RS09) to 83.89 s (RS12) are set adequately to the quench levels. A small difference (see
Table. 6.1) between signals recorded in two loss induction attempts during which one
has resulted in quenching and the other has not, allows us to come to this judgment.
This result is astonishing when taking into account the outcomes of Collimation Quench
Test 2013. In that case, although the measured BLM signals were significantly higher
than during SSLQT 2013, the magnet located downstream the collimator did not quench.
This illustrates that the BLM signal and energy deposition in the coil depend strongly on
the loss pattern.

The radial energy density distribution inside a superconducting coil depends on the
longitudinal spread of beam losses on the aperture. Simulations have shown that the
more concentrated the loss is, the steeper the radial distribution becomes.

Geant4 simulations have shown that gammas, protons and neutrons constitute a domi-
nant part of the subsequent secondary particle shower propagating outside the magnets.
Moreover, mostly backscattered neutrons and gammas are recorded by BLMs located
upstream of the loss location.

The uncertainty of estimating a loss duration introduces also the uncertainty of an
assessed quench level. In the case of FLQT 2013, it was computed that a difference of
~ 3 ms (from = 5 ms to = 8 ms) is followed by an increase in the MQ quench level by 70%
at4 TeV.

The approximation method based on weighted point-like losses provides quench levels
consistent with Fluka simulations, where a loss pattern was directly incorporated into

165



Chapter 7. Summary and final conclusions

the code. Nevertheless, both independent methods applied for computing the BLM
signals have underestimated the measured values. The technique used in Geant4 simu-
lations, i.e. BLM response functions, has resulted in the ratio between simulated and
measured BLM signals of (0.52 + 0.07) in the case of the FLQT. Deriving BLM signals
directly from energy deposited by secondary particles in a gas detector, as in the Fluka,
has provided ratios of (0.85 +0.07).

¢ The Geanto-Quencho-Meter is a very efficient tool for a fast and complete data analysis
of quench tests. It allows considering any pre-defined loss pattern as well as finding the
scenario which best fits the imposed constraints (for example, BLM signals).

The performed studies have allowed understanding of the loss patterns and the propagation
of beam losses along magnets. This has led to assessing the LHC MQ quench levels, which was
the main objective of this work. The experience coming from the quench tests will certainly
help conducting future quench tests at nominal LHC beam energies.
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Future perspectives

After LS1, the LHC will operate with beam energy of (6.5 —7.0) TeV, which certainly will bring
new operational challenges. The quench levels assessed in this work at 4 TeV should be
extrapolated to the higher beam energies and validated with dedicated experiments. The
developed methods of performing quench tests in different timescales are ready and the
experience gained by now should allow generating controlled beam losses successfully also in
the future. This is necessary to determine performance reach of the machine in the current
configuration and prepare upgrades for the era of the High Luminosity LHC.

The quench tests could be improved by incorporating particle detectors to the inside of the
magnets, where they would be closer to the loss location and therefore register higher signals.
This will enable better probing the transverse loss propagation across a magnet. Such detectors
have been already installed in IR7 in the magnet interconnection close to the beam vacuum
tubes to be used in the future. Moreover, there are two aspects which are crucial for the future
experiments. First of all, the QPS system has to be enhanced so that the high resolution data is
synchronized with the BLM signals and acquired in the Post Mortem. Secondly, low intensity
beam diagnostics has to be provided.

The strategy of assessing quench levels, which we have developed, can also be used in the stud-
ies on new magnets based on NbsSn which will be incorporated to the LHC system. Obviously,
these magnets would need to be exposed to beam impact in various timescales. Depending on
the location of these magnets (inner triplets or dispersion suppressor), probably the method
of inducing losses would require an appropriate adjustment. Based on the experienced gain
during the operation with NbTi magnets, quench levels for the superconductor magnets
should be assessed relatively fast and efficiently.

The studies on the UFOs shall be continued. The FLQT results show that the BLM thresholds in
the millisecond loss regime could be significantly increased but the UFO behaviour at higher
beam energies is known only theoretically. Although the loss timescale and loss size achieved
during the quench test were adequate to the dimensions of UFO-provoked losses, it has to be
kept in mind that the UFO-losses are not pure primary particles but rather they constitute
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Chapter 8. Future perspectives

a combination of various particles. This, in the end determines interactions with magnet
materials.

The Geanto-Quench-Meter in its current form, is designed for studying beam loss patterns,
their influence onto the propagation of a secondary particle shower along the LHC half-
cell, computing BLM signal and calculating quench levels of MQs. This program could be
developed so that various loss scenarios and quench levels of different magnet types could be
investigated. In addition, an interface preventing a user from changing the core of the code
and allowing experimental parameters to be introduced should be provided.

In the previous chapters the simulation method of considering point-like losses and weighting
the results by the coefficients corresponding to a loss patterns was presented. Although the
obtained quench levels were consistent with those ones coming from the standard simulation
procedure provided in Fluka [134], [135], the simulated BLM signals were underestimated
with respect to the measured values. Therefore, additional studies should be performed in
order to fully understand the origin of this discrepancy. This includes the following steps:

* repeating the process of simulating point-like losses as previously but with BLM signals
based directly on energy deposited in a detector gas,

* incorporating an exact loss pattern directly to the Geant4 simulations and investigating
its impact onto an energy distribution inside SC coils and signals in BLMs (this should
be done for both approaches of simulating BLM signals).

Although time-consuming, these cross-checks would provide information whether an error
committed by using the approximation is specific for the method or is related to the Geant4
capability of reconstructing transverse tails of a secondary particles shower. This could be also
verified by repeating the performed simulations with new Geant4 versions. If the proposed
solutions do not provide the answer to differences in simulating BLM signals, an experiment
based on hitting with particles a structure transversely constituting of alternately located
blocks of dense matter and BLMs could be done. Comparing measured and simulated detector
signals would estimate Geant4 limitations.

Concluding, there is still a lot of space for the future studies on quench levels and investigations
on beam loss behaviour in various machine environments. Both, the experimental techniques
and simulation methods will develop together with the operational demands of the LHC.
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.\ Technical drawings

In this section the main CDD drawings used for implementation the magnet representation to
Geant4 code (see Chapter 3) are given:

* Cross-section of the LHC Main Quadrupole MQ

* Cross-section of the LHC Main Dipole MB

* Interconnection between Short Straight Section SSS and MB
* Interconnection between MB and SSS

* Layout of ARC cell Q12
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Response functions

The methodology of obtaining BLM response functions is presented in Chapter 3. In this
section, a comparison of the response function shapes is given depending on impacting angles
of various particles (Fig. B.1). Especially in the high energy range, the signals might vary by two

orders of magnitude for two extreme cases (0° omitted due to possible simulation artifacts):
15° and 90°.
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Appendix B. Response functions
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