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Zusammenfassung

Supraleitung und Superfluiditat sind makroskopische Quanten-Phdnomene, die in der Technologie
genutzt werden kdnnen. Eine der bedeutendsten Anwendungen der Supraleitung ist die Konstruk-
tion von sehr starken Magneten, die es ermdéglichen, in Kreisbeschleunigern Teilchen mit hohen
Energien zu leiten. Beim Large Hadron Collider (LHC) am Européischen Teilchenphysikzentrum
(CERN) bei Genf werden supraleitende Magnete aus konventionellen Supraleitern mit supraflis-
sigem Helium gekuhlt, um noch héhere Ablenkfelder zu erreichen.

Das Ubergangsverhalten von supraleitenden Kabeln und Magneten in den normalleitenden
Zustand (engl. ‘Quench’) wird durch mechanische, thermodynamische und elektromagnetische
Prozesse bestimmt. Aufgrund der hohen gespeicherten magnetischen Energie miissen supralei-
tende Elemente im Falle eines Quenches vor hohen Spannungen und Temperaturen geschitzt
werden. Eine prazise Beschreibung der Quenchmechanismen ist daher nétig, um das \Verstandnis
des Ubergangsverhalten von Supraleitern zu verbessern und ein verlassliches Schutzsystem zu
konzipieren.

Der erste Teil der vorliegenden Arbeit enthélt eine Einfuhrung in die Grundlagen des LHC
Beschleunigers sowie der heute verfiigharen technischen Supraleiter und deren Kihlung. Nach
der Zusammenfassung der vorhandenen analytischen Quenchmodellen folgt die Beschreibung
des im Rahmen dieser Arbeit neu entwickelten numerischen Algorithmus zur Quenchsimulation,
der sowohl die Erwarmung des Supraleiters und den Kihlvorgang durch Helium, als auch die
thermodynamische Ausbreitung sowie den Einflu} von induzierten Wirbelstromen bercksichtigt.

Der zweite Teil der Arbeit umfal3t die Untersuchung der Quenchprozesse in den verschiedenen
Kabeln und Magneten des LHC. Die durchgefiihrten Messungen und deren Analyse sowie die
begleitenden Simulationsstudien, welche die Fortschritte und Erweiterung der Quenchmodel-
lierung illustrieren, werden diskutiert. Abschlieend wird das Schutzsystem der supraleitenden
Elemente des LHC beschrieben, welches mit Hilfe der Ergebnisse dieser Arbeit optimiert
wurde. Die Resultate und Auswirkungen der durchgefiihrten Analysen und Simulationen werden
zusammengefalit.






Summary

Superconductivity and superfluidity are macroscopic quantum-effects that are used in technology.
One of the most important applications of superconductivity is the design of strong magnets,
which guide particles at very high energies in circular accelerators. In the Large Hadron Collider
(LHC), which is being constructed at the European Laboratory for Particle Physics (CERN) close
to Geneva, magnets wound with conventional superconductors are cooled with superfluid helium
to access even higher magnetic field strengths.

The resistive transition from the superconducting to the normal-conducting state (known as
a quench) can be characterised by mechanical, electrodynamic and thermodynamic processes.
Due to the high amount of stored magnetic energy, a quench can potentially cause damage in
superconducting elements by overheating or excessive voltages. A detailed description of the
related mechanisms is needed to understand the quench process better and to design a reliable
protection system. This requires analytical and more importantly numerical models, which include
the heat generation of the superconductor, cooling by helium, the thermodynamic propagation of
the normal-conducting zone, as well as the impact of induced eddy currents. In the framework of
this thesis, a new numerical algorithm has been developed.

The improvements and advancements made in the quench modelling are explained in this
thesis. It also includes detailed analyses and simulation studies of the quench processes in LHC
superconducting cables and magnets. The LHC protection system that has been optimised by the
outcome of this thesis is presented. The results and consequences of the performed analyses and
simulations are summarised.
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| ntroduction

The LHC (Large Hadron Collider) is the next circular accelerator being constructed at CERN that
will provide head-on collisions of protons at a centre of mass energy of 14 TeV for high energy
particle physics research. The LHC will be hosted in the existing 26 km long LEP tunnel and will
reuse CERN’s existing proton accelerators as injectors. In order to reach the required magnet field
strengths, superconducting magnets cooled with superfluid helium will be installed. Although
other superconducting accelerators have already been successfully working for quite some time
(for example the Tevatron at FNAL, USA, or HERA at DESY, Germany), the construction of
the LHC involves new challenges, some of them in the field of applied superconductivity and
cryogenic engineering.

The magnetic energy stored in superconducting magnets is very high and can potentially cause
severe damage when the superconducting state disappears (known as a quench) due to beam
losses or cryogenic failures. The possible damages can vary in severity e.g. degrading magnet
performance, short circuits, and open circuits due to a burnt superconducting cable. The protection
system that deals with the stored magnetic energy therefore plays a key role in ensuring the
operational reliability. Depending on the type of superconducting element and the stored energy
per circuit, different protection strategies are applied.

This thesis focuses on the advancements in the modelling and understanding of the quench
mechanisms applied to the superconducting elements of the LHC and outlines the conclusions for
the protection system. The quench process couples electrodynamic and thermodynamic effects that
need to be considered for the design of superconducting accelerator magnets and for the protection
system. In the framework of this thesis, two main contributions have been achieved. Firstly, | have
developed a new numerical quench simulation model that includes both the electrodynamic and
thermodynamic processes related to a quench. This program has been used for simulation studies to
understand the results of quench experiments better. Secondly, | have performed detailed analyses
of quench tests that were carried out on various prototypes of LHC superconducting cables and
magnets.

The LHC accelerator and its main challenges are presented in Chapter 1. The chapter explains
the complexity of the LHC magnet system and motivates the need for a better understanding of
the quench process for the demand of a reliable protection system. The protection strategies are
introduced.

An overview of the basic principles of superconductivity and of the available superconductors
is given in Chapter 2. The focus is on hard type 11 superconductors used for winding accelerator
magnets, especially on niobium-titanium (NbTi) wires made of many superconducting NbTi
filaments that are embedded in a copper matrix for stabilisation. The copper is required to avoid
overheating after a quench in the normal-conducting state. This is followed by an overview of the
temperature dependences of helium properties and the principles of superfluidity. The mechanisms
of heat transfer into helium are summarised.



2 Introduction

Chapter 3 is devoted to the theory of the quench process. It outlines the important quench
parameters required to analyse the quench process in various superconducting elements. The
summary of analytical approaches is followed by the discussion of their limitations in describing
the quench process of the LHC superconducting elements. The new developed numerical model
that includes both electrodynamic and thermodynamic quench processes is explained in the
Sections 3.2-3.5. The numerical realisation (Simulation Program for Quench Research, SPQR)
IS presented.

Chapter 4 introduces the measurement techniques for the experiments performed on prototype
magnets and busbars. An overview of the test stations for superconducting elements at CERN is
given. The foreseen measurements for the magnets of the series production are outlined.

The subsequent chapters present the outcome of quench experiments, their analyses and
simulation studies that | have performed for the various superconducting elements of the LHC.
The experiments were carried out in close collaboration with the members of the LHC/ICP
and LHC/MTA groups. The quench model explained in Chapter 3 is applied to enhance the
understanding of the experimental results and to determine the adequate protection scheme:

e The quench process in busbars that can be described with a one-dimensional model in space
is discussed in Chapter 5.

e Chapter 6 outlines the quench process of corrector magnets which includes the guench
propagation between turns and layers. During a fast current decay, eddy currents contribute
to the quench process due to interfilament coupling currents in the multifilament wires.

e The complexity of the quench process increases for main magnets that are wound with
Rutherford cables, which are made of 20-30 twisted wires (also called strands) and formed
into a two layer structure. Induced eddy currents during the current decay (the interstrand
coupling currents and interfilament coupling currents) have an impact on the quench process.
These magnets need to be protected by quench heaters that provoke a quench in a large
fraction of the magnet, which leads to a better distribution of the stored energy in the
magnet (see Sections 1.5 and 3.5.3). The quench process in the main magnets is analysed in
Chapter 7.

An overview of the elements and the layout of the LHC protection system is given in Chapter 8.
The consequences of the performed simulation studies and quench analyses are presented and the
protection strategies for the various magnets and busbars are summarised.

The main results and conclusions of my quench analyses and simulation studies are outlined.



Chapter 1

ThelLargeHadron Collider

The Large Hadron Collider will collide two counter-rotating proton beams at an energy of 7 TeV
per beam. This energy is seven times higher than the beam energy of any other proton accelerator
to date. The reason of the particle physics request high energy is briefly reviewed in Section 1.1.
The conceptual design of the LHC has been published in the LHC design report (see Fig. 1.1) [1].
The overall symmetry by eight is due to the existing LEP architecture. The LHC will be subdivided
in octants and host four large scale experiments. The LHC can also be filled with lead ions up to
5.5 TeV/nucleon and therefore allow heavy-ion experiments.

1232 main superconducting dipole magnets of 15 m length each and about 600 main quadru-
pole magnets will be installed in the LHC to guide the beams. In order to achieve the high magnetic
field of 8.33tesla, the magnets need to be cooled with superfluid helium at 1.9 K, which requires
large cryogenic installations.

The beams are in proton bunches and the machine is designed to achieve a luminosity
exceeding 1034 cm~2s~L. The luminosity L is defined as

L= Ny -Nyof(4m - 0,0y) - np - frew (1.1)

L is the interaction rate of particles per unit cross-section, IV, are IV, are the number of particles per
bunch for each beam, o, and o, are the beam sizes in the transverse directions cross-section, n, the
number of bunches, f.., the revolution frequency (ca. 11 kHz for the LHC). The high luminosity
will be achieved by filling the LHC with 2808 bunches of 10! particles per bunch which gives
a time averaged beam current of 0.56 A. In order to keep the particle trajectories stable, the field
quality of the magnets must be very high [2]. This is achieved with a large variety of magnets (see
Section 1.2).

As the proton bunches collide every 25 ns in the experimental detectors, their electronics must
provide a fast response and readout to avoid integrating over many bunch crossings.

Both beams will be stored at high energy for about 10 hours. The amplitude of the particle
oscillations around the central orbit should not increase significantly, because this would dilute the
beams and degrade luminosity. A tiny fraction of the beam that diffuses towards the beam pipe
wall (and is consequently lost) is sufficient to cause a resistive transition in the superconducting
magnets (quench), which will interrupt the machine operation for hours.

The feasibility of the LHC has been studied since 1984 [1], with an R+D program for
superconducting dipole magnets and the first design of the machine parameters and lattice. The
CERN Council approved the LHC project in 1996 to be built in one stage with 7 TeV beam
energy. Strong support for the LHC from outside the CERN Member States was found (Canada,
India, Japan, Russia and USA will contribute with manpower and money). The LHC accelerator



Chapter 1. The Large Hadron Collider

Momentum Betatron
s Py

Figure 1.1: The LHC layout.



1.1. Physics at the LHC )

Energy TeV 7
Injection energy TeV 0.45
Dipole field tesla 8.33
Number of dipole magnets 1232
Number of quadrupole magnets about 600
Number of corrector magnets about 7000
Luminosity cm—2s—1 1034
Coil aperture mm 56
Distance between apertures mm 194
Particles per bunch 10t
Number of bunches 2808

Table 1.1: LHC parameters [3].

fa (%, Q2)
/~—— Parton distributions
measured in DIS

/

Hard scattering

Beam parton subprocess
particles 5 (ab—X) ‘
=X, XS

B Beam fragments
\_/——  spectator jets

fop (X%, Q%)

Figure 1.2: The hard-scattering process between constituents of incoming protons [4].

construction is in collaboration with laboratories from both Member and Non-Member States and
operation shall start in 2006. A summary of the main machine parameters is given in Table 1.1.

1.1 Physicsat theLHC

Proton-proton collisions (pp collisions) can be subdivided in two classes:

e most interactions due to collisions appear at large distances between incoming protons so
that protons interact as a whole with small momentum transfer. This means that particles
in final state have small transverse momentum (pr about 500 MeV) and continue travelling
along the beam. These interactions are called minimum-bias events.

e some interactions occur between constituents of incoming protons (hard scattering or “head
on’). These interactions happen at small distances with large momentum transfers that
can produce massive particles. Their observed decay products can have large transverse
momenta. These events provide more interesting physics. Such an interaction is sketched in
Fig.1.2.
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One of the main motivations for the LHC is to find out the origin of particle masses. In the well-
established Standard Model, mass is given to particles by the Higgs mechanism. This mechanism
includes the existence of the Higgs particle, a boson. If the Higgs boson is not found at other
accelerators before the LHC starts operation, the LHC will be able to discover or to exclude a
Higgs boson in the range of 110 GeV to 1 TeV.

The Higgs production cross-section from various processes are shown in Fig. 1.3. The energy

102

10

s(pp -> HX) (pb)

'
Ny i

10

L L B L N N B
100 200 300 400 500 600 700 800 900 1000
2
M, (GeVic)

Figure 1.3: The cross-sections for the Higgs boson production in the LHC as a function of the Higgs mass
energy for various Higgs productions [4].

dependence of various Higgs boson decay channels are shown in Fig. 1.4. Depending on the mass
of the Higgs boson, the LHC detectors have to be able to identify the H->+~ decay as well as the
H->ZZ->[1 [l (known as “‘gold-plated” channel without a large background).

When scaling the energy dependent coupling constants of the electroweak («; and «3) and
strong («3) interactions to very high energies, the coupling constants do not unify according to
measurement results and the Standard Model. Grand unified theories explain the Standard Model
as alow energy approximation. At an energy in the order of 10'¢ GeV, the electromagnetic, weak
and strong forces unify. One of these theories is supersymmetry that predicts new particles to
be found in the TeV range. The energy scaling of the coupling constants is shown in Fig. 1.5.
Supersymmetry relates fermions and bosons by postulating that for each particle p with spin s
there exists a SUSY particle p with spin s-1/2 (i.e. ¢(s=1/2)— ¢ (s=0) squarks). The broken
supersymmetry at lower energy predicts the existence of at least 5 Higgs bosons (h, H, A, HF)
and in most supersymmetry models also the existence of a stable light supersymmetric particle x{.
The LHC will provide an answer whether supersymmetry particles exist with a mass in the range
of 0.1-2TeV [4].
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Figure 1.4: The cross-sections for the Higgs boson decay modes as a function of the Higgs mass[5].
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Supersymmetry Extension of the Sandard Model [6].
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Another question that will be addressed by the LHC is whether quarks and leptons are
elementary particles as they seem to be today or if they are made up of sub-constituents. The
LHC will also allow precise measurements and tests of the Standard Model (i.e. b and top-quark
physics) due to the large number of interactions (large statistics).

Four large-scale experiments will perform high energy particle physics research in the LHC.
ATLAS and CMS are general purpose experiments located at the interaction points 1 and 5.
LHCb covers experiments dedicated to b-quark physics and CP-violation. ALICE is a heavy-ion
experiment for quark-gluon plasma studies.

1.2 TheAccelerator Layout

The LHC has an 8-fold symmetry with eight arc sections and eight straight sections (see Fig. 1.1).
Two counter-rotating proton beams will circulate in separate beam pipes installed in the same
magnets (‘twin-aperture’ magnets, see Fig. 1.6) and cross over at four points with identical path
length for each beam. The beamswill collide at asmall anglein the centre of the four experimental
detectors. The other insertions are to be used by systems for the machine operation: beam dump,
beam cleaning, RF-cavities (accel erating units), etc. Asfor all circular accelerators, the arcs consist
of aregular cell structure that is repeated many times around the ring.

Dipole magnets are used to deflect the beam whereas quadrupol e magnets act as lensesto focus
the beam. Different from an optical lens, a magnetic lens focuses in one transverse direction and
defocusesin the other transverse direction. In order to obtain a net focusing effect, two quadrupole
magnetsare needed (similar to the principle of Galileo’stelescope). Theseformthe F'O DO-lattice,
inwhich F and D stand for the focusing and defocusing quadrupole. In a circular accelerator the
O stands for dipole magnets used to deflect the beam.

Each LHC arc consists of 23 regular cellswith six dipole magnets and two quadrupole magnets
(see Fig.1.7). Small dipole magnets are installed to steer the beams. Sextupole, octupole and
decapole corrector magnets are located at the ends of the main dipole magnets to correct field
errors (see Section 1.3.1). Other quadrupole and sextupole corrector magnets are installed close to
the main quadrupole magnets (short straight section) to control beam parameters.

1.3 LHC Magnets

The LHC magnet system contains about 9000 magnets. In order to understand why such a large
number and variety of magnetsis required, a brief introduction of field calculations [7] and beam
dynamics [3] is given; and the various elements of the magnet system and their powering scheme
are described.

1.3.1 Field Calculations

The length of a superconducting dipole for alarge accelerator (about 10-15m) is much larger than
its aperture (inner diameter of 56 mm) and the current conductors run parallel to the beam over
the longest part of the magnet. Although the dipole magnets are bent to follow the beam orbit,
the deviation of a straight line is only a few millimetres. The magnetic field can be calculated
by analytical functions in a two-dimensional approach, if saturation effects of the iron yoke are
disregarded. The situation changes at the coil ends which require the use of numerical methodsfor
the field calculation.
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Figure 1.6: The cross-section of the twin-aperture LHC dipole magnet: 1=heat exchanger pipe,
2 = superconducting busbars, 3= superconducting coils, 4= beam screen, 5= vacuum vessel, 6 = radiation
screen, 7=shrinking cylinder (Hell vessel), 8=thermal shield (55 to 75K), 9= non-magnetic collars,
10=iron yoke (cold mass at 1.9K).
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Figure 1.7: Schematic layout of one LHC cell with dipole, quadrupole and corrector magnets [3].
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In aregion free of any currents and magnetised materials, the magnetic field fulfils V - B = 0
and V x B = 0. Thisimpliesthat B can be expressed in two ways

B=V x4, B=-VV (1.2)

In case of atwo-dimensional problem the vector potential has only = components and the B, and
B, components can be computed with

0V 0A, oV 04,
The complex potential function
A(z,y) = Au(z,y) + iV (z,y) (14)

is an analytical function of the complex variable ¢ = x + iy that can be expanded in a power
series at the origin since EQ. 1.3 corresponds to the Cauchy-Riemann conditions which the real
and imaginary part of an analytic function have to obey [8]

Alz,y) =) el +iy)" (15)

n=0

Eqg. 1.5 convergesin the largest circle which contains neither current nor magnetised material. The
partial derivatives of Eq. 1.5 yield the multipole expansions for the magnetic field vector.

For two-dimensional magnets it is more convenient to use cylindrical instead of Cartesian
coordinates with the z axis being the magnet axis and the two dimensional field given by the
coordinates (r, 6).

A line current flowing on the z axis has a purely azimuthal field of the form By = ol /(27r)
and the vector potential A,(r,0) = —uol/(27)1In(r/a) with a being an arbitrary length that is
cancelled by taking the radial derivative. A current flowing paralel to the = axis with the distance
(r = a, 8 = ¢) hasthe vector potential

Au(r,0) = 1oLy, (5) (1.6)

27 a

with R = (a?+1%—2ar cos( — ¢))*/? being the distance between the current and the general point
P=(r,0). For r < a one canwrite R* = a?[1 — (r/a) exp(i(8 — ¢))][1 — (r/a) exp(—i(8 — §))].
Thus, In(R/a) can be rewritten as

1/2In[1 — (r/a) exp(i(6 — ¢))] + 1/2In[l — (r/a) exp(=i(6 — ¢))]

Using the Taylor expansion of the logarithm
In(1—&)==> 1/n¢"
n=1

which convergesfor | £ |<1, the vector potential and the field components are

o0

Ar0) = BUS L (T) cosfu(o - 0) (17)

27 n \a
n=1
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o0

By(r) = o= LS LY oo - o) (L9
Bi(r) =~z = LS (D) (o - o) (L9
B.(r6) = 0 " (1.10)

A single line current produces multipole fields of any order n. A pure multipole field of the
order n=m is obtained with the current distribution

I(¢) = Iy cos(me) (1.12)
The vector potential with the current distribution of Eq. 1.11 is

27
)

A(r,0) = “20—:) ; % ()’ / cos(m) cos[n(8 — 6)]do

The integral vanishes unlessn = m because of the orthogonality of the trigonometric functions.
The field components become

By(r,0) = _tolo (C)m_l cos(m#)

2a \a
I m—1
B,(r,0) = —% (f) sin(mé) (1.12)
a a

The orders m = 1,2, 3 represent dipole, quadrupole and sextupole fields. The fields in Eq. 1.12
are norma multipole fields. Rotating Eq.1.12 by an angle of 7/(2m) yields a sin(m¢) current
distribution and skew multipole fields, e.g. dipole and skew dipole corrector magnets are needed
to correct the particle orbit in the horizontal and the vertical plane.

Since current distributions with a cos(m¢) dependence are difficult to fabricate with a
superconducting cable of constant cross-section, the current distribution is approximated with turns
grouped in blocks and positioned in one or several layers (see Fig. 1.8). The quality of such an
approximation can be judged from the general multipole expansion

By(r,0) = Byes Z (:—0>n by, cos(nb) + ay, sin(nd)]
B,(r,0) = By i (:_O>"— [—a, cos(nB) + b, sin(nd)] (1.13)

Here r, isareference radius and was chosen to be r,=17 mm for the LHC field calculations.

Numerical methods are required for the field evaluation in order to take into account the
magnetisation of the iron yoke and the coil ends. For the LHC, these calculations are performed
with ROXIE [9], which was devel oped for this purpose at CERN.

1.3.2 Beam Dynamics

When a particle with both zero angle and amplitude travels through a series of perfectly aligned
quadrupole magnets without any field errors, the trajectory goes through the centre of each
quadrupole magnet. If a magnet is misaligned, the particle is deflected. The magnetsin the LHC
tunnel will be aligned to about 0.3 mm with respect to areference line[3]. The resulting deviations
of the particle trgjectory require corrections with small dipole magnets.
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Figure 1.8 The 2-dimensional cross-section of the LHC dipole: The old five block design (top) and the
final six block design (bottom). The blocks are ordered in two layers with one conductor for each layer. The
optimisation of the field quality was achieved with the numerical field calculation program ROXIE[9].
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Using a rotating coordinate system, in which the particle travels along s with orthogonal
transverse coordinates = and y, the tragjectory can be expressed as a harmonic function for each
transverse plane, the betatron-function 3(s). The oscillation of the proton in the vertical plane

y(s)is
y(s) = const - \/ By(s) - cos(py(s) — ¢o) (1.14)

where ¢ is the phase advance of the betatron oscillation. The number of oscillations per turn is
called betatron tune (Q),, @,), which isin the order of 60 for the LHC. Particle losses can occur if
the condition!- @, +m-Q, = n (I, m, n areinteger numbers) isfulfilled as the trgjectory becomes
unstable. The adjustment of the betatron tune to a level of about 0.001 requires the installation
of quadrupole corrector magnets. A skew quadrupole field due to tilted quadrupole magnets or
any other imperfections lead to a coupling of the particle oscillations between the two planes.
To correct the coupling, skew quadrupole magnets (rotated by 45°) have to be installed in some
locations of the LHC lattice.

The beam size is given by o = /B¢ with 3 being the amplitude of the betatron-function (see
Eg. 1.14) and € being the transverse emittance that corresponds to the phase space covered by the
beam. The emittance decreases with increasing energy because of ¢ = ¢*v, v = E/E, being the
energy and ¢* being the normalised emittance given by the beam parameters at injection from the
pre-accelerators. The maximum beam size is 1.2 mm at injection energy of 450 GeV and 0.3mm
at full energy.

The relative energy spread of the LHC beam isin the order of 10~2 at injection and 0.36-1073
at full energy. The focal length of a quadrupole changes with the energy of the particle. Thus, the
energy spread causes a spread of the betatron tune d@)/dE (chromaticity). To limit the betatron
tune spread, sextupole magnets are installed close to the main quadrupole magnets (see Fig. 1.7) to
correct the chromaticity in both transverse planes. The beam deflection in a dipole magnet changes
with the particle energy (dispersion). At the beginning of the arcs, the cellsdiffer from the standard
FO DO-lattice to suppress the dispersion (dispersion suppressor).

The dominating multipol e field componentsin the main bending magnets are the sextupole and
decapole field components (b3 ~-11-10"4, bs ~1.2.10~* at injection field level). The multipole
field components are compensated with small sextupol e, octupole and decapol e corrector magnets
that are installed at the ends of the main dipole magnets (see Fig. 1.7).

In presence of multipole field components the particle trajectory is no longer a pure betatron
oscillation. If the non-linearity exceeds a certain value and the initial particle amplitude is non-
zero, the amplitude increases with time and the particle is lost. Particles are tracked through the
magnet lattice for 100 s (corresponds to about 10° turns) with powerful computersto determine the
stability of the particle motion. The initial amplitude for which the tragjectory becomes unstableis
the dynamic aperture. It is expressed as the ratio of the initial amplitude to the beam size o and is
about 10.

1.3.3 LHC Magnet System
Main Magnets

The LHC main magnets are the dipole magnets to deflect the beam and the quadrupole magnetsin
the arcs and in the insertions to focus the beam. These magnets are wound with Rutherford type
(multistrand) cables (see Section 2.4) insulated with polyimide films.
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The subdivision of the LHC into octants reduces the stored magnetic energy per dipole circuit.
154 main dipole magnets are powered in series in each octant. The parameters of the LHC
main dipole magnet (MB) are summarised in Table1.2 for the magnet and in Table1.3 for the
superconducting cables. The energy stored in one dipole magnet is about 7-10°J and about
1.1-10° Jin the circuit.

Magnetic length 14.3m Total length 15180 mm
Operating temperature 19K Stored energy (both apertures) 71107
Current at injection (0.45 TeV) 739A Jnpri inner layer 7 TeV 1200 A/mm?
Bending radius 2803.928 m Jnyr; outer layer 7 TeV 1732 A/mn?
Number of beams per magnet 2 Cail inner diameter 56 mm
Nominal current 11796 A Coail outer diameter 120.5mm
Bending angle per magnet 5.1000 mrad Cail length (incl. end pieces) 14567 mm
Peak field in coil 876T Number of blocks and layers 6and 2
Field at injection 0.535T Number of turnsinner layer 2x 15
Fieldat 7 TeV 8.33T Number of turns outer layer 2x 26
Inductance per magnet 0.108H Cable length for inner layer 433 m
Mass of cold mass 23.8t Cable length for outer layer 751m

Table 1.2: The main parameters of the LHC dipole magnets.

The main quadrupole magnets for the LHC are the twin aperture arc quadrupoles (MQ) and
insertion quadrupoles (MQM family and the MQY magnets). Some of their parameters are listed
in Tablel.4. The arc quadrupole magnets are powered in series of 47 and 51 magnets. The
quadrupole magnets in the insertion are powered individually or in series of two.

Corrector Magnets

The corrector magnets of the LHC are small with respect to the main magnets. They are wound
with single strand cables and the coils are fully impregnated with epoxy, which reduces the cooling
by helium.

In order to achieve the field quality, small sextupole (MCS), octupole (MCO) and decapole
(MCD) magnets (spool piece corrector magnets) are installed at the ends of the main dipole
magnets to correct multipolefield errors. Every aperture of each dipole magnet is equipped with a
sextupole corrector coil, whereas only every second dipole magnet will be equipped with octupole
and decapole correctors.

The sextupole magnets (M S, M SS) correct the chromaticity and the quadrupol e magnets (MQT,
MQS, MQTL) compensate coupling between the transverse planes and adjust the betatron tune (see
Section 1.3.2). Lattice octupole magnets will be installed to adjust other beam parameters.

About 1000 small dipole magnets (MCB in the arcs and MCBC, MCBR, MCBX, MCBY in
the insertions) will be installed to correct the particle trajectory in both transverse planes (see
Section 1.3.2), the closed-orbit corrector magnets.

LHC Experimental Insertions

A schematic layout of the insertions for the high luminosity experiments ATLAS and CMS is
shown in Fig. 1.9 [3]. At the collision point the two beams with dimensions of about 16 um are
crossing at an angle of about 300 urad in order to avoid parasitic beam crossings (collisions of
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Dipole Cable Inner Layer
Number of strands
Cable width
Cable mid thickness at 50 MPa
Keystone angle
Transposition pitch
Critical current, 1.9K, 10T
1st insulating Polyimide Layer thickness
2nd insulation LCI Layer thickness
Cross section (Cu)
Strand diameter
Copper to superconductor ratio
Filament diameter
Number of filaments in strand
Twist pitch of filament after cabling
Critical current, 1.9K, 10T

Dipole Cable Outer Layer
Number of strands
Cablewidth
Cable mid thickness at 50 MPa
Keystone angle
Transposition pitch
Critica current, 1.9K, 9T
1st insulating Polyimide Layer thickness
2nd insulation LCI Layer thickness
Cross section (Cu)
Strand diameter
Copper to superconductor ratio
Filament diameter
Number of filamentsin strand
Twist pitch of filament after cabling
Critica current, 1.9K, 9T

28
15.1mm
1.9mm
1.2%°
115mm
>13750 A
0.05mm
0.068 mm
15.33 mm?
1.065mm
>1.6
7 pum
8900
15mm
>515A

36
15.1 mm
1.48mm

0.
105mm
>12960 A
0.05mm
0.068 mm
12.56 mn?
0.825mm
>19
6 um
6520
18 mm
>380A

Table 1.3: The conductors for the LHC dipole magnet.
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MQM: Quadrupole (3.4 m)
for insertion regions
MQ: Lattice quadrupole in the arc Nominal gradient 200T/m
Nominal current 5390 A
Magnetic length 3.10m Magnetic length 34m
Peak field in coil 6.86T Peak field in coil 6.3T
Gradient at injection 14.3T/m Aperture separation 194 mm
Nominal gradient 223T/m Overdl length 3.6m
Geometrical aperture 56 mm Overdll outer diameter 452 mm
Inductance per magnet 0.0112H Cail length 3.55m
Stored energy (both channels) 0.784-1° J  Caoil outer diameter 92.2mm
Max rating current 13000 A Number of turns per coil 36
Current density 7 TeV (NbTi) 1789 A/mm?  Number of coils per aperture 4
Nominal current 11870A Stored energy per aperture 219.3kJ
Current at injection (0.45 TeV) 763 A Inductance per aperture 15.1mH
Cail inner diameter 56 mm Ultimate current 5820 A
Cail outer diameter 118.6 mm Cable width 8.8mm
Cail length (incl. end pieces) 3184 mm Mid thickness 0.84mm
Number of coil layers 2 Keystone angle 0.91°
Number of turns per coil (pole) 24 Copper to superconductor ratio 175
Cable length per pole 160 m RRR 80
Total cable length 1280m Number of strands 36
Conductor as outer layer MB Strand diameter 0.48mm
Filament diameter 6 um
Twist pitch of cable 66 mm
Critical current density (5T, 4.2 K) | 2800 A/mn?

Table 1.4: Some parameters for the MQ magnets (left) and the MQM magnets (right).
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neighbouring bunches). An inner triplet of superconducting quadrupole magnets with an aperture
of 70mm isinstalled at a distance of about 20 m from the collision point. The superconducting
quadrupoles must accommodate separated beams at injection, provide high field gradients (up to
250 T/m) and low multipole errors for colliding beams, and sustain considerable heat loads from
secondary particles generated in both high luminosity experiments. The collaborations from Japan
and the USA will provide the inner triplet quadrupole magnets together with their cryostats. For
the high luminosity insertions (with ATLAS and CMS) normal-conducting magnets are used to
further separate the beams. For the insertions with ALICE and LHCb superconducting separation
dipoles and matching sections share the available space with the injection equipment. When the
distance between the beams increases to about 190 mm, a superconducting dipole magnet guides
the beams into the separate vacuum chambers of the outer superconducting quadrupole triplet.

quadrupole quadrupole
Q4 Q4

quadrupole inatis i inner inner quadrupole sep: i i
Q5 dipole dipole (warm) triplet triplet dipole dipole

quadrupole
Q5

beam Il

ATLAS
or CMS

1

beam |

collision point
\ 24
I

m

200 m

Example for an LHC insertion with ATLAS or CMS

Figure 1.9: Schematic layout of an insertion for a high luminosity experiment [3].

1.4 Other Systems

Insertionsfor Accelerator Operations

Four insertions are used for accelerator operation and machine safety:

Dump insertion: since the energy stored in the proton beam islarge (350 MJ), a beam dumping
systemisrequired to safely removethe beam from the collider at the end of aphysicsrun, or in case
of an equipment failure (for example a quench in a superconducting magnet). Fast kicker magnets
deflect the beams into an iron septum magnet, which bends the beam into a 750 m long transport
line to an external zone. The beam dimensionsincrease to reduce the energy density, which allows
sending the beam into a dump block made of graphite surrounded with heavier materials.

Two cleaning insertions: proton losses at injection, during the energy ramp and steady |osses
during collisions might be concentrated near an aperture limitation of the ring. Due to the
high intensity of the LHC beams, quenches could be induced by beam losses. A two-stage
collimation system to capture such particles will be installed in one of the insertions (betatron
cleaning insertion). Since the background radiation is very large in this region, warm magnets
are used to increase the beam distance from the standard 190 mm to 224 mm, and to generate the
required optical function for collimator installation. A second straight section will be equipped
with collimatorsin order to collect particles with unacceptable energy deviations.
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RF insertion: a pair of superconducting dipole magnets increases the separation between the
beamsto 420 mm. To capture the bunches at injection and to accel erate the beam, aradio-frequency
system with superconducting cavities will be installed for each beam. In order to alow for the
installation of another experiment, the RF system is placed at a suitable distance from the crossing
point.

Cryostats and Cryogenics

Each LHC half cell has a cold mass of about 85t cooled by approximately 850 litres of superfluid
helium. The total cooling power is provided by eight cryoplants located at the four even points of
the machine. Each of the refrigeration units provides a cooling power of 2400W at 1.8K and is
coupled to a4.5K refrigerator [10]. The machine cryostats are fed from the cryogenic distribution
line (QRL) that runs paralel to the machine cryostats.

The magnets of the arcs and the dispersion suppressors of one octant are housed in a common
cryostat of diameter 914 mm, which is about 3km long with a cold mass of more than 5000t. The
cooldown of the cold mass takes around 24 days.

When amagnet quenches, the generated heat istransferred in the helium bath and increases the
helium pressure. The LHC cryostats are equipped with quench relief valvesto release the pressure
and to recover the helium by a high volume vacuum-insulated recovery line.

The arc cryostat is divided into sectors. Every second short straight section (with the main
quadrupole magnet and lattice corrector magnets) is flanked by a cryogenic service module that
houses service piping for quench discharge into the helium recovery line and for cooling by
pressurised superfluid helium. Various shorter cryostats are located for the magnets in the long
insertions (40 cryostats for the entire machine).

Vacuum Systems

Several types of vacuum enclosures are required for the LHC: the insulation vacuum in the cryostat
to reduce heat conduction and convection and the beam vacuum to reduce the number of collisions
of the beams with gas molecules.

Insulation vacuum systems are used for the magnet cryostat and the cryogenic distribution
line. They reduce the heat transfer from the environment at room temperature to the cold parts due
to conduction and convection. The working conditions are at a pressure of 10~4-10-% Pa in the
temperature operating range of 1.9-293K.

The vacuum chamber is placed in the bore of the magnet at an operating temperature of
1.9K. The high intensity proton beam at 7 TeV will emit a power of 0.206 W/m and a photon
flux of 9.44-10'¢ photonsm~! s~!. This phonton flux and the resistive wall power loss lead to an
unacceptable high heat load. In order to reduce the heat load, the vacuum chamber is absorbed on
a beam screen that operates in the range of 5-20K cooled with forced supercritical helium flow.
The beam screen isinserted in the magnet cold bore and provides a beam vacuum of 10~!! Pa.

1.5 Electrical Engineering Aspects

Risks of Quenches

The superconductivity disappears when the temperature, the applied magnetic field or the current
density exceeds material dependent critical values (e.g. 2.3K at nominal field of 8.33T in the
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dipole magnets).

The resistive transition from the superconducting to the normal-conducting state is
called a quench (see Chapters2, 3).

When a quench occurs, the stored magnetic energy can potentially cause severe
damage due to excessive voltages and overheating. The consequences can be magnet
degradation, a short circuit due to a melted insulation layer or even an open circuit,
which occurswhen the conductor burnsout.

The quench mechanisms must be studied to design a reliable protection system for the
superconducting elements (see Chapter 8). Depending on the type of superconducting elements
and on the circuit parameters, the current decays in the range of 0.1-1000s after the appearance of
aquench.

Protection Strategies

The protection of superconducting cables and magnets depends on a reliable quench detection (see
Fig. 1.10).
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Figure 1.10: The quench detection principle.

A quench is detected, when the resistive voltage exceeds a predefined threshold for a
given timeinterval (quench validation time Atg.;). The quench detection time tge; IS
the time inteval between the end of the quench validation and the start of the quench
appear ance.

The guench validation is needed to differ between induced voltage spikes or noise and real
guenches. The various quench detection principles are explained in the Sections5.4 and 8.1.1.

Corrector magnets are designed such that they can withstand the energy deposition of their
stored magnetic energy. This magnets are wound with insulated single strand cables made of
many superconducting filaments that are embedded in a copper matrix for stabilisation. In these
magnets, the normal conducting zone spreads out fast enough to distribute the stored energy in a
large fraction of the superconducting structure, which avoids overheating.

When several magnets are connected in series, a quenching magnet can be protected
by installing aresistor or adiode parallel to each magnet (seeFig. 1.11). Theincreasing
resistance in the magnet causes the current to bypass the quenching magnet and the
magnet has only to absorb its own stored energy. A dump resistor can be switched in
series with the magnets after quench detection so that the stored energy of the circuit
isdissipated into the dump resistor.
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The main magnets are wound with multistrand cables (Rutherford cables). As heliumisin direct
contact with the individual strands, these cables are more efficiently cooled with helium. The
stored magnetic energy in the main magnets is much higher than in corrector magnets. The
stronger cooling reduces the natural quench propagation velocity and the stored magnetic energy
is distributed over aregion of the magnet which istoo small to avoid overheating.

Quench heaters are installed along the main magnet coils (see Figs. 1.8 and 1.11). In
case of aquench, the heater circuit isfired with acurrent pulse by a capacitor discharge
to provokeasecond quench in alargefraction of themagnet. Thestored energy spreads
out over alarger fraction of the magnet which reduces the temperature at the quench
origin (hot spot).

Main magnets connected in series with a string of magnets are additionally protected with
diodes that are mounted parallel to the diode. Similar to the protection with parallel resistors for
corrector magnets, the current bypasses the quenching magnet when the turn-on voltage of the
paralel diode (6-8V at 1.9K) isreached.

heater power

supply \’—‘ heater strips

e N o

resistor cold diode
CORRECTOR MAGNET MAIN MAGNET

Figure 1.11: Schematic view of the protection principle with a parallel resistor for corrector magnets and
a parallel diode for main magnets connected in series with a string of magnets.

Various Types of Quenches

The superconducting cables are exposed to a variety of disturbances which may heat the coil
locally beyond the critical temperature, i.e. wire motion during excitation of the magnet, cracking
of the epoxy insulation or beam losses. Different types of mechanisms can cause a quench in
superconducting cables and magnets:

e training quenches
In order to avoid movements of a winding that can cause a quench, the magnet coils are
prestressed with collars at ambient temperature such that a stress remains at cold and the
windings cannot move. Otherwise the Lorentz force that is built up while increasing the
current (current ramp) causes a few turns to move towards a more stable position, which
can provoke a quench. If the prestressis too high, the critical current is reduced because of
the impact of the critical parameters of the superconductor on the applied strain [8, 11]. In
some places the cable can still move depending on the quality of the coil winding. When the
current is increased in the magnet a movement appears at a position with little mechanical
stability. The mechanism is known as a training quench. During the next magnet excitation
a quench can start at another location. After several excitations the quench current reaches
aplateau. The number of quenches needed to reach this plateau and the difference between
the reached quench current and the critical current isameasure for the quality of the magnet.
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e beam induced quenches
In an accelerator, quenches in superconducting magnets can occur because of beam losses
which would lead to an energy deposition in the superconductor high enough to exceed the
critical temperature.

¢ heater provoked quenches
Quenches can also be provoked by the protection system when quench heaters are installed.
A failure in the detection system could lead to unwanted firing of the heaters.

e cryogenic failure
If the cryogenic system fails, the temperature increases which can provoke quenches.

Busbars

The superconducting magnets are connected in series with highly copper stabilised supercon-
ducting cables (busbars). Theratio of the copper fraction to the superconductor content is usually
greater than 10 to reduce the probability of a quench originating in the busbars. The copper
stabilisation is possible for busbars as more space is available than in magnet coils. It is required
to avoid overheating after a quench as the busbars are only protected by dump resistors for energy
extraction and not by parallel elements as for magnets. For the LHC superconducting circuits,
several types of busbars are foreseen:

e main busbars
For the main dipole magnets and the arc quadrupoles, the busbars will carry a current up to
13KkA. These busbar are made with the superconducting cable used to wind the outer layer
of the dipole magnets and the arc quadrupoles. The cable is soldered in a copper housing
(seeFig. 1.12). The copper stabilisation for the dipole circuitsisin the order of 250 mm? and
for the quadrupole circuitsin the order of 160 mm?.

Copper stabilisation

/
(S

Rutherford cable

Figure 1.12: Schematic diagram of the busbar cross-section for the LHC main dipole and arc quadrupole
magnets.

e insertion quadrupole busbars
For the 6 kA insertion quadrupoles (MQM family and MQY magnets) a special busbar has
been developed. It contains copper stabilised superconducting strands twisted together with
pure copper strandsfor additional stabilisation (copper to superconductor ratio is higher than
10).

e corrector busbars
For the 600 A corrector magnets (multipole correctors and lattice correctors) two types of
busbar cables will be installed in the cryostat. The busbar cable is a strand with a large
copper content for stabilisation of about 2 mm?.
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Chapter 2

Superconductorsand Cooling

Superconductivity is used in many applications and a large variety of superconductors have been
developed. While the theoretical understanding of classical superconductors is very advanced,
attempts are being made to increase the critical current density and their stability. A major
subject in today’s material science research is the development of new applications, e.g. for
high temperature superconductors. Liquid helium is the only adequate cooling medium that
retains superconductivity of hard superconductors in accelerator magnets at present. To reach
the desired magnetic field strength in the LHC magnets made of niobium-titanium (NbTi) requires
atemperature lower than the liquefaction temperature of helium, therefore superfluid helium will
be used for more efficient cooling.

After a short historical overview, the main characteristics and the range of existing su-
perconductors are summarised, which ends with the presentation of the material properties of
hard type 2 superconductors such as niobium-titanium. The theoretical descriptions of type |
and Il superconductors, namely the London equations, the Ginzburg-Landau and the BCS theory,
are briefly outlined. The mechanical stability of superconductors and the realisation of hard
superconductors for use in magnets are described, followed by an introduction to the quench
process. The temperature dependences of helium material properties and the main features of
superfluidity are presented. Finally, the different cooling mechanisms and the limitations of heat
transfer into helium are summarised.

2.1 Historical Overview

In 1908 Kamerlingh Onnes succeeded in liquefying helium [12]. While investigating the
conductivity of metals at low temperatures, he discovered superconductivity in 1911 [13]. At
the boiling temperature of liquid helium Kammerlingh Onnes found that the resistance of a
mercury sample dropped to an unmeasurable value and called this unexpected phenomenon
‘superconductivity’, which occurs below the critical temperature 7,.. Superconductivity was
encountered in many metals but not in good normal-conducting materials such as copper, which
becomes superconducting only at very high pressures.

Meissner and Ochsenfeld discovered in 1933 that a superconductor expels a weak magnetic
field below T, while strong fields can break down superconductivity [14]. This effect was
not explainable by means of Maxwell equations and was found to be a quantum phenomenon.
H. and F. London devel oped a phenomenological explanation of the Meissner-Ochsenfeld effect in
1935 [15] which was confirmed by the theoretical description of Bardeen, Cooper and Schrieffer
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in 1957, and is called the BCS theory [16]. The BCS theory explains superconductivity as
a quantum-mechanical effect on a macroscopic scale and is based on the assumption that the
super-current is carried by pairs of electrons of opposite momenta and spins, the Cooper pairs.
All pairs occupy a single quantum state, the BCS ground state, whose energy is separated from the
single-electron states by an energy gap which can be related to the critical temperature.

Contrary to superconductors made of a pure element like lead or mercury (type | su-
perconductors), superconducting aloys like niobium-titanium form a different class, the type
Il superconductors. These superconductors have two critical fields and temperatures. The
Ginzburg-Landau theory, formed in 1950 [17], provides a phenomenological explanation for the
distinction of the two types and can be described as alimiting case of the BCS theory [18].

Josephson investigated quantum-mechanical tunnelling between two superconductors that are
separated by a normal conducting material in 1962 [19], which are known as Josephson junctions
and allow the measurement of very small magnetic fields.

The development of ‘hard superconductors’ mainly made of the type Il superconductor
niobium-titanium allowed the construction of magnets with strong fields (>1tesla) for applications
in research, medicine, particle detectors and accelerators.

In 1986 Bednorz and Miiller discovered superconductivity in ceramic copper oxides at much
higher temperatures with respect to type | and Il superconductors [20]. Some of the high
temperature superconductors can operate in liquid nitrogen. Although alarge effort has been made
in advancing the development of high temperature superconductors, hard type Il superconductors
remain at present the leading materials for the construction of large superconducting installations.

2.2 Main Characteristics

A detailed overview of the main characteristics of superconductivity can be found in the text books
by Buckel [21] and Tilley [22]. A brief introduction is given here based on the lectures and books
by Schmiiser [7, 8] and Wilson [11, 23].

2.2.1 Meissner-Ochsenfeld Effect and London Equations

When a superconducting cylinder is exposed to an increasing magnetic field from zero to a finite
value B, asurface current is induced whose magnetic field cancels the applied field in the interior
according to Lenz’s law. Since the resistance vanishes in a superconductor, the surface current
remains constant when the applied field is kept constant and the superconductor acts as a perfect
diamagnetic material below the critical temperature 7... When the externa field rises while the
temperature is higher than 7., eddy currents are induced, which decay quickly because of the
resistance, and the applied magnetic field penetrates the interior of the cylinder. If the temperature
is decreased below T, a surface current is spontaneously created to expel the magnetic field
from the interior of the cylinder. This effect is known as the Meissner-Ochsenfeld effect [14].
The transition between normal -conducting and superconducting phases is comparable to different
thermodynamic phases. H. and F. London achieved the first theoretical explanation by assuming
that the super-current is carried by some conduction electrons in the metal without friction, the
‘super-electrons’. Their motionin an electric field is

o7 3
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The super-current density is

—

Js = —en U (2.2

where n, isthe super-electron density. Thisyields the first London equation

-

dJs  nge®
o m

E (2.3)

Using the induction law of Maxwell’sequations V x E = —9B /0t resultsin

o[ m = - =
o (nseﬂ x J, + B> =0 (2.4)

H. and F. London assumed that the quantity in the brackets vanishes, which gives the second

London equation
n562 —

Vx.J=-——8 (2.5)

m
This equation is only correct for superconductors. Combining the second London equation with
the fourth Maxwell equation V x B = y,.J the following equation is achieved for the magnetic
field in a superconductor
fons€
m
For amagnetic field parallel to the surface of the superconductor, this changes to

AB — B=0 (2.6)

B, 1
- —B,=0 2.7
dx? )\L v ( )

with \;, being the London penetration depth

A= —2 (2.8)

HoTls e?

The magnetic field does not stop abruptly at the superconductor surface but penetrates with
exponentia attenuation into the material. In the BCS theory, the super-electrons have to be
replaced by Cooper pairs, which does not have an impact on the London equations as the mass
and electric charge double but the density halves.

2.2.2 The Superconducting Phase

The transition from normal-conducting to superconducting below 7', is described with the
thermodynamic quantity, the free energy

F=U-T-S (2.9)

with F' being the free energy, U the internal energy and S the entropy. The superconducting state
has alower free energy than the normal states and thus, the transition to the superconducting state
impliesagaininenergy AE = Forma — Fsuper- From the BCS theory point of view the lower
entropy of the superconducting states is due to the condensation of a small fraction of valence
electrons into Cooper pairs and the pairing and collection into a single quantum state.
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The magnetisation of atype | superconductor is M (B) = —B/uo. Thus, the potential energy
per unit volume AV due to the application of a magnetic field to the superconductor is

B B2
Epor = —/M(B')dB' = — (2.10)
) 240

Applying a magnetic field to a superconductor increases the free energy

2

Fouper(B) = Fauper(0) + B—AV (2.11)
240

The critical magnetic field is reached when the increase in potential energy is equal to the energy
difference between the normal and the superconducting state

20

Bc - (Fnormal - Fsupe’f“<0)) Av

(2.12)

2.2.3 Typel and Typell Superconductors

Type | superconductors made of pure metals would not allow the construction of superconducting
magnets as the critical magnetic field isvery small. Metal alloys and the element niobium are type
Il superconductors which have two critical fields B.; and B.,. Their magnetisation curve exhibits
a more complex dependence on the applied magnetic field (see Fig. 2.1) Below the critical field

\_mOM

Figure 2.1: The dependence of the magnetisation of a type Il superconductor as function of the applied
magnetic field.

B.1, atype Il superconductor is in the Meissner phase with complete exclusion of the field from
the interior like atype | superconductor. In between B.; and B, the substance enters the mixed
phase in which part of the magnetic flux penetrates the bulk of the sample. Above B., the material
is normal -conducting.

At a boundary between a normal-conductor and a superconductor, the Cooper pair density
does not rise abruptly from zero to its value in the bulk but smoothly over a finite length &, the
coherence length (see Fig. 2.2). Thedifference F,,oma — Fsuper (0) €an beinterpreted asthe Cooper
pair condensation energy, which defines the thermodynamic critical field B, with B, = B, for
type | superconductorsand B.; < B, < Bes for typell superconductors. Applying B, per unit
area parallel to the surface of a conductor, the field penetrates a depth )\, which corresponds to an
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B g
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Figure 2.2: The exponential drop of the magnetic field and the rise of the Cooper-pair density at a boundary
between a normal conductor and a superconductor.

energy gain AE,,q., = B2,/ (210) - A. On the other hand the coherence length needed to raise the
density of the Cooper pair correspondsto alossin energy AE. .. = B2, /(2u0) - €. A net energy
gainisgivenif Ay > £. A more refined treatment is given by the Ginzburg-Landau theory [17].
Theratio of the London penetration length and the coherence length is called the Ginzburg-L andau
parameter

k= A/E. (213)

Thefield penetratesin atype Il superconductor in flux tubesthat arrange themselvesin atriangular
pattern. The core of a flux tube is normal-conducting.
The criterion to distinguish for type | or type Il superconductivity isthen

typel: k<1/4/2
typell: x>1/v2

The coherence length ¢ is proportional to the mean free path of the conduction electrons in the
metal and is generally much shorter in alloysthan in pure metals. For that reason alloys are always
type Il conductors. The upper critical field is given by B, = /2xB.,. No simple expressions
exists for the lower critical field. Inthelimitingcasex > 1itisB., = 1/2k - (Ink + 0.08) - Beyp,.

2.2.4 Introduction of the BCS Theory

The main feature of electrical and thermal conduction in metals can be described with the model
of the free electron gas that treats el ectrons as independent and non-interacting particles. They are
placed on energy levels computed by solving the Schrédinger equation. The Coulomb attraction
of the positive ions in the regular crystal lattice is represented in the Schrodinger equation by a
potential well with a flat bottom, the periodic structure is neglected. The filling of the energy
levels complieswith Pauli’s exclusion principle which means there are no more than two electrons
of opposite spin per energy level. This principle leads to the application of the Fermi-Dirac
statistics for the free electron gas. At thelimit 7" — 0K all energy levels up to the Fermi energy
E; = h/2m(3m%ny)?/® arefilled (with n, being the conduction electron density and m being the
electron mass).
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One can assume that the origin of Ohmic resistance is due to collisions of free travelling
electrons with positive ions. Treating electrons as matter waves and solving the Schrodinger
equation shows that no resistance would occur in a perfect lattice at 0K. Nevertheless the Ohmic
resistance is caused by collisions coming from impurities, lattice defects and deviations of the
metal ions due to thermal oscillations. The third effect dominates at room temperature giving rise
to aresistivity that is roughly proportional to 7', whereas the first two effects result in a residua
resistivity at low temperature 7' < 20 K.

An important parameter for the stabilisation of superconductors with copper is
the ratio of the resistivity at room temperature and the residual resistance at low
temperature the Ratio of the Residual Resistivity (RRR) value

p(300 K)
RRR = S0 K)
RRR vauesfor the copper matrix of the LHC cables wound in magnets are about 70-150.
The vanishing resistance in a superconductor can be explained with the help of Cooper pairs.
In the case ' —0K, electrons fill all energy levels up to the Fermi energy E; with maximum
momentum p . Cooper pairs are formed by two electrons with opposite spin and momentum p' =
hik. Cooper showed in 1956 that the electrons form a bound system with an energy less than twice
the Fermi energy E,.;» < 2E;. The attraction force comes from a dynamic lattice polarisation,
which was first suggested by Fréhlich and, independently, by Bardeen. The first electron flies
through the lattice and attracts the positive ions. The shortest response time of the ions is the
highest possible lattice vibration frequency, the Debye frequency wp. This lattice deformation
attracts the second electron because of the accumulation of positive charges. If the energy of the
added electronsis E; with E; < E; < E; + hwp the solution of the Schrédinger equation shows
that the energy difference §E = 2E; — E,.,- iSgiven by

(2.14)

OF = 2hwp exp (—L) (2.15)

VoN(Ef)
with N(E;) being the density of single-electron states at the Fermi energy and V,N(Ef) < 1
being the potential of the weak attraction force. The quanta of the lattice vibration are the phonons
with maximum energy hwp = 0.01-0.02€V, which indicates that only a small fraction of the
electronsin the energy shell hwp around the Fermi energy can be paired. Since the electrons of the
Cooper pairs have opposite momentum due to the Pauli exclusion principle, all pairsact as Bosons
having the momentum P =0 and occupy the same quantum state, the BCS ground state. Unlike
other Bosons, Cooper pairs are extended objects and no excited state exists since an excitation is
equivalent to breaking them up into single electrons. The BCS ground state can be described by a
macroscopic wave function ¥ and the ground state energy that is separated from the energy levels
of unpaired electrons by an energy gap A
1

A(0 K) = 2hwp exp ( %N(E,c)) (2.16)
An energy of 2A isneeded to break up a pair. EQ. 2.16 is a non-perturbative result as the unknown
potential V; cannot be derived with Taylor series although it is assumed to be weak. The critical
temperature 7. is given by the similar expression

1
kBTc = 114hWD exp <_VN7(E})> (217)
0
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with kg = 8.625 - 10~°cV/ K being the Boltzmann constant. Combining Eq. 2.16 with Eq. 2.17
resultsin the prediction

A0 K) = 1.76k5T, (2.18)

which isfully accomplished in type | superconductors.

The vanishing resistance of the superconductor can be explained with the energy gap. Applying
an electric field Ej, for §t results in a momentum increase for both electrons of a Cooper pair and
the resulting momentum becomes P = hK = —2eE,6t. This coherent motion is associated
with a super-current density J, = —n, 22K, with n, being the Cooper-pair density. The wave
function simply changes by a phase factor so that all equations of the BCS theory remain valid.
The increased momentum results in an energy increase 6 E,,;, ~ pyP/m of the Cooper pairs. As
mentioned above the resistivity is due to scattering processes of the single conduction electrons.
Cooper pairs do not scatter as long as the energy increase given by the applied field is less than
the energy gap 2A — 6 E,,;» > 0. Thisleads to the concept of the critical current density J, that is
given by

Js << J(T) =~ 2en.A(T) /py (2.19)

Coupled to the existence of J. is the existence of a critical magnetic field. The current flows
in a surface layer of thickness \;, in atype | superconductor. The critical magnetic field B.(T') is
related to the critical current density J. by

B.(T) = poArJe(T) = porr2en.A(T)/ps (2.20)

2.2.5 Quantisation of Magnetic Flux

A type | superconductor can trap the magnetic flux when a magnetic field is applied to the sample
at T > T, before cooling down. The London and the BCS theory predict that the trapped magnetic
flux is quantised ®,,,,, = n®, with n being a natural number and

Oy = mh (2.22)
(&
This can be understood in the wave picture of the Cooper pairs. The magnetic flux is given by
g = ¢ A - ds with A bei ng the vector potential. The Cooper-pair wave function can be written
asW¥ = \/n.exp(i¢). Thephase ¢ = ¢(s) hasto change by multiple 27 when going once around
acircular path in the bulk of the superconductor as ¥ is a single-valued function

7{ @ds =n-27 (2.22)
ds

This means that the circumference is an integer number of the wave lengths. When moving by
a distance Az the presence of the vector potential adds a phase shift A¢p = —e/ RAAZ for an
electron, which is known as the Aharonov-Bohm effect after the theoreticians who predicted this
phenomenon [24]. As no current is allowed in the bulk of the superconductor, d¢/ds - ds =
(2¢/h) - A - ds for the Cooper pairs. Thus, the magnetic flux enclosed by the circular path is

- - h
CIJmagZ]{A-ds:Q—e-Qﬂ-n:n-fbo (2.23)
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Figure 2.3 Schematic cross-section of a fluxoid.

In atype Il superconductor the magnetic field penetrates in the form of flux tubes or fluxoids,
each containing a single elementary quantum ®,. The fluxoids arrange themselvesin a triangular
pattern to minimise the potential energy related to the mutual repulsion of the flux tubes (see
Fig.2.3). The magnetic field lines are surrounded by a super-current vortex. The Cooper
pair density drops to zero at the centre of the vortex, meaning that the core of a flux tube is
normal-conducting. Since the area occupied by afluxoid is roughly given by 7¢2 with ¢ being the
coherence length, the upper critical field B., can be estimated by the condition that the fluxoids
start touching each other B, ~ ®,/(27¢?%). Essmann and Trauble [25] experimentally verified the
existence of fluxoidsin 1967, which were predicted by Abrikosov [26].

2.3 Superconducting Materials

In order to use superconducting cables for the construction of accelerator magnets, the supercon-
ductor must be able to carry a large current in the presence of a magnetic field in the range of
5-10teda. Typel superconductorsare ruled out because their critical field islessthan afew tenths
of atesla. Type Il superconductors appear appropriate because of their large upper critical field
and of high currents being permitted to flow in the bulk material. But these conductors have a
problem called flux flow resistance. A current that flows through an ideal type Il superconductor,
which is exposed to a magnetic field, generates heat since the fluxoids move perpendicular to the
current and to the field due to the Lorentz force F = J x B. Thisisaviscous motion with & o F'
that leads to the heat generation.

Although the current itself flows without dissipation, the superconductor acts as an
Ohmicresistance. Themovingfield isequivalent toan electricfield Eoquin = 1/¢*B X
7 and Eequ;, isparallel to J.

2.3.1 Hard Superconductors

Flux motion has to be inhibited to obtain useful wires for magnet coils. The standard method isto
capture them at pinning centres that are defects or impuritiesin the regular crystal lattice.

The most important pinning centres in niobium-titanium are normal-conducting
titanium enrichments that are called ‘precipitates’ in the a phase [11]. The size of
these pinning centresisin therange of the aver age fluxoid spacing (10nm range).
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Type| or ideal type Il conductors have areversible response to an external magnetic field B..
They act as a perfect diamagnetic material and their magnetisation M is M (B.) = —B./u, for
0 < B, < B.. A hard superconductor is only reversible if B, < B.;, otherwise magnetic flux
enters the sample and is captured at pinning centres. When the field is reduced again these flux
tubes remain bound and the specimen keeps a frozen-in magnetisation even for avanishing external
field. One hasto invert the field polarity to achieve zero magnetisation M/ =0. The starting point
B. =0, M = 0 can only be reached by warming up the specimen followed by cooling down again.
Thisis similar to the hysteresisin iron but with an opposite sign (see Fig. 2.4). Although pinning
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Figure 2.4. Hysteresis example of a superconducting cable used to wind the inner layer of the LHC dipole
magnets [ 27].

centres prevent flux flow some flux creep effects remain even at low temperatures such as4 K. The
experimental observation of the flux creep effect showed that the critical current density decays
with a logarithmic dependence on the time [28]. The theoretical explanation has been found by
Anderson in 1962 [29]. The pinning centres are represented by potential wells of average depth U,
and width a capturing an average flux n®,. The probability P that a flux leaves a potential well
at zero current is Py o< exp(—Uy/(kpT")). When the superconductor carries a current density ./,
the potential acquires a slope proportional to the driving force density. This reduces the effective
potential well depthto U = Uy — AU with AU =~ n®yJal, [ being the length of the flux bundle.
The probability increasesto P = Py exp(AU/(kgT)). In presence of an external magnetic field
B, the interna field B;,; is dightly larger by pqJ.w with w being the conductor thickness. If a
bundle of flux is released from its well, it will leave the material thus creating space for some
magnetic flux from the bore to migrate into the conductor and refill the well. As a consequence
the internal field decreases and with it the critical current density with its time derivative being
proportional to the probability P for flux escape. The solution of this differential equationis

kgT
n®qal

Jo(t) = J.(0) — Int (2.24)
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The Critical Surface

Hard superconductors are characterised by a critical current density as a function of applied
magnetic field and temperature. Therelation of the three quantitiesis known asthe critical surface,
which is shown in Fig. 2.5 for the most important conductor used in magnets, niobium-titanium
NDbTi. Due to flux creep the resistivity of hard superconductors does not completely vanish. The
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Figure 2.5: Thecritical surface for the NbTi superconductor.

critical current density for a given set of 7" and B is usualy defined by the criterion that the
resistivity isp = p. = 10~ Qm. Theresistivity at this point isavery steep function of the current
density which can be parametrised as

o(J) = p. (—) (2.25)

The quantity n isaquality index and can be as large as 50.

Critical-state M odel

Since the resistivity of a hard superconductor is almost a step function, Bean proposed the critical
state model in 1964, in which there are only two states for current flow in a hard superconductor:
the current density iseither O or equal J.. Fig. 2.6 illustratesthe model for an initially unmagnetised
dlab of superconductor. When the external field parallel to the conductor surface is raised by a
small value B., a bipolar current of +.J. is induced which penetrates to such a depth that the
shielding field cancels the applied field in the central region. While increasing the external field
both the current and the field penetrate deeper into the conductor until the centre isreached for the
penetrating external field B,,. A further increase of the external field leads to a non-vanishing field
in the centre of the superconducting sample but reduces J.., which depends on the external field.

Lowering the external field below B, a new bipolar current of opposite polarity is induced
which resultsin the complicated shape sketched in Fig. 2.6¢. Thismodel can be used to derive the
hysteresis curve required for computing persistent-current field distortions [30].
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Figure 2.6: Current and field distribution in a slab of hard superconductor according to the critical-state
model with the field being parallel to the surface.

Flux Jumping

A dlab of a superconductor with height A and width 2a (b > 2a) is exposed to a large external
magnetic field B, which is significantly larger than B, and parallel to . Applying the Maxwell

equation § B - d§ = oI leadsto
B(z) = By — pode(a — z)h (2.26)

Assuming asmall heat dissipation A into the slab, the temperature will rise by AT thusreducing
thecritical current density by AJ.. Thisincreasesthefield insidethe slab resulting in alongitudinal
voltage due to induction U « dB/dt and heat generation

2

Ag = MOJCAJC%. (2.27)
Approximating the change of the critical current density with
AJ. = J.-AT/(T. —Tp) (2.28)
the energy balance AQ + Ag = C'AT with C' being the specific heat gives
M0J26L2
AQ = |C— ——=| AT 2.29
Q |:C 3(Tc - TO)} ( )

An instability is reached for T — T, and for AQ — 0. The second condition can appear
independently from the temperature as a function of the conductor width 2a. In that case the
slightest disturbance will cause the superconductor to reduce its critical current and expel part
of the captured magnetic flux. This process is called flux jumping, which does not necessarily
lead to a quench. A recovery is possible because the heat capacity increases with the temperature
(C o T?). Thecriterion to prevent flux jumpsisto reduce the half thickness of the slab a according

fo
a < w (2.30)
foJ2

Thisexpressionis called the adiabatic flux jump stability criterion as cooling effects are neglected.
Eq. 2.30 changes for around superconductor. The expression for theradiusis

r<m/4-\/(C-(T. - Ty)/ (10 J?) (2.31)
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In case of a NbTi superconductor applied to a field of Stesla, a bath temperature of 4.2K and
J.~ 3-10°A/m?, 1,4, isin the range of 0.1 mm.

In order to prevent flux jumping superconductors that are used to wind magnets are made of
multifilament wires (see also Section 2.4).

2.3.2 Superconductorsfor Accelerators

A large variety of metals and alloys are superconducting at liquid helium temperature but basically
only two materialsare commercially availablefor large scale magnet production, niobium-titanium
NbTi and niobium-tin Nb;Sn.

The discovery of high temperature superconductors raised hopes of enabling cooling with
liquid nitrogen, however so far usable current densities for magnet production have only been
achieved at low temperatures but with asignificantly increased critical magnetic field. Anoverview
of the critical current density as a function of the applied magnetic field for various cooling
temperaturesisgivenin Fig. 2.7.
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Figure 2.7: Critical current density as a function of the magnetic field for various superconductors made of
metal alloys and high critical temperature superconductors (Larbalestier and Lee 1999 [31]). If not stated
otherwise, the cooling temperature is 4.2 K. The various superconductors are introduced in this Section.

Niobium-Titanium (NbTi)

Niobium and titanium are mutually soluble to form ductile alloys over a wide range
of compositions, which may be chosen for optimum critical properties. Because of the
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ductility that permits effective and simple fabrication this superconductor is the work
horse for magnet production although the upper critical field is only about 8 tesla at
4.2 K for a reasonable current density. Cooling with superfluid helium increases the
field level to about 10tesla. This solution was chosen for the LHC superconducting
magnets.

Commercial aloys are almost always designed for optimum critical field rather than for optimum
critical temperature, in the range of niobium 46.5-50 weight percent versus titanium [11].
Multifilament wires made of NbTi are fabricated by a wire-drawing process (see Section 2.4).

Niobium-Tin (Nb3Sn)

Unlike NbTi the other commercially available magnet conductor NbsSn is a brittle intermetallic
compound with acrystal structure of type A15[11]. Becauseit isso brittle, Nbs;Sn must be formed
in situ at its fina size before a heat treatment during the course of which the tin reacts with the
niobium (the ‘wind and react’ techniques) [8, 11, 31]. The most popular process to form the
conductor is the bronze process in which filaments of Nb are drawn down in a matrix of CuSn,
bronze. During the following heat treatment, the tin diffuses through the bronze to produce Nb;Sn
while reacting with niobium.

Another superconductor with crystal lattice of type A15 is NbsAl. It reaches even higher
magnetic fields than Nbs;Sn. Applications of NbsAl are limited since nothing similar to the bronze
process exists.

High Temperature Superconductors

The discovery of high T, superconductors (HTS) in ceramic copper oxides gives an op-
portunity to construct magnets operating significantly higher than 10tesla Some HTS are
YB&Cu;0,;_, (“YBCO’ or ‘Y-123’ with 7., ~ 92 K), Bi,Sr,Ca,Cu30,, (‘Bi-2223’ T, ~ 107K), or
Bi,Sr,CaCu, O, (‘Bi-2212’ T, ~ 90 K). Other HTS conductors exist but have not been that widely
explored.

For temperatures below 30K (see Fig. 2.7) these superconductors can carry current densities
at a magnetic field strength that are unaccessible with metal alloys such as NbTi or Nb3Sn.
Both YBCO and Bi-2223 superconductor applications are limited to wide tape designs with the
tape being made of thin superconducting films. These tapes can carry high current densities but
cabling isquite challenging. Multifilament wires of Bi-2223 are being applied to prototype motors,
transformers, and for power cables [31].

Bi-2212 appears to have the highest potentia since it can be made in round wire form
with reasonable high J., thus permitting access to the cabling technology of conventional
superconductors [31].

At higher temperatures, for instance at the nitrogen liquefaction temperature of 77K, the use
of high temperature superconductorsis restricted to low magnetic fields or lower current densities.
Inthe LHC, HTS conductors are applied to current leads that are the feedthroughs for the current
from room temperature into the cold mass. The use of high temperature superconductors permits
the reduction of the heat load to the cryogenic system with respect to conventional copper current
leads [32].
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2.4 Stability of Superconductors

When the temperature exceeds the critical temperature, a resistive transition takes place and the
superconductor becomes normal conducting. If the cooling is not strong enough to recover the
superconducting state, the normal-conducting zone will spread out (start of a quench).

Superconducting cables for magnet coils or power transportation have to be designed to avoid
damage in case of a quench or, ultimately, to exclude the possibility of a quench, which is known
as cryo-stability. Since superconductors like NbTi have a high resistivity in the normal-conducting
state, the superconductors are stabilised with copper. In case of a resistive transition of the
superconductor the current redistributes and bypasses the superconductor by flowing through the
copper. The copper reduces the heat generation due to the transport current and the stabilisation
with copper significantly decreases the probability of a quench. A further stabilisation is obtained
by increasing the heat transfer from the conductor into the coolant (see Chapter 3).

Multifilament Wire

In order to avoid flux jumping, multifilament wires (also called strands) of hard superconductors
are used for magnets (see Section 2.3.1). Thesewiresoperate at currentsup to 600 A. The operating
current of the LHC multifilament wiresis550 A. A schematic cross-section of a multifilament wire
isshownin Fig. 2.8. The filaments are twisted to ensure equal current distribution and to minimise
the strength of induced eddy currents due to a changing magnetic field. Eddy currents can have an
impact on the achievable field quality and on the quench process (see Section 3.4.2).

NbTi filament copper

Figure 2.8: Schematic cross-section of a multifilament wire (strand). Only four filaments are shown for a
better understanding. The shown length is the filament twist pitch [,Jf . For the LHC wires this length is
typically about 15-20 mm.

Asthefilament diameter must be in the range of some umto avoid flux jumping, alarge number
of filaments are embedded in a copper matrix that provides mechanical stability and at the same
time serves as an electrical bypass of high conductivity and as a heat sink. The main parameters of
the multifilament wire (strand) are the ratio of copper to superconductor 7, /., the cross-section A
or the wire diameter d, the number of filaments Ny, the filament diameter d;;, the filament twist
pitch length L;f , and the RRR value of the copper stabilisation. For illustration the cross-section
of the strand used for the outer layer cable of the LHC dipole magnet is shown in Fig. 2.9 [33].
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Figure 2.9: The multifilament wire used for the outer layer of the LHC main dipole magnets, quadrupole
magnets and busbars. The parameters are: d=0.825mm, dy; ~6um, RRR> 100, 1.9< rg, /.. < 2.0,

Multi-strand Cable

The superconducting cable for the LHC main magnets with nominal field up to 9teda at an
operating current up to 13kA are made of 20-40 multifilament wires (strands). Asfor the filaments
of the multifilament wire, the strands in the multistrand cable are twisted. The strand twist pitch
L7 is typicaly about 5-12cm. The strands are compressed into a flat two layer structure with a
trapezoidal shape, the Rutherford cable (sketched in Fig. 2.10). The cable is permeable to liquid
helium so that the surface of all strandsiswetted with the coolant. The insulation of the cable must
have a high breakdown voltage, be elastic at room and liquid helium temperature, and radiation
hard. The LHC Rutherford cables are insulated by wrapping polyimide films around the cable
followed by a hesat treatment for the polymerisation.

(») dB/dt

strands

Figure 2.10: Sketch of a Rutherford cable: strands cross each other and form a two layer structure. Eddy
currents are induced that flow through the contact resistances when the applied magnetic field changes (see
Section 3.4.2).

The LHC Rutherford cable used for the outer layer of the main dipole magnets, quadrupole
magnets, and the busbarsis shownin Fig. 2.11 [33].
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Figure 2.11: The LHC Rutherford cable for the outer layer of the main dipole magnets, quadrupole magnets
and busbars: 36 strands, width 15.1mm, .J,(1.9K, 9tesla)>12900 A, A=19.2442 mn?, strand twist pitch
L, ~10.5cm. Ashort longitudinal section is shown on the left; the trapezoidal cross-section on the right.

Fabrication

Superconducting cables made of NbTi are fabricated in a multistep process [34]. A cylindrical
billet of NbTi is prepared by arc vacuum melting. The alloy NbTi must be produced with high
purity and with a variation in titanium contents of less than 1%. From this high homogeneity
material round bars are manufactured with a diameter of about 150 mm and a length of 500 to
750mm. They are wrapped with a niobium foil of controlled tensile properties and grain size and
inserted in athick-walled can of pure copper (usually RRR > 100) with an outer diameter of about
200mm. The can is closed at the ends by caps that are electron-beam welded. After evacuation
the can is compressed and extruded at 600 to 700 °C to a composite of 30-50mm. A multiple
process of drawing and compaction is performed leading to along bar of hexagonal cross-section
with awidth of about 3.5mm. Thisbar iscut into pieces of 0.5 to 0.75m length. Several thousand
of the carefully cleaned short bars are stacked into another 300 mm diameter thick-walled copper
tube around a copper rod centre. The copper lids are electron-beam welded. Compaction, hot
extrusion, and a number of drawing steps with heat treatments are repeated to optimise the critical
parameters. The last step can be a tinning with final shaping or an anodising if required. The
niobium foil is a diffusion barrier that prevents the formation of CuTi during the heat treatment,
which is brittle and does not reduce in size during the drawing procedure and might damage the
filaments.

Aiming for very thin filaments, a second or even a third multifilamentary billet has to be
produced from the hexagonal rods of an intermediate stage. The final wire may contain up to
100 thousand filaments of some pm in diameter. The production aims at a continuous length of
several tens of kilometres with reliable reproducibility of the critical current characteristics|[8].

The Rutherford cables are produced with machines equipped with the necessary number of wire
spools. The wires are guided around a conical mandrel and then rolled to the required trapezoidal
Cross-section shape by an assembly of rollers, named “Turk’s Heads’. Care must be taken to avoid
strand breaks as well as burrs and sharp edges on the cable surface which may puncture the cable
insulation and lead to electrical shorts in the coil. In some cases a final shaping process may
turn out to be necessary. Within any magnet coil all strands should be of a continuous length
without internal welds. Devices have been invented that periodically clamp the cable with a preset
compression up to 70 Mpa, and measure the width, the average thickness and the trapezoid angle.
A satisfactory cable fabrication is achieved if the degradation of the critical current is less than
2%. The cabling aso reducesthe RRR of the copper [8, 11].

A further degradation is due to the winding of the coils. Typically, the Rutherford cable is
wound with atension of 200N on a mandrel. The baking moulds are stacked from punched steel
laminations providing a geometrical accuracy of about 0.02 mm at any cross-section.

After the winding, the coil is cured with a mould that covers the entire length placed on
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the top of the coil package and the assembly is moved into a hydraulic press. The heat
treatment again increases the RRR value of copper. Typica prestresses are in the order of
80-100 N/mm? to balance the thermal contraction during cooldown and to ensure enough tension
at low temperature [8, 35].

2.5 Thermodynamic Properties of Helium

In order to cool superconducting materials like NbTi or Nb3;Sn liquid helium (or precisely liquid
“He) isused. The phase diagram of helium at low temperaturesis shownin Fig2.12. If not exposed
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Figure 2.12: Helium phase diagram [ 36]. The A\-line separates liquid helium | and liquid helium 1.

to very high pressures (>25bar) helium does not go through a phase transition into a solid state
at low temperatures. Helium has two liquid phases, helium | and and helium 11, separated by the
A-line. Helium | is a conventional liquid; helium Il is a superfluid. Superfluid means that a fluid
can flow without friction in certain circumstances. A brief explanation of superfluidity is outlined
in Section 2.6.

An overview of the thermodynamic properties of “He at low temperatures is shown in
Figs.2.13, 2.14 and 2.15. The sharp pesak in the heat capacity phase transition at the A-line
(see Fig. 2.13) indicates a thermodynamic phase transition of a type found in other systems at
a temperature similar to the ordering process at the Curie point for a ferromagnetic. The thermal
conductivity of helium | isvery low. Superfluid helium has avery high conductivity (see Fig. 2.15)
with an unconventional behaviour as the heat conduction in superfluid helium obeys a wave
equation

*T  1d*T

dz? ¢ dt?
rather than the usual diffusion equation kd*T'/dx? = cdT/dt (see Eq. 3.1), where k is the thermal
conductivity and ¢ isthe heat capacity. Thus, temperature fluctuations do not diffuse, instead they
propagate as a wave (called second sound).

(2.32)
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Figure 2.14: Superfluid helium properties. Gorter parameter (left) and the fraction of the superfluid density
(right) as a function of temperature (oot = ps + pn)-
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Figure 2.15: Thermal conductivity of helium (left) and the integrated thermal conductivity of pressurised
superfluid helium (right) as a function of temperature.

2.6 Superfluid Helium

This brief introduction of superfluidity is based on the book of Tilley [22] and the lectures of
Vinen [38]. Superfluidity is a macroscopic quantum effect that can be explained in terms of the
existence of a Bose condensate. There is a close analogy to superconductivity which relates to
frictionless flow of electrons. Known superfluids are for example liquid *He at a temperature
below 2.17K and liquid 3He at a temperature below about 2mK. In liquid *He, the atoms act as
bosons whereas in liquid *He, they combine to form Cooper pairs.

Superfluid helium flows without friction through a very narrow channel, provided that the flow
velocity is less than a critical value, which depends on the channel width. This frictionless flow
suggests vanishing viscosity, but the damping of a disc, which oscillates at a small amplitudeinits
own plane in superfluid helium, has been observed.

Bose Condensation

The fact that helium does not even form a solid at 7=0, except for very high pressures, is
an indication of quantum effects. Each atom in the liquid is confined by its neighbours; this
confinement leads to alarge zero-point energy, which increases with increasing liquid density. The
zero point energy therefore tends to keep the atoms apart to an extent that prevents solidification
with the attraction force between the helium atoms being quite weak.

Thethird law of thermodynamicsrequiresthat the entropy of the helium must tend towards zero
asthetemperature reaches zero, evenif it remainsinitsliquid state. Superfluid helium at 7=0 must
therefore be an ordered liquid, which showsthat the transition at 7’ is an order-disorder transition.
The properties of a hypothetical ideal gas at very low temperatures (hypothetical because al real
gases liquefy at alow temperature) depend on the statistics of the particles: *He atoms are bosons,
thus obeying the Bose-Einstein statistics, which allows numerous bosons occupying the same
quantum state; whereas the Fermi-Dirac statistics is applied to fermions due to Pauli’s exclusion
principle.
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In an ideal Bose gas, Bose condensation is predicted. Below a certain critical temperature a
finite fraction of the bosons occupy the lowest quantum state in the vessel containing the gas, this
fraction reaches unity at the limit 7' — 0. The ordering takes the form of putting all the particles
in the same quantum state.

A form of Bose condensation occurs in liquid helium below the A-transition which was
demonstrated by Penrose and Onsager [39]. The Bose condensation in liquid helium differs with
respect to the ideal Boson gas, since the fraction of atoms in the lowest momentum state does not
reach unity but only about 0.1 evenat 7" = 0.

The Two-fluid Model

A phenomenological description of the observed properties of superfluid helium is the two-fluid
model. It assumes that superfluid helium consists of two interpenetrating fluids: a normal
component, density p,,, and a superfluid component, density p,, behaving like an ideal classical
liquid and carrying no entropy. The ratio of p,/(p, + ps) decreases from unity at 7'=0 to zero
at the \-transition (see Fig. 2.14 right). The Bose condensate fraction cannot be identified with
ps/(ps + pn) asit does not exceed 0.1.

The two-fluid model explains the two experimental observations with superfluid helium: the
flow through the narrow channel involves only the superfluid component; the oscillating disc is
damped by the normal fluid. Two types of wave motion are possible in the system: one in which
the two fluids oscillate in phase (first sound) and one in which they oscillate in antiphase (second
sound).

Bose Condensation and Superfluidity

When liquid helium contained in along tube of cross-section A is set into motion with velocity V',
the condensate wave function for the superfluid component ¥ takes the form ¥ = W exp(ikr),
with 7k = mV (m being the helium mass and r being the position). The helium atoms will
interact with the walls in the tube and some atoms will be scattered out of the condensate. This
process reduces the amplitude of the condensate wave function, but may not change the phase. The
scattering leadsto equilibration of the helium with the constraint that the phase of the wave function
remains unchanged. Thisis a case of broken symmetry similar to the situation in a ferromagnetic
material in which the overall magnetisation is constrained to point in a certain direction, although
theindividual atomic magnetic momentsare freeto point in other directions. The broken symmetry
may involve a non-zero mass current density (or momentum density) of the form

Jy = psV (2.33)

at low velocities, which describes the superfluid component density p, moving with velocity v, =
V. This equilibrium with broken symmetry is metastable and has a finite lifetime as the helium
without superflow has alower energy.

Landau [40] introduced the idea that the lowest excited states of helium can be described in
terms of alow-density gas of weakly interacting excitations similar to the excited states of |attice
vibrations whose quanta are the phonons. Landau suggested that the lowest excitations in liquid
helium are also phonons, but that there are other excitations in liquid helium at a higher energy,
called rotons. Phonons and rotons are not clearly distinguishable and form a continuous spectrum.
The normal fluid is identified with the gas of excitations. Calculating the distribution function
for the excitations when they are in equilibrium with the channel walls allows the evaluation of
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the momentum density P..;. Adding P.,, to the original momentum density p,,V' gives the total
momentum density
P=P., +p,V >0 (2.34)

for the normal fluid component at low temperatures. The amplitude of p, can be evaluated by
comparing Eq. 2.33 and 2.34.

It must be emphasised that p, is only found to be non-zero if the excitation spectrum has
the appropriate form. For example the ideal Bose gas is not a superfluid because the excitation
spectrum does not have the right form. The existence of phonons at the lowest energies is a
sufficient condition. A theoretical explanation of the helium excitation form was provided by
Feynman [41].

Quantisation of Superfluid Circulation

The velocity v, is linked to the phase S as vs = hA/mVS. Similar to the quantisation of
the magnetic flux (see Section2.2.5) this leads to a quantisation of superfluid circulation. The
circulation in the superfluid component is k = ¢ v,dr. The condensate wave function must be
single-valued, which leads to the condition

5= n (2.35)
m
The quantum h/m is macroscopicaly large (=10~ m?/s). As for the flux line in a type Il
superconductor, the circulation in a superfluid leads to free quantised vortex lines that fill the
superfluid and change some properties. The excitations of the normal fluid are scattered by the
cores of the vortices. Any motion of the superfluid and the normal fluid resultsin africtional force
between them, a force of mutual friction.

2.7 Cooling with Helium

The heat transfer into helium is generally described by means of the heat transfer coefficient 1 ¢,
whichisafunction of the temperature, itstime derivative and pressure of the helium aswell asthe
conductor surface and the overall geometry. In general superconducting magnets for accelerators
such asthe LHC are cooled in ahelium bath whereas other applications such as magnets for fusion
reactorsin atokamak require cooling with aforced helium flow. Forced flow cooling increases the
heat transfer by convection of helium which can transport more heat away but is not practical for
the LHC due to technical reasons.

The cooling mechanisms presented in this Section determine the temperature dependence of
the heat transfer coefficient that is used in Chapter 3 for the modelling of the quench processin the
presence of helium cooling.

Kapitza-like Heat Transfer

The Kapitza resistance opposes heat transfer through the interface of two dissimilar materials and
strongly decreases with temperature. It is theoretically explained with phonon radiation. The
Kapitza resistance leads to a heat transfer dependence of the type

hie(T) = ax (T = T7) (2:36)
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with hg in [W/m?], T, being the helium bath temperature and T being the temperature at the
surface exposed to the helium. Various measurement results for ax and n for various materials
including copper and polyimide films are summarised by P. Bauer (1998) [42].

Cooling with Liquid Helium 1

The heat transfer into liquid helium | has been the subject of many experiments and publications.
A detailed summary can be found in the text book by van Sciver (1986) [43].

Liquid helium | has a small thermal conductivity and a large specific heat which means that
density driven convection dominates the heat transfer and heat conduction plays aminor role. The
heat transfer for the natural convection determined with classical hydrodynamicsis of the form
h = cpe - (T — Tp) With ¢,,. ~500W/(K-m?) being a function of the heating dimension.

Above acritical heat flux h. ~10W/m?, bubbles of helium vapour form at the surface which
increases the heat flux as a function of the temperature up to 5-15kW/m?. This regime is known
as the nucleate boiling heat transfer. It can be understood by accounting for the latent heat of
the helium within the bubble. A departing bubble transports a large amount of energy away and
its space is replaced by a new layer of liquid helium that cools the surface. Kutateladze derived
a phenomenologica correlation in 1952 [44] demonstrating a temperature dependence h(T')
(T — T,)*®, for h. < h(T) < h*. The maximum nucleate boiling heat transfer depends on the
orientation and surface treatment and can be increased when the surface exposed to helium faces
upwards.

When the heat flux isfurther increased beyond ~(T") > h*, the nucleate boiling bubbles become
larger and detach themselves at a significantly slower rate. They become unstable and coalesce
into a continuous vapour film. The hesat transfer correlation was derived by Breen and Westwater
in 1962 [43]. It can be described as h(T') = cgy,- (T —T;,) With ¢, ~300-1000 W/(Km?). Reducing
the heat flux leads to arecovery of the nucleate boiling at approximately 0.35 - h* [43].

In transient cases the heat flux can be significantly increased and is dominated by Kapitza
conductance for short times due to the pure conduction in helium I. Burn-out limits are reached
when the heat transfer exceeds the limit of nucleate film boiling. Because of the low thermal
conductivity the heat penetration depth ¢ into helium is in the range of a few micrometers for
At<10ms. Film boiling is triggered when the heat transferred into the heated helium volume
exceeds the latent heat of vaporisation A associated to it. Transient heat transfer to pool boiling
helium | has been investigated by Schmidt [45].

Cooling with Liquid Helium 11

As mentioned in Section 2.6 the two-fluid model can be used to describe the different character-
istics of superfluid helium with normal hydro-dynamics[43]. The heat transfer correlation in the
Landau regime (slow motion) is

2 2
&(pn; Smn)"T | VT | (2.37)
B

with d being the helium channel diameter, the normal fluid density p,, and its entropy density s,
( being a geometrical constant in the range of 10-20, and 7,, being the viscosity of the normal
fluid.

h(T) =
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Heat transport equation in turbulent helium 11 is calculated with 2-flow fluid-dynamics
assuming a viscous drag between the normal fluid and the superfluid vortices.

B, Apy,

VT |= h
| | d2(pn7 Smn)2T * pgsfrng

R+ .. (2.39)

The first term is equivalent to the viscous flow in the Landau regime (see Eq. 2.37). The second
term describes the mutual friction interaction of the normal fluid with the superfluid and dominates
due to its temperature dependence o< T3. A(p, T isthe experimentally obtained Gorter-Mellink
mutual friction parameter (see Fig. 2.14 left). Eq.2.38 describes the heat transfer for turbulent
helium [1, the Gorter-Mellink regime.

Asthe thermal resistance in superfluid helium is small, the heat transfer on the surface cooling
to superfluid helium is determined by the interface Kapitza resistance. A high heat flux into a
restricted volume of helium can trigger film boiling. The heat diffusion equation for superfluid

helium can be written as JT -

- (2) e
with m=3 being an empirical fit parameter. The empirical conductivity function f ! is shownin
Fig. 2.15 (left). It goes through a maximum at 1.9K for pressurised helium |1 (1 bar).

The Gorter-Mellink regime is sustained as long as the helium |1 in a channel of width L = rq
has not reached the transition temperature 7', to helium | at any point. The integrated thermal
conductivity of helium Il is shown in Fig.2.15 (right). The critical steady state heat flux in

helium 11, h*/1, is obtained by the integrated thermal conductivity and by integrating over the

channel length
T 1/3
R = (2 / fl(T)dT) (2.40)
To
Ty

At T,=1.8K, ro=1mm, h*!! is as large as 150 kW/m?. The critical steady state heat flux can also
be derived from Eq. 2.38 for the one-dimensional approximation. When h*/! is exceeded, afilm of
liquid helium | is created which is followed by film boiling.

Thetransient critical heat flux can be significantly higher than the critical steady state heat flux
due to afinite burn-out time that is required to reach the limiting heat flux conditions before film
boiling starts. The heat conduction equation for helium 11 (Eq. 2.32) was solved by Dresner for the
transient case assuming constant properties (averaged heat conductivity K and capacity C) which
alowsthe calculation of the burn-out time t*/7 [46]

t =1.438 - K3 . O(Ty — Tﬁ% (2.41)
The limiting time is called the second sound limit (see EQ. 2.32). The burn-out time derived for
turbulent helium yields the Gorter-Mellink limit.
The burn-out time corresponds to the energy transferred into helium to start film boiling either
due to the Gorter-Mellink limit or to the second sound limit. This processis similar to the channel
limitation for helium I.
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Chapter 3

Quench Theory

A brief introduction of the risks of a quench and the protection strategies was already given in
Section 1.5. This Chapter is devoted to the theory of the quench process.

Most existing theories describe a quench as a thermodynamic process with resistive heating,
using simplified analytical methods some of which were developed within the research program of
superconducting accel erators as the Tevatron or the SSC project. Experimental evidence highlights
the limitationsin accuracy and usability of these analytical approaches as their application at 1.9K
can lead to unphysical results. A complete description of the quench process requires a complex
thermodynamic model, which needs to be approximated by numerical methods. The effect of
eddy currents aso has to be taken into account. These are induced inside the superconductor in
the presence of a magnetic field changing with time.

After thereview of some analytical quench modelsand their application to the case of the LHC
main dipole magnets and busbars, atheory is explained that treats the quench process as a coupled
electrodynamic and thermodynamic phenomenon. This algorithm has been developed in the
framework of thisthesis. Theinfluence of eddy currents and the importance of adequate modelling
of the cooling conditions are stressed and the chosen numerical approach and its robustness are
discussed. Two different simulation models are introduced: firstly, the finite difference method,
which approximates the heat balance equation and determines the temperature profile in the
presence of cooling and heat generation conditions that vary with time; secondly, the piecewise
modelling of electric circuits to evaluate the quench propagation, temperatures and voltagesin a
chain of superconducting magnets. The outcome of the first model gives quench parameters such
asthelongitudinal and transverse quench propagation vel ocity, the impact of the cooling on the hot
spot temperature, the voltage development after a quench, the influence of the quench back effect,
and the quench heater delays. These parameters are required by the second model, which is used
to determine adequate protection for a chain of superconducting magnets.

3.1 Classical Quench Theory

The critical surface of NbTi was shownin Fig. 2.5. On this surface any of the three critical param-
eters (temperature, current density, magnetic field) is a function of the two other variables. When
one of these parameters exceedsthe critical value, the superconductor becomes normal-conducting.
If the cooling power is insufficient to recover the superconducting state, the normal-conducting
zone expands. This processis called a quench.
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The differential equation that describes the quench process is the heat balance equation. This
equation will be covered in detail in the Sections3.4 and 3.5. Considering a conductor with the
current flowing in z direction and a homogeneous temperature across the cross-section A that may
be afunction of the longitudinal position A(x), the one-dimensional heat balance equation is

% (k(T(w,t))

= (T'(x, 1)) A(x)

dT (z,t)
T
dT (z,t)
dt

) A(x) — (T (z,t),t)P(z) + G(T(z,1),t)

(3.1)

with ¢ being the heat capacity, &£ being the heat conductivity, ~ determining the heat transfer into
helium, P being the wetted perimeter of the conductor exposed to helium, and G being the internal
heat generation.

The term on the right side of Eq. 3.1 is called the thermal impedance. It is given by the heat
capacity ¢ asafunction of temperature multiplied by the time derivative of the temperature.

Thefirst term on the left side of Eq. 3.1 describes the heat conduction aong the conductor with
the conductivity £ as afunction of the temperature.

The term hY¢P represents the simplest model for cooling by heat transfer into helium
(transverse cooling). Various models for the temperature dependence of h¢ are described in
Section 3.5including amore general cooling model that takesinto account the heat transfer through
the electrical insulation layer.

A hard superconductor exhibits a gradual transition from vanishing to high resistivity close to
J. (critical current density). When the current I in the composite wire is slowly increased to a
value just above the critical current 1., the superconductor enters the resistive state and transfers
part of the current to the copper matrix. As the resistivity of NbTi steeply rises from O when 1. is
exceeded, one can assume the current .. is carried by NbTi and I — 1. iscarried by the copper. In
this current sharing regime both the NbTi filaments and the copper matrix are resistive.

The current sharing occurs as a result of a local temperature increase. If the temperature is
raised from T, to 77 the transport current I, with the initial condition I, < 1.(Tp) may fulfil
Iy > I.(Ty) asthecritical current drops due to the temperature increase. The excess current hasto
be taken over by the copper matrix.

The current sharing temperature 7., at which the current starts to bypass the superconductor
and to flow through the copper can be calculated using alinear dependence of 7. on the temperature

1(T) ~ I(Tp) - g:;; (32
which gives
(D) =To + (T, — Ty)- (1 - %) (33)

and always compliesthe condition I < I.(7p).

The current sharing model distinguishesthree regimes of the Ohmic heating G(7'(z, t)): below
T, heat is not generated; above T, the heat generation is G(T'(x,t)) = peu(T(x,t)) - I*(t)/Acu;
between T, and T, the heat generation increaseslinearly as G(T'(z,t)) = peu(T(,)) - I%(t) /Au -
(T — Tw)/(T. — T.s). The resistivity of copper is p., and A, is the copper cross-section of the
composite. As a first approximation [11] one can neglect the current sharing regime and use an
abrupt step function that determines whether there is Ohmic heating or not. Disregarding the heat
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conduction along the composite conductor and the cooling by helium, one obtains the adiabatic
heat balance equation

penTar ) 505 = Tt - ) (34)

The temperature in Eg. 3.4 can only increase, which is an appropriate first approximation for short
timescales (about 100 ms for the LHC dipole magnets) after the start of a quench. For a position
one can rearrange and simplify Eq. 3.4 to

t1

/ I(t)dt = A- Ae, - / ;g%dT’ = F(T) (3.5)

to To

Eq. 3.5 is the definition of the quench load that is frequently used for a first estimate of
the hot spot temperature.

It demonstrates that the measurement of the squared current integral over the quench duration
(quench load) yields the maximum temperature with adiabati c assumptions (hot spot temperature).
This approach neglects heat transfer into helium and heat conduction along the conductor. An
example of the temperature evolution as a function of the quench load isshownin Fig. 3.1.
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Figure 3.1: Calculated hot spot temperature as a function of the quench load for the outer cable of the LHC
dipole magnet (RRR =100, 7, /5. = 1.9, Ayor = 19.2442 mn¥).

3.1.1 Stability

The stability of a coil is a measure of its ability to recover superconductivity after a resistive
transition in asmall zone. The heat balance equation (Eq. 3.1) includes two mechanisms that can
cause the recovery:
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e the cooling due to helium (h#¢P). Heat is transferred into the helium either directly or
through an insulation layer, which re-cools the conductor.

e heat conduction along the conductor (d/dxz(kdT'/dx)). Heat is conducted away from the hot
spot along the conductor that can also cause the recovery of the superconducting state.

Cooling by Heat Transfer to Helium

In the limiting case that only transverse cooling is present, recovery will take place if the cooling
power is stronger than the Ohmic heat generation. The ratio is the Stekly parameter [47]

 G(T(x,t),t)
~ hHe(T(z,t),t)P(z)

The simplest approximation of the cooling by heliumish®¢P = hP(T—1T,), where h isaconstant
and Ty, is the bath temperature. Assuming that the conductor is normal-conducting for the length
at an average temperature T' > T., and T, ~ Ty, the cooling power isthen hP(T — T})l and the
Ohmic heating is pe, [2/Ae (T — Ty) /T — Ty) - 1. Thus, as; becomes

_ Peul?
- AuhP(T, —Tp)

Conductors with aig; < 1 are cryo-stable as a quench cannot appear as long as the cooling power
remains stronger than the heat generation.

Generally, cryo-stable conductors can not be used to wind magnet coils for accelerators as the
copper to superconductor ratio has to be much higher than 10, which would require very bulky and
expensive coils. For most applications of superconductors in accelerators o >> 1 and therefore
cryo-stability isnot achievable at nominal operating current. However, at lower currents (beginning
of the current ramp) the conductor might become cryo-stable.

Asthe heat generation and cooling conditions are non-linear functions of time and temperature,
any stability criterion is time dependent. An approach that takes the temperature dependence into
account is the equal-area theorem by Maddock et al. (see Fig. 3.2 for illustration) [48]. The steady
state one-dimensional heat balance equation reduces Eq. 3.1 to

d dT'(z) P(z)
ZF @) =g = hT@) 5 — C@): (38)

If k£ is assumed to be independent of 7', the normal-conducting zone would not expand and the
following equation isvalid (definition of the equal-area theorem)

(3.6)

Qs

(3.7)

sy

70mun—§gmﬂm>wzo (3.9)

This condition requires that the difference between cooling and heat generation integrated over
temperature must be zero. In other words; the heat generation can be larger than the cooling power
in a certain temperature interval. This regime needs to be compensated by another temperature
interval in which the cooling power is larger than the heat generation. If both regime have the
same area (area has the unit of power times temperature per surface [W-K/m?]), Eq. 3.9 applies
and the normal conducting zone neither expands nor collapses. An example of the heat generation
and the cooling power as afunction of temperatureisgivenin Fig. 3.2.

The usability of this approach is limited since it does not include transient effects nor the
temperature dependence of the heat conductivity.
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Figure 3.2: Comparison of the heat generation and transient cooling power as a function of temperature
example for the LHC dipole magnet (initial current 11.8 kA, applied magnetic field 2tesla, RRR=100). The
heat generation includes the current sharing model explained in Section 3.1, the cooling mechanisms were
explained in Section 2.7. The graph illustrates the equal-area theorem: if the surfaces between the crossing
points of the two curves areidentical in size, the normal conducting zone neither expands nor collapses. The
effective cooling power in the superconducting cable is smaller than shown in the graph because of limited
heat transfer through an insulation layer (see Section 3.5.2). The curve of the heat generation is given by
Eq. 3.46, that of the cooling power by Eq. 3.84.

Transient effects play an important role as the heat transfer from the conductor surface into the
helium bath changes depending on the state of helium and the pressure increase. Some transient
aspectsfor stability that are based on simplerelations between material propertiesand temperatures
have been summarised by Wilson [11]. The models for heat transfer presented in Section3.5.1
presume either constant pressure (for simulations of quenchesin busbars) or an increasing pressure
(for smulations of quenches in magnets). Effects of turbulent or forced flow helium are not
included.

As the heat generation is much larger than the cooling for cables used in the LHC magnets
(not necessarily for busbars), stability has to be studied to determine if a quench can occur in first
place. As soon as the current starts to bypass the superconductor and to flow through the copper,
a recovery is amost excluded and the evaluation of the hot spot temperature and the required
protection are the important issues.

Cooling by Heat Conduction

In some situations cooling by heat transfer to helium does not occur (i.e. very low heat conductivity
of theinsulation layer). This generaly appliesfor fully epoxy-impregnated coils.

Assuming a normal-conducting zone of length [ at 7. the heat generated in this zone can only
be removed by heat conduction along the wire in two directions. The normal zone expandsiif the
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heat generated exceeds the heat removed
peud? JAcul > 2k(T, — T;) A/l (3.10)

Eqg. 3.10 sets the lower limit for the length that a normal zone must have for devel oping a quench.
With A = A, + Ase and 7¢y /50 = Acu/Ase the length for the minimum propagating zone (M P Z)
for acomposite wire with copper stabilisation is[8]

2]€A2<Tc - Tb) Teu/sc
[ = 3.11
Mpz \/ pcul2 1+ Teu/sc ( )

Eq. 3.11 disregards the resistivity of NbTi p,. above T.. asthe resistivity of copper is significantly
smaller. Eqg. 3.11 demonstrates that an increase in the copper to superconductor ratio increases the
minimum propagating zone.

A pure superconducting cable has a heat generation p,.(I1%/A)l = ps.J? - (Al). This givesthe
definition of the minimum propagation zone for a pure superconductor

2k(T, — Tp)
Bp, =4 ———= 3.12
MPZ PE ( )

A length 575, of about 1 um is sufficient to expand the normal conducting zone showing that a
pure superconductor cannot be used to wind magnet coils (moreover flux-jumping occurs for wires
of more than 50-100 .m diameter). For acomposite wire with copper stabilisation, [, p increases
to afew centimeters (about 1.5cm at nominal current for the cable in the LHC dipole magnets).

Wilson [11] calculated [,,p for the three-dimensional quench propagation assuming that the
temperature 7" in the normal-conducting zone isin therange 7., < 7' < T, and that the normal-
conducting zone remains constant with time

k(TC - Tb)A2 rcu/sc
l = 3.13
mrz 7T\/ pcuI2 1+ Teu/sc ( )

In reality these two conditions are not valid as the normal-conducting zone varies with time. For
that reason EQ.3.13 can be considered as a condition for an onset of instability. Dresner [46]
showed that the conditions leading to a quench and to a quench recovery can be different.
The energy to warm up [, to the critical temperature is called the minimum quench energy
(MQE).
Evqe = (H(T.) — H(T})) - A~ lugz (3.14)

with H being the enthalpy. Eq. 3.11 and Eq. 3.13 may be used to calculate the minimum quench
energy. For accelerator magnets, the calculated minimum quenching energy is in the range of
0.001-0.1J. The quench energy can be much larger than E,qr because heat transfer into helium
has been neglected in Eq. 3.14. For example, the quench energy of a provoked quench by a heater
is larger than E,;qr as part of the energy is deposited in the insulation layers and in the heater
strip itself.

The above considerations aways assume a normal-conducting zone at 7, and neglecting the
cooling by heat transfer into helium. This means that the normal-conducting zone required to
provoke a guench has to be longer than the [, and that the minimum quench energy is larger.

The required normal-conducting length for an expanding quench reduces if the critical
temperature is exceeded or if an additional heat source such as a quench heater provides more
energy than the minimum quench energy.
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3.1.2 Quench Propagation
Calculation of the Quench Propagation Velocity

The limiting cases of the quench propagation velocity v, are either / — 0 or I — I.. The quench
propagation velocity is zero as a normal-conducting zone cannot expand at a very low transport
current (cryo-stability). In the second case the quench propagation approaches the velocity of light
when the transport current is the critical current since the entire cable quenches practicaly at the
sametime. A very high current pulse can quench along superconducting cable instantaneously.

At first, the quench propagation velocity is eval uated between the two cases without transverse
cooling. For constant metal properties and cross-section along the conductor the heat balance
equation (see Eq.3.1) is

2
k% +G(T(x,t) = ccfi—f (3.15)

To find a solution the assumption is made that the warm front moves with a constant velocity v
in z-direction aong the conductor (see Wilson [11]). Since the expansion takes also place in the
opposite direction, the warm zone expands with 2v. Introducing the moving coordinate at the end
position of the normal zone { = x — vt Eq. 3.15 can be rewritten as

d*T dr
k— 4+ cv—+g(&) =0 (3.16)

Disregarding current sharing, the Ohmic heating ¢(¢) is approximated by a step function

9(§) =

{ 0 for £ >0 (317)

peul?/Ae, for & <0

and the temperature at the centre of the warm front is approximated to 73, = 0.5(7. + T3) with
T, < T,, T, being the helium bath temperature. Eg. 3.16 has the solution

T.— (T. —T,)exp(al) for& <0

() = { Ty, + (T, — Tp) exp(—b¢) for& >0 (3.18)

with T'(¢) being well defined at £ = 0. Requiring aso the continuity of the heat flux d7°/d¢ the
unknown constants a, b can be calculated with Eq. 3.16.

This yields the adiabatic longitudinal quench propagation velocity for T, < T,

_ . I / Peuk
UV = Vadiab = C_A Tc — Tb (319)

The index adiabatic in Eqg.3.19 includes the longitudinal heat conduction which is
neglected for the temperature evaluation as a function of the quench load (Eg. 3.5).
Neither of the equations include the heat transfer into helium.

The above considerations assumed constant material properties (p, k,c). Even if these
properties are averaged between T}, and T, this assumption is an additional error source. The
specific heat can be parameterised as afunction of temperature ¢(T') = aT + bT®. Thelinear term
comes from the conduction electrons, the cubic term from lattice vibrations. The coefficients can
be calculated with the free-electron-gas model and the Debye theory of |attice specific heat.
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Using the Wiedemann-Franz law LT = pk with L,=2.45-10-8 V2K ~2 the adiabatic quench
propagation velocity (Eg. 3.19) is

J ( LoTy >1/2 T,
U .

_ ¢ 2
C(Tb) TC — Tb Tb (3 O)

Dresner [49] calculated the adiabatic quench propagation velocity including the linear temperature
dependence of the specific heat in Eq. 3.16 as

1/2 1/2
o (LT (2, (321)
C(Tb) TC — Tb Tb + TC

The T dependence of the specific heat was also treated by Dresner [46] in Eq. 3.16, which gives

(3.22)

UV = Vadiab

Using the realistic specific heat in Eq. 3.16 modifies the expression for the quench propagation
velocity [49]

1/2
v = J(LoTe) (3.23)

(e(Te) fT,,c c(T")dT")1/2

Dresner also deduced a correction factor which takes into account the effect of current sharing [46].
Egs. 3.19-3.23 assume T, < T..

Effect of Transverse Cooling

Wilson[11] derived an expression for the quench propagation vel ocity including transverse cooling
by heat transfer into helium. Using the same assumptions as above, the heat balance equation with
the moving coordinate ¢ including transverse cooling hP(T — Ty) is

d*T dT"  hP
— — - = (T-T, = 24
bag g — (T =T +9(6) =0 (3.24
The temperature in the centre of the quenched zoneis 7 with 77 > T, which has reached thermal
equilibrium hP(Ty — T;) = pe, I?/A. With the boundary conditions T, (¢ = 0) = 0.5(T,. + Tp),
T —Tiasf — —oco,andT — T, as& — oo the solution for Eq. 3.24 is

| Th—(Th — T) exp(acl) for& <0
T© —{ Ty + (T, — Ty)exp(—bg) for é >0 (3.25)
where
. = ~.Jwe/R? L ahPJRA - (3.26)
© T3 ok '
b = % -/ (ve/k)? 1 4hPJKA + % (3.27)
n = 74204 (3.28)

hP
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The requirement for the continuity of the heat flow at the interface between the two regions gives

4T 4T
dg £—0,6<0 dg

where v, representstransient effectsin boiling heat transfer. Using Eq. 3.24-3.29 Wilson obtains
an expression for the quench propagation velocity including transverse cooling

[khP T, —T,—2(T, — Tp)
v fry
A Q3+ Que(Ty —T) + (T — T,)(Ty — T.,)
1—2y
= Vadiab
V2 +z+1—y

The terms y and z are corrections to the adiabatic propagation velocity due to steady-state and
transient heat transfer into helium. Wilson defines the steady-state term y

 T,-Ty hP(T,—T)) AnhP(T,—Tp)

£§—0,£>0

(3.30)

= = 31
Y Tl - Tb Ag(Tc) [2pcu (3 3 )
Thetransient term z isformulated in terms of latent heat per unit volume @ ;, at temperature T,
QL
= — 3.32
T AT —Ty) (3.32)

The term Q;, can be used to represent the main transient effect in boiling heat transfer, i.e. the
energy needed to establish avapour film on the transition from nucleate boiling to film boiling [ 11].
Thisterm isused as a fit parameter.

Turck [50] obtained various equations for the propagation velocity including the effect of
cooling. He introduced the reduced velocity as a way to determine whether recovery will take
place.

Transverse Quench Propagation

Aswell as travelling along the conductor, the normal-conducting zone spreads sideways in a cail
from turn to turn. The transverse quench propagation can either be expressed as the time needed for
aquench to propagate into the adjacent turn At, (turn-to-turn-delay) or as atransverse propagation
velocity dominated by the heat conductivity of the insulation material k. Without cooling by heat
transfer into helium, the ratio of the longitudinal and the transverse propagation velocity is

ransverse k 1/2
L _ (ﬁ) (3.33)

Viongitudinal

If theinsulation layer thicknessis not negligible with respect to the dimension of the conductor the
heat capacity of the insulation has to be included. It follows that

1/2
a= C;“"” (%) (3.34)

where ¢, IS averaged over the total cross-section and ¢, IS taken over the metallic constituents
only. With the insulation layer thickness Al; the turn-to-turn-delay At, can be calculated with
Eq.3.34

A, = Bl (3.35)
v
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where v is the longitudinal quench propagation velocity. In fully impregnated coils like the
multipole correctors for the LHC At, isin the range of 2-3ms.

The expressionsfor the quench propagation vel ocity presented above are al linearly dependent
on the applied current (apart from the correction terms for the impact of transverse cooling).
Conseguently, these expressions become obsolete in the limit 7 — 1...

Voltage Development

The voltage as a function of time V/(¢) across an entire magnet coil is

V(t) = I)R() + L([)dg—it) -y M% ~ Upe (3.36)

)

where I (t) isthe current, R(t) istheresistance, L(I) isthe self inductance as afunction of current,
M; is the mutual inductance of a neighbouring turn or coil, and U p¢ is the voltage of the power
converter that is negligible for most power converters used for superconducting magnets. The
mutual inductances are due to the magnetic flux from neighbouring windings. As a result of the
induction law this flux induces a voltage when changing with time. Eq. 3.36 does not include
the effect of induction due to adjacent windings powered with different currents, which can be
important for busbars. Generally, the inductance of a magnet is a function of the applied current
because of saturation effects in the iron yoke. At low currents the field contribution of the yoke
is proportional to the applied current. This contribution saturates at about 0.6tesla in the LHC
dipole magnets for currents higher than 6 kA, thus reducing the inductance of the magnet by a
few percent. Corrector magnets are operated at a higher margin (smaller ratio of operating current
to critical current) and their inductance is nearly independent of the applied current in the entire
operating range.

Supposing the inductance is constant with current, the voltage for a quenching zone can be
expressed as

dl

Vo(t) = I()R(t) + La(t)

(3.37)
where L, is the partial inductance and R(t) is the resistance of the quenching zone. Assuming
Upc ~ 0 and ignoring the mutual inductance, Eq. 3.36 reduces to

dI
—L= = I(HR(?) (3.38)

The combination of Eq. 3.37 and 3.38 leads to
Vo(t) = IWR(t) - (1 = La(t)/L) (3.39)

During a gquench the resistance and the partial inductance of the expanding normal-conducting
zone grow. After quench detection the power converter is switched off and the current starts to
decay. As a consequence the voltage rises to a peak value and then falls. A schematic diagram
of the voltage distribution around the circuit of a quenching superconducting magnet is shown in
Fig.3.3.
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Figure 3.3: Schematic view of the voltage distribution around the circuit of a quenching superconducting
magnet.

Mutual Inductances

The calculation of the mutual inductances of N voltage signalsis necessary to derive the resistive
fraction of avoltage signal, which is a sum of an inductive and aresistive part:

Ui(t) = Uy — Usae = Ri(t)I5(t) + Ll-(Ii(t))dI;it) — Y My (t))dléit) (3.40)
J=Llj#i

Measurements showed that within an accuracy of 5% L; and M; can be considered as being
constant with the excitation current for the LHC dipole magnets. If a higher precision is required,
the saturation effects of the iron yoke have to be taken into account.

Resistance Growth and Current Decay

During a quench with an expanding normal-conducting zone the resistance grows for several
reasons:

e the expanding normal-conducting zone increases the resistance R(t) = pl(t)/A = pvt/A.

e in amagnet coil the resistance also increases due to the transverse quench propagation that
causes neighbouring turnsto quench R(t) = pl/A - (1 +int(t/Aty)).

e the resistivity is temperature dependent. Since the temperature in the normal-conducting
zone increases, this causes a further resistance growth.
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When the power converter is switched off, the current starts to decay due to the resistance in
the circuit. If the resistance of the circuit is assumed to be a constant, the current decays as
I(t) = Ipexp(—t/7) with T = L/R. Astheresistanceisafunction of time, the current decay is

— ft R(t")at

I(t) = Iy exp tT (3.41)

The current decay after a quench can be approximated with analytical functions which is
presented in Section3.4. Wilson [11] derived an analytical equation for the resistance growth
and the current decay with simplified assumptions. He supposes that the resistivity is a linear
function of the temperature and the temperature increases with the square root of time. The current
density is constant until the entire stored energy is dissipated and then abruptly fallsto zero. These
assumptions give the resistance as a function of time

B 4 poc® JGv3t?
304277
The index O stands for a value at the quench starting time. In this model the time ¢ needed to
dissipate the stored energy is evaluated from

R(t) (3.42)

tQ
1
/ I(t)*R(t)dt = 5Lfg (3.43)
0
and gives
90LT2A \"°
= —— 44
fo (47TJ61,00052U3) (349
Using Eqg. 3.42 and 3.43 Wilson calculated the current decay as
1(t) = Iyexp(~1°/(210)°) (3.45)

3.1.3 Case Study: Application of Analytical Models for LHC Dipole Mag-
nets and Busbars

Comparison of Quench Propagation Velocities

Fig. 3.4 shows the application of the various expressions for the quench propagation velocity for
the 600 A busbar cable. The difference between the calculated value with and without cooling
by heat transfer into helium is understandabl e, but the scatter between various adiabatic equations
demonstrates their limited use. The uncertainty of modelling the heat transfer into helium causes
the quench propagation velocity to vary by afactor of more than 20 at anominal current of 550A.
Tests on various prototype busbar cables resulted a quench propagation velocity at 600A in the
range of 8-10m/s[51].

The application of the adiabatic quench propagation velocity with averaged specific heat gives
80m/s at 11.8kA for the cable used for the outer layer of the LHC dipole magnets. Since the
Rutherford cable is exposed to helium (measured helium content in the cable is about 4.5 %) the
cooling should be taken into account. Applying Wilson’s equation the quench propagation vel ocity
isabout 40 m/s (without using theterm () ;, asafit parameter). The measured valuesarein therange
of 15-20 m/s showing that the cooling impact is difficult to predict by analytical equations.
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Figure 3.4: The quench propagation velocity as a function of the applied current calculated with various
formulas that were presented in Section 3.1.2. The expressions for the quench propagation velocity were
deduced by Wilson [11], Dresner [49], and Turck [50]. The calculations were performed for the auxiliary
busbar powering the LHC corrector magnets (4;,; =2mnve, r., /se =9, RRR =100). A comparison with
the measured quench propagation velocity as a function of applied current is given in Fig. 5.10.

The quench propagation for a prototype main busbar was measured to be about 0.3-0.4m/s
at 12kA. The adiabatic calculation gives 3m/s and the formulaincluding strong cooling (Turck’s
formula[50]) yields 2 m/s.

The corrector magnets are fully impregnated coils. Thus, the adiabatic formulais applied. The
guench propagation velocity was measured to be 30-40 m/s at 600 A (same cable) but the adiabatic
formula gives 70 m/s.

Although there is the significant mismatch of the quench propagation velocity between
measurement and analytical equations, the slope of the quench propagation velocity as a function
of current issimilar and linear.

Adiabatic Temperature Calculations

Eq. 3.5 is a method of calculating the adiabatic hot spot temperature as a function of the quench
load. The mismatch of the calculated quench propagation velocity leads to a prediction of afaster
current decay, which reduces the quench load and the expected hot spot temperature. Consequently,
one may believe that specia protection equipment is not required.

On the contrary, the adiabatic calculation of the hot spot temperature for well cooled magnets
can also be too conservative. This might lead to an over-design of the protection system for some
superconducting circuits.

When the time required to detect a quench is not included, the calculated quench load and
expected hot spot temperature are much smaller. The underestimated quench load can lead, for
example, to design a copper stabilisation that istoo small for protection.
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Limitations of Analytic Approaches

An increased copper stabilisation reduces the quench propagation velocity due to a higher heat
capacity and less heat generation (see Eq. 3.19). A slower quench propagation velocity increases
the time required to reach the quench detection threshold and because there is less heat generation
the current decay is slower, which increases the quench load. Asthe heat capacity isincreased, the
larger quench load does not necessarily result in a higher temperature (see Eq. 3.5).

The reduction of the copper stabilisation increases the quench propagation velocity and heat
generation, which leads to a reduction of the quench load. As there is less material, a smaller
guench load can cause a higher temperature.

In order to find a solution to this problem areliable model is required to evaluate the quench
propagation velocity and the hot spot temperature in presence of longitudinal and transverse
cooling.

Analytical solutions of the heat balance equation are not available when the strong non-linear
dependence of the material properties is included. The impact of the transverse cooling by heat
transfer into helium is not taken into account or is strongly simplified in analytical models (see
Section 2.7). Although some analytical approaches have been made that include the current sharing
regime [49], the resistivity was taken as a constant and thereby limit the usability of the model. An
example of the resistivity as a function of temperature is shown in Fig. 3.5. Up to a temperature
of about 20K the resistivity is a function of the RRR and the magneto-resistance but not of the
temperature.

p (10°°Qm)

Figure 3.5: The resistivity as a function of temperature including magneto-resistance: the non-linear
dependence at low temperatures because of RRR value and the magneto-resistance demonstrates the
limitations of analytical quench models using an averaged value of p,,. The resistivity as a function of
temperature is calculated for RRR =100.

The analytic approaches describe a quench in an individual element but do not address a circuit
of several superconducting elements connected in series. For a machine as complex as the LHC,
the presented examples demonstrate that analytical quench models are inadequate to design the
protection system.
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3.2 Quench Process Modelling

In order to improve the characterisation of the quench process, numerical methods have to be used
to approximate the heat balance equation. Some quench mechanismsare not included in analytical
approaches. The resulting simulation model takes the following points into account:

¢ the non-linear temperature dependence of the material properties, such as the heat conduc-
tivity, the resistivity and the heat capacity, has to be included.

e in order to model the heat generation correctly, the current sharing model needs to be
implemented.

e amore accurate evaluation of the temperature during a quench requires to model the heat
transfer into helium. The temperature dependence hasto be taken into account by the cooling
model. For insulated conductors, the heat transfer through the insulation layer has to be
modelled.

¢ the magnetic field in magnets is a function of the current. During the current decay, the
magnetic field changes and induces eddy currents in the superconducting cable because of
the twisted filaments and strands. The magnetisation of a hard superconductor and the heat
generation of the eddy currents at contact resistances cause losses that can have an impact
on the quench process. Thisis not covered by any analytical quench model.

e for magnet coils that are protected by quench heaters (see Section1.5), the simulation
model needs to include forced quenching by heat transfer from the heater strip through the
insulation layer into the cable.

Thislist demonstrates that the quench process coupl es el ectrodynamic and thermodynamic effects.
The following sections present the simulation model that was developed and used for simulation
studies for the LHC superconducting magnets and busbars. A suitable coordinate system for the
guench simulation is shown in Fig. 3.6.

/

Figure 3.6: The coordinate system of the simulation model. The current flows parallel to the x-direction.

conductor
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3.3 Simulation Programs

Various quench ssimulation programs have been developed. One of the first numerical codes
was named ‘QUENCH’ (Wilson 1968 [11]). Starting with initial values for the current, length
of a normal-conducting zone, and resistance, the quench propagation velocity is calculated with
Eq. 3.30 for thelocal temperature and assumed to be constant for atimeinterval At. The quenched
zone during At is added and the new resistance is evaluated. The new resistance updates the
present current and the propagation velocity recalculated. The process is continued until the
current has decayed. The main problem of this first numerical code is that the accuracy of the
guench propagation velocity depends on the cooling assumptions. Several modifications of this
program exist. Another group of numerical codes approximate the heat balance equation with the
finite difference method similar to the numerical approach described further below.

Two quench simulation programs were developed at CERN with the aim of determining the
adequate protection of superconducting magnets and busbars. They are presented below.

3.3.1 QUABER - Piecewise Modelling of Electrical Circuits

In order to simulate the voltage and temperature development of a series of magnets the generally
applicable simulation package QUABER has been developed (Rodriguez-Mateos et al. [52]),
which is based on the professional tool SABER.! SABER allows the time transient simulation
of any electrical circuit. The QUABER libraries contain the thermodynamic model that defines
the resistance devel opment as a function of time for various parts of a magnet. A superconducting
magnet is divided into different pieces that are connected according to the electrica powering
scheme. This template representing the superconducting circuit is solved time transiently by
SABER. Apart from the general magnet geometry (number of turns and layers per coil, magnetic
field and length), the QUABER libraries require quench parameters as input data (i.e. the
longitudinal quench propagation velocity at the initial current, the time delay for quenching
neighbouring turns and layers, and the quench heater delays). The magnetic field map and the
conductor parameters are needed to compute the resistivity as afunction of temperature, magnetic
field and RRR, and the temperature as a function of the quench load.

Reliable QUABER results depend on the input quench parameters that can only be obtained
from specia experiments or other simulation programs. The uncertainty of the input parametersis
the dominating error source of the QUABER outcome. A limitation of the simulation model is due
to the adiabatic assumption of the temperature evaluation. The impact of induced eddy currents on
the quench process can only be included artificially by forcing a quench at a certain time.

When the input parameters are known from experiments on prototypes or other simulation
results, QUABER reliably reproduces the voltage devel opment between turns, coils and magnets.
Even if the various input parameters are unknown, QUABER can be used after calibrating the
model by fitting the simulated hot spot temperature to reproduce the experimental result. This
calibration requires, for example, a change of the quench propagation velocity or the time delay
for quenching adjacent turns or layers to reproduce the measured voltages.

On the contrary to other simulation tools, the QUABER approach is able to simulate the
protection scheme for a string of superconducting magnets; which means for instance the
functionality of parallel resistors and diodes or dump resistors for energy extraction can be tested.

Trademark of Analogy Inc.
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QUABER was used for the simulation studies presented in this thesis after the required input
parameters were determined by experimental results or by other simulation studies with the
program SPQR, which is described below. The outcome was used to determine the adequate
protection scheme for a series of magnets.

3.3.2 SPQR - Finite Difference Method

The ssimulation model described below has been developed for this thesis and used to write the
finite difference program SPQR? (Simulation Program for Quench Research). With respect to
existing simulation programs, SPQR includes more quench mechanisms such as the modelling
of the transverse cooling by heat transfer through an insulation into helium, forced quenching by
heaters, and the impact of dynamic losses by magnetisation and induced eddy currents.

At the program start the material properties are calculated according to the geometry and
input parameters (for instance the copper resistivity as a function of RRR and applied magnetic
field). The coordinate system was defined in Fig. 3.6 with current flowing in z direction. An
initial Gaussian temperature profile is computed to provoke a quench with peak temperature T'init
and sigma xT_decay (dso yT decay and zT _decay for the three-dimensional model). The
temperature evaluation depends on the balance of the internal heat generation, the longitudinal
heat conductivity, the heat transfer from or into the surrounding environment and the heat capacity
of the structure. The start of the current decay can be predefined by the user or determined by
parameters of the protection system such as the threshold voltage for quench detection.

The program assumes a homogeneous cross-section of the conductor that can be any mixture of
niobium-titanium, copper, and helium (if helium cross-section is not specified, it is assumed to be
zero). A helium fraction has to be included for the quench simulation in Rutherford cables where
helium is present between the strands. The material properties of copper are calculated depending
on the RRR and magnetic field values. According to the proportion of copper, niobium-titanium,
and helium, the averaged heat capacity, conductivity and resistivity are determined as a function of
temperature and stored in alook-up table. During the program execution, the structure is treated
as being homogeneous per discrete element.

The quench detection time (for validating the quench signal, Section 1.5) ist,,;. If the quench
originates in the first element (standard mode), the program evaluates the propagation in one
direction only, thus saving computation time. In this case the resistive voltage is doubled to take
into account that in reality the quench propagates in two directions aong the conductor.

The simulation results are written to ASCII table files for further analysis. The program
execution can include various quench mechanisms. The standard setup assumes a symmetric
temperature devel opment around the hot spot which means that calculating half of the propagating
normal zone is sufficient. However, the user can aso choose where the quench starts and force the
endpointsto be kept at a constant temperature that allows estimating worst case scenarios.

The quench processes that can be ssimulated with the different models are summarised in the
Tables3.1 and 3.2 and are explained in the Sections 3.4 and 3.5.

2The abbreviation SPQR for the program name was chosen as the simulation model has first been presented at
aworkshop in Frascati [53]. SPQR stands for senatus populusgue romanus in Latin — the Senate and the People of
Rome.
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1D | 1DI | 1DH | 1DHM | 3D | 3DC | ED | EDM | P
longitudinal propagation || X X X X X X X X X
transverse propagation X X
heater delays X X X X X X
heater performance X X X X X X
guench back X X
cooling impact X X X X X X X X X
insulation layer X X X X X X X X
matrix model X X X X
plug calculations X

Table 3.1: Overview of the possible combinations of quench processes included in SPQR and their
applications. The different quench mechanisms are explained in Sections 3.4 and 3.5.

1D one dimension, Joule heating, conduction, direct heat transfer into helium bath,
thermal impedance
1DI as 1D with modelling of the insulation layer with linear approximation

1DH as 1Dl with forced quenching by heaters through an insulation layer

1DM as 1D with discretised modelling of the insulation layer

1DHM | as 1DM with forced quenching by heaters

3D as 1DH for three dimensions for main magnets (with Rutherford type cables)
3DC as 1DH for three dimensions for corrector magnets (fully impregnated coails,
helium only at the end elements)

ED as 1DH with modelling of induced eddy currents

EDM as 1DHM with modelling of induced eddy currents

P as 1DM with two different materials of the insulation layer along the conductor

Table 3.2: Names for the available quench modelsin SPQR.
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3.4 Electrodynamic Processes

The electrodynamic processes during a quench include the Ohmic heat generation and the dynamic
losses due to magnetisation and the induction of eddy currents.

3.4.1 Ohmic Heat Generation

Using a linear approach between the critical current and temperature the temperature dependence
of the heat generation rate including current sharing is (see Section 3.1)

0 it T(w,t) < To(t)
G(T(a,t),t) = { paulT (e ) A5 75 T L) <T@ D ST (346)
peu(T(,)) 105 it T(x,t) > Tu(t)

Current Decay

The current decay inside magnets can be modelled with a Gaussian function [54]. Assuming
an exponential decay of the current is appropriate for the quench simulation in a busbar. The
current starts to decay when the resistive voltage U,.., exceeds a detection threshold Uyy,,..s. Several
functions for the current decay can be chosen in SPQR

( [0 If Ures(t) < Uthres
Ipexp (— et ) if Upes(t) > Uppres/\ Mode=exp
1(t) =4 Ipexp (-M) i U, os(t) > Uspres/A Mode=gauss (3.47)
In— k- (t —tger) 1 Upes(t) > Upppes N I(t) > OA mode=lin
0 else

\
The current decay can also be evaluated using the resistance growth of the normal-conducting
zone plus an optional external resistance
I() |f Ures<t) < Uthres

_— t ,
N 0" €Xp | — —=at" - (t — tdet I res t Z thres/\ mode=R(t .
10=91 R Res gy fU, U de=R() )

tdet

3.4.2 Magnetisation and Eddy Current Losses

An electric field E is induced in presence of a magnetic field B changing with time due to
Maxwell’s law

% =-VxE (3.49)
The electric field isrelated to a current density in a conductor by Ohm’s law
j = UE
o = E (3.50)
p

This section explains the effect of dynamic losses (AC losses) due to eddy currents and
magnetisation losses that are induced during the decay of the magnetic field after a quench and
that limit the current ramp rate. These induced eddy currents can provoke a quench in a large
fraction of the magnet, which is referred to as magnetic quench back.
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The influence on the field quality has been discussed for example by T. Ogitsu [55]. The
numerical model isbased on thework of Devred, Morgan, Niessen, Ogitsu, Verweij and others[55,
56, 57, 58] and is here applied to the quench process.

Different types of eddy currents are induced in magnets:

e eddy currentsin copper spacers, collars and yokes

The changing magnetic field induces eddy currents not only in the cable but also in the
copper spacers (wedges) in between the conductor blocks, the magnet collars and the iron
yoke. The collars and the iron yoke are made of laminations to reduce the strength of the
induced eddy currents. Copper wedges are installed to separate the different magnet coilsin
order to approximate the cosine like current distribution that isrequired to obtain the desired
magnetic field (see Section 1.3.1). The eddy currents in the copper spacers cause these parts
to behave as secondary inductances that extract energy [59]. For the case of the LHC main
magnets, the amount of energy dissipated into the copper wedges was calculated to be less
than afew percent of the stored magnetic energy.

e interfilament coupling currents
Each strand is made of many NbTi filaments embedded in a copper matrix. The filaments
are twisted over the length L/. The trajectory along the strand (in = direction) of two
neighbouring filaments in the projection perpendicular to the applied external magnetic field
are two sinusoid curves crossing each other. At the crossing point of the projections, the
two filaments have the minimum distances d,,.;,, (see Fig.3.7). A changing magnetic field

Ny

dB
dt

|

filament crossing

NbTi filament copper

Figure 3.7: Induced eddy currents between filaments in a strand. The length shown is the filament twist
pitch length L}f .

induces a coupling current from one filament to the other. Due to the symmetric structure,
the strengths of this interfilament coupling current can be calculated independent from x as
afunction of the filament diameter d, L/ and the changing applied magnetic field d B /dt.

e interstrand coupling currents
The superconducting cable used for the LHC main busbars and magnets is a Rutherford
type cable consisting of severa strands (36 strands in the cable for the outer layer of the
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dipole magnets and 28 strands in the cable for the inner layer of the dipole magnets). The
cable has a width w and a diameter d. The strands are twisted with the cable pitch L;
and cross in both transverse planes, the x — y and the x — =z plane, with the corresponding
contact resistances R, and R, (see Fig. 3.8). The averaged strength of the coupling currents

@© dB/dt

strands

Figure 3.8: Sketch of a Rutherford cable (see Fig. 2.10) including the interstrand contact resistances R,
(adjacent strand contact resistance) and R, (inter layer contact resistance).

isnumerically calculated as afunction of the applied magnetic field components parallel B
and perpendicular B, to the broad side of the cable, R, and R.., w and Ly, and the number
of parallel strands IV, and layers of strands IV, (two for Rutherford cables).

If the magnetic field varies across the width of the cable, the interstrand coupling currents
can only be numerically evaluated. Interstrand currents can close aloop that is by far larger
than the length of one cable pitch when the magnetic field varies along the cable or when
the value of the contact resistances R, and R, are not constant. In this case the induced
eddy currents are known as boundary induced coupling currents that have been predicted
and experimentally verified [60, 61].

A quench starts if the interfilament or the interstrand currents added to the transport
current exceed the critical current of a filament or a strand. The quench condition is
I(t) > I.(T(t), B(t),dB/dt(t)).

A quench can also occur since the temperature increases due to the power of
interfilament and interstrand coupling currents. This leads to the quench condition
T(t) > T(I(t), B(t), dB/dt(t)).

Both effects are called magnetic quench back.

In order to calculate the power of the induced coupling currents, their built-up time that is
characteristic for the dimensions of the filaments, the strands and the cable has to be considered.
Another effect leads to magnetisation losses: A high enough external magnetic fields penetrates
the filament and causes a magnetisation that results in a hysteresis and an additional contribution
to the power loss while changing the magnetic field strength d/dt [ M (B)dB (see Section2.3.1).

During the development programme for the LHC, many different types of prototype magnets
were tested. The current decay and voltages across parts of the magnet, such as poles or
blocks, were recorded during training quenches and quenches were provoked with heaters. Here,
observations for two types of magnets are outlined that will be described in more detail in
Chapters6 and 7.
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During the test of a sextupole magnet, one pole quenched and the current decayed from 600 A
with a time constant in the order of 100ms [62]. An inductive voltage was observed across the
non-quenching poles for about 60 ms, showing that only one pole started to quench. After about
60msall other poles quenched. For a magnet with impregnated coils, a quench propagation along
thewireto al other coilsat the sametimeisnot possible, but thisobservation can befully explained
by quench back.

In an experiment with a 10 m long prototype dipole magnet, only the heaters installed on the
coils in one aperture of the twin aperture magnets were fired [54]. The current in the magnet
decayed with a time constant of about 150ms. The inductive voltage across the coil in a hon-
guenching aperture would exceed 1kV. In the experimentsit was observed that the voltage did not
exceed 100V, which is explained by a fast quench of the second aperture. A thermo-hydraulic
guench propagation is unlikely, since the time constant of quench propagation via warm helium
is several seconds [63]. When quench back is included in the simulation the observations can be
understood.

Following M.A.Green [64], quench back in superconducting magnets has two causes:

e thermal quench back
Normal regions can be induced by heat transfer from components outside the coail to the
superconductor. Thermal quench back is used in superconducting solenoid magnets as an
integral part of the magnet quench protection system [65].

e magnetic quench back

Normal regions can be induced by AC losses from eddy currents in the superconductor
due to a changing magnetic field. Eddy currents and AC losses have been investigated in
order to understand field errors during the current ramp, when eddy currents dominate the
field errors in accelerator magnets. Interstrand coupling currents in Rutherford type cables
were modelled by means of a discrete network of nodes by Niessen [57] and Verwelj [58].
AC losses from interfilament coupling currents have been investigated by Morgan [66]. The
impact of interfilament coupling currents for the protection of multicoil magnets has been
studied by Takeuchi [67]. In addition, the impact of interstrand coupling currents on the
guench process has been analysed for thisthesis.

For the LHC main dipole and quadrupole magnets, after firing quench heaters, the excitation
current decays with a time constant in the order of some hundred milliseconds, compared to the
time for current ramping of about 20min. The losses from both interfilament and interstrand
currents for a fast change of the magnetic field during a quench are some orders of magnitude
larger than AC losses during the ramp. Heating power due to interstrand and interfilament
coupling currents can quench large fractions of the magnet coils after some ten milliseconds. The
superconductor would al so quench when the sum of excitation current and induced current exceeds
the critical current, but this has not been observed in the LHC magnets [53].

Contact Resistances

The contact resistance of the interfilament coupling currents is determined by the resistance of the
copper bulk. The quality of the copper and the geometry of a strand defines its value.

Two types of contact resistances occur in a Rutherford type cable: the interlayer contact
resistance R, and the contact resistance between adjacent strandsin the same layer R,,. Dueto the
fabrication process of copper stabilised NbTi cables, R. is much smaller than R, (R.=10-30 2,
R,=50-300 yf2).
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Modelling

The formalism presented below for the calculation of the eddy currents was summarised by
Vervweij [58]. For an applied magneticfield B > B, (B, isthe penetration field) the magnetisation
loss per unit volumeis

2 dB/dt

M=-21Jd
3 T|dB/dt|

(3.51)

where J. = I./Anyr; is the critical current density and d; is the filament diameter. The
interfilament currents are given by

dB  L{d; t
W = T (- () 25
_om (4 3.53
" ap(r) \ o 259

where 7, is the time constant of the interfilament coupling current (about 5-20ms for the LHC
strands) and L;f is the filament twist pitch. Both effects lead to the combined interfilament losses
of coupling currents and magnetisation per unit volume V;;

o = 3 (4) (o)
(L) e

= J.ds | —
Tl | g
The interstrand currents have been computed for a Rutherford cable of the LHC type [58]

LwN,,; dB L’h dB
I, = (0.0415 p;;c ! O;—t cos(¢p) + 0.25R;V8,l O;—t Sin(qb)) (1 — exp (—i>> (3.55)

Tis = 168-10‘8L§(N52J_4N5’l)
18 - . RC

with L7 being the strand twist pitch, N,; the number of strands per layer, w the width and 4 the
height of the strand. Typical values of 7;, are about 20-30 msfor the LHC Rutherford cables. The
angle ¢ determines the parallel and rectangular components of the magnetic field with respect to
the broad side of the cable (a perpendicular field component has ¢=0, a paralel field component
has ¢=m/2). The interstrand losses per unit volume V;, are given by

TZ S

(3.56)

S,p02 . s1,2
PV, = (0.170pr <1R 1/N) (cos(¢))2+0.125l;%h(sin(qb))2+

L5w2(N2’l - 571)

8.49-1073-2 é (Cos(¢))2>

(5 (-ol-2))

For the simulation of the impact of eddy currents, the magnetic field as a function of the current
can be expressed as B(I(t)) = a + bI(t) [58] and the time derivative can be easily computed.
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3.4.3 Eddy Currents in Copper Spacers

The coupled system of the magnet coil and the induced eddy currents in copper spacers (wedges)
can be expressed in two differential functions for the current. The differential equation for the
current inside the magnet is

Al nag(t)
dt dt

Runag () Inag (t) + Limag (t) ~0 (3.58)

where I,,,, is the magnet current and 1., is the current in the copper spacer. The differential
equation for the current inside the copper spacer is

ALea(t) 1 Amag (1)

Re(t)Leu(t) + Leu ()= dt

=0 (3.59)

As afirst approach the conductor symmetry is simplified according to Fig. 3.9. The copper block

dBldi =iconst /\ S

\

T

T 1L

' -~ h o

Figure 3.9: Changed geometry of the copper spacer.

D

is taken as a right parallelepipeds with average thickness 4 and width w. The origin is chosen to
be in the middle of the block in the z-y plane. Asthe dimensionsin x and y are small compared
to the length of the magnet the eddy current is calculated for the limit [ — oo. The magnetic field
change dB/dt is taken to be constant with time and independent from x, y, z. Using the induction
law (Eq. 3.49) and choosing the coordinate system such that B = (0, B, 0) yields

4E. _dE,

= 0
dy dz
dE, B dE, B d_B
dz dr dt
&, dE,
— — = 3.60
dx dy 0 (360)

For [ > w and [ > h one can assume that the electric field is not afunction of z so that

dE,

dz 0

E

dEy =0 (3.61)

dz
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AsE | B oneobtains
E,=0 (362

and therefore £, and £, do not depend on y. Combining Eq. 3.62 and 3.61 with Eq. 3.60 gives
dE, dB

FrialTs (3.63)
The Maxwell equation (Eq. 3.49) can be written in the integral form
/6><E:fﬁd5:— B (3.64)
which for the given symmetry can be reduced to
" 4B
E.(z) = —d 3.65
@= [ G (365)
With the chosen origin, integrating Eq. 3.65 gives
dB
E.(x) = =z (3.66)
The current density J in a conductor depends on E according to Ohm’s law
E=J-p (3.67)
and J becomes
- dB o
J=1(0,0,.J.) = J.(z) = "7 (3.68)
ThecurrentisI = [ JdA which gives
dB z2ymax x
I(z) = ——. L _
(x) o 2% 2] (3.69)
with the condition
]{ IdA=0 (3.70)

The total power P is calculated disregarding the effects at the ends of the coil and using z,,,.. as
the length of the copper wedge

> LmazYmaz Zmaz (3.71)

Pt)= [ pJ?dV = RI* = [ =2
(t) /p (dt p

Withthevolume V' = 2 - 2,00 Ymaz Zmaz the power at timet is

dB\* Va2 _
P(t) = (g) 2 (3.72)
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dB/dt
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Figure 3.10: Eddy current distribution and = dependence of L and J,.

Fig. 3.10 shows the current distribution and the dependence of 7, and J, on x. An average value of
p istaken as a constant independent of B and T". The current decay inside the magnet is assumed
to be Gaussian like. Using a linear relationship between B and I, the time dependent change of
the magnet field is

B(t) = a+bI(t) (3.73)
2
I(t) = Iyexp (—t—2> (3.74)
T
dart) t t?
dB 2t t2
Inserting Eq. 3.76 in EQ. 3.72 gives
2t 2\\> Va2,
The energy dissipated into the copper wedgesis
t
E(t) = / P(t)dt (3.78)

0
Combining Eqg. 3.77 and Eq. 3.78 yields

t
21’ 2\\> Va2
0

t
blp\* 2Vz? 2
- (T—f) % / £ exp (—§> dt’ (3.79)
0

Thelast integral includes the function I'(x), which gives

/x2 exp(—a’z®)dr = g (3.80)

0
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for a > 0 (Bronstein [68]). With 7 being 1/a, Eq. 3.79 can be calculated for ¢ — oo

: bIy\* 2Va2, /77
Etot—tlggloE(t) = (g) T 1
Vv 2
(b Ve VT (3.81)
p 2T

Inserting numbers of the LHC dipole magnet in Eg.3.81, the maximum energy
dissipated in the copper wedges is less than 5% of the stored magnetic energy. This
demonstrates the small influence of the energy dissipated into the copper wedges from
the protection point of view.

A morerealistic approach is possibleif the magnet field isknown as afunction of = and y. The
real geometry requires the radial magnet field B, = B(x,y) instead of B,,. One should note that
the temperature dependence of the copper resistivity was neglected in the derivation of Eq. 3.81.

3.5 Thermodynamic Processes

The hesat balance equation Eq. 3.1 was introduced in Section 3.1 and the various heat sources were
covered in Section 3.4. This section presents the thermodynamic processes during a quench.

3.5.1 Heat Transfer Modelling

The cooling by helium is expressed by the heat transfer coefficient » and the wetted perimeter P,
whichis P = f - 2zr for acircular conductor (r is the radius and f the effective fraction). P
corresponds to the surface per unit length of the conductor that is exposed to liquid helium. Since
this parameter is unknown it can either be estimated from experience or be modified such that the
simulation output reproduces experimental results, i.e. the quench propagation velocity and the hot
spot temperature. The heat transfer models available in SPQR assume an infinite helium bath with
constant temperature. A possible quench acceleration due to convection of forced helium-flow is
not simulated.

The equations for the temperature dependence of the heat transfer coefficient are derived
from the helium cooling mechanisms presented in Section2.7. The cooling conditions can be
approximated using different heat transfer model to helium (hi7e—h1¢) asfollows

0 if T(x,t) <TyVit—t(T > Trboir) > tsboi
(T (z,t),t) = { ar - (T(x,t)* =T if T(x,t) < Ttpoir (3.82)
as - (T(I‘, t) — Tb) if T(l‘, t) > Tf.boil ANt — t(T > Tf.boil) < tf.boil

This model of heat transfer is based on a fourth order Kapitza resistance (constant a; and the
temperature to the power of four) below the film boiling temperature, and on the linear cooling
model for the film boiling region (see Section2.7)

hE€(T(z,t),t) = { ar - (T(x,t)* =T if T(x,t) < Ttpoir (3.83)

0 if T(x,t) <TyVit—t(T > Trboir) > tspoi
as if T(l‘, t) > Tf.boil ANt — t(T > Tf.boil) < tf.boil



72 Chapter 3. Quench Theory

This heat transfer model is dlightly modified such that a constant is used above film boiling
temperature instead of a constant times the temperature difference with respect to the bath

0 it T(z,t) < T
ap - (T(‘T’.’ t)n - Tbn) if T(SL‘, t) < Thboit
h?e(T(IIJ, t), t) = a9 if Tf.boil > T(J?, t) > Tn.boil (384)
as - (T(I‘, t)m — Tbm) if T(l‘, t) > Tf.boil ANt — t(T > Tn.boil) < tf.boil
a4 ift — t(T > Tf.boil) > tf.boil

The modified model allows for fitting the heat transfer model according to the surface treatment
and differs between nucleate and film boiling conditions[69, 70]. The heat transfer iskept constant
between the starting temperature of nucleate boiling and film boiling. The simplest model for heat
transfer to liquid heliumis

hEe(T(x,t),t) = a- (T(z,t) — Tp) (3.85)

The constants for the different models of heat transfer into helium strongly depend on the surface
treatment [42, 43]. The model 3 (Eg. 3.84) for the heat transfer requires 9 parameters whereas
the model 4 (Eq. 3.85) needs only 2 parameters. Fig. 3.11 shows two models for the heat transfer
coefficient as a function of temperature (Eg. 3.85 on the left, EQ. 3.84 on the right).

h [W/m?2]
h [W/m?2]

a(T-Ty ATy

Thath T [K] Thath Thboil Tt il tipor  TIK]

Figure 3.11: Heat transfer coefficient as a function of temperature according to Eg.3.85 (left) and
Eq.3.84 (right). The left graph assumes a linear temperature dependence of the heat transfer. The right
graph includes several cooling regimes: a fourth order Kapitza resistance; nucleate boiling with constant
heat transfer where bubbles transport the heat and are replaced by liquid helium; and film boiling where
the conductor is entirely surrounded by vaporous helium.

3.5.2 Insulation Layer

The low heat conductivity of the insulation material limits the amount of heat that is transported
into helium. An adequate modelling of the heat transfer through an insulation layer into helium
requires atwo-dimensional model if theinsulation layer thicknessis comparable to the dimensions
of the conductor. This approach would require a significant amount of computational time. For
this reason a different approach is used. The heat balance equation (Eq. 3.1) can be generalised as

(A + O (0. 0) + BT (), T

dx
dT

= (T (x, t))A(m)E (3.86)
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where j, = k(T')-dT/dx and F; isthe transverse heat flux from the surface of the superconducting
cable, which is a function of the temperature and its time derivative because of the thermal
impedance of the insulation layer. Asthe longitudinal heat propagation inside the insulation layer
is negligible with respect to that in the conductor, the transverse heat flux F; can be evaluated
separately, which allows the reduction of the two-dimensional to two one-dimensiona problems.

Steady State

In order to study the steady state solution of Eq.3.86, the function F;(T',0) has to be evaluated.
The steady state means that the temperature inside the insulation remains constant with time and
changes only as afunction of itsradial position. The heat balance equation is

]{ Jo(r) - d7 = const (3.87)
P

where j = k(T) - dT'/dr. When the superconducting cableis radial symmetrical the heat balance
equation reducesto
dTr i
r- kiso e = R1 -h e(ﬂso) (388)
dr
Theindex iso stands for the material properties of the insulation layer. Eq. 3.88 can be solved with

the numerical integral
Tiso Ry 1
/ kiso(T)dT = Ry - h7°(T},,) / ~dr (3.89)
cu RO

This solution investigates stability temperature points and gives a first estimate of 7,,,,.. AsSthe
guench propagation velocity isrelated to the propagating front of the temperature profile, in which
the temperature varies with time to some thousand K /s, the steady state solution isinsufficient to
model the entire quench process.

Constant Temperature Gradient Approximation

A linear temperature profile inside the insulation material is assumed (see Fig. 3.12), which is an
adequate approach if the thickness of the insulation is small compared to the dimensions of the
superconducting cable

% (k(T(xyt))dT(x,t)A(x)) ok (T(m,t)+inso(m,t)> P(x)Tiso(m,t) ~T(wt)

dﬂ? 2 liso
dT (z,t)
dt

q+ G(T(z,t),t) = c(T(z,t))A(x) (3.90)

The temperature 7T}, on the surface of the insulation that is exposed to the helium bath is eval uated
asfollows

kiso (T(xvt) +2Tiso(x>t)) P(ac) T(.T,t) l_isz-‘iso(xa t) . hHe<Tiso<$; t),t)P(m)

dT‘iso(flza t)

= Ciso(TiSO(‘r? t))A(ﬁ) dt

(3.91)
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Figure 3.12: Schematic temperature profile including heat transfer through insulation. The temperature
jump at the surface of the insulation layer to the helium bath is due to the modelling principle. The
helium bath is assumed to be infinite and permanently at 7,. The heat transfer is then calculated as a
function of the surface temperature with the help of the helium heat transfer coefficient #7¢. Another

approach would require to model the temperature as a function of the position inside the helium bath. This
would significantly complicate and lengthen the temperature evaluation process, which is not needed as the
simulation aims to evaluate the temperature in the conductor. Therefore the introduction of #¢(T(z,t))

avoids the computation of the temperature in the helium bath.

Matrix Evaluation of the Heat Flux

A precise evaluation for the transverse cooling by heat transfer requiresto discretise the radial heat
bal ance equation and to solve it time transient. When neglecting the longitudinal heat propagation
in the insulation layer with respect to that of the superconducting structure, this equation is

- dT;
B v A = Cigp  —2 3.92
V- j(re) = e — (3.92
Assuming radial symmetry Eg. 3.92 changes to
1d ar dTiso
~rar (" Risor ) = Ciso == (393)

The temperature evaluation starts with a homogeneous temperature profile at 7, inside the
insulation layer. The temperature of the superconducting wire is increased with a constant rate
fl—f and the heat flux is evaluated for each temperature step. This procedure is repeated for various
rates of % and the results are stored in a two-dimensional matrix file as a function of 7" and ‘Z—f.
The calculated values are linearly interpolated to approximate F; (T, %) for the simulation of the
guench propagation with Eqg. 3.86.
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3.5.3 Quench Heaters

Quench hesaters are installed to protect magnet coils when the natural quench propagation is not
fast enough to avoid overheating and excessive voltages (see Section 1.5). They consist of stainless
steel stripsthat are positioned along the magnet between the coil and the collars and are heated by
a capacitor bank discharge after quench detection. The heat is transferred through the insulation
layer into the coil, which provokes a quench. The process of aforced quench by heatersis sketched
inFig. 3.13.

In order to reduce the number of required capacitor banks, heater strips can be
partially plated with copper to reduce their resistance. The heaters provoke a quench
in the cable only below a non plated part and the natural quench propagation drives
the entire conductor into the normal conducting state [54].

The design of a quench heater strip is shown in Fig.3.14. Studying the quench process after
firing the quench heaters requires modifications to the heat balance equation (Eq. 3.1 or 3.86) to
incorporate the heat flux from the heater strip into the conductor.

The temperature in the heater strip is determined by solving the one-dimensional hest balance
equation. Heat conduction along the heater strip is disregarded as the heat generation is the same
along the heated zone. The heat transfer between heater strip and liquid helium is taken into
account by assuming only a fraction f of the heat that is transferred into the superconducting
cable. The resistance and temperature increase in the copper-plated parts of the heater strip is
neglected as the heat generation inside the superconducting cable becomes larger by severa orders
of magnitude. Typical initial heater currents are about 60 to 80 A [71].

pr(Th(®) - () p (T(z,t) + Th(t)
Ah _kiso( 9 )

dT,(t)
dt

;j—h- Fo (Th(t) =T (2, 1)) = cn(Th)- Ap- (3.99)

In addition to the terms introduced in Eq. 3.1, EQ. 3.94 contains the heat conduction through the
insulation into the superconducting cable. In order to calculate the heat generation in the heater
strip, a constant capacitance C, of the heater power supply is assumed for evaluating the heater
current. Theinitia currentis I} = UY/R,(T = Ty), where U} isthe loading voltage and R,(T =
Ty) isthe heater resistance at helium bath temperature.

The temperature dependent heater strip resistance is evaluated with the new temperature after
each timestep and the actual current decay time constant is

Tou(T(t)) = Ry(T'(t))Ch (3.95)
The heater resistance is calculated as

Ru(T(t)) = £ h(ixf) )ty lgel?: = (3.96)

where [;, is the length, 17 is the length of the non-plated parts, and (¢ is the length of the
plated parts of the heater strip. The heaters are fired when a quench is detected at time ¢4.; (See
Section 1.5). The detection requires that the resistive voltage exceeds athreshold for acertain time
interval. The detection time can be set to zero if aquenchisinitialised by heaters. Thisis used to
study experimental results of quench heater delay tests.



76 Chapter 3. Quench Theory

heater strip. coppe\

insulation

sc cable——— e

109 t=t,

109 t=t,

temperature [K]

10 t:t2
8

6

4

2 -

0

24 4 t:tS
22 A

20 A

18 1

16 1

14 4

12 1

10 1

8 -

6 -

4 -

2 -

0

24 t:t4

length

Figure 3.13: Principle of forced quenching by heaters. At #, the heat flux from the heater strip starts to
warm up the conductor, which provokes a quench at ¢. The heat generation starts inside the conductor and
the heat conductivity leads to a longitudinal propagation of the warm zone into those areas that are below
the copper-plated part of the heater strip (%, t3). At t4 the entire conductor is quenched. The time interval

t4 — t1 depends on the magnet type and the excitation current. At nominal magnet current, thistime interval
is about 30-50 ms for the LHC dipole magnets.
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Figure 3.14: Heater strip design with the copper-plating cycle for the LHC dipole magnets of 12 cm heated
part and 40 cm copper-plated part (12-40 heaters).

The time dependence of the heater current is given by

0 if t < tger
I®) =93 19 exp(— Rc(,zpd(tﬂ)) 6>t (3.97)
The heat transfer through the insulation into the superconducting cable is given by the thermal
conductivity of the insulation material k% (7'(t)), the heater strip width w,, which corresponds to
the surface per unit length and the insulation layer thickness /;,,. As afirst approach f;, isequal to
0.5 (half of the generated heat is conducted into the cable the other half towards the collars). If the
insulation thickness differs between the coil and the heater strip 1 with respect to the thickness
between the collars and the heater strip 1"

150

it is more accurate to set

lkSO + lCO
fi = ool (3.98)

coll?

The heat capacity of the heater strip insulation layer is disregarded, as its volume per unit lengthis
much smaller than that of the superconducting cable.

Alternatively, the temperature evaluation of the heater strip can include the heat transfer from
the surface of the heater strip into the magnet collars.

pn(Tu(®) - L), (T(z,t) + Th(t)
DDy (Me )

(T(xﬂ;) + Tb) ;Uh (Ty(t) = Ty) = cn(Th) - Ap - djzllt(t) (3.99)

T s (Tat) = T(@,1)

180

.y

180

The added term takes into account the heat transfer through the insulation layer into the magnet
collars. For this ssmple model the length /;,.,,, has to be chosen so that the temperature difference
Ty (t) — T, can be used as an approximate approach. The heat balance eguation including the
impact of quench heaters heatersis

% (k:(T(m, t))%) A(z) — W4T (z,t),t)P(z) + q+ G(T(z,t),t) +

(T(:E, t)2—|— Th(t)) lqz,;dth (Tt — T(z,y,t)) =

dT'(z,t)
dt

g(x) - ki

180

c(T(z,t))A(z) (3.100)
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with /.,;4:, being the width of the cable (turn) towards the heater strip. The term ¢ expresses the
initial heat pulse that leads to a quench. The function g(z) determines whether the cable is below
a heated part of the quench heater strip or not. Eq. 3.100 and Eqg. 3.99 have to be solved iteratively.

Eg. 3.100 changes to Eqg. 3.101 when the heat transfer into helium through the insulation layer
ismodelled

i (b ) ) Aw) + gt (FEHD ) Bty ) < o)+

g+ GT (@, 1),1) + kino (T(m,t) + Cnso(m,t)> P(a) Tiso(w,t) = T(2,t)
dT (z,t)

2
dt

liso

= (T (z,t))A(x) (3.101)

3.5.4 Two-dimensional Model

The two-dimensional heat balance equation for a superconducting cable includes the heat
conduction from the heater through the insulation and heat conduction along the broad side of
the superconducting cable. This approach assumes a Rutherford cable with the broad side in
y-direction that is discretised and a constant cross-section aong the conductor

TG (S + S0+ EERERE - 0 2
(., 1) L0 (3102

where h; is the height (layer) in y-direction and w; is the average width (turn) in z-direction that
corresponds to the surface exposed to the heater per unit length. The definitions of the variables
used in Eq. 3.102 are the same to those introduced in Eq. 3.1. The function g(x, y) expresses that
heat conduction between the cable and the heater strip only occurs on the side of the cable that
faces a heated part of the heater strip.

3.5.5 Three-dimensional Model

In order to study the quench propagation from one quenching turn to the next in a Rutherford
cable, athree-dimensional model hasto be used to solve the heat balance equation. The turn width
is used for the discretisation in z-direction.

The turn thickness is averaged (Az) which corresponds to w; in the two-dimensional model.
The heat transfer between two turnsis calculated by heat conduction through the insulation layer,
using the thermal conductivity k%, and the width !, .

ThefinitevolumeelementisdV = dz-dy-dz and thefinite surface elementis A(z, y) = dy-d=.
The other terms were already included in Eq. 3.102

d*T(z,y,z,t) d°T(x,y,z,t) q G(T(z,y,2,t),t)
k T t ) ) 7 ) ) 7 ) ) 7 )
T(@.3.71)) ( dx? " dy? > T Ay Alz,y, z)
ki (T(x,y,z,t))dT(z,y, z,t) P(z,y)
It dz Az, y, 2)

S0

— RH(T (2,9, 2,1),1)
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(Tu(t) — T(x,y, 2,1))

g(m y Z)]{?h (T(xayazat)+Th(t)> Wy

2 b Az,y,2)
dl'(z,y, z,t
= c(T(x,y, Zﬂf))%

For a corrector magnet, the quench propagation between turns and layers is of general interest.
Since both transverse dimensions of the conductor used to wind corrector coils are of similar size,
the discretisation in y-direction is used to model the quench propagation between layers

d*T(z,y,2,t)  G(T(x,y,z2,t),t)

(3.103)

k‘(T("fl:7 y? Z? t))

dx? Az, y, z)
KL (T(z,y,2t))dT(z,y, z,t) N q N
l’ll:SO dy A($7 y7 Z)
ki (T(z,y,2,t)dT(z,y,2,t) g P(z,y)
180 Y Y ) Y Y ) _ h e T t t Y
l’lt:SO dz ( ($7 y7 Z’ )7 )A<:’E7 y7 Z)
T(x,y,z,t) + Th(t) wy
Kl L Tu(t) =T t
oo, (T A (0 = Tl .1)
T
=c(T(z,y, =, t))% (3.104)

3.5.6 Program Execution

The input parameters are stored in afile that is read at the beginning of the SPQR simulation run.
Depending on the input parameters, an initial temperature profile is calculated or read from afile.

When the copper cross-section or the cooling conditions are varied along the superconducting
structure, the cross-section and the longitudinal position are provided as an input file. The common
material parameters are recalculated for the average cross-section. The matrix fileisread when the
matrix model is used for the heat transfer modelling through the insulation layer.

Some examples of the output of the program are given in Figs. 3.15 to 3.18. Fig. 3.15 shows
the temperature evaluation as a function of = in atwo-dimensional plot. The time dependenceis
included with temperature profilesin different coloursfor various times. Fig. 3.16 shows the same
simulation result in a 3-dimensional representation. The examples are obtained with SPQR for the
guench propagation study of the main busbars including modelling of the heat transfer through the
insulation layer into helium.

An example of therecorded global variableslike current, voltage, development of the dissipated
energy, resistance and normal-conducting zone is given in Fig. 3.17 (on the left). The fit of the
expanding normal-conducting zone versus time derives the quench propagation velocity and is
shown on the right.

A simulation result with a collapsing quench is shown in Fig. 3.18. The program also alows
the study of the minimum quench energy in the presence of liquid helium by changing the initial
temperature profile.

The robustness and the quality of the simulation model used in SPQR is discussed in
Appendix A and the performed simulation studies for the different types of busbars and magnets
are presented in Chapters5, 6 and 7. The program execution times become large when discretising
a long conductor or coils with many layers and turns. For that reason SPQR is mainly used to
compute parameters such as the longitudinal and transverse quench propagation velocity, expected
guench heater delays, the quench back starting time, and the hot spot temperature in presence of
helium cooling.
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Figure 3.15: Example of the temperature profile as a function of x and ¢ as a 2D plot. The time interval
between two curves is 12s. The simulation shows the temperature evaluation of the main busbar for the
LHC dipole magnets with Iy=12 kA and A;,;=303 mm? (see Chapter 5).
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Figure 3.16: Example of the temperature profile as a function of = and ¢t asa 3D plot. The figure shows the
same simulation result as Fig. 3.15.
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Figure 3.17: Example of the recorded global variables during the quench propagation (upper graph) and
the quench propagation velocity (lower graph) (h=12KA, Uge;=5V, A;=303 mm?). These plots are used
to crosscheck the simulation model with the experimental result.
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Figure 3.18: Example of a collapsing quench when the initial energy is not sufficient to provoke a quench
(In=12KA, Uge;=5V, A;,;=303 mn?). The result is shown in the 2D presentation as described in Fig. 3.15.



84 Chapter 4. Measurements and Test Stations

Chapter 4

Measurements and Test Stations

Experiments are performed on prototype elements in various test stations at CERN and at
collaborating laboratories in order to study the different quench mechanisms and to calibrate
simulation models. This chapter introduces the experimental installationsat CERN. The cryogenic
and powering systems are briefly outlined and the instrumentation and data acquisition for
the powering tests are described. Small prototype magnets are tested in an experimental hall
(Block 4) and experiments on long prototype dipole and quadrupole magnets are carried out
on test benches in the building SM 18. A prototype full cell is being installed to test various
systems under operation conditions. Other test facilities have been built at CERN, e.g. for testson
superconducting cables or cryogenic equipment.

4.1 Measurements on Prototype Magnets and Busbars

Experiments on prototype magnets aim to validate the design by determining their quench
performance (training of the magnet and protection) and the field quality (measuring the field
harmonics). Busbars and current leads are tested to verify whether they can transport the design
current and to evaluate the required protection.

Quench Performance of Magnets

The reached quench current of the magnet with respect to the critical current of the cable
determines the overall quality of the magnet winding. It defines the current level at which the
magnet can be operated. The current decay allows a first estimation of the hot spot temperature
after a gquench.

Quench heater tests determine the time between firing the quench heaters and detecting a
provoked quench (quench heater delay). The efficiency of the heater system istested by measuring
the quench load as a function of the magnet excitation current. In order to optimise the heater
system, the powering parameters (heater strip resistance and initial voltage) are changed. The
tests give the minimum heater voltage required to provoke a quench at various magnet operating
currents, and the limitations for the heater strip design (copper-plating cycle, insulation layer
thickness and position with respect to coil windings).

High voltagesthat devel op between turnsin aquenching coil can exceed the breakdown voltage
of theinsulation layer and potentially cause damage.
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Voltage taps are installed in the coil to measure the voltage increase between various
poles and turns during a quench. They are made of thin instrumentation wires that
are fed into the cryostat and soldered on the superconducting cable at various voltage
potentials.

The voltage across two taps is recorded during a quench. When several voltage taps are installed
along the sameturn in the straight part of amagnet, the difference voltages of adjacent voltage taps
allow the precise determination of the longitudinal quench propagation velocity. If an expanding
guench reaches the zone between two neighbouring taps, the voltage starts to increase linearly
until the entire zone is normal-conducting (see Fig.4.1). The time interval of the voltage onset
between two neighbouring signal s (three voltage taps) yields the quench propagation vel ocity when
the distance of the voltage taps is known. Voltage taps are also placed between various turns to
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Figure 4.1: \Voltage signals of an instrumented MQT magnet (quench provoked at a current of 550 A) used
to determine the longitudinal quench propagation. 4ms are needed for the quench propagation between
the position p2_34 (pole 2, voltage across tap 3 and 4) and p2_45 (pole 2, voltage across tap 4 and 5). The
voltage taps 3, 4, and 5 are distributed with equal distance (10cm) along the inner turn of pole 2. At t=0
the quench is validated (corresponds to t;.;) and the power converter is switched off which causes a noise
signal in the data acquisition.

evaluate the transverse quench propagation velocity (see Fig. 4.2). Pickup coils (quench antennas)
are inserted into the magnet bore during the quench performance measurements. The set of pickup
coils covers the length of the magnet dividing it into sections. Several pickup coils are placed in
each section. The propagating quench changes the magnetic flux and voltages are induced in the
pickup coils, which determines the longitudinal position of the quench origin [72].

In order to perform quench experiments at a given current, prototype magnets and busbars are
equipped with small heaters (spot heaters). Spot heaters are fired with a capacitance of about 1 mF
applying a voltage range of 10-50V to provide short current pulses, which results in a maximum
energy deposition of up to 1J. Since more energy is needed to provoke a guench in a busbar, they
are equipped with larger spot heaters.
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Figure 4.2: Transverse quench propagation velocity determined with voltage signals on a MCB magnet
(closed orbit dipole corrector) with a quench current of 60 A. The time difference between two voltage curves
that stop being purely inductive (increasing the negative voltage) yields the transverse quench propagation
velocity. The small oscillations in the signals are due to induced noise by the power converter.

The temperature of the helium bath T}, is permanently recorded for the computation of the
critical current I.(7;,) and the comparison with the reached quench current.

Magnetic Field Measurements

The field harmonics are measured with rotating pickup-coils, Hall sensors and NMR probes [8]
and determine the field quality. The required accuracy aims to measure the field harmonics with
arelative precision better than 10~°. The comparison of the predicted and measured field quality
provides feed-back for the magnet design and manufacturing process.

Dynamic losses (due to magnetisation and induced eddy currents) are measured by the voltage
development during specia current cycles. The experiments yield the contact resistances and the
hysteresis of the superconductor. The results are used to model the impact of dynamic effects on
the field quality and on the quench process.

Test Procedure for Magnets

The insulation of the magnet to ground is tested at ambient temperature and after cooldown. The
guench heater efficiency is validated at an intermediate operating current. The current level is
changed without reaching the quench current to observe the noise in the voltage signals. The
prototype magnets are trained (training quenches) until the quench current stabilises. After a
guench, the cryogenic system has to cool the magnet down to the operating temperature. Similar
tests are carried out on prototype busbars. A dump resistor can be switched in series with the
magnet to extract part of the energy, which protects the prototype magnet and reduces the heat |oad
on the cryogenic system. The operating temperature is reached in a shorter time, which reduces
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the time interval between two training quenches. After the training of the magnet, the magnet
performance is tested without energy extraction. The test program is continued with magnetic
field measurements and special protection experiments (e.g. quench heater tests).

The training of the magnet is performed at two temperatures. at 1.8K and at 4.2K to test if
the cableisintact. The reached quench currents in both temperature regimes determine the gain of
cooling at 1.8 K with respect to 4.2 K. Some magnets and busbars also have to be operated in both
temperatures at different placesin the LHC. The magnet operating current at 4.2K is smaller than
that at 1.9K.

For the computation of the RRR, the resistivity of the copper fraction is determined using
a small current of 0.5-2A (four point measurement) at a bath temperature of about 10K. The
evaluation is completed with the measurement of the resistivity at ambient temperature to derive
the RRR value.

Thetraining of amagnet can be repeated after athermal cycleto test whether the trained quench
current level remains.

4.2 Test Stations

4.2.1 Block4

Block 4 is an experimental hall for quench performance and magnetic field measurements at
1.8 and 4.2K. Short models of main dipole and quadrupole magnets of 1 m length and lattice
corrector magnets can be tested in two vertical cryostats. The short model dipole program was
launched to have a faster experimental feedback of design changes. A third vertical cryostat is
available for testing up to three multipole corrector magnets at the same time. Tests on prototype
busbars powering the corrector and insertion quadrupole magnets are performed in Block 4 to
determine the required copper stabilisation and protection. The design of the 13 kA busbar for the
main dipole and quadrupoles magnets in the arc was tested at CEA in Saclay, France.

The magnets are powered by power converters with a maximum current of 20kA, 2kA, and
bipolar 600 A. Two magnet cryostats can be kept at 1.8 K at the same time. The evaporated helium
during a quench is recuperated and recooled. After a quench in a short prototype dipole magnet
without energy extraction, the bath temperature exceeds the helium A-point and recooling to 1.8 K
takes about 3-4 hours.

The powering cables are connected with the power converter that is controlled by aworkstation.
The instrumentation cables from the voltage taps and from the inserted pickup coils are linked to
industrial VME A/D converters. A workstation controls the rotating pickup-coils for magnetic
measurements. The output signals of the magnetic field measurement equipment are connected
to industrial VME integrators. All data is transferred via an MXI field bus to a workstation and
stored. The control and data acquisition software is written at CERN and based on LabView?! and
TeamPro? applications. The data signal's can be recorded with different acquisition frequenciesin
various time intervals. All datais stored in a binary database so that it can be analysed later (see
Fig.4.3).

ITrademark of National Instruments
2Trademark of Nicolet Instruments
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Figure 4.3: Principle of the data acquisition system for quench performance and magnetic field measure-
ments (courtesy of M. Peryt).

4.2.2 Magnet Test Benches in SM 18

The 15m long prototype dipole magnets and the short straight sections (SSS) that contain the arc
quadrupole magnets are tested on magnet test benches.

In the test bench, the magnets are mounted in a horizontal cryostat as they will be mounted
in the LHC. In the experimental hall, the cryostat is connected to the cooldown and warmup unit
(CWU) and the magnet feed box (MFB). The CWU delivers 120 W of refrigeration power at 1.8 K
and allows cooling down of atwin aperture dipole magnet in about one day. The magnet feed box
supplies the magnet with the required cryogenic fluids and electrical power during the operation.
It has a built-in heat exchanger for the last phase of the cooldown from normal-liquid to superfluid
helium. The connection units, the supervision and data acquisition systems are the subsystems of
the test bench.

All processes are controlled by alocal programmable logic controller (PLC) for continuous
and sequential process control. An Ethernet plant network links the PLCs and is operated by
supervision software on a Unix workstation. Ten PLCs are installed per test bench and about
1500 signals are supervised.

The dataacquisition systemisbased on LabView applications. The software for the automation
of the standard magnetic field measurements is similar to the one used in Block 4 (see Fig. 4.3).
Different sets of signalsare defined that can be recorded regularly or asa snap shot during aguench
with different data acquisition frequencies (1-50 kHz).

Two test benches are commissioned and used for testing prototype magnets. The installation
of atotal of 12 test benches is foreseen for the series measurements of al LHC main dipole and
arc quadrupole magnets. All magnet test benches will be hosted in the CERN hall SM 18.

4.2.3 Magnet String

A prototype half cell (three dipole magnets and a quadrupole magnet) was tested in the String|
program until the end of 1998. At that time the dipole magnets were 10m long prototypes.
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Experience was gained operating this string of magnets and many components were tested and
optimised [73].

A second operation of a string of magnetsis planned with afull size prototype cell of the LHC
arc (two half cells with three 15m long dipole magnets and one quadrupole magnet each), the
String|l project (see Fig. 4.4) [74].

The experimental program covers guench propagation experiments, test of the reliability of
magnet protection schemes, performance of the cryogenic system, evaluation of the required
vacuum installation, operation scenarios for the LHC, etc.

Examples for the experiments related to magnet protection are the measurement of the quench
propagation from one magnet to the next and the longterm operation of the protection equipment.
Quench experiments on prototype busbars can also be performed on alonger scal e than in amagnet
test station.
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Figure 4.4: Schematic view of Siring 11 showing (from left to the right) the powering feedthroughs, the first
guadrupole, three dipole magnets, the second quadrupole and another three dipole magnets.

4.3 Series Measurements

Thefield harmonicswill be measured for all LHC main magnets on magnet test benchesin SM 18.
The information will be used for the compensation of the individual multipole field components
by sextupole, octopole and decapole spool piece corrector magnets. The results of the magnetic
field measurements will be stored in a database, which will provide the information on how to



90 Chapter 4. Measurements and Test Stations

cycle the machine after a beam abort signal in order to avoid dynamic multipole components due
to hysteresis and induced eddy currents (persistent currents [8] and boundary induced coupling
currents [58]).

Up to three training quenches and a standard magnetic field measurement program are planned
for 90 % of the magnets and an extended test program will be carried out on the other 10 %. Overall
10% of the magnets are expected not to reach the ultimate current during the first test sequence.
For these magnets a second test sequence is foreseen. If the ultimate current cannot be reached
after the second test, the magnet will not be installed in the LHC. A magnet can also be rejected
for intolerably high multipole components.

The main quadrupole magnets for the insertions (MQM family and MQY magnets) will be
tested in Block 4. The single aperture quadrupole magnets of the experimental insertions (MQX)
are supplied by Japan and the USA and will be tested in local |aboratories.

The series production of the small lattice and closed-orbit correctors will be tested at 4.2K in
industry. Only afew percent will be retested at CERN at 4.2 and at 1.8K in Block 4.

4.4  Analysis of Quench Data

During the quench experiments the helium bath temperature and the quench is noted and the
adiabatic temperature is evaluated with the quench load. The quench origin is determined by
analysing the various voltage and quench antenna signals. The quench heater delays are aready
measured during the tests.

The experimental data is stored in a database for later analyses. The data can be analysed
with the data acquisition software or with any other software package using the provided data
extraction tools. Quench data from the prototype cell can be extracted using the WWW and
stored for example in ASCII tables. The TeamPro package also offers the extraction to ASCII
files. Data extraction programs have been implemented that do not need to be run on LabView or
TeamPro. One program extracts data from the LabView database (data_extraction by Peryt 1999),
the other program extracts data from the TeamPro database (team_convert by Sonnemann 1998).
The programs extract a predefined set of variablesin achosentimeinterval. The output isgenerally
written to ASCI| files, which are transferred to alocal workstation by FTP.

The quench data has mainly been analysed with PAW? and partially with EXCEL*. The data
extraction program team_convert writes the information either to binary n-tuples readable by
PAW or to ASCII tables. The program provides a 50 Hz filter, filtering by moving averages over
n points, data smoothing and compressing, taking out initial offsets and the calculation of time
derivatives of selected channels. Other parameters such as maximum and minimum values of the
channels including the timestep and the quench load value are stored in an information file. The
team_convert output includes a macro that can be executed with PAW for the data analysis.

A UNIX command shell can run the programs severa times to extract selected channels of
various quench experiments. The written macros for EXCEL and PAW lead to an automation of
the data analysis that alows the systematic study of any quench parameter (e.g. automatic fit of
partial inductances to compute the resistance growth during a quench).

3CERN software development
“Trademark of Microsoft
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Chapter 5

Quenches of Busbars and Current Leads

The busbars of the LHC are highly copper stabilised cables that connect al the magnets of afamily
and attach them to the current leads, which are the feedthroughs from 300K to the cold part of the
circuit. Due to the given geometry, the modelling of the temperature along a single conductor is
adequate to study the quench propagation. Asbusbars arelocated in areas of low external magnetic
field, eddy currents do not affect the current decay. A quench of a busbar is therefore represented
by the thermodynamic model including Ohmic heating.

After the introduction of busbars powering the various types of LHC magnets, the quench
process is analysed for the different types of superconducting busbars. The results of analytical
models, numerical simulations, and experiments on prototype busbars are compared and the
calibration of the simulation model is presented. Quenches are simulated, which originate in a
geometry where the boundary conditions change such as busbars passing through interconnects
and feedthroughs. The outcome of the simulation study in predicting the temperatures after a
busbar quench in the LHC and the proposed protection scheme are discussed. For compl eteness,
the protection issues of the high temperature superconducting current leads are summarised.

5.1 Busbars for the LHC

In Section 1.5 the varioustypes of busbarsfor the LHC were introduced. When aquench originates
in a busbar, the copper stabilisation has to be large enough to avoid overheating.

The energy stored in a main dipole circuit with 154 magnets connected in series is about
1.3-10° J (inductance of 16.5H at an operating current of 11.8kA). This energy corresponds to the
kinetic energy of a 100t plane travelling with 600 km/h. The value of the dump resistor switched
in series after quench detection is given by the voltage-to-ground limitation at the mechanical
switches of 900V. The current decay time constant is about 100s for the LHC dipole magnet
circuits. The energy stored per circuit for the arc quadrupoles circuits with 47 and 51 magnets
connected in seriesis about 24 MJ and the current decay time constant is about 50 s.

The quadrupole magnets in the insertions and recombination dipole magnets are powered
individually or in pairs. They are operated up to 6kA and are protected by quench heaters.
The busbar does not require a copper stabilisation as strong as for the 13kA busbars because
the maximum energy stored in these circuits is about 3.6 MJ. After quench detection, all heaters
are fired and the current decays in less than a second so that an energy extraction resistor is not
required.
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Two types of 600 A busbar cables have been developed for the LHC to power the multipole
spool piece corrector magnets and the corrector magnets in the short straight sections. These
circuits store a magnetic energy in the range of 2.5-100kJ depending on the type of magnet and
number of magnets connected in series. Tests have been performed on prototype busbar cables[51,
75]. The comparison of the simulation study with the test resultsis presented in Section 5.3.

Simulation Model

In order to simulate the quench process in busbars, the one-dimensional approach described in
Section 3.2 is adequate.

For the correct computation of the quench propagation velocity, the heat transfer through
the insulation layer has to be modelled. Quench simulations in the main busbars are performed
with the constant temperature gradient approximation (see Section 3.5.2) since the insulation layer
thicknessis small with respect to the busbar dimension. On the contrary the simulation of a quench
in the 600 A busbar cable requires the discretisation of the insulation layer which is done by using
the matrix model in SPOQR (see Section 3.5.2) [75].

Numerical Stability

The timestep At to be used in order to stabilise the simulation results is about 1 us for the main
busbars and 1-10ns for the busbar cable. The maximum discretisation in z-direction Ax that can
be used to produce consistent results is about 10 cm for the main busbars and 1 cm for the busbar
cable.

Doubling Az reduces the program execution time but |eads to wrong results as the assumption
of aconstant temperaturefor such along pieceisnot applicable. A further reduction of the timestep
or Ax with respect to the values given above significantly increases the program execution time
and is not required as the simulated temperature profiles differ only by about 10K. The quench
propagation velocity varies by afew percent.

The simulation studies performed for quenching busbars test the robustness of the numerical
code. A numerical instability occurs when Az is chosen to be very small and At is relatively
large. In this case the evaluation of the temperature with the finite difference method can
produce temperature oscillations between neighbouring elements. The heat generation is taken
as a constant for the time interval At, which leads to alarge jump in temperature for asmall Ax
that just became normal-conducting. During the next iteration, the temperature difference to the
adjacent superconducting element increases the heat transfer from the normal-conducting into the
superconducting element such that the temperature in the normal -conducting element can become
smaller than in the adjacent elements. If Az istoo large, temperature oscillations result because of
the intrinsic numerical instability of the explicit method [76].

The implicit approach is numerically stable since the new temperature is iterated by a matrix
inversion and adjusts the time discretisation, which excludes temperature oscillations. The
program algorithm uses the explicit method as it avoids a matrix inversion and simplifies the
implementation of various quench mechanisms. Numerical instability and reliability compromise
afast program execution. The discretisation in space and time therefore have to be varied to ensure
aconsistent simulation result.
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Using the constant temperature gradient approximation for the main busbar, the program
execution of a quench with a duration length of 500's takes about 15 minutes on a WindowsNT*!
workstation with a Pentium |1 processor? operated at 400 Mhz.

The execution was carried out with an initial timestep of 1 us, applying the timestep control
mechanism described in Eq. A.26 with «=0.1 and a maximum timestep of 0.5ms.

5.2 Main Busbars

The RRR vaue (Eq.2.14) of a busbar with a copper block for stabilisation (/~50) is smaller
than the RRR of the copper in a Rutherford cable (>80) because of the cold working during
the forming process. Since the main busbar is insulated, the adiabatic formula (Eq. 3.19) was
applied to calculate the longitudinal quench propagation velocity which yields v,=3m/s (see aso
Section 3.1.3). Therequired copper stabilisation was obtained by assuming afast quench detection
and an exponential current decay with a time constant of 7=100s. This gives a quench load
(Eq. 3.5) for aquench starting at 12 kA of

/ Lo - exp(—t'/7)]2dt’ = [3% = 7.210°A%s (5.1)

to

It should be noted that a typical value of the quench load of a quench in a LHC main dipole
magnet at nominal current isabout 2.9-107 A2s. The quench load for the main busbar istwo orders
of magnitude larger since the current decay time constant isabout 100 sfor the busbar (given by the
ratio of the dump resistor and the inductance of 154 dipole magnets) and 0.2-0.3 s in the magnet
due the protection with a bypass diode and quench heaters (see Section 1.5). As a bypass element
cannot be installed for a busbar that powers magnets connected in series over a length of about
3km, the busbar is highly stabilised with copper.

The adiabatically calculated temperature would be about 250K for a copper stabilisation of
250mm? and RRR=50. The copper stabilisation of the prototype busbar was about 310 mm?. Due
to large copper stabilisation the resistive voltage rises much slower with respect to aquench in a
magnet and a quench is significantly later detected. If the propagating quench is detected after
40-60's (measured v, =0.3-0.4m/s) the quench load value doubles, thus the hot spot temperature
of a busbar with a copper stabilisation of 310mm? exceeds 400K. The adiabatic temperature
calculation can be used as afirst approach but is not suited for design optimisation since the quench
propagation velocity and the hot spot temperature are not predicted accurately enough.

5.2.1 Quench Propagation

An example of the temperature profile is shown in Fig.5.1 for the minimum required copper
stabilisation. The simulation studies demonstrated that an increasing temperature at the quench
origin always leads to an expanding normal-conducting zone for realistic cooling scenarios and
A(z) = A. Otherwise the temperature decreases and recovery takes place. Due to the long time
period of the quench process, the maximum temperature is not affected by the quench initialisation
temperature. When the normal conducting zone is neither expanding nor shrinking, the hot spot
temperature remains constant until the cooling conditions vary. This situation would increase

Trademark of Microsoft Corporation
2Trademark of Intel Corporation
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Figure 5.1: Temperature profile as a function of space and time showing the expanding normal-conducting
zone for the main busbar. The parameters for this simulation study are 4.,,=303 MY, Uppres=1V,
Iy=12.5KA, cooling conditions according to model 3. The quench was initiated with 7;,,;;=20K, o7=0.8 m.
The time interval between two adjacent curvesin the figureis 25s.

the heat load on the cryogenic system. If the cooling power decreases, the temperature starts to
increase and the normal conducting zone first expands, then followed by quench detection and
current decay. The limits for the copper cross-section of the busbars presented below ensure that
no excessive temperatures will be obtained in such a case.

5.2.2 Calibration

The simulation model was calibrated using experimental results of prototype busbar tests [77].
The prototype busbar for the LHC main dipole magnets has a cross-section of A.,=296.5mm?
and A,.=6.5mm?2. The quenches were induced by firing a spot heater immediately followed by a
linear current discharge. Several cooling models were used for the simulation. Model 1 and 2 do
not include the heat transfer through the insulation layer and require a fit of the effective wetted
perimeter to obtain the measured quench propagation velocity. Model 1 uses the heat transfer
coefficient modelled as in Eq. 3.85 and model 2 is based on Eq. 3.84. The hot spot temperature
of the simulation was then compared with the experimental result for the measured quench load
during the tests. The wetted perimeter is not a fit parameter if Eq. 3.84 is used to model the heat
transfer into helium and taking into account the heat transfer through theinsulation layer (model 3).
If asmall amount of heliumis present in the busbar or in the insulation layer, the helium proportion
has to be included for the adjustment of the model (adjusted model 3).

Since the proportion of the copper stabilisation dominates the total cross-section, the adjust-
ment of model 3 is negligible and the simulation model is very robust (see Table5.1).

5.2.3 Scaling and Detection

Quench experiments have been performed on a 7 m long prototype busbar for the main magnets
in Saclay [77]. After provoking a quench with a spot heater the current was ramped down linearly
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model variable measurement | simulation

model 3 Uy 0.3-04m/s | 0.42m/s

adjusted mode! 3 Vg 0.3-04m/s | 0.36m/s
Trnae @ Tp=1.9K 55K 60K
Tz @ Tp=4.2K 76K 80K

Table 5.1: Comparison of simulation and experimental results. The parameters of the cooling model are
a1=180 WI(nPK%), a3=100W/(mPK), n=4, m=1, t;4,;=0.02s. A helium fraction of 0.5% of the total
cross-section is used for the adjustment.

with adischarge rate of 125 A/s, which isthe maximum discharge rate at the start of the exponential
current decay in the LHC machine. The quench load in the LHC machine is about eight times
larger than the measured quench load during the prototype tests (see Fig. 5.2) because the time
required for quench detection (see Sections 1.5 and 8.1.1), opening the extraction switches, and for
the exponential current decay were ignored. For that reason the experimental results have to be
scaled and extrapolated to study the situation of a quenching busbar in the LHC machine.

| guench detection

tests: LHC: exponential decay
linear decay

Figure 5.2: Schematic comparison of the current as a function of time for the tests on the prototype busbars
and for a quench originating in a busbar in the LHC machine.

The detection time for various threshold levels was evaluated as a function of cooling
conditions keeping the busbar cross-section constant. A quench validation time interval of 1swas
assumed. As the longterm cooling conditions are not very well known, the hot spot temperature
was estimated with the different cooling models. The maximal temperature differences are about
50K at a 1V detection level. Table5.2 shows that a detection level of 1V limits the hot spot
temperature to tolerable values whereas a threshold of 5V leads to excessive temperatures [78].

5.2.4 Required Copper Stabilisation

Since the forming process of a busbar such as bending it at the ends of a magnet becomes more
difficult with an increasing cross-section, one is interested to determine the minimum required
copper stabilisation. The simulation study includes the heat transfer through an insulation layer of
200 pzm thickness and the complex cooling model (adjusted model 3).
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Cooling | Simulation P Uthres || Vquench | Tmaz | Taa | zone | Quenchload | tge: | Umaax
model | parameter [m] [V] [vs] | [K] | [K] | [m] [A?%S] (sl | [V]
- adiabatic 5 104 383 - 309 1.3810'° | 456 | 16.9
1 simplemodel | 0.0035 5 031 450 |480 | 64 149.10'° | 861 | 85
2 tsboit = 20ms | 0.0160 5 0.30 688 | 710 | 54 1.69-101° | 68.2 | 11.3
2 t£.boil = 00 0.0069 5 0.30 576 | 780 | 55 1.74101° | 71.9 | 105
- adiabatic 1 110 206 - 272 105109 | 226 | 6.6
1 simplemodel | 0.0035 1 0.31 214 | 240 | 46 1.1310'° | 500 | 26
2 tsboit = 20ms | 0.0160 1 0.30 318 | 325 | 38 1.28101° | 400 | 3.7
2 tf.boil = 00 0.0069 1 0.30 261 | 355 | 37 133101 | 426 | 33
3 li50=200 Lm 0.072 1 0.36 297 | 334 | 49 1.29.10'° | 380 | 35

Table 5.2: Detection timesand hot spot temperatures for a main busbar quench inthe LHC (4,,;=303 mm?).
The wetted perimeter is the fit parameter for model 1 and 2 (no insulation layer; 1= heat transfer asin
Eqg. 3.85; 2= heat transfer asin Eg. 3.84). The cooling model parameters used are given in Table5.1. T,4
is the adiabatic temperature calculated for the given quench load; zone is the expected maximum length of
the normal-conducting zone.

A decrease of the copper cross-section reduces the quench load and the heat capacity of the
conductor (less material), increases the heat generation per unit length, and leads to a faster
temperature increase. This resultsin afaster quench propagation and an earlier quench detection.
The quench detection time as a function of the copper cross-section is shown in Fig.5.3. The
guench propagation vel ocity increases with the current and a reduced cross-section (see Fig. 5.4).

The increase of the copper cross-section yields a smaller hot spot temperature, since the heat
capacity of the conductor increases and the heat generation decreases. For a detection level of
Uq4e:=1V the hot spot temperature was simulated as a function of the copper cross-section and
operating current for the busbars of the main dipole and quadrupole magnets. The simulation
result of the hot spot temperature as a function of copper cross-section isshown in Fig. 5.5.

The minimum required copper cross-section to avoid temperatures higher than 400 K
was simulated to be AMB=240 mm? for the dipole magnet busbar and A =160 mm?
for the quadrupole magnet busbar. The copper cross-section of the quadrupole magnet
is smaller because of the shorter current decay time constant. Due to this reduction the
guench detection time is only half as long as for the dipole busbar.

Cooling by helium reduces the hot spot temperature with respect to the adiabatically calculated
temperature up to 200K for agiven quench load. The hot spot temperature varies by lessthan 10 %
for the different cooling models assuming the same detection time. When the quench detection
time is determined for each cooling model, the hot spot temperature varies by about 20 %.

5.2.5 Reduced Copper Stabilisation along Short Stretches

Interconnects are normal-conducting junctions of superconducting cables. The superconducting
cables overlap and are connected either by ultrasonic welding or soldering. Typical values of
interconnect resistances are about a few 1072 Q. A schematic view of the different types of
interconnectsis shown in Fig. 5.6.

Interconnects appear in magnets between layers and poles that are wound with different cables.
The LHC twin aperture dipole has seven interconnects inside the magnet (four poles with two
layers) and two interconnects to the busbars.
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Figure 5.3: Smulated quench detection time as a function of copper stabilisation for the main dipole busbar

at various operating currents.
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Figure 5.5: Hot spot temperature as a function of copper cross-section (stabilisation and cable fraction) for
the busbars for the main dipole (top) and quadrupole magnets (bottom) at various operating currents. The
adiabatically calculated hot spot temperature is presented in addition to the simulated hot spot temperature
including cooling by helium for the quench load obtained for the quench simulation.
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g N\

Figure 5.6: Schematic view of interconnects: a) in magnet windings; b) between main busbars; c) between
busbar cables.

A simulation study was carried out to investigate possible reductions of the copper cross-
section of main busbars in interconnects. A simulation result is shownin Fig. 5.7.

In the given example the quench started at =0 and the copper stabilisation was reduced at six
different positionsby A A, asfollows:

1. AA.,=40mm?aong10cm
AA.,=80mm? along 10cm
AA.,=40mm? along 5cm
AA.,=80mm? along 5¢cm
AA.,=40mm? along 20cm
AA.,=80mm? along 20cm

The hot spot temperature in the simulation does not reach excessive temperatures because the
guench did not start at a position with smaller copper cross-section. If the quench starts close to or
at a position with less copper stabilisation, the simulated temperature becomes unacceptably high
(keeping the busbar layout as described) as shown in Figs. 5.8 and 5.9.

S Uk owd

The present baseline for the interconnects of the main busbars is to keep the overall
cross-section constant, which means a reduction of the copper cross-section by about
20mm?2. The simulation studies showed that this reduction does not risk excessive
temperatures if a quench starts in an interconnect.

5.3 Busbar Cables

String | Tests

Quench experiments were performed in Stringl with a 100m long prototype cable installed in
a stainless steel tube inside the bore of the dipole magnets. The prototype cable parameters
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Figure 5.7: Impact of reduced copper stabilisation along short stretches of a main dipole busbar (simulation
for a quench starting at 12 kA, quench detection at 1V, standard copper stabilisation of 296 mm).
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Figure 5.8: Impact of reduced copper stabilisation along short stretches of a main dipole busbar with the
guench starting close to a weak point (the simulation parameters are given in Fig. 5.7).
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Figure 5.9: Impact of reduced copper stabilisation along short stretches of a main dipole busbar with the
guench starting in a weak point (the simulation parameters are given in Fig. 5.7).
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were 7.,/s. =9, made of 18NbTi filaments, diameter of 1.6mm (A, =2mm?) and a 200xm
thick insulation layer of polyimide tape. The maximum quench current without applied field was
about 1700 A. Since the cable was not fixed, a training in quench current was observed when an
external magnetic field was applied. Changing the direction of the current flow, a detraining was
observed [51]. No natural quenches occured in the operating range of the cable (up to 600A).
Quenches were provoked with spot heaters and the quench propagation was measured by the
resistance growth. Since the copper resistivity remains constant up to about 20K, the increase
of resistance is due to the expanding normal-conducting zone. The evaluation of the quench
propagation with this method is restricted to short times after the quench start since the hot spot
temperature at the quench origin exceeds 20K within some 10ms. This method also requires
the correct measurement of the RRR value. The comparison of the measured and simulated
guench propagation velocity is shown in Fig.5.10. The prototype busbar cable was cryo-stable
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Figure 5.10: Comparison of simulated and measured quench propagation velocity of the 600 A prototype
busbar cable.

below an excitation current of about 220 A. The simulation study shownin Fig.5.10 used asimple
helium cooling model (Eq. 3.85) including heat transfer through the insulation. Due to the small
heat conductivity of the insulation material, the insulation layer thickness determines the cooling
efficiency and the simulation outcome for insulated conductors depends less on the model of the
heat transfer coefficient h¢ than conductors without insulation.

Experiments in Block 4

Tests were also performed on a prototype busbar cable instaled in the bore of a short prototype
dipole magnet in Block 4. Thefirst quench current at 1.8 K appeared at about 1400 A. Theinstalled
spot heater could not provoke a quench below 500 A. The measured quench propagation velocity
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halved, which could be explained with more efficient cooling and a change of the RRR value.
The RRR is affected by many steps in the manufacturing process and can cover a broad range
(50-200). Asitisdifficult to keep the temperature in the cryostat constant in the range of 10-20K,
the RR R measurement can have alarge error.

Experiments on another prototype busbar cable performed in Block 4 gave a quench propaga-
tion velocity of 6-8 m/s at 600 A. Below a current of 250-300A the conductor was cryo-stable.
Above 400-500 A the quench propagated quickly and a thermal runaway occured at the quench
origin with temperatures up to 300K. In the intermediate quench current region the quench
propagated slowly but the temperature at the quench origin remained below 20K. Simulation
studies performed with the matrix model in SPQR (see Section3.5.2) explain the experimental
result [75]. At the propagating front, the heat generation is stronger than the heat flux through
the insulation into the helium leading to an expanding normal-conducting zone. At the quench
origin, the heat generation and heat flux from the conductor into helium are equal which yields
a metastable situation and the temperature remains constant until the entire helium reservoir is
warmed up.

Experiments on Feedthroughs

Each LHC cdll isacryogenic unit that allows awarm-up of a cell while the rest of the arc cryostat
remains at 1.9K. The busbars are fed through plugs that separate the helium bath of two adjacent
cells. The cooling of the busbarsin the plugs is much weaker since a different material (generally
epoxy) isused for athicker insulation layer.

Experiments were carried out to determine protection issues for the plug design. The
SPQR quench model has been extended to simulate a quench originating in a plug. Excessive
temperatures in the plug can be avoided with short plugs (<4 cm) due to the longitudinal heat
conduction, which results in a fast propagation of the quench, or with long plugs (>>8cm)
by reason of the heat capacity, which allows more energy to be dissipated in the plug before
overheating. Such a plug length allows a quench detection threshold of 0.2V and a current decay
time constant of about 3 sto keep the hot spot in the plug at about 300K.

Assuming that the ends of the plug remain at the helium bath temperature, the temperature in
the plug does not exceed 20K because of the longitudinal heat conduction. The resistive voltage
reaches about 10 mV. Experimental results showed that the quench propagation continues at the
ends of a plug.

5.4 Protection of Busbars

In order to protect the busbar, areliable quench detection isrequired (see Section 1.5). The quench
can be detected either locally or globally (see Section8.1.1):

e thelocal quench detection is based on the installation of voltage taps between the magnets
in the busbar. The voltage across two taps is compared with the neighbouring voltage and a
quench is detected if the voltage difference exceeds a predefined threshold. This detection
scheme would require about 2000 local quench detectors for the busbars of the LHC main
magnets. Using the same guench detection scheme for the 600 A busbar cables means about
7500 detectors for the spool piece busbars and about 15500 detectors for al circuits of the
lattice corrector magnets (one quench detector for every half cell).
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¢ the globa detection measures the current and voltage across the entire cold part of the
circuit. In order to detect a quench at any time (i.e. during the current ramp) the global
voltage detector computes the inductive voltage as a function of the circuit inductance and
the time derivative of the excitation current. The quench is detected when the difference of
the measured and expected voltage exceeds a threshold. The use of global detection reduces
the number of required quench detectors but requires a higher detection threshold as the
noise level can be larger.

From the experimental results and the simulation studies, it was concluded that a global
qguench detection scheme is adequate for the protection of the busbars using a voltage
threshold of about 1V for the main busbars and 0.2-0.5V for the 600 A busbar cables.

5.5 Current Leads

Current leads are the feedthroughs that connect the cold part (at 1.9 or 4.2K) to the warm part of
the circuit (at ambient temperature). They are designed to minimise the heat load on the cryogenic
system. In order to reduce the heat conduction, the cross-section of a current lead should be small
which increases its resistance per length and the heat generation. Reducing the heat generation by
increasing the cross-section leads to alarger heat conduction.

The cross-section of a current lead decreases towards the cold end since the resistivity and the
heat generation reduces with decreasing temperature. The evaporated helium in the cold massis
used to cool the current leads with forced gas flow along the lead.

Theuse of high critical temperature superconductors (HTS) for acertain length of acurrent lead
reduces the heat generation and enables the current lead to be designed with asmaller cross-section
with respect to conventional copper current leads (see Fig. 5.11) [32].

The LHC will contain various types of current leads. About 700 different circuits use current
leads with a high critical temperature superconducting part: all circuits with main magnets and the
600 A circuits powering the lattice and multipole corrector magnets. The closed orbit corrector
magnets are operated at 60 and 120 A and will be powered with conventional copper current leads.

The superconducting current |eads are protected with voltage detectors. Three voltage taps are
installed at the top, at a midpoint and at the bottom. The power converter is switched off if one of
the two voltages exceeds a predefined threshold. The current leads are designed to withstand the
current decay when the quench originates in the high temperature superconducting part.
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Figure 5.11: Sketch of a current lead using high critical temperature superconductors (courtesy of A. Bal-
larino): HTS= high critical temperature superconductor; LTS= low critical temperature superconductor;
LHe= liquid helium.
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Chapter 6

Quenching of Corrector Magnets

The LHC corrector magnets are for the correction of field errors in the main magnets (generally
in the dipole magnets), and for the control of beam parameters. The corrector magnets are wound
with wires made of twisted NbTi filaments inside a copper matrix. The quench propagation
is more complicated than for busbars, as the quench propagates longitudinally along the cable
and transversely between layers and turns inside the magnet coils. The transverse quench
propagation can dominate the resistance growth. The current decay during a quench causes a
change in the magnetic field, which induces eddy currents in between the twisted filaments of
the superconducting cable. These interfilament coupling currents lead to losses due to the copper
matrix between the filaments. The induced heat generation can cause a massive quench that is not
thermally connected with the guench origin. The importance of this quench process, known as the
magnetic quench back, has been demonstrated during quenches of various prototype magnets.

After presenting the model of the quench process inside corrector magnets, the quench back
effect is explained. Experimental results from various prototype magnets are presented and
compared with the outcome of finite difference method cal culations, which include the modelling
of eddy currents during a quench. The results are extrapolated to simulate a quench of a corrector
magnet in a circuit with several magnets connected in series. The conclusionsfor the protection of
these magnets are discussed.

6.1 Corrector Magnets for the LHC

The various LHC corrector magnets were introduced in Section1.3.3. The LHC dipole magnets
will be equipped with sextupole (MCS), octopole (MCO) and decapole (MCD) correctors to
compensate the strongest higher order field components.

The lattice correctors with different coil designs are:

e the chromaticity sextupoles (MS) and skewed sextupoles (MSS) that have identical cail
design.

¢ thetrim quadrupole magnets (MQT) for adjusting the beam tunes and the skewed quadrupole
magnets (MQS). The MQS corrector coilsareidentical to the MQT design.

e the long trim quadrupole magnets (MQTL) for the adjustment of beam parameters. At
several locationsthe MQTL magnets will be operated in series of five magnets per circuit to
replace a main insertion quadrupol e magnet.
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¢ the arc octopole magnets (MO) for steering beam parameters (Landau damping).

6.1.1 Parameters of the LHC Corrector Magnets

The parameters of the corrector magnets connected in series are given in Table6.1. The 600A

Magnet MCS | MCD | MCO | MS | MQT | MQTL | MO
Atot [mm?] | 0.689 | 0.689 | 0.214 | 0.689 | 0.689 | 0.689 | 0.689
TCu/SC 1.6 16 4 1.6 16 1.6 1.6
Magnet length [m] 0.11 | 0.066 | 0.066 | 0.369 | 0.32 13 0.32
Inductance [mH] 0.8 04 04 36 31 120 15
Nominal current [A] 550 | 550 | 100 | 550 | 550 550 550
Maximum family size 154 77 77 12 8 5 12
Energy/circuit [kJ] 186 | 466 | 015 | 653 | 375 | 908 3.0

Table 6.1: Parameters of the corrector magnets connected in series.

corrector magnets are wound with the same cable (A,,,=0.689mm?). For illustration the cross-
section of the MS magnet is shown in Fig 6.1. The powering parameters of the different circuits of

iron yoke

shrink
cylinder

Figure 6.1: Cross-section of the chromaticity sextupole magnet (MS). The coil is wound with 8 layers
consisting of 14 turns each.

the multipole and lattice corrector magnets are listed in Table 6.2 showing the number of magnets
in a circuit, the number of circuits, the stored energy and electrical parameters (inductance L,
operating current I, stored energy Ey, and current decay time constant 7). The current decay time
constant 7 is computed by the circuit inductance and the resistance of the circuit (warm part at
300K).

Several types of closed orbit corrector magnets are required for the LHC: the standard dipole
corrector (MCB) in the arcs, which is placed next to the chromaticity sextupole magnets (MS); the
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Magnet number of Lot Iy | Bir | T
name magnets | circuits | [H] | [A] | [kJ] | [9]
MCS 154 16 0.123 | 550 | 18.6 | 14.5
MCD 77 16 0.031 | 550 | 4.66 | 3.6
MCO 77 16 0.031| 100 | 0.15 | 0.9

MS 12 32 0.432 | 550 | 65.3 | 51.0

MS 10 32 0.360 | 550 | 54.5 | 42.5

MS (MSS) 4 16 0.144 | 550 | 21.8 | 66.0
MQT 8 32 0.248 | 550 | 37.5 | 29.3
MQT 1 64 0.031 | 550 | 4.7 | 155
MQT (MQS) 4 8 0.124 | 550 | 18.8 | 57.0
MQT (MQS) 2 16 0.062 | 550 | 9.4 | 31.0

MQTL 5 8 0.600 | 550 | 90.8 | 83.1

MQTL 2 8 0.240 | 550 | 36.3 | 82.8

MQTL 1 56 0.120 | 550 | 18.2 | 60.0

MO 13 16 0.020 | 550 | 3.0 | 10.0
MO 8 16 0.012 | 550 | 1.8 | 6.0

Table 6.2: Parameters of the lattice and multipole corrector circuits.

dipole corrector magnetsin the insertions (MCBC, MCBR and MCBY); and the dipole correctors
in the inner triplet (MCBX) between the strong focusing quadrupole magnets MQX close to the
experiments. The dipole corrector magnets are powered individually. Table6.3 gives their main
parameters.

Magnet | Number Cable parameters | length L Io | Bt | Toarn
name | of magnets | Ay [MM?] | reusse | [m] | [H] | [A] | [KJ] | [K]
MCB 752 0.110 4.0 0.65 | 7000| 60 | 126 | 1.9

MCBC 156 0.214 4.0 0.84 | 2600|120 |18.7| 1.9

MCBR 16 0.214 40 0.84 | 2240 | 74 |6.13| 45

MCBY 80 0.214 4.0 0.84 [ 4100|120 | 295 | 45

MCBX 48 1.301 1.6 0.50 | 0.166 | 600 | 299 | 1.9

Table 6.3: Parameters of dipole corrector magnets and their cables.

As can be seen in Table6.1 and 6.3 the cross-section of the conductors used to wind corrector
magnets is small with respect to the busbar powering these magnets (see Section5.3). Since the
guench propagation velocity changes with the cross-section, the normal conducting zone spreads
out faster with respect to a quench in abusbar. The temperature also increases faster.

6.2 Experimental Results

The current versustime is shown for atypical quench of a prototype magnet in Fig. 6.2 (top) (here
for aMQTL quadrupole magnet). The current decays within 0.25s. The lower diagram in Fig. 6.2
shows the start of the current decay with and without filtering. The data smoothing reduces the
scatter of 420 A to about +3 A.
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Figure 6.2: Current measurement during a typical quench in a prototype corrector magnet (here for a
MQTL quadrupole magnet): current decay (top); and the effect of filtering the data with the extraction
program team_convert (see Section 4.4) (bottom).
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The voltage devel opment during a quench is shown in Fig. 6.3 for a quench in aMS prototype
sextupole magnet; a resistive voltage is positive, an inductive voltage negative. The predicted
inductive voltage signal per pole is aso shown (signal ‘Idl/dt’). The data acquisition saturates at
about 25V, which is reached by the first quenching pole (signal ‘p2’). At ¢t =0, the quench is
detected and the power converter is switched off (short circuited), which induces a noise signal
in the voltages. The other pole voltages are purely inductive until about 20ms after quench
detection. The difference between the predicted inductive voltage and the pole voltages after this
time indicates a resistive contribution which can be explained with magnetic quench back (see
Section 3.4.2).

As the quench propagation from one turn to the next takes about 2-3ms, a time of about
30-45ms is required for the transverse quench propagation from one pole to the next. With a
longitudinal quench propagation velocities of about 30-40m/s at nominal current and a magnet
length of 0.5m (prototype length, length for the machine is 0.369 m), the longitudinal quench
propagation takes about 12 msto quench an entire turn. Apart from the pole in which the quench
originated, all other poles start quenching within a time interval of 2ms in the given example,
which cannot be explained by longitudinal or transverse quench propagation. Quench back due to
atemperature increase by induced eddy currents can explain thisquench process. For compl eteness
the current decay curveis shown for the same quench.

Quench Propagation

The longitudinal quench propagation velocity was determined for various prototype magnets
(MS, MQT, MQTL) that were instrumented with voltage taps and spot heaters as described in
Section4.1.

An example of the quench propagation velocity measured at 600 A in aMQT magnet is shown
inFig.6.4.

The longitudinal quench propagation velocity can aso be derived from the voltage growth at
the start of the quench when the resistivity isindependent from the temperature (up to about 20 K)
and the RRR vaue is known. This has been done for the closed orbit corrector MCB and the
chromaticity sextupole magnet MS.

Thetransverse quench propagation vel ocity was measured in various prototype magnets (MQT,
MQTL, MSand MCB) with the help of installed voltage taps between several layersand turns. The
timedelay At, required to quench an adjacent turn or layer can also be determined from the growth
of apolevoltage. When anew turn startsto quench, the slope of the voltage increases. This method
was used for the MCS and MQTL prototype magnets. An exampleis shown in Fig. 6.5 (measured
inaMQTL magnet).

The quench propagation can aso be obtained indirectly by changing the input parameters for
the longitudinal and transverse quench propagation velocity in the QUABER simulation model.
When the simul ation reproduces the measured quench load for various quench currents, the quench
propagation parameters are known. This method was used for the MCO and MCB magnets.

An overview of the experimentally derived longitudinal and transverse quench propagation
velocity at various currentsis given in Table6.4.

Protection by a Parallel Resistor

When several magnets are connected in series per circuit, the magnets can be protected with
resistors that are mounted parallel to each magnet (see Section1.5). In case of a quench, the
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Figure 6.3: Current decay and pole voltages (‘pl—6') measured during a quench of a MS prototype
sextupole magnet (MCSS BC, quench 304). The data acquisition saturates at 25V which is reached by
the first quenching pole (signal ‘p2’). The other pole voltages stop being purely inductive and start to
gquench 20 ms after quench detection within a time interval of 2ms. This can be explained with magnetic
guench back (see Section 3.4.2) but not with longitudinal or transverse quench propagation.
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Figure 6.4: Longitudinal quench propagation velocity determined on a MQT prototype quadrupole magnet.
Theerror barsrepresent the scatter of the measurements for various quench experiments at the same current.
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Figure 6.5: Transverse gquench propagation velocity determined with the voltage development in a
MQTL prototype quadrupole magnet after a provoked quench at 400 A. The resistivity is assumed to be
constant. This means that the slope of the voltage only increases when a new turn starts to quench. In the
given example, the turn-to-turn delay is about 7ms.
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Magnet | [ Uy At, | evaluation
name [A] | [m/s] | [ms] | method
MQT 600 | 30-40 | 3-4 | direct with voltage tapsin the coil

MQTL | 600 | 25-35 | - | direct with voltage tapsin the cail / voltagerise
MS 580 - 2-3 | voltage tapsin variouslayers
MCB 55 1-2 | voltagetapsin various layers

MCS 550 | 25-30 | 2-3 | voltage rise of the pole voltages
MCO | 110 | 30-50 | 1-2 | cdibrated simulation for quench load reproduction

Table 6.4: Results of the evaluated longitudinal (v,) and transverse (At;) quench propagation in corrector
magnets with direct measurements, voltage development analysis and the help of calibrated simulation
studies.

resistance grows inside the magnet and exceeds the value of the parallel resistor. Consequently,
the current starts to bypass the quenching magnet and the stored magnetic energy of the other
magnetsin the seriesis dissipated into the parallel resistor.

The current distribution of a corrector magnet protected with a parallel resistor of 100 mS2 was
measured in aMCS magnet. A largeinductance was switched in serieswith the MCS magnet. The
load inductance resulted in a Slower current decay (/;;) in the circuit. The parallel resistor led to
afast current decay inside the magnet (7,,,,,) and the current started to flow through the parallel
resistor (/z,). An example of the measured current distribution is shown in Fig. 6.6.
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Figure 6.6: Current distribution after a provoked quench at 600 A in a MCS prototype magnet equipped
with a parallel resistor for protection.

The current decay in the magnet was derived from the measured value of the parallel resistor
R,, the voltage across the magnet and the total current. The voltage across the magnet is identical
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to the voltage across the parallel resistor, which is used to compute the current in the magnet and
its resistance growth. The value of the parallel resistor R,, is assumed to be constant
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As can be seen in Eq. 6.1, a leakage current flows through the parallel resistor when the current
changes. This leakage current causes an additional heat load and an offset between the current
provided by the power converter and the current flowing through the magnet. This might require
a compensation by the power converter control for the precision of the magnetic field (see also
Section6.4). If aparallel resistor isrequired for protection, a single value is used for one type of
magnet in order to simplify the production and installation in the machine.

Magnetic Quench Back

Magnetic quench back that is caused by induced eddy currents during the current decay (see
Section 3.4.2) has been observed in many prototype corrector magnets [79], for example in the
sextupole magnet MCS, in the quadrupole magnets MQT and MQTL, and the chromaticity
sextupole magnet MS. An example for observed magnetic quench back is given in Fig.6.7 for
a training quench at about 1000A of a MCS magnet. The quench starts in pole 6. At 96ms
the other five poles develop a resistive voltage due to magnetic quench back. The transverse and
longitudinal quench propagation can not explain the appearance of aquenchin five polesin atime
interval of about 1 ms.

6.3 Simulation Studies

Finite difference method cal culations were performed with SPQR to predict the longitudina and
transverse quench propagation and to study the quench back effect in corrector magnets. The
outcome of SPQR simulations was crosschecked with experimental results presented above and
used as input for QUABER simulations. These were carried out to study protection issues for the
corrector magnets.
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Figure 6.7: Current decay and pole voltages of a MCS sextupole magnet showing a magnetic quench back:

the negative current at the end of the decay is a consequence of the bipolar power converter control that
applies a negative voltage for a fast current decay. The slow current control loop causes that the power
converter does not stop at zero current but applies a current in opposite direction before going to zero. The
guench appears at 90 msin pole 6. The voltages of the poles 1-5 stop being purely inductive at 96 ms and
start to quench. The other five poles quench at the same time which can be understood by quenching due to
losses of induced eddy currents, which is called magnetic quench back. Thermal quench propagation can
not explain the quenching of five poles at the same time.
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6.3.1 Quench Propagation

Since the evaluation of the temperature profile becomes very time-consuming with an increasing
number of finite elements, SPQR could not be used to model the quench process in an entire coil.
The simulations were carried out as described before for the busbars to derive the longitudinal
guench propagation. An example is shown in Fig.6.8. In a second step, the ssimulation was
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Figure 6.8: Smulation of the longitudinal quench propagation in a lattice corrector magnet with a quench
current at 600 A (A;p; = 0.689 mn?, r..,, /sc = 1.6, RRR = 80). The time between two neighbouring curves
islms.

repeated with atwo-dimensional model including several layersto simulate the quench propagation
from one layer to the next. This allowed a crosscheck of the simulation result for the longitudinal
guench propagation in the one-dimensional model. The simulation was also carried out with a
three-dimensional model (several layers and turns) to obtain the quench propagation from one turn
to the next.

The small dimensions of the corrector cable require that the initial timestep must be set in
the range of 1-2ns in the three-dimensional model and that a longitudinal discretisation of 1—
5mm must be used. For the computation of the longitudinal quench propagation with the one-
dimensional model, consistent results are obtained with alongitudinal discretisation of up to 1 cm.

The longitudinal quench propagation velocity was simulated to be about 35m/s at 600 A and
an applied magnetic field of 3tesla. Changing the magnetic field in the range of 2.5-4tesla leads
to a change of the quench propagation velocity of +5m/s.

The turn-to-turn delay at 600 A and 3teslawas simulated to be 3.2ms which is dlightly larger
than the experimental result (for an epoxy insulation layer of 120 xm). The result strongly depends
on the thickness of the insulation layer between two turns or layers which was assumed to be twice
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the thickness of the cable insulation layer. An insulation layer thickness of 100 um resultsin a
turn-to-turn delay of 2.8 msat nominal current.

6.3.2 Magnetic Quench Back

The theoretical description of magnetic quench back was introduced in Section 3.4.2 and experi-
mental evidence was described in Section 6.2.

The current decays after the start of a quench with a time constant of some ten milliseconds
in an individually powered corrector magnet. Depending on the magnet and cable parameters,
guench back can start as early as 10ms after a natural quench (see Eq.3.54). The simulation
results for magnetic quench back agree with results from tests with single corrector magnets. The
guench back start-time for the MCS magnet was experimentally determined to be 9ms (for a
natural quench at 1000A and 5tesla). The simulation results in a quench back start-time of 8 ms.
Changing the initial magnetic field by 0.5tesla affects the simulation outcome by about 1 ms.

The impact of the filament twist pitch of the conductor has been tested experimentally on two
MCS (spool piece sextupole magnets). The strength of the induced interfilament coupling currents
is proportional to dB/dt - Lf/pcu (1 —exp(—t/7;f)). Using afirst order Taylor expansion series
for short times gives (1 — exp(—t/7;f)) ~ t/7y. Inserting 7,5 o Lf/pcu shows that the effect of
adifferent twist pitch and p.,, cancels for short time scales. Typical values of 7;; are about 10 ms,
thus the approximation can be used for a quench back starting in that time range.

The cables had twist pitches of 18 mm and 40mm and RRR valuesof 130 (for L/=18 mm) and
50 (for ng =40 mm). The quench back started about 2 msearlier in the magnet with the 40 mm twist
pitch cable which is likely to be due to the RRR value with larger resistivity at low temperature.
Since P pculff and the effect of a changed twist pitch length cancels on a short timescale, the
different quench back start-time is due to the RRR value, which was also confirmed in SPQR
simulation studies.

During a current ramp with constant d/dt¢ the larger L;f yields stronger induced coupling
currents compromising the field quality. If aguench isfollowed by afast current decay, the quench
back start-time is very small and a change of the twist pitch from 18 mm to 40 mm does not
accelerate the start of magnetic quench back. It was therefore concluded to use the smaller twist
pitch length for the series production of the corrector cables.

SPQR simulation studieswere carried out to extrapol ate experimental resultsto the LHC circuit
with up to 154 magnets powered in series and slower current decays, in order to determine whether
magnetic quench back is a reliable mechanism for magnet protection. The simulation outcome
is shown in Table6.5 as a function of the current decay time constant, RRR, and various twist
pitches.

For a current decay time constant longer than 0.1s, magnetic quench back does not
start fast enough to be helpful for magnet protection. The current decay in magnets
equipped with a parallel resistor can be fast enough to cause magnetic quench back
early, which is not needed for protection in this case because of the parallel resistor.

Tests on protype magnets with alarger inductance confirmed that quench back does not occur after
aquench in amagnet with a current decay time constant significantly larger than 0.1s.

Table6.6 compares the experimental and simulation results for the quench propagation in
corrector magnets.
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L;,‘ [m] 0.001 | 0.005 | 0.010 | 0.050 | 0.100 | 0.500 | 1.000 | 5.000
RRR=80, 7=0.1s - - late | yes | yes | late - -
RRR=130, 7=0.1s - - late | yes | yes late - -
RRR=80, 7=0.25s - - - late | late - - -
RRR=130, 7=0.25s - - - late - - - -
RRR=80, 7=0.5s - - - - - - - -
RRR=130, 7=0.5s - - - - - - - -

Table 6.5: Smulation results for the magnetic quench back effect in corrector magnets. Magnetic quench
back that starts early enough for protection is marked as ‘yes . Magnetic quench back that appears but too
late to be helpful for protection is marked as ‘late’. The simulation study was carried out as a function of
the changeable cable parameters (L}f = 18 mmfor the LHC corrector magnets).

| simulation | experiment

Vg 35m/s | 30-40m/s
At 3.2ms 2-3ms
guench back start 8ms 6-9ms

Table 6.6: Comparison of quench simulation studies and experimental results at 600A and a current
decay time constant of 70ms for the standard cable of the lattice corrector magnets in a MCS caoil
(Asor = 0.689 MNP, 7, /sc = 1.6, RRR= 80).

6.4 Protection of the Corrector Magnet Circuits

A protection similar to the main magnets (with local quench detection and guench heaters, see
Sections1.5 and 7.1) cannot be considered for the corrector magnets, since this would be an
over-design, possibly compromising LHC operation reliability [79]. As every active element has
a certain failure rate, an active protection system for the corrector magnets would increase the
downtime of the machine.

QUABER simulations are performed to simulate a quench in a corrector magnet connected
in series and to determine the required protection for the various circuits of corrector magnetsin
the LHC. The outcome of the SPQR simulation studies and the experimental results of prototype
magnets [62, 80, 81] are used as input parameters for the calibration of the QUABER model. The
temperature cal culations are performed with two different models: a conservative model assuming
the quench remainsin asingle coil (model 1), and a more realistic model assuming the quench can
propagate from one coil to the others (model 2). The power converters for the corrector magnet
circuits are voltage limited. In order to define a current power source with a voltage limitation of
8.5V in SABER, anegative current had to be used.

The protection system for the corrector magnet includes quench detection, energy
extraction, and possibly the installation of parallel resistors.

The magnetic energy of the circuit can be extracted in two different ways:

e by adump resistor that is switched into series with mechanical switches (same principle as
for the 13kA circuits). The voltage-to ground-limitation is about 420V, thus allowing an
extraction resistor of up to 700 mS2.
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e by asmall resistor that can be switched into series by thyristors when the power converter is
switched off. The voltage-to-ground limitationisabout 30V, thus allowing asmall extraction
resistor of about 50 m(2.

Lattice Corrector Magnets

The results of the QUABER simulations are given in Table6.7, which includes the number of
magnets connected in series for the corrector circuits and the required protection (value of parallel
and extraction resistor). The quench detection parameters are a threshold of 1V and a quench
verification time of 20ms. The hot spot temperature does not exceed 200-240K.

Magnet | Current | Magnetsper | Energy Rey | Rpar Reason for energy

name [A] circuit | extraction | [mQ] | [m$2] extraction

MCS 550 154 yes 700 80 | protection of magnet and busbar
MCD 550 77 yes 700 - | protection of magnet and busbar
MCO 110 77 no - -

MS 550 12 yes 700 | 150 | protection of magnet and busbar
MS 550 10 yes 700 | 150 | protection of magnet and busbar
MSS 550 4 yes 50| 150 protection of busbar

MQT 550 8 yes 700 | 250 | protection of magnet and busbar
MQT 550 1 yes 50 - protection of busbar

MQS 550 4 yes 50| 250 protection of busbar

MQS 550 2 yes 50 - | protection of magnet and busbar
MQTL 550 5 yes 700 | 200 | protection of magnet and busbar
MQTL 550 2 yes 700 | 200 | protection of magnet and busbar
MQTL 550 1 yes 50 - | protection of magnet and busbar
MO 550 13 yes 200 - protection of magnet

MO 550 8 yes 200 - protection of magnet

Table 6.7: Foreseen protection schemes for the LHC corrector magnets. R... is the required value for the
protection of the superconducting elementsin the circuit. R, istherequired value for the parallel resistor.

e In order to protect the MCS spool piece corrector magnets, a parallel resistor of 80 mS2 and
an energy extraction resistor of 0.7 2 have to be installed.

Due to the smaller amount of stored magnetic energy, the MCD spool piece magnets can be
protected by a dump resistor of 0.7 2 without a parallel resistor. The dump resistor hasto be
switched into series within 90 ms after the quench start.

The MCO spool magnets are self-protecting when the power converter shuts down after
guench detection at a threshold of 8.5V. An example of the simulation result is shown in
Fig.6.9.

In order to keep the hot spot temperature within safe limitsfor the M'S magnets (chromaticity
sextupoles), a paralel resistor of 150m(2 or a parallel diode with a turn-on voltage of 1.5V
have to be installed (see Table6.8). The protection with aparalel diode was abandoned due
to technical reasons such as irradiation effects and others.
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Figure 6.9: QUABER simulation result of the hot spot temperature for a quench in one of the 77
MCO magnets connected in series showing the current, the voltage across the magnet, the resistance and the
adiabatically calculated hot spot temperature as a function of time. In order to simulate a voltage limited
power converter, a negative current had to be used for the simulation.

A energy extraction resistor of 0.752 is required for the circuits with 10 and 12 magnets
connected in series. A parallel resistor of 400 mS2 leads to a simulated hot spot temperature
of about 300 K which might betoo high. Such ahot spot temperature produces atemperature
gradient inside the magnet that can damage the impregnation of the coil. On the contrary,
a parald resistor of 400m¢2 would reduce the leakage current and a compensation in the
power converter control would not be required.

e A paralel resistor of 250m() has to be instaled paralel to the magnets for the trim
quadrupole circuits with 4 and 8 MQT magnets connected in series. Several dump resistors
are required for the different circuit types.

e Thelong trim quadrupole magnets (MQTL) that are connected in series of 2 and 5 magnets
per circuit are protected with a parallel resistor of 200 mS2. Different extraction resistors are
needed for the various MQTL circuits.

e The arc octopole magnets (MO) can be protected without parallel resistors by using a dump
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Resistance T ex Model 1 | T,,,.. Model 2
[m] [K] [K]
100 175 160
150 200 180
200 230 205
400 280 235
500 335 250
diode (U,,=1.5V) 180 160

Table6.8: Smulated hot spot temperature for the MSmagnet connected in series of 12 magnets as a function
of various paralléel protection resistors and a protection diode with a turn-on voltage of 1.5V.

resistor of about 200m¢2. A simulation result of the current decay, the temperature and
voltages curves versus time is shown as an example in Fig. 6.10.

Magnet | MCS | MS | MQT | MQTL
L[mH] | 08 | 36 | 31 | 120
Ry [MQ] | 80 | 150 | 250 | 200
dI/dt[Al§ | 10 | 10 | 10 10
L [A] | 01 | 24 | 124 | 6
Pras [TW] | 0.8 | 864 | 384.4 | 7200
dIJdt[Als | 52 | 14 | 29 | 05
Lear [A] | 0.052 | 0336 | 0.360 | 0.3
Pras [MW] | 02 | 169 | 322 | 18

Table 6.9: Heat load per magnet due to the parallel resistor for the corrector magnets for a current ramp
rate of 10 A/sand the maximum expected current ramp rate of each magnet type that is required for the LHC
operation.

The heat load due to the installation of a parallel resistor was calculated using the maximal
current ramp rate of 10A/s. Apart from the MQTL magnets connected in series of 5 magnets per
circuit, the heat load is small with respect to the given limits by the available cryogenic power.
The heat |oad reduces significantly applying the fastest current ramp rates that are expected in the
LHC to values of lessthan 50 mW per magnet (5.2 A/sfor the MCS magnet, 2.9 A/sfor the MQT,
1.4A/sfor the MS, and 0.5A/sfor the MQTL) [82]. The heat load is given for each magnet type
in Table6.9.

Closed Orbit Correctors

The individually powered closed orbit correctors do not require a special protection system.
The maximum temperature evaluated from experiments on prototype magnets is about 150K
(MCB magnets). The power converter for the closed orbit correctors can provide a maximum
voltage of 8.5V. When this voltage is exceeded, the power converter shuts down and the current
decays. QUABER simulations demonstrated that 8.5V is reached after about 150 msfor the MCB
magnet (operated at 60 A) and 50-70ms for the other closed orbit correctors (operated at 110A).
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Figure 6.10: Smulation example of a quenching MO magnet in a circuit of 12 magnets showing the
resistance, the voltage, the current and the adiabatically calculated temperature as a function of time. Asin
Fig.6.9, aninitial negative current is applied to simulate a voltage limited power converter.

An example of the simulation result is given in Fig. 6.11 for the MCBY dipole corrector magnet
operated at 110A.

The additional energy dissipated into the magnet until the voltage limitation of the
power converter isreached correspondsto afew percent of the stored magnetic energy
and does not significantly increase the hot spot temperature in the magnet. The closed-
orbit corrector circuits are therefore self-protecting.
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Chapter 7

Quench Process of Main M agnets

The main magnets of the LHC are the bending (dipole) and focusing (quadrupole) magnets in
the arcs and insertions. These magnets store a significant amount of energy and therefore have
to be protected by quench heaters as the natural quench propagation is not sufficient to avoid
overheating or excessive voltages. The quench process in the main magnets is the most complex
case as the heating of quench heaters has to be included in the model. Since these magnets are
made of Rutherford type cables, which consist of different wires (strands), a changing magnetic
field induces interfilament and interstrand coupling currents and losses at the contact resistances
that can cause magnetic quench back during the current decay after a quench. Tests on prototype
magnets have shown the important impact of magnetic quench back during fast current decays.

Quench experiments in the main dipole magnets are analysed with the help of simulation
studies. The quench model includes the quench back effect and forced quenching by heaters to
compute heater delays, adequate voltage detection thresholds and to simulate the impact of the
induced eddy currents. The conclusions of quench experiments performed on prototype main
quadrupole magnets for the arcs and the insertions are presented and compared with simulations.
The calculations that extrapolate the situation of a quenching main magnet in the LHC machinein
order to determine the required protection are outlined.

7.1 LHC Main Magnets

The LHC main magnets are the dipole magnets to deflect the beam and the quadrupole magnets
to focus the beam. In total 1232 dipole magnets will be installed in the LHC, 154 of them
connected in series in each sector. The apertures of the arc quadrupole magnets will be powered
in series of 47 and 51. In the insertions, the apertures of the quadrupoles (MQM and MQY) are
either powered individually or in series of two. When the strengths of the strong single aperture
focusing quadrupoles at the interaction points (MQX) is changed to collide the beams at nominal
energy, the strengths of the twin aperture magnets in the insertions can be individually changed
for the compensation of beam parameters (e.g. the transverse tunes). The beam opticsin the arc
therefore does not change. The protection scheme for the beam separation and recombination
dipole magnets (MBR family and MBX) and the strong focusing quadrupol e magnets close to the
experimental detectors (MQX) isincluded for completeness. The different LHC main magnets are
listed in Table7.1. The design parameters of the main magnets and their superconducting cables
are given in Section 1.3.3. The circuits parameters and protection equipment for the main magnets
are summarised in Table7.2.
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Magnet | Meaning Lypag [MH] | 1 [m]
MB Main arc dipole 108 14.3
MQ Main arc quadrupole 2x5.6 31

MBRA | Twin aperture (234 mm) separation dipole 50.6 9.45
MBRB | Twin aperture (194 mm) separation dipole 50.6 9.45
MBRC | Twin aperture (188 mm) separation dipole 50.6 9.45

MBRS | Single aperture separation dipole 25.8 9.45
MBX Single aperture separation dipole 25.8 9.45
MQM | Twin aperture insertion quadrupole 2x15.1 34

MQMC | Short twin aperture insertion quadrupole 2x10.7 2.8
MQML | Long twin aperture insertion quadrupole 2x21.3 4.8
MQR Single aperture insertion quadrupole 151 34
MQRL | Long single aperture insertion quadrupole 28.0 51
MQY Wide twin aperture insertion quadrupole 2x74.0 34
MQXA | 4 layer single aperture quadrupole 90.7 6.3
MQXB | 2layer single aperture quadrupole 19.1 55

Table 7.1: The various main magnets for the LHC. The MQXA single aperture magnets are provided by the
KEK laboratory, the MQXB by the FNAL laboratory. These magnets are located close to the experiments.
Their field gradient is very high to minimise the beam size and to maximise the luminosity.

Type > of > of | Lnax Lo Uget Atget R, Number
magnets | circuits | [A] [H] [V] [ms] [mQ] | of DQHTS

MB busbar 154 8 | 13000 16.5 1 5000 75 -

MB 1232 - | 13000 0.108 0.2 10 diode 4

MQ busbar 47/51 16 | 13000 | 0.263/0.286 | 0.5-1.0| 1000 | 6.6/7.7 -

MQ 392 - | 13000 | 2x0.0056 0.2 10 diode 2

6 kA busbar <4 180 | 6000 <0.15 0.2-1.0| 10-20 -

MQM+MQMC 24 | 5820 0.026 0.5-1.0 | 10-20 -

2 2
MQM 1 4| 5820 0.015 0.5-1.0 | 10-20 - 2
MQM at 45K 2 4 | 4650 0.030 0.5-1.0 | 10-20 - 2
MQM at 1.9K 2 24 | 5820 0.030 0.5-1.0 | 10-20 - 2
MQML 1 64 | 5820 0.021 0.5-1.0 | 10-20 - 2
MQR 1 8 | 4650 0.015 0.5-1.0 | 10-20 - 2
MQRL 1 8 | 4650 0.028 0.5-1.0 | 10-20 - 2
MQY 1 16 | 3900 0.074 0.5-1.0 | 10-20 - 4
MQY 2 12 | 3900 0.148 0.5-1.0 | 10-20 - 4
MQXA 4 8 | 7000 0.220 0.2-0.5 | 10-20 - 2
MQXB 2 8 | 11410 0.038 0.2-0.5 | 10-20 - 2
MBRA+MBRB 2 2| 6000 0.101 0.2-0.5 | 10-20 - 4
MBRC 1 8 | 6000 0.050 0.2-0.5 | 10-20 - 4
MBRS 4 2 | 6000 0.101 0.2-0.5 | 10-20 - 2

1 2

MBX 4| 6000 0.026 0.2-0.5 | 10-20 -

Table7.2: Thevarious circuits of the LHC main magnets and their protection (see Section 1.5). The number
of DQHTS (heater power supplies) is given per magnet. An overview for the corrector circuits can be found
in Table6.7.
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Quench Propagation

The simulation of a quench in main magnets wound with Rutherford cables includes longitudinal
and transverse quench propagation, the impact of induced interfilament and interstrand coupling
currents, and forced quenching by heaters.

A initial timestep of 0.05-0.1 s and a longitudinal discretisation smaller than 1 cm has to be
used for a stable computation of the temperature profiles with SPQR.

As for the corrector magnets, the one-dimensiona model was used first to compare the
simulation output for the longitudinal quench propagation with experimental results. This
crosschecked model was also used to study the heater performance and the quench impact of
induced eddy currents. The three-dimensional model was used to determine the transverse quench
propagation velocity.

The longitudinal quench propagation velocity at nomina current of 11.5-11.8kA of various
dipole magnets was measured to be in the range of 15-20m/s. Thetransverse propagation (turn-to-
turn delay) was determined as A¢;=10-15ms. Thelongitudinal quench propagation issimulated to
be 16 m/sand At; simulation yields 12 ms using the constant temperature gradient approximation
for the simulation of the heat transfer through the insulation layer (see Section 3.5.2) at nominal
current.

7.2 Quench Performance of Short Dipole M agnets

Due to the lengthy production time of 15m long prototype magnets, the short dipole magnet
program was launched. This meant that feedback was faster on experimental data concerning
design changes [83]. Short model magnets are built in-house and are cheaper than long prototype
magnets built in industry and many questions can be answered with experiments on short dipole
magnets. Parallel to tests on single aperture magnets (MBSMYS), twin aperture magnets (MBST)
are constructed to evaluate the impact of the twin aperture design.

Significant design modifications have been the change from a 5-block to a6-block cail structure
after magnet MBSM S 13 (see Fig. 1.8); collars made of stainless steel and aluminium; and varying
cable properties such asthe RRR = 60-200 and r,,/,. = 1.84-1.96. From MBSMS12 onwards,
the outer layer of the magnets was wound with a Rutherford cable containing more helium (4.5 %
instead of 3%).

The last constructed single aperture magnet was MBSMS23 followed by the assembly of
several twin aperture models (MBST 4-MBST 9). The insulation layer material was changed after
MBST 6 from the polyimide Kapton?, to the polyimide Apical®.

Training

The maximum magnetic field after training is higher for magnets with the 6-block design and
those built with stainless stedl collars (see Fig. 7.1). Using a Rutherford cable that contains more
helium does not have an impact on the training level. Various coil designs have been compared
by the ratio of the reached guench current and the nominal current, which is about 1.18 to 1.23
for 6-block magnets, and 1.11 to 1.19 for 5-block magnets with aluminium collars. The higher
values of 6-block magnets are due to the improved mechanical design and an increased mechanical
stability.

Trademark of DuPont Corporation

2Trademark of Kanegafuchi Chemical
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Figure 7.1: Reached quench currents of different short dipole models (magnets MBSM S1 to MBSM S18) for
quenches without energy extraction. Some magnets have been retested after a modification (e.g. recollaring),
which isindicated by the number of the magnet version V1, V2, etc.

When the full energy is deposited in the magnet (no energy extraction), detraining can be
observed [84], which means that the quench current decreases with respect to the previous level.
This has always been the case when the quench occurs in the outer turn of the outer layer (turn 16,
block 2, highest field of the outer layer). The observed detraining is stronger for 6-block magnets
because of higher quench currents. In magnets with stainless steel collars detraining is less
pronounced.

With respect to short dipole magnets, the 15m long prototype magnets tested so far reached a
maximum field of 9tesla after several training quenches (2-10 quenches). The quench currents are
in average lower by about 500-1000 A with respect to short dipole magnets (corresponds to about
0.7teda).

Current Decay

For areliable machine performance, the magnet should quench closeto the critical current to avoid
accidental gquenches at the operating current. Since a higher quench current increases the quench
load, which also increases the hot spot temperature, a more powerful magnet protection systemis
required. The quench propagation vel ocity increases with the current, which resultsin afast current
decay after aguench at ahigh current as the resistance in the magnet grows faster. 6-block magnets
and 5-block magnets with stainless steel collars operate closer to the critical current that leadsto a
faster current decay compared to 5-block magnets with aluminium collars. The maximum values
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of dI/dt are about 50 kA/s for quenches without energy extraction and 80 kA/s for quenches with
energy extraction.

Hot Spot Temperature

The dependence of the hot spot temperature on RRR and r.,/s. for a given value of the quench
load (Eq.3.5) is shown in Fig.7.2. The low values of RRR =113 and 7.,/,. =1.91 in magnet
MBSMS 15 with respect to other 6-block magnets explain an increased hot spot temperature.
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Figure 7.3: Quench load normalised to the critical current at nominal field squared.

To compare magnets with different designs, the value of the quench load is normalised to the
critical current at nominal field squared

[ o = R (7.0)

crit

The result is shown in Fig. 7.3 demonstrating that the quench load is dominated by the reached
quench current.

Resistance Growth

The voltage across acoil is

Vit(t) = Rtot(t)-I(t)+Ltot(t)-d—I(t) (7.2)

dt
Viet(t) — Lot - %
& Rig(t) = tt(1) I(t)” dt (7.3)
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Figure 7.4: Resistance and inductive voltage versus time for quench 112 MBSMS5 (left); and quench 121
MBSMS18 (right).

I(t) and V,,(t) are measured whereas dI/dt is calculated. L, is determined by other
measurements and considered to be constant in this approximation. Fig. 7.4 shows an example
of the resistance and the inductive voltage for two quenches.

The curves of the resistance versustimein Fig. 7.4 are very similar. The calculated inductive
voltage becomes higher during the quench of a 6-block magnet because the current decays faster.

The slope of the resistance growthissimilar for al analysed quenches and the maximum values
at the end of the current decay are in the range of 32-47m¢). The spread of the calculated values
is due to different cable parameters, quench current, etc. The fastest resistance growth has been
observed for MBSM S 13 due to the highest resistivity at low temperature (lowest RRR).

The comparison of the current decays, the normalised quench load and the resistance
growth showed that the quench process is similar in short dipole magnets of both
5block and 6block design.

7.3 Quench Heater Studies

The heater strip position for the twin aperture dipole magnetsis shownin Fig. 7.5 (see Sections 1.5
and 3.5.3). 16 heater strips areinstalled, two on each side of every pole. The stripslocated in areas
with high magnetic field are called ‘high-field heaters’ (HF) and ‘low-field heaters’ (LF) in areas
with low magnetic field.

The protection scheme with quench heatersis designed to be fully redundant, which
requires that the magnet can still be protected if some heaters are not fired because of
afailure.
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Figure 7.5: Position of the heater stripsin the twin aperture magnet: HF = high-field heaters, LF = low-field
heaters.

The quench heaters strips are 0.025mm thick and 15.0mm wide, glued between two layers of
polyimide electrical insulation foil of 0.075mm thickness each (see also Fig. 3.14).

Powering the 15m long heater strip individually requires the installation of return cables in
the magnets, which can be avoided by connecting two heater stripsin series. This also halves the
number of power suppliesrequired to eight per dipole magnet for the protection by all heaters and
to four for the protection by only high-field heaters.

The copper-plating pattern has to be adapted to provide both short heater delays at high current
and effectiveness at lower currents. This needs to be studied to guarantee the heater efficiency in
the entire magnet operating range. Table 7.3 gives the heater circuit parameters such as the strip
resistance, the heater current decay time constant and the adiabatic temperature for heater strips
with different copper-plating patterns.

Heater strip | Rat 1.9K for 1 strip per channel 2 strips per channel
design 15mlongstrip | Igu, | Tomaz | Tou | lon, | Tmas TQH
25-25 120 58A | 270K | 85ms | 29A | 180K | 170ms
12-24 812 88A | 350K | 56ms | 44A | 220K | 112ms
12-36 642 117A | 410K | 43ms | 58A | 270K | 85ms
12-40 56 125A | 420K | 40ms | 62.5A | 280K | 79ms

Table7.3: Quench heater circuit parameters for different heater strip designsand aninitial voltage of 700 V.
The values are obtained using an average resistance of a 15mlong heater strip between 1.9 and 300 K. The
temperature values correspond to adiabatic heating of the strip without heat flux into the Rutherford cable.
Tow 1Sthe current decay time constant of the heater circuit (Eq. 3.95).

Thetimebetween firing the quench heatersand the start of a provoked quench iscalled
the quench heater delay Atgy

AtQH = tstart — tfiring (74)
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The energy dissipated into the heater strip increases with time according to

[e.e]

EQHmaz = EQH(t - OO) — / PQH(t/)dt,

tfiring

1 1 1
= §CQHU(t =0)*= §CQHR2QHOI§ = iRQHolgTQH (7.9)
t
Equ(t) = / Rou(t')Igu(t')*dt’
0
t
N2 gy 2t
~ Rom, [ Iou(')"dt" = Eqm,,,, (1 — exp(——)) (7.6)
TQH

0

These equationsare valid for an RC circuit (like the power supply used for the LHC quench heater
system; see Section3.5.3). It is assumed that the resistivity of the heater strip remains constant
with temperature, which is a good approximation for stainless steel. With increasing current in
the magnet, the energy required from the heater to provoke a quench decreases due to the lower
temperature margin.

7.3.1 Short Dipole Magnets

A single aperture dipole magnet is covered by 8 quench heater strips placed on both sides of the
upper and lower poles on the two blocks of the outer layer. The two heater strips cover 13 out of
26 turns for one side of one pole in 5-block magnets and 12 out of 25 turns in 6-block magnets.®

The hot spot temperature as a function of the number of turns quenched by heatersis calcul ated
with a simple model for an average magnetic field. The results are shown for the 5 and 6-block
designs and nominal current in Fig. 7.6.

It is assumed that the magnet is quenched by the heaters 60 ms after the start of the natural
guench. Neither the natural quench propagation nor the quench back effect are considered. The
length of the quenched zone provoked by heaters gives the resistance that dominates the current
decay. The calculation is performed twice for each magnet type: firstly, the quench is provoked
in the turns covered by heater strips; then secondly, all turns of the outer layer are quenched after
firing the heaters. Quenching 12 (13) is a conservative case whereas quenching 25 (26) turnsis
an optimistic assumption. If the quench process is dominated by the quench heater system, the
calculated current decays represent the boundary curves for the current decay one expects in an
experiment. Consequently, the measured current decay would lie between the two curves. The
calculated temperature difference between 5 and 6-block magnets for nominal current is between
20 and 30K. The measured value of the hot spot temperature is about 250-300K. The difference
of the hot spot temperature derived from the measured quench load for 5 and 6-block magnetsis
up to 30K. When the calculation is repeated for the same current for both magnet designs, the
difference between the hot spot temperaturesis less.

Experimental Results

The quench heater delay tests are performed by firing either two high-field heater strips or two
low-field heater strips. The high-field heater strip covers block 2 whereas the low-field heater strip

3For precision it should be noted that the heater strips cover 12.5 rather than 12 turns for the 6-block design.
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Figure 7.6: Smulation of the current decay and temperature versus time for 5 and 6-block magnets with a
different number of turns quenched by heater strips with a heater delay of 60 ms.

covers mainly block 1. One heater strip per upper and lower pole on the same side of the coil are
fired at the same time.

An example of the voltages of the outer and inner layer and the block voltages for both poles
of a quench heater test are shown in Fig. 7.7. The firing of heater strips causes an inductive noise
signa at -40ms and the start of a quench at about -10ms. 17 ms after detecting the quench, the
energy extraction resistor is switched into series, which changes the slope of the voltage signals
due to the large voltage across the dump resistor.

The results from the heater delay tests at different currents are summarised in Fig. 7.8 for an
initial quench heater current of 50 A and 7 =56 ms.

In order to study the impact of magnet design changes on the quench heater performance, the
data is sorted for 5-block and 6-block magnets, for MBSM S 12 (cable containing more helium)
and MBSM S8 (very high RRR value). The results from several tests at the same magnet current
are averaged separately for low and high-field heaters.

High-field heater strips have significantly shorter delays than low-field heater strips at high
magnet operating currents (At’gg,h ~35ms, Atgﬁ ~b0ms). The heater delay for very low
magnetic fields should be the same for both heater strips. Within the statistical error the test results
confirm this expectation. The measured quench heater delays of 5 and 6-block magnets as well
as for magnet MBSM S8 and MBSMS12 are similar. Thisindicates that a change of the RRR or
the helium content in the Rutherford cable does not affect the quench heater delays. In order to
combine the heater delays for different currents, the experimental results were fitted according to
Eq.7.7

AtQH(Imagnet) - AtQHo exp(_’f[magnet) (77)

with « being the exponential constant and At y, being the heater delay at zero current.

The results of the fit for the heater delay at zero current in the magnet, the exponential decay
constant and the fit uncertainties are listed in Table 7.4. The fit results show that high-field heaters
a I,,,,=0A have alonger delay and alarger exponential constant. When the results of all tests are
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Figure 7.7: \oltages during a quench heater delay test at 1,,,, ~ 13KA: L= lower pole, U= upper pole,

1-6= block voltages of the poles. At t = 0, the quench is detected ({;.;) and the power converter is switched

off which induces a spike in the recorded voltages. At ¢ = 17 ms, the dump resistor for energy extraction is
switched in series with the magnet. The propagation of the quench into the inner layer causes a peak in the
voltage signals at 15ms.



7.3. Quench Heater Studies 135

’g 400 ‘ ‘ ‘ ‘ ‘
E 3O — BHLHS
N s : : | H1-
& 300 LA
D T M Al HLH3
'g 250 | i S o o .
g 200 O e N e e e
T N s W o —
0 & i —— e
. | | | | | ‘
0 2000 4000 6000 8000 10000 12000 14000
current (A)
,(-é)\ 400 ¢ - %
Es =
E Bl m8H2-H4
& 300 s mi2 He-
o) [
-g 250
w200
<~ 150
100
50
0
0 2000 4000 6000 8000 10000 12000 14000
current (A)

Figure 7.8: Averaged heater delays for short models as a function of current (top: high-field heater strips;
bottom: low-field heater strips). The statistical uncertainties of the average values are plotted as error bars.
The data is sorted for 5-block and 6-block magnets, MBSMS8 (very high ., /s.), MBSMS12 (new cable
containing more helium), and the average heater delays for all magnets.
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Magnet type | Heater strips | Atgpy, OAton, K O
mg | [mg | [AY] | [A]
5-blocks high-field 260 38 |167.107%]1510°
5-blocks low-field 175 28 1.14.10~% | 1.8:10°°
6-blocks high-field 448 104 |1.86-.107% | 2.2.10°°
6-blocks low-field 358 58 1.42.107% | 25.107°

MBSMS8 high-field 228 112 | 1.1010*| 6.6:10°°
MBSMS8 low-field - - - -
MBSMS12 high-field 244 92 1.63:10* | 46:10°°
MBSMS12 low-field 364 170 |1.6910* | 6.2:10°°

average high-field 263 31 1.54.10~* | 1.2.10°°
average low-field 242 36 1.24.10~* | 1.6:10°°
average all 253 32 |137107%| 1410°°

Table 7.4: Fit results of the exponential heater delay decrease for different types of short models. Theerrors
indicate the large scatter of the heater delays at low magnet operating currents.

averaged, the heater delays of low and high-field heaters at zero magnet current are about the same.
The larger value of « for high-field heaters indicates that the delay for those strips is shorter. The
quench heater delays of 5-block magnets are shorter than those of 6-block magnets at |ow magnet
operating currents.

7.3.2 Simulation Results

Forced quenching by heaters can be modelled with SPQR (see Section3.5.3). A simulation
study has been performed to optimise the copper-plating pattern and the insulation layer thickness
between the heater strip and the coil. The aim has been to minimise the quench heater delays at low
and high magnet current to allow connecting two 15m long heater stripsin series (1,=30m). The
capacitor discharge supply (heater power supply) has a capacitance of 7.05mF and a maximum
voltage of 900V. Since the lifetime of capacitors increases with decreasing voltage, an operating
voltage of 750V was assumed for the simulation. Two parameters are analysed:

e the ‘initial’ heater delay, which is defined as the time between firing the heaters and
provoking a quench in the conductor covered by a heated part of the heater strip. This
delay becomes shorter by increasing the copper-plated length which reduces the heater strip
resistance and increases the initial current.

e The ‘total’ heater delay, which is the time between firing the heaters and having provoked a
guench in the entire conductor under the heater strip.

The simulation model was crosschecked by comparing the ssimulated quench propagation
velocity with the experimental results (about 15-20m/s at nominal current). A typical example
of the simulation output is given in Fig. 7.9, which shows the simulated temperature profiles along
the cable for varioustimesincluding the provoked quenching by the non-copper-plated parts of the
heater strips.

In order to compare the heater delays for different copper-plating patterns at low current,
adiabatic conditions are assumed to exclude the uncertainty in the longterm behaviour of the
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Figure 7.9: Smulation of the temperature profile along the cable with forced quenching by copper-plated
heaters. The timeinterval between two neighbouring curvesis 20 ms. Theinitial current was 11.8 kA, cable
cross-section 19.2 mn¥, 3% helium content, r,,, /se =1.9, RRR =100, initial time step for the computation
0.05 us. The heat generation in the heater strips occurs only at the non-copper-plated parts. Consequently,
the temperature in the conductor first increases below the non-copper-plated parts (see also Fig. 3.13).
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cooling model by heat transfer into helium. 1n asecond step, the simulations are repeated including
the cooling by helium. The results for the dipole magnet operating at injection current of 750 A
demonstrated that longer heated parts yield shorter heater delays at low current. This is due
to the minimum propagation zone (Eg. 3.11). Assuming that only the minimum quench energy
(MQFE) isdissipated into the conductor the minimum propagation zone (M PZ) exceeds 20 cm at
injection current. The shorter length of the heated part is sufficient as the energy dissipated into
the superconducting cable by the heaters is significantly higher than MQFE. A heated length of
8cm gives shortest initial heater delay assuming adiabatic conditions. Including heat transfer into
helium, a heated zone of less than 8cm is not sufficient to provoke a quench at injection current
when the initial heater voltage was limited to 900 V. A lower limit of 10cm for the heated length
is given by the twist pitch (L;) of the Rutherford cable.

The results from the simulation for initial and total heater delays at nominal current are
summarised in Fig.7.10. Generaly, two heater strips are connected in series except for the
heater strip with the copper-plating pattern of 25cm heated length and 25 cm copper-plated length
(25-25), which requires individual powering.

Combining the simulation results at injection and nominal current, a heated length of
10-12cm and a copper-plating length of 40-50cm gives the best performance for the
entire operational range.
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Figure 7.10: Heater delays simulated with SPQR at nominal current as a function of the copper-plating
ratio (heated/non heated lengthsin cm) at an initial voltage of 750 V. The optimisation of the copper-plating
cycle reduces the total heater delay by about 5ms.

7.3.3 Comparison of Simulations and Experimental Results
Copper-Plating

Heater strips with plating patterns (lengths in cm) of 25-25, 12-24, 4-24, 12-36 and 12-40, have
been tested in various short dipole magnets to validate the simulation results.
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Figure 7.11. Measured high-field heater delays on the MBSMS23, MBST 4 and MBST 5 magnets as a
function of magnet operating current.
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Figure 7.12: Measured low-field heater delays on the MBSMS23, MBST 4 and MBST5 magnets as a
function of magnet operating current. The larger low field heater delays of MBSMS23 with respect to those
of MBMST 4 are due to the installed 4-24 heater strips powered with circuit parameters that correspond to
the power density of 12-40 heater strips.
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e ThemagnetsMBSM S 23 and MBST 4 were both equipped with 4-24 and 12-36 heater strips.

The quench heater performance depends on the power and energy density in the heated part
of the strip. Switching an additional resistance in series with the quench heater allows the
adjustment of the power density to simulate various copper-plating patterns for 15m long
heater strips.

A heated part of 4cm proved to be too short to provoke quenches at magnet operating
currents lower than 4.5kA. The predicted minimum propagation zone at this current level is
in the order of 10cm.

The measured heater delays are shown as a function of the magnet current in Fig. 7.11 for
the high-field heaters and Fig. 7.12 for the low-field heaters with an initial heater voltage of
700 V.

The twin aperture short dipole magnet MBST 5 was the first magnet equipped with 12-40
heaters. The heater delays of the high-field heaters are about 30 ms at nhominal current.
Increasing the initial heater voltage to 900V reduces the heater delays to about 25ms at
nominal current. The shortest heater delays for high-field heaters were obtained with 12-
40 heater strips. Using a minimum voltage of 700 V, this type of quench heatersis effective
in the entire magnet operating range.

The initial heater delays from simulations and experiments are compared in Table7.5 for
the high-field heaters. The experimental results given in the table are averaged heater delays
ascertained from various magnets with a spread of about 5ms. The test set-up was equivalent
to a power supply voltage of 900V feeding two 15m long heater strips connected in series. For
the strip with a plating pattern of 25-25, a single heater strip was powered with 800V. The use of
12-40 heater strips connected in pairs gives similar heater delays as the individual powered 25-25
copper-plating pattern.

Unin 1S the minimum heater voltage required to provoke a quench at injection current. A

guench heater system that can provoke a quench in the entire magnet operating range is desirable
asthe minimum current at which heaters are required for the protection does not need to be defined.

Pattern PO/A ToH | Umin Heater delay [ms]
Fe-Cu[cm] | [W/cm?] | [ms] | [V] | measured | simulation
25-25 50 85 | 750 30 34
12-24 35 112 | 900 35 38
12-36 60 85 | 750 28 30
12-40 70 77 | 700 25 28
12-48 94 68 | 700 - 24
10-40 94 68 | 750 - 26
4-24 112 48 | >900 25 30

Table 7.5: Comparison of measured and predicted quench heater delays. The simulations were carried out
for the HF heaters only. PO/A istheinitial power density, and 7 the time constant for the heater pulse.

From the smulation study and experimental results, a copper-plating pattern consist-
ing of 12cm heated part and 40 cm copper-plated part was chosen. This copper-plating
patterns allows a continuous production of the 15m long quench heatersfor the LHC
dipoles by industry (sincethe heater strip length isa multiple of 52 cm).
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Maximum Heater Strip Temperature

Further simulations and tests were carried out to investigate the maximum temperature of a heater
strip during the current pulse. This temperature, if calculated adiabatically, would reach about
400K with an operating voltage of 900V. Considering the heat transfer from the heater strip
through the insulation layer into the cable, the simulation predicts a maximum temperature of
about 280K (with nominal insulation thickness). The current and voltage across the heater strip
were measured after firing the heater at different magnet operating currents to evaluate the heater
strip resistance and the temperature. Although the error of this temperature measurement is rather
large due to the scatter of the measured signals, the maximum temperature was found to remain
below 300K (see Fig. 7.13).
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Figure 7.13: Measured resistance of a heater strip after firing. The upper graphs show the current and the
voltage across two heater circuits as a function of time. The lower graph on the left shows the change of
the heater resistance (positive and negative slope to better distinguish the two heater circuits). The lower
graph on the right shows the relative increase of the resistance for both circuits. Asthe heater resistance as
a function of temperature is known from other experiments, this measurement derives the maximum heater
strip temperature.

Impact of the Insulation Layer Thickness

The simulation studies show an exponential increase in the heater delays as a function of the
thickness in the insulation layer (see Fig.7.14). A strong increase in the heater delays has been
seen during tests on a short dipole magnet with an increased insulation layer thickness. For the
redundancy of the quench heater system, it is required to protect the magnet with only half of the
high-field heaters. Therefore an increase in the insulation layer thickness by a factor of two is
not permissible using the same type of polyimide film that is foreseen for the insulation of LHC
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Figure 7.14: Impact of the insulation layer thickness on the heater delay at nominal magnet operating
current of 11.8 KA. The heater delays steeply increase with an increasing thickness of the insulation layer,
thus reducing the heater strip performance.

cables. The change to another insulation material with higher thermal conductivity would allow
an increased thickness of the insulation layer.

Starting with MBST 6, the twin aperture magnets have been made with stainless steel collars.
The impact on the measured quench heater delays can be seen in Fig. 7.15 (top). The use of
stainless steel collars causes alarger scatter of the heater delays depending on their position being
in between the two magnet bores or facing outwards. A possible explanation might be a variation
of the applied stress over the cross-section.

The insulation material was changed from Kapton to Apical for the coil insulation from
MBST 7 onwards. Changing the insulation material does not have a significant impact (Fig. 7.15
bottom). The scatter of the heater delaysremainsbut islikely to be due to the stainless steel collars.

7.3.4 Experimentson 15m Long Dipole M agnets

The heater delays were also measured on several long prototype magnets. Most of them were
equipped with 25-25 heaters. Powering these heaters individually with an initial heater voltage of
800V yielded heater delays in the range of 30-35ms at nominal current (MBP2N1). The results
for the first long prototype magnet equipped with 12-36 heaters (MBP201) and an initial heater
voltage of 900V are about 30 msfor the high-field heaters at nominal current.

During one training quench of along prototype dipole magnet (MBP2N1v2) at about 11kA,
the heaters were fired but a spark appeared in the feedthrough of the heater powering cables.
The energy of the heater power supply was not dissipated into the heater strips but burnt the
instrumentation cables in the feedthrough. The recorded voltages and current decay are shown
in Fig. 7.16. Evidence of magnetic quench back has not been observed in the voltage signals. The
tests had to be stopped for repairs to the instrumentation cables that were severely damaged in the
feedthroughs. This accident showed the robustness of the magnet winding as the magnet could be
trained after the repair up to 9tedla.

The protection with quench heaters for the main dipole magnets has been tested for its
redundancy on the first long prototype dipole magnet (15m long, 6-block coil geometry).
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Figure 7.15: Heater delays in a magnet with stainless steel collars (upper plot) and the effect of the
insulation material on the heater delays (lower plot): Al= aperture 1, A2= aperture 2, LF = low-field
heaters, HF = high-field heaters.
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Figure 7.16: Measurements of the current and pole voltages after a training quench with a failure during the
firing of the heaters. The current decays much slower and shows some induced noise at 0.37 s after quench
detection. The lower graph shows the voltages across the magnet (U,:), across the apertures (U1, Uas)
and across the power converter (Upc). As can be seen, the instrumentation cables are lost at 0.37 s after
guench detection apart from the power converter signal Upc. The analysis of this accident showed that a
spark appeared in the connection box (feedthrough for the instrumentation cables from 1.9K to 300K). As
a consequence, the quench heater energy was not dissipated into the strips and the instrumentation cables
burnt in the connection box.
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Redundancy of the protection schemeisan important issue, since about 6000 heater power supplies
will be installed in the LHC tunnel. Such supplies will have a certain failure rate, and protection
should not be compromised if some fraction is not available. It was concluded that the protection
with high-field heaters are fully redundant since powering just half of the high-field heaters safely
protects the magnet (see Fig. 7.17). The tests demonstrated that using only two high-field heater
strips (one power supply) leads to quench load values of more than 30-10° A%s, which is considered
to be too large and might cause a degradation of the magnet.
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Figure 7.17: Quench load versus current for different heater protection schemes of the prototype
MBP2N1v2. Note that quenches were provoked by spot heaters. The initial heater power supply voltage
was 800 V.

The protection of the LHC main dipole magnetswith high-field heatersalone (4 heater
circuits with two 15m long heater strips connected in series) hasthe required level of
redundancy in view of their operation in the LHC machine conditions [85].

Voltage Development

The voltage signals of heater tests performed on a 15m long prototype magnet were used to
evaluate the maximum voltage-to-ground during a quench (see Fig. 7.18). The voltage-to-ground
isshown at various potentials (block voltages of the poles) and the maximum level does not exceed
900V even for asymmetric firing of heaters (protection of heaters solely on one side per aperture)
at nominal current. In the LHC, the energy extraction resistor switched into series will increase
the measured voltage by up to 900V. A maximum voltage-to-ground of about 1.8kV is expected,
which remains below the design limit of 3.1kV.

7.3.5 Protection Simulations

QUABER simulations were carried out to study the impact of changing quench propagation
parameters. The simulation model used alongitudinal quench propagation of 15m/s, aturn-to-turn
delay of 20ms, and a RRR = 80. Assuming the quench detection based on the voltage difference
between the two apertures, a threshold of 0.1V is reached within 14ms and 0.2V within 21 ms
for a quench starting in a low-field area in the outer layer. The turn-on voltage of the diode is
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Figure 7.18: Measured voltage-to-ground at various potentials (pole voltage taps) during a quench with
asymmetric heater firing of a 15mlong prototype dipole magnet.

about 8V (corresponding to a resistance across the magnet of about 0.7m¢2 at nominal current).
The quench detection time depends on the operating current as follows: t4.,=29ms (9kA); 85ms
(4.5kA); 906 ms (0.8kA) for a detection threshold of 0.2 V.

A quench load of 29-10° A?s is computed (corresponds to 280-300K for an applied magnetic
field of 4-6tesla) at nominal current. The magnet is protected by high-field heaters which provoke
a quench in the covered turns 40ms after the quench detection (10ms for quench validation
and 30ms heater delay). An energy extraction resistor is switched in series 60 ms after quench
detection (time for opening switches).

If the turn-to-turn delay is modified by 10 ms, the temperature varies less than 20K. A change
of the longitudinal quench propagation by 10 m/s changes the simulated hot spot temperature by
about 5K. If the heater delays are increased by 5ms, the hot spot temperature rises by 15K.

The maximum operating current at which the heaters are not required to protect the magnet
under machine conditions (series connection of magnets with cold diodes across them) has been
calculated with QUABER to be about 2kA. The turn-on voltage of the protection diode will still be
attained after some time due to natural quench propagation, and a quench load of about 30-10° A2%s
would not be exceeded (see also Fig. 7.19). This approach is conservative as it does not take into
account either cooling by helium or the fact that the quench process lasts more than afew seconds.

For a quench provoked with a spot heater at 2kA, a quench load of 22.4-10° s was measured
for the dipole prototype magnet MBP2N1v2 (without a diode mounted parallel to the magnet)
after the protection systems have all been switched off. The simulated value of the quench load is
higher since the turn-on voltage of the diode (about 8 V) must be reached before the current decay
starts.

A scatter of the heater delays in the range of about 10 ms does not lead to unacceptably high
voltages between the coil layers or to ground. The simulation study revealed a negligible effect of
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Figure 7.19: Smulated minimum current at which quench heaters are required for protection.

the copper-plating pattern on the quench load due to the quench propagation velocities of about
15 to 20 m/s at nominal current.

7.4 Magnetic Quench Back in Dipole M agnets

The analyses of the quench heater performance and the current decay in the short and long dipole
magnets indicated that the resistance growth islargely affected by magnetic quench back (see also
Section 3.4.2).

7.4.1 Short Dipole M agnets

The current decay causes a change in the magnetic field which induces coupling currents ... o
dB/dt. Coupling currents generate heat at contact resistances between the strands and in the
copper matrix between the twisted filaments of a strand. If the field change is fast enough, the
heat generation causes a quench in alarge fraction of the magnet (quench back). The quench back
is the dominating quench mechanism for short dipole magnets. The quench back start-time ¢ 5
is defined as the time between the start of a natural quench and the quench back start-time. The
energy Eqp deposited at the contact resistance is proportional to the field change

Egp(t) = /t P (t"dt / (2—?)2# (7.8)
0

The power loss depends on the direction of the local magnetic field and £, becomes a

function of
dB(7
EQB - EQB (Imag (t); (4)> (79)

dt
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During the current decay, the induced heat generation leads to a temperature increase inside
the magnet coils which approach 7. The critical temperature 7, increases as the magnetic field
and the current density decrease. A quench back occurs if the actual temperature exceeds the
critical temperature 7'(t) > T.(t). This can also be expressed as a condition for the current as
[(ZfQB) > IC(tQB).

The fast current decay starts when the resistive voltage across the magnet becomes too high to
be compensated by the power converter. The time derivative of the current reaches values up to
80kA/s depending on the initial current. In the short dipole magnets the quench back occurs at
about 30 ms after the start of the quench. The quench back start-time is the same for both 5-block
and 6-block magnets.

An exampleisgivenin Fig. 7.20 (upper graph) for the block voltages of a quench in a 6-block
magnet. The natural quench starts at -12 ms and exceeds the detection threshold at -10ms. After
a quench validation time interval (see Section 1.5) of 10ms the quench heaters are fired and the
power converter is switched off (at 0ms). The quench originates inside block 2 of the outer layer
of the lower pole. Thisblock is connected with block 6 in the inner layer. The quench propagates
along the cable and quenches block 6 and block 5. The voltage signals of the blocks which have
not yet been quenched cease following the expected inductive voltage at 18 ms. The signals are
then the sum of resistive and inductive voltage contributions. The resistive development cannot
come from the fired heaters as their heater delays at high current are about 30-40 ms as explained
in Section 7.3.

The resistive devel opment can be seen in the bottom graph of Fig. 7.20, in which the inductive
voltages have been subtracted. The resistive growth of the block voltages Uy, that have not
guenched due to quench propagation along the cable are compared to the largest inductive block
voltage U]"5*. The voltage curves are scaled to the averaged ratio f;.... between the original block
voltage and the largest inductive block voltage

t
?B Ublock: (tl) dt/

f to UZZZI(V) ( O)

scale — ——, 5, 7.1
: top — to

U oc

Upes = 2% (7.11)
fscale

The magnetic field in block 1 islow and its direction is perpendicular to the cable axis. In block 6
the field is the largest, but the angle between field and cable is small. In areas of high magnetic
field, the resistance growth after a quench is expected to be strong due to the magneto-resistance.
For the inner layer, the cables in block 3 are perpendicular to the field direction, and the magnetic
field islow. The quench back first startsin block 4.

Magnetic quench back depends on the following parameters:

¢ the contact resistances (R,, R.) are determined by the cable design and the manufacturing
process. Measurements have shown that the interstrand contact resistances vary by more
than an order of magnitude.

¢ the interfilament coupling currents depend on the copper-parameters and the twist pitch of
the filaments inside a strand.

¢ the amount of helium inside the cable defines the cooling conditions and influences the time
dependence.
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Figure 7.20: Quench back example: block voltages of a short dipole magnet after a quench (top); the
same voltages taking out the inductive voltage (bottom); 1= lower pole, u= upper pole, 1-6= conductor
blocks. The noise in the voltages signals at ¢ = 0 ms comes from the power converter that is switched off.
The different slopes of the resistive voltages depend on the strength of the induced eddy currents and on the
magneto-resistance.
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assuming a linear relation between the strength of the magnetic field and current, larger
values of dB/dt are obtained in high-field areas.

the induction of coupling currents depends on the angle of the magnetic field direction with
respect to the cable. A field perpendicular to the broad side of the cable causes a maximum
induction of coupling currents, whose strength is at its minimum when the field is parallel.

the magneto-resistance is larger for the high-field area increasing the value of the contact
resistances between filaments. For a larger value of the contact resistance the coupling
currents generate more heat, but the strength of the currents decreases.

with zero contact resistance between the strands, heat would be generated solely between
the filaments inside the strands and in bulk copper. With an infinite contact resistance,
interstrand coupling currents would not be induced.

7.4.2 LongDipole Magnets

When the voltage across the quenching magnet exceeds the turn-on voltage of the protection diode,
the current starts to bypass the magnet and decays with a time constant of about 250-300ms. The
decay timeis similar to that of short dipole magnets.
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Figure7.21: Voltage signals during the quench back experiment on a 10 mlong prototype magnet (2/12/98).

As the analysis of the short dipole magnets showed that the quench back is a powerful

mechanism for quench propagation, a test was performed at the LHC Test Stringl on a10m long
prototype twin aperture dipole magnet [86]. The three dipole magnetsin the string were connected
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in series and one of the dipole magnets was equipped with a protection diode parallel to the magnet.
For the quench back experiment the heaters were only fired in one aperture at the nominal current
of 12.4KA inthethird dipole magnet (MB 3). The recorded voltage curves are shown in Fig. 7.21.

The voltage signals for a quench provoked by firing the heaters in both apertures are given
in Fig. 7.22 for comparison. The current through the magnet was not measured and cannot be
deduced from the recorded signals.
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Figure 7.22: \oltage signals of a quench provoked by firing the quench heaters in both apertures of a 10m
long prototype magnet (24/11/98).

In Fig. 7.21 the heaters provoke a quench in the aperture with the pole voltages Vp3 and Vp,
but not in the other. The quench starts at 0.04s. At the beginning, all four pole voltages develop
aresistive voltage before the voltage signals Vp; and Vp, become inductive. V4 quenches faster
than Vp3. The quench back occursat 0.065son Vp,. Theresistance growth of Vp, isstrong enough
that this signal reaches the highest voltage. The quench back start-time of Vp, is between 0.085
and 0.09s. The behaviour of Vp; and Vp, at the start of the quench shows that there is a resistive
zone athough the quench was provoked in the other aperture.

For quenches provoked by firing all heaters, the heaters on pole with the signal Vp3 are less
efficient (see Fig. 7.22). Theresistance development of the signals Vp; and Vp, isfaster and causes
the inductive voltage to exceed the resistive voltage in Vpz and Vpy.

The voltages obtained during the quench back experiment are smaller than the voltages of a
normal quench (| U¥E |~ 35-40V; | Unormal |~ 45-50 V). The time constant for the current decay
after both quenches is the same (¢4yencn, ~0.5). The quench back start-time is similar to that of
short dipole models (ngng ~ 25-50ms, rggd- ~ 30ms). Thefast current decay magnetsis caused

by the current sharing between the diode and the magnet in the long dipole magnets after firing of
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the heaters and by the switched off power converter in the short dipole magnets. The experiment
demonstrated that quench back occurs in long magnets at nominal current. Firing the heaters in
just one aperture is sufficient for magnet protection.

M agnetic quench back was observed abovea current of 6kA in the 15m long prototype
magnets. Quencheswere provoked with spot heater sand various setsof quench heaters
were fired. The quench back started earlier when more heaters were fired because
of the larger resistance that was provoked. Without provoking a forced quench by
heaters, the current decay istoo slow to induce significant magnetic quench back.

An example of the voltages showing the starting quench back is given in Fig.7.23. At 30ms
all voltage signals have a resistive contribution although the quench heaters were fired only in
aperture | (high-field heaters only). Magnetic quench back induces a quench in aperture 1. A
thermal quench propagation between the two aperturesis unlikely, since the propagation along the
connecting busbar or heat transfer through helium requires a significantly longer time interval.

7.4.3 Comparison with Smulation Studies

The magnetic field components paralel and perpendicular to the broad side of the cable of the
LHC dipole magnet are shown in Fig. 7.24.

A parameter study was carried out to determine the quench back start-time ¢ as a function
of the time constant for the current decay, values of R. and R,, the initial current and various
positions in the LHC dipole magnet (see Table7.6). The current decay was approximated by a
Gaussian function with the time decay constant .

block | B, By ||B|| ¢
[Tl | [T | [T |[rad]
-0.838 | -1.332 | 1.57 | 1.01
-0.820 | -4.058 | 4.14 | 1.37
-6.006 | -0.900 | 6.07 | 0.15
-5.366 | -3.700 | 6.52 | 0.60
-3.980 | -6.254 | 7.41 | 1.00
-1.820 | -7.568 | 7.78 | 1.33

U WN R

Table 7.6: The average magnetic field in the conductor blocks and the field components parallel and
perpendicular to the blocks. The angle is defined such that 0 means a perpendicular field with respect
to the broad side of the cable (7/2 means parallel).

In some experimentswith various short and long prototype dipol e magnets the number of heater
strips fired was changed, since this affects the resistance growth and therefore the current decay
time constant 7. The simulation results for the quench back start-time ¢z are in good agreement
with the experimental results (see Table7.7). The table does not include data for the outer layer
blocks as quenches are induced there with heaters. The impact of quench back on the magnet
protection depends on its start-time. The simulated values for quench back start-times range from
30ms for 7=0.2sto 60ms for 7=0.3s at nominal current and average field in block 3. Firing
one heater strip per pole aready induces quench back fast enough to avoid magnet degradation.
The minimum current at which quench back occurs is computed to be about 5kA. During the
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Figure 7.23: Quench back observed during a spot heater induced quench in a 15mlong prototype magnet.
The block voltages are given for every pole (D1, D2 stand for aperture | and |1, U for the upper pole, L for
the lower pole).
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Figure 7.24: LHC dipole magnet 2D cross-section showing the magnetic field map (calculated at nominal
field with ROXIE[9]).

Quench | Block | I, T B |angle| R. | R, Acu tg’g tgg
[kA] | [ms] | [T] | rad | [pS] | [u9] | [mm?] | [ms] | [ms]
1 3 11.7 | 203 | 6.07 | 0148 | 20 | 100 | 154 32 | 30+6
1 4 11.7 | 203 | 651 | 0603 | 20 | 100 | 154 35 | 3b+5
1 5 11.7 | 203 | 741 | 1.004 | 20 | 100 154 39 | 40+4
1 6 11.7 | 203 | 7.78 | 1.334 | 20 | 100 | 154 40 | 4243
2 3 11.7 | 178 | 6.07 | 0.148 | 20 | 100 154 27 | 25+5
2 4 11.7 | 178 | 651 | 0.603 | 20 | 100 | 154 30 |30+4
2 5 11.7 | 178 | 741 | 1.004 | 20 | 100 154 32 | 34+3
2 6 11.7 | 178 | 7.78 | 1.334 | 20 | 100 | 154 33 | 36+3
3 3 11.7 | 276 | 6.07 | 0148 | 20 | 100 | 154 49 | 4548
3 4 11.7 | 276 | 651 | 0603 | 20 | 100 | 154 54 | 58+6
3 5 11.7 | 276 | 741 | 1004 | 20 | 100 | 154 58 | 60+6
3 6 11.7 | 276 | 7.78 | 1.334 | 20 | 100 | 154 60 | 62+4
4 3 11.7 | 266 | 6.07 | 0148 | 20 | 100 | 154 47 | 4448
4 4 11.7 | 266 | 651 | 0.603 | 20 | 100 | 154 51 | 54+7
4 5 11.7 | 266 | 741 | 1.004 | 20 | 100 | 154 56 | 59+6
4 6 11.7 | 266 | 7.78 | 1.334 | 20 | 100 154 57 | 61+t4

Table 7.7. Example of the parameter study for quench back effect in main magnets (with Rutherford type
cable) and the comparison of the simulation results with experimental data (quench numbers. 1= training
quench; 2,3,4 quenches provoked with spot heaters; 2= protection with all HF heaters, 3= protection with
half HF heaters, 4= protection with all LF heaters). The different values for r are due to the number
of heater strips fired. The quenches have been performed on the 15m long prototype dipole magnet
MBP2N1v3.
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experiments quench back occurred for quenches at 6 kA whereas at 3kA no quench back was
observed.

Further ssimulations were carried out to study the influence of R, and R,. The results are
summarised in Table7.8. Thetypical contact resistance values of R.=20 u£2 and R,=100-150 y.£2

R, R. | Block | tg% | P P Block | t&% | P P
1) | (492 [ms] | [W/m] | [W/m] [ms] | [W/m] | [W/m]
100 | 0.10 3 505 | 0.26 0.02 6 40.0 | 10.3 0.42
100 | 1.00 3 371 | 12.2 62.5 6 565 | 14.8 9.19
100 | 10.0 3 464 | 164 232 6 574 | 154 13.1
100 | 50.0 3 474 | 18.2 65.4 6 574 | 154 3.02
100 | 100 3 476 | 182 34.3 6 574 | 154 1.59
1.00 | 20.0 3 470 | 16.9 432 6 574 | 154 23.8
10.0 | 20.0 3 471 | 17.2 171 6 575 | 15.6 8.77
50.0 | 20.0 3 471 | 173 148 6 575 | 15.6 7.43
200 | 20.0 3 471 | 173 143 6 575 | 157 7.18

Table7.8. Parameter study of the magnetic quench back effect in main magnets (with Rutherford type cable)
with I;,,;; = 11L.7KA, 7= 0.26 sand A, = 15.4 mn?, values for the magnetic field from Table 7.6, variation
of R. and R,,.

for the dipole Rutherford cables were taken from ramp rate sensitivity measurements [87].
Assuming these values, the interstrand coupling losses are mainly induced by the field component
perpendicular to the broad side of the cable over the contact resistances R..

For Block 3 the dominating quench back mechanism is due to induced interstrand
coupling currents. For Block 6 the magnetic field is almost parallel to the broad side
of the cable, and the interfilament coupling losses P;; dominate the magnetic quench
back.

When the values for R, and R, are increased, the quench back is in genera dominated by
interfilament coupling currents. For very small values of R. the model predicts strong induced
coupling currents but little power dissipation. Adding these to the excitation current, the critical
current could be exceeded.

Although the aver age magnetic field and its angle with respect to the cable variesfrom
about 1.5teda and 90° in Block 1 to about 8teda in Block 6 and 5°, the quench back
starting time scatters less than 15ms for the different conductor blocks at nominal
current, which isin agreement with experimental results.

Experiments and ssimulations demonstrate that quench back starts long before the time of
maximum dB/dt at about 0.2s, with dB/dt >20T/s and dI/dt >40kA/s for the inner layer.
With such gradient the coupling losses would be about 150+10W/m for the interfilament losses
and 600100 W/m for the interstrand losses (with R. =202 and R, =100 12, the values are
given for Block 3 assuming an averaged magnetic field). At the start of the quench back, atypical
value of dB/dt is8T/s.
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If the quench back starting time is small compared to the interstrand coupling current time
constant 7;, the following approximation can be made. As the time constant of the interstrand
coupling currents (7;) is about 7;, ~25msfor R. =20 uf2, R, =100 uf2 for the inner layer cable
and 7;, isproportiond to 1/ R, (Eq. 3.56), one can write

1 —exp(—t/7is) = t/Tis;t <K Tis (7.12)

The interstrand coupling currents are proportional to L, /R, - (dB/dt) (see Eq. 3.57). Using the
approximation of Eq. 7.12 the effect of R.. cancels for times smaller than 7;,.
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Figure 7.25: QUABER output of the voltages in a quenching LHC dipole magnet including the simu-
lation of magnetic quench back (voltage signals. v_alli/lo= aperture 1, lower pole, inner/outer layer;
v_alui/lo= aperture 1, upper pole, inner/outer layer; v_alpl/2 = aperture 1, upper/lower pole).

A QUABER model was calibrated with the output parameters of SPQR simulation studies and
experimental results. The QUABER simulation aimed to reproduce the voltage development in a
dipole magnet including quench propagation, forced quenching by heaters and magnetic quench
back. The start of magnetic quench back is simulated by artificially quenching the inner layer
of the magnet at the expected quench back start-time. As an example of the simulation study,
Fig. 7.25 shows the voltages during a quench and Fig. 7.26 gives an overview of the temperature,
the current decay and the resistance growth. When the heaters become efficient, the block voltages
of the poles reach about +100V, which is in agreement with measured voltages (see Fig. 7.23).
The voltages increase to about +280V (measured values £320V).
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Figure 7.26: QUABER output of the temperature, the current decay and the resistance growth in a
quenching LHC dipole magnet including the simulation of magnetic quench back.
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7.5 Main Quadrupole Magnets

The design operating gradient of the main arc quadrupole magnet is 223tesla/m at a nominal
current of 11.87 kA. This gives amaximum field in the coil of about 6.5tesla and a higher margin
to the critical surface than for the main dipole magnets. The magnetic field for the two-dimensional
MQ magnet cross-section is shown in Fig. 7.27. The required current distribution is approximated
with a two-layer structure and four conductor blocks with the same cable in both layers (also used
for the outer layer of the main dipole magnets). The two full-size prototype magnets mounted in
the short straight sections SSS3 and SSS4 reached 13kA after afew training quenches.

Bl 6.:20- 6455
Il 575 6120
Bl 5450- 5785
Bl 516 5450
Bl 4781- 5116
B 4446 - 4781
4111 - 4.446
3.777 - 4111
3.442 - 3777
3107 - 3.442
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2438 - 2772
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1433~ 1768
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0.764 - 1.099
0429 - 0.764
0.004 - 0.429

Figure 7.27. Magnetic field distribution in the main arc quadrupole magnet MQ (field map calculated with
ROXIE[9]).

7.5.1 Protection

Four, 2 times 3m long heater strips (total length of 24 m) will be connected in series, requiring two
heater power supplies per magnet. The copper-plating pattern is adapted to keep the resistance of
the heater circuit identical with the onefor the dipole magnets, which givesacopper-plating pattern
of 12 cm of heated part with 32 cm of copper-plated parts. The other heater strip parametersremain
unchanged. The same heater power supplies as for the dipole magnets will be used [85].

The foreseen connection scheme of the quench heater strips is shown in Fig.7.28. For
redundancy each channel is connected with heater stripsin both apertures. A quench isdetected by
a voltage bridge detector as for the main dipole magnets. The difference is that two detectors are
installed (one per aperture) which compare the voltage across two poles with the voltage across the
other two poles. Two quench detectors are required as the two apertures are connected in different
series (focusing and defocusing quadrupole circuits). The current of the apertures can vary slightly,
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Figure 7.28: Cross-section of the arc quadrupole magnet (MQ) and the connection scheme of the quench
heaters.

consequently the voltage across the apertures can be different during afast current discharge. If one
bridge detector is instaled for both apertures, the difference of the voltages across the apertures
might exceed the detection threshold, which would lead to an unwanted firing of the heaters.

7.5.2 Experimental Results

Heater delay tests were performed on SSS3 and are similar to those determined on the main dipole
magnets (e.g. about 30 ms at nominal current).

Quench load experiments were also performed on the first full-scale prototype short straight
section (SSS3) in dightly different conditions (see Fig. 7.29). The quench load at nominal current
reached 29.1.-10° A%s(corresponds to about 290 K) protecting the magnet with only half the quench
heaters.

With a tolerated hot spot temperature of about 300K, the quench heaters for the arc
quadrupole magnets are fully redundant as half of the heaters can safely protect the
quadrupole magnet.

7.6 Insertion Quadrupole Magnets

The insertion quadrupole magnets are the twin aperture MQM and MQY magnets and the strong
focusing single aperture quadrupol e magnets close to the experimental detectors (MQX magnets).
The protection issues of the MQX magnets are discussed by Lamm [88] and Burkhardt [89].
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Figure 7.29: Quench load versus current measured on a prototype arc quadrupole magnet. Note that all
quenches were provoked by firing a quench heater strip.

761 MQM Magnets

The MQM magnets are the twin aperture focusing quadrupole magnets with a two-layer cross-
section located in the insertions and dispersion suppressors (at the beginning of the arcs). The
length of the coil varies (2.5-5m), which requires various copper-plating patterns for the heater
strip in order to keep the same resistance of the heater circuits. Four heater strips of twice the
magnet length will be connected in series and two heater power supplies will be required per
magnet (same connection scheme as for the MQ magnets). Quenches will be detected globally
including the protection of the busbar. In case of a quench detection the heaters will be fired.
Energy extraction is not foreseen.

Experimental Results

The heater delays were tested on a 1 m long prototype magnet adjusting the power and energy
density in the heated part of the strip by switching an external resistor in series. The magnet was
equipped with heater strips between the layers and between the coil and the magnet collars. The
measured quench heater delays are shown in Fig. 7.30.

The quench load was measured as a function of the operating current (see Fig.7.31)
on a prototype magnet. The tests demonstrated that the outer heaters alone can
redundantly protect the magnet (300K corresponds to about 2.8-10¢ A2s).

Additional tests were performed delaying the heater firing to simulate the quench detection at
a threshold level of 0.5-1.0V (20-25ms delay). The quench load remained below a critical
value [90]. For that reason the series production isforeseen without inner heaters, which simplifies
the manufacturing process.

7.6.2 MQY Magnets

The MQY magnets are wide aperture quadrupol es with afour-layer structure. Two sets of heaters
are installed between layer 2 and 3 and between layer 4 and the magnet collars. Different cables
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Figure 7.30: Quench heater delays as a function of magnet current for a MQM prototype magnet
(H1=aperture 1; H2= aperture 2; o= outer layer heaters; i = inner layer heaters, P(1-4) = poles).
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are used to wind the two inner and the two outer layers. Since the installation of heater strips
between layers is difficult, the protection with outer heaters alone was tested for its redundancy.

Experimental Results

A MQY twin aperture prototype magnet of 1 m length was tested for its quench performance and
protection. The series magnets will be about 3.1 m long. Inner and outer quench heaters were
installed. Three quenches were provoked by spot heaters. Because of alimited volume for helium
recuperation, an energy extraction resistor was switched into series 100 ms and 200 ms after quench
detection. Up to 15% of the stored magnetic energy was extracted. All heaters were fired for the
protection after the first provoked quench at nominal current. The magnet was protected solely
with internal heaters during the second quench, and only the external heaters were used during the
third quench. The quench heater delays were not measured but can be estimated to be about 20 ms
(from MQM quench heater tests).

The experimental results have been used to calibrate the simulation model. The longitudinal
guench propagation velocity is in the range of 25-30 m/s and the turn-to-turn delay is about 10-
15ms. Clear evidence of magnetic quench back has not been observed.

The experimental data concluded that external heaters on their own can protect the magnet
(quench load of 2.2.10° A?s with an equivalent adiabatic temperature 160K). The maximum
voltage was extrapolated to be around 60V [91].

Simulation Studies for Protection

Simulation studies are required to scale the experimental resultsto the quench situationinthe LHC.
Two aperturesin two different magnets of 3.4 m length will be powered in series (prototype length
1.3m). Asfor the MQM magnets, a quench detection scheme is foreseen with a voltage threshold
in therange of 0.5-1.0V. The prototype magnet was equipped with specially made quench heaters
(17mm wide). For the series production one aimsto use the standard heater strips with awidth of
15mm. The protection scheme has to be fully redundant at ultimate current (4000 A with respect
to 3200 A during the prototype testing). An energy extraction facility is not foreseen.

The simulation study showed like the experimental results that induced eddy currents have
little impact on the quench process. A resistive voltage of 1V is reached after about 20 ms which
increases the total heater delay with respect to immediate heater firing. This corresponds to an
increase of the quench load by 0.4-10° A%s. The 17 mm wide strips take two extraturns to provoke
a quench when compared to the standard quench heaters. Therefore, the use of standard heaters
reduces the resistance development. The length of the magnet increases the maximum voltage-to-
ground.

The simulation model is calibrated with experimental data (total external quench heater delay
60 ms, inner heater delay 70 ms) and includes all blocks of every polein two full size magnets (two
apertures connected in series). The inductance map has been calculated with ROXIE [9]. Various
protection schemes were simul ated:

e protection with half and al external heaters (total heater delay of 60 ms), assuming quench
back and energy extraction (maximum voltage-to-ground 420V)

e protection with all external heaters without quench back

e protection with al external heaters without quench back or energy extraction
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e protection with half and al inner heaters without quench back or energy extraction

The simulation demonstrated that the maximum voltage-to-ground does not exceed a threshold
of about 500V for any protection scheme. A tolerated hot spot temperature of about 300K
excludes the protection with just half of the external heaters even if magnetic quench back would
occur and an energy extraction resistor would be switched in series with the magnet. Without
guench back and energy extraction, the protection with all external heaters cannot safely protect
the magnet. Inner quench heaters of standard size can protect the magnet.

The ssimulation result outlines that the protection with external heaters alone leads
to unacceptably high temperatures in the MQY magnets. It has been concluded that
internal and external heaters together redundantly protect the MQY magnets (see
Fig.7.32).

Internal heaters need to be installed in spite of a more complex manufacturing process. This
protection scheme requires four heater power suppliesfor each twin aperture MQY magnet.
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Figure 7.32: QUABER simulation output for the MQY magnet protected with only half the inner heaters
(heaters were fired at the same time). The voltage development of the first quenching pole, the other poles
and the voltage sum are shown together with the resistance, the current and the hot spot temperature as a
function of time.
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Chapter 8
The LHC Protection System

The stored energy in the superconducting elements of the LHC can cause damage during a quench
due to overheating or excessive voltages (see Section 1.5). Therefore a reliable protection system
is required to ensure the safety of the superconducting elements and to avoid machine downtime
for repair. The functions of the system are to detect a quench in all superconducting circuits and
to deal with the stored magnetic energy. Depending on the type of power circuit, different actions
have to be taken: quench heaters must be fired; the current has to bypass the quenching magnet via
aparale diode or aresistor; and/or the energy is extracted with the help of adump resistor that is
switched into series.

This chapter introduces the different components for the LHC protection system and sum-
marises the protection schemes foreseen for the numerous superconducting elements and power
circuits. The consequences of the performed quench analyses and computations for the LHC
protection system are shown. The different quench detection procedures are discussed and
expected operation scenarios are presented.

8.1 Protection Elements

Fig. 8.1 gives an overview of the various partsin atypical LHC circuit. The magnet symbolises
either achain of magnets connected by abusbar or an individually powered magnet. The protection
elements for the magnet are not included in the drawing. This section lists the equipment required
for the protection of the various superconducting elements. the magnets, busbar cables with
interconnects, and the current leads. The protection elements for a main magnet connected in
series (MB and MQ magnets) are shownin Fig. 8.2.

8.1.1 Quench Detection

Quench detection was already discussed in Section5.4. Two different approaches are possible:
alocal quench detection based on a difference voltage exceeding a threshold (bridge detectors);
and a global quench detection based on the measurement of the voltage across the cold part of the
circuit and its comparison with the computed inductive voltage (global quench detector).

L ocal Quench Detection

Resistive transitions are detected with floating bridge detectors for each main magnet connected in
series. The signal is validated for about 10ms. The principleis sketched in Fig. 8.3.
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Figure 8.1: Schematic view of a LHC circuit including a global quench detector (measurement of {f,; and
I). The protection elements for the magnets (parallel diode or resistor, quench heaters) are not included.
When a quench is detected, a power abort signal is sent to the power converter and the dump resistor is
switched into series. The protection issues and the quench process have been analysed in the Chapters5, 6
and 7 for the various superconducting elements.
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Figure 8.2: Protection instrumentation for the main magnets. The main dipole and arc quadrupole magnets
connected in series are protected by local quench detection (bridge detectors), quench heaters and a diode
parallel to the magnet. The insertion quadrupole and injection dipole magnets are protected with a global
or a bridge detector (see Fig.8.1) and quench heaters.
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Figure 8.3: Principle of the quench detection for the main magnets with a local quench detector and data
acquisition.

Global Quench Detector

The global voltage detector measures the current and the voltage across the cold part of the circuit
as a function of time. The current signal can either be provided by the power converter or, if
needed, it can be measured independently by ahall sensor or DCCT (DC current transformer). An
inductance map as a function of current is stored in the detector. From the current measurement
the detector calculates the current derivative and computes the expected inductive voltage. If the
absolute value of the difference between the expected voltage and the measured voltage exceeds a
threshold, a quench is detected.

8.1.2 Magnet Instrumentation

The LHC main magnets will be equipped with voltage taps for the bridge detectors and voltage
monitoring (see Section4.1). Voltagetapsare installed in the main dipole magnets at three different
points: two taps per busbar connection at the entrance, two at the exit of the magnet, and two at
a midpoint between the two layers. The main quadrupole magnets will have voltage taps at the
entrance, two at the exit of both apertures, and two between pole 2 and 3 for each aperture (see
Fig.8.2). Theinstallation of two voltage taps at each position is foreseen for redundancy.

All other circuits have voltage taps at the bottom of the current leads. The global quench
detector usesthese voltage taps to measure the voltage acrossthe cold part of the circuit. Additional
voltage taps might be installed once every half or full cell. These would then be used for data
acquisition or additional bridge detectors.

The high temperature superconductor current leads are equipped with a voltage tap at three
different positions (at the cold and warm ends and at an intermediate point). These current leads
will be protected by a voltage threshold detection (see Fig. 8.4).
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Figure8.4: Protection instrumentation for the current leads with a high temperature superconducting (HTS)
part.

8.1.3 Resstorsin Paralldl

Parallel resistors are required for some lattice corrector magnets connected in series (see
Section 6.4). In case of aquench the growing resistance in the quenching magnet exceeds the value
of the parallel resistor within a short time interval and the current starts to bypass the quenching
magnet flowing through the parallel resistor [79].

8.1.4 Diodesin Paralléel

The high-current silicon diodeswith a6-8V turn-on voltage of the diffusion type will be connected
paralel to the superconducting magnets and operate inside the magnet cryostat at a temperature
of 1.9K. The quadrupole diodes must safely withstand an estimated dose of about 400Gy and
neutron flux of about 2.4-10'2 n/cm? during 20 years of operation. For the dipole diodes a dose of
about 60 Gy and a neutron fluency of about 3.0-10'" n/cm? has been estimated [92].

One bypass diode will be installed across each twin-aperture dipole magnet. As focusing and
defocusing quadrupoles will be powered separately, each single quadrupole aperture requires a
diode. Thetwo diodes assembled in one pack are galvanically separated. Each diode package must
be able to conduct an ultimate current pulse of 13kA peak with a nominal decay time constant of
about 100s for the dipole circuit, and about 40 s for the quadrupole circuit. The heat sinks absorb
an energy of about 1.5MJfor adipolediode; and 0.7 MJfor aquadrupole diode. The diodeshaveto
operate within a temperature range of 1.8 to 450K, withstand the associated thermal stresses, and
continue to operate reliably after several cold-warm cycles. Before installation, all diode packages
will be tested at liquid helium temperature. As the differences of the electrical characteristics
between 1.9K and 4.2K are rather small, most tests will be carried out at 4.2K. Only afew of the
series diode assemblies will be tested at 1.8K to verify their turn-on characteristics [93].
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8.1.5 Quench Heaters

The heaters for the dipole magnets consist of pairs of austenitic stainless steel strips
(0.0250.002mm thick and 15.0+0.1mm wide) bonded in between two layers of polyimide
electrical insulation foil (see Fig. 3.14). The latter acts as support and insulates the strips against
the coils and the collar structure that is at ground potential. The thickness of each insulation foil
is 0.075mm+5%. A layer of 0.025mm of epoxy glue will be clad on the internal face of the
polyimidefoilsfor proper bonding to the strips during awarm rolling process. The quench heaters
are subsequently creased to match the geometry of the magnet outer coils. They are then equipped
with powering leads through soldered connector elements. Once installed in a magnet, the heater
strips are strongly compressed between the superconducting coil and the collars (pressures around
50MPa for the LHC dipoles). Therefore, the austenitic stainless steel strips must have smooth
burr-free edges to avoid punching through the electrical insulation foil. The heater strips have a
length of about 15m each, and cover the entire length of each outer coil. The total copper-plating
pattern is52 cm long, alternating 40 cm plated and 12 cm non-plated periods. The copper thickness
is 0.004+0.001 mm and its RRR value exceeds 30. The electrical resistance of the strips drops
from 1.5€/m at room temperature to about 0.35€2/m at 1.9K. The design of the quench heaters
for the quadrupole magnets is similar: their length will be about two times 3m, and each strip
covers two poles. The copper-plating pattern will alternate 12 cm of unplated steel with 32cm of
copper-plated parts [93].

The copper-plating pattern is adjusted for the various insertion magnets protected with quench
heaters to keep the same resistance in the heater circuit. This means only one type of a heater
power supply is needed for the entire machine. Table8.1 gives an overview of the various heater
strips to be installed in the different main magnets.

Magnet length pattern width | stripsin
name [mm] | lpe [MM] | lcy, [MM] | [MmM] | series
MB 120 400 15 2
MQ 120 320 15 4.2
MQMC 2486 125 100 21 4.2
MQM 3491 120 170 21 4.2
MQML 4891 140 350 21 4.2
MQR 3491 100 70 21 2.2
MQRL 4891 120 125 21 2.2
MQY inner 3508 130 190 21 4.2
MQY outer 3508 100 250 15 4.2
MQXA 6530 115 230 15 2.2
MQXB 5714 120 215 15 2.2
MBRA,B,C | 9646 100 400 15 4.2
MBRS, MBX | 9646 100 200 15 2.2

Table 8.1: The heater strip layouts for the LHC magnets. A list of the various heater protected magnets can
be found in Table7.1. Values given in italics are preliminary.
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8.1.6 Heater Power Supplies

The quench heater power supply determines the amount of energy which is dissipated into the
heater strips. Each power supply has a maximum stored energy of 3.5kJ. The supply is based
on the thyristor-triggered discharge of aluminium electrolytic capacitors. It contains a bank with 6
capacitors (4.7 mF/500 V), where two sets of 3 parallel capacitors are connected in series, resulting
in a total capacitance of 7.05mF (see Fig.8.5). In order to enhance the capacitor lifetime, the
foreseen operating voltage is 90 % of the rated voltage. The nominal operating voltage of the
capacitorswill be U,,,,,=450V with amid connection to ground, giving a maximum stored energy
of 2.86kJ[93]. After detection of a quench, a capacitor power supply applies a voltage of 900V
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Figure 8.5; Sketch of the quench heater power supply.

across the heater strips connected in series, providing a peak current of about 85A. The time
constant of the heater circuit is about 75ms.

8.1.7 Energy Extraction

For a fast current discharge in the case of a quench, many of the superconducting circuits with
magnets connected in series will be equipped with external energy extraction systems that consist
of mechanical circuit breakers and energy-absorbing dump resistors. The 1.33 GJ of stored energy
in the dipole magnets of each sector will be extracted into two symmetrically placed energy dump
facilities, inserted in series with the two half-chains. This configuration limits the maximum
voltageto ground to 500V; it halvesthe energy deposit in each resistor unit and allows symmetrical
grounding of the power circuit (the mid-point of the mid-arc dump resistor). The transfer function
analysis of the chains has shown that this grounding concept provides important advantages for
ripple, ramping and transient phenomena. The resistance value (75m each unit) limits the
maximum current decay rate to -125A/s. Four 4.5kA DC circuit breakers will carry the current,
fed from a current-equalising bus-way. Each cluster of breakers consists of eight individual units,
with two breakersin series for redundancy. Each breaker has two independent rel ease mechanisms
(for slow opening and current impulse for fast release). The dump resistors incorporate a forced
air-to-water heat exchanger, as heat dissipation into the tunnel air is inadmissible. A single
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extraction system is foreseen for each of the quadrupole chains. The dump resistance values are
7.7m< and 6.6 mS2, which give a maximum decay rate of -325A/s. The same breakers as for the
dipole magnets are used [93].

600 A energy extraction facilities will be installed for the protection of the corrector magnets
and their busbars. The extraction resistor varies in the range of 200-700m¢2 and is adapted to the
needs of the individual circuits (see Section 6.4).

8.1.8 Radiation Tolerant Equipment

The equipment installed in the tunnel includes capacitor discharge power supplies for firing
the quench heaters, quench detectors, breaker control electronics, data acquisition systems,
programmable logic controllers (PLC) and interfaces to field buses. Due to beam losses and
interactions with the residual gas in the beam tube, this equipment is exposed to radiation (order
of magnitude: 1 to 10 Gy per year) during LHC operation [92]. All these devices are tested under
conditions similar to those expected in the LHC in the irradiation test zone in the fixed target
North area of the CERN SPS accelerator [93]. The dose rate in this area is about 10 Gy per week
corresponding to a fast neutron fluency of some 10! n/cm?. The zone is equipped with cable
connectionsto alocal control allowing for dynamic, on-line measurements of the components and
radiation levels.

8.2 Protection Schemes

Each main quadrupole and dipole magnet will have its own protection system that is fully
redundant and independent of other magnets. When a quench is detected, the protection will
activate the powering of the guench heater strips, shut down all power converters in the sector and
open the switches across the dump resistors. For a quench in a busbar, the system will shut down
the power converter of the circuit and open the dump switches without firing heaters. The quench
detection for the dipole magnets is based on floating bridge detectors. For the main quadrupole
magnets, the comparison will be made between two sets of two poles, since the two apertures of
the quadrupole magnets are powered separately.

For the protection of the corrector and insertion magnets as well as for all busbars, the voltage
at the cold end of the current leads will be measured to detect a quench (global quench detection).
Quenches in busbars for main dipole and quadrupole magnets are very unlikely, as they are
installed in regions of low magnetic field, protected from direct radiation and highly stabilised
with copper. It is sufficient to detect any resistive growth on long stretches, using the global
guench detection scheme. If the quench in a busbar is detected late (more than 60 s after a quench)
part of the heaters can be fired for afaster current decay. Thisisan emergency situation that is not
included in the normal protection procedure.

Quench Detection Parameters

The requirements quench detection parameters have been finalised. The bridge detectors work at a
detection threshold of 0.2V with a quench verification time interval of 10ms. The global voltage
threshold for the insertion quadrupole and corrector magnets is in the order of 0.5-1.0V with a
guench verification time interval of 10-20 ms.
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Dueto the high inductancein the dipole circuit, the global voltage detector for the main busbars
acts slower at athreshold of 1V and a verification timein the order of 5s. The old baseline for the
guench detection included bridge detectors comparing two half cells or full cells (i.e. 600 bridge
detectors for the three main busbars).

Data Acquisition and Monitoring

The controllersfor data acquisition and monitoring (AMC) will monitor the status of the protection
system, alow for powering, and acquire data for both on-line and post-mortem analysis (magnet
voltages, quench detector signals, signals from the heater power supplies). The AMC units are
continuously acquiring the signalsand storing themin acircular buffer. When aquench is detected,
the acquisition continues during a defined short period of time and then stops. On request the
data is sent to the operators allowing a post-mortem analysis of the event. The integrity of the
protection system is monitored, for example if heater discharge units are not correctly charged,
heater discharge units are not fired, or failures of quench detectors. If afailure is detected, the
machine cannot be powered and a message is sent to the operators. Each machine sector will have
about 200 AMC systems that are connected via a field bus to an intermediate controller (WAN-
PLC). Thiscontroller acts as a bridge between the AM C units and the Control Room (see Fig. 8.3).
In order to minimise cost and development, it has been decided to use a PL C-like structure. This
means that a commercially available system can be used, leaving just the program to be devel oped
at CERN. Each unit will have a data memory exceeding 48 Kbytes, an acquisition cycle of less
than 10ms, and analogue inputs with an accuracy of 10bits. A field bus will be used for the
communication.
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Conclusions and Outlook

The analysis of the experimental results and simulation data has shown that analytical models
are insufficient to describe the coupled electrodynamic and thermodynamic processes during a
guench. Consequently, the application of such analytical models can lead to errorsin the design of
the magnet or the protection system. If the design of the protection system istoo conservative, this
could cause additional machine downtime. Using the standard equations of quench propagation
could also result in inadequate protection with severe consequences in case of afault.

The advancements and improvements in the simulation model allow a more precise study of
the quench processes in superconducting busbars and magnets, since the impact of the cooling
conditions on the hot spot temperature and the influence of induced eddy currents due to a
changing magnetic field are integrated. The analyses and simulation studies yielded an improved
understanding of the quench propagation, including the quench back effect.

The conclusionswere not only used to determine the required busbar dimensionsand protection
but also to establish adequate detection levels and protection schemes for the all superconducting
circuits of the LHC. Other topics addressed the protection of magnets, for example the optimisation
of the guench heater strip layout, the heater powering parameters and the values of parallel
resistors.

Summary of Results

The quench process was explained as a coupled electrodynamic and thermodynamic process as
described in Chapter 3. The simulation model includes the longitudinal and transverse quench
propagation, cooling by helium, forced quenching by heaters, and quench impact of induced eddy
currents.

The modelling of the heat transfer through the insulation layer allowed the consistent
reproduction of experiments performed on busbars and the determination of the required copper
stabilisation. The simulation outcome showed that a global quench detection is sufficient for the
protection after a busbar quench (see Chapter 5).

The observed magnetic quench back in corrector and main magnets was explained by the
modelling of dynamic losses due to induced eddy currents (see Chapters6 and 7). For the design
of anew accelerator with superconducting magnets, the impact of quenching due to induced eddy
currents should already be included in the design phase for the magnet production.

The quench heater performance of the main magnets was studied on different short and long
prototype magnets. Simulations were carried out to understand the measurements. As aresult, the
copper-plating pattern was optimised such that two 15m long heater strips can be connected in
series without compromising the quench heater performance (see Chapter 7).

Due to the improvements of the quench heater performance and the understanding of the
impact of magnetic quench back, the protection scheme for the main magnets was optimised and
simplified. High-field heaters aone can redundantly protect the dipole magnets. The number of
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required heater power supplies was therefore reduced from 16 to 4 for the dipole magnets, and
from 4 to 2 power suppliesfor the twin aperture quadrupole magnets (see Chapters 7 and 8).

The protection parameters of the corrector magnets have been finalised. The outcome of
the analyses demonstrated that active protection equipment such as quench heaters, diodes or
bridge detectors are not needed as it was originally foreseen. This optimises the reliability of
the protection system. The magnets that require protection by a parallel resistor and the circuits
that need energy extraction were identified. The values of the parallel and extraction resistorswere
defined (see Chapter 6).

Outlook

The foreseen protection schemes will be validated at the String 1l setup [74]. Adjustments of
the defined voltage thresholds for the local and global quench detection will be possible, if the
experience shows that the expected noise level in the signals are different. Quench propagation
from one magnet to the next will be studied. The final test of the protection system will be done
during the commissioning of the first LHC octant with and without beam injection.

A more detailed model of the helium will be required to study numericaly the quench
propagation between magnets due to heat transfer in the helium bath.
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Appendix A

Numerical Approach

The discretisation used in the simulation model is shown in Fig.A.1. The current flows in the
x-direction and the conductor is discretised in Nelem elements of length Dz. When modelling
corrector magnets, the discretisation in the y-direction Dy corresponds to the different layers,
whereas Dy are the elements along the the broad side of a Rutherford cable for main magnets. The
discretisation in z-direction Dz refers to various turns of the coil. The quench heater stripsliein
the z-z plane.

The size of the discrete elements in space and time must be carefully adjusted in order to avoid
numerical instabilities such as oscillations and diverging temperatures[ 76, 94]. For that reason the
chosen step-width and initial timestep have to be changed for each application so that consistent
results are achieved. For afast program execution, the number of elements should not be too large.
Increasing the initial timestep and the variables responsible for the At¢ adjustment compromises
the precision and reliability.

A.1 Discretisation of the Heat Balance Equation

In the one-dimensional model the cableisdiscretised in Nelem nodes of Dz length. The timestep
At is dynamically adjusted by the program depending on the material properties (At,.). The
user sets the initial and minimal timestep with the variable timestep (or AtY). The actual time
is updated according tO ¢,,c., = toq + Atae. 1N discrete space, the continuous temperature 7'(x)
becomes T'(i,) meaning T" at the position Dz - i,. The same notation is used for P and A as a
function of x. Thetimeisnoted ast although it isadiscrete time ¢,, with a changing time interval
between two timesteps. The algorithm for the evaluation of the temperature development contains
nested loops

e program initialisation
e timeloop with dynamically calculated timestep = Aty
e nested loop for temperature evaluation of Nelem elements with length Dx.

The quench energy is calculated from the enthal py difference between the computed tempera-
ture profile and helium bath temperature

q=Dzx- (Z Al ) (H(T (1)) — H(Tb)> (A.D)
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discretisation in X,y
taking an average
valuefor z +

dvV=DxDyDz

turns

Figure A.1: Discretisation of the superconducting structure.
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After initialisation, the temperature is evaluated with the discretised one-dimensiona heat
balance eguation (see aso Eq. 3.86). The new temperature 7 (i,,, ") is given by

Atact .
(i) {’“(T“"“t”

e )

Eqg.A.2 isvalid only for a constant cross-section A along the conductor, otherwise the derivative
dA/dz hasto beincluded.
The terms of Eq. 3.1 are expressed in Eqg. A.2 asfollows:

T(igs1,t) + T(ig—1,t) — 27T (iy, )

(i, 0°0) = T(iy, 1) + (Da)?

(A.2)

e thetime derivative of the temperatureis (7" — T') / At gt

e thefirst time derivative of the temperaturein z is (T'(i,41) — T'(i.—1))/(2Dz). The second
timederivative of thetemperatureinz isgivenby (T'(iyy 1, t)+T (iz—1,t)—2T (iz, t)) /(D).

e the heat generationisgivenby G(T'(i,,t),t).

e the values of the material properties p, ¢, k and the heat transfer to liquid helium A are
linearly interpolated from a look-up table that is calculated at the start of the simulation
(according to input parameters B — field, RRR, T4y, €C). The common material
parameters are computed as a function of temperature according to the proportions of
the materials A,./Aior, Acu/Aior, @d Ape /A and are stored in look-up tables with a
temperature step width of 0.1K (see SectionA.2).

The temperature evaluation ends when an abort criterion is fulfilled (normally if the time exceeds
the end-time: the input parameter fintime). The abort criterion can aso be a very high
temperature (greater than 1000K) in the cable; a temperature or voltage threshold; zero current;
length of normal conducting zone; or a collapsing quench.

The timestep is calculated according to

act

A0 if Atnew < A0 (A.3)

act

Atcontv"ol e If Atnew < Atcontv"ol e

act

Atnew _

act

{ o - c(min(T i, 1)) rmml s i Atger < AL < Aleoniror - 0

In order to reduce the required computation time, the number of terms in the heat balance
equation can be reduced, when the heat generation vanishes. If the current decayed to zero, the
temperature is evaluated with an equation that does not include the ohmic heat generation term.

Heat Transfer through Insulation

Eqg. A.2 changes to a system of two differential equations when the cooling model takes heat
transfer through the insulation of the material into account

Aty . T(igs1,t) + T(ig—1,t) — 2T (ig, t)
RGAA) {W =) (Da)? !
T(iz,t) + Tiso(in, 1)\ Pliz) Tiso(in,t) — T(iz,t)  G(T (i, 1t),t)
Fiso ( 2 > 4(i,) I, A

Tnew@z’ tnew) — T(Zz, t) +

(A.4)
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Eq. A.4 contains the heat conductivity through the insulation material and the temperature on the
surface between insulation and helium bath T3, (i, t). It is calculated by

Atact .
Ciso(ﬂso<iza t))
|:]€ (T(Zxat) +T’lso(zx>t)> P(Zx) T(Zxat) - T’lso(zxat) M
e 2 A(Zx) liso A(Zx)

Due to the iterative temperature evaluation in the conductor, a numerical problem can occur.
The temperature dependence of the heat transfer model can cause that more heat istransferred into
helium than comes from the conductor through theinsulation layer. Thiswould yield atemperature
in the insulation layer below T3, which is an unphysical result corrected by resetting 77:¢% = T,,.

180

The algorithm for the temperature evaluation including heat transfer through an insulation layer is

ﬂzgw(im7 tnew) = Eso(%n t) +

(A.5)

- hHe (T(ixa t))

e program initialisation
e timeloop with dynamically calculated timestep = Aty
e inside two nested loops:

— temperature T'(i,,, t) evaluation for Nelem elements with length Dz
— temperature T, (i, t) evaluation for Nelem elementswith length Dzx.

Using this model and including the helium fraction inside the superconducting structure, the
wetted perimeter is no longer a fit parameter that requires a calibration of the simulation model.
The remaining uncertainties are due to the amount of helium in the structure that is not precisely
known and the heat transfer constants into helium on the surface of the insulation material. The
amount of helium might need to be varied to reproduce the measured quench propagation velocity.
For insulated cables, the heat transfer from the insulation into the helium bath only playsarole for
the longterm evaluation of the hot spot temperature.

Quench Heaters

In order to simulate quenches provoked by quench heaters (see Fig. A.2), the heat balance equation
for the quench heater is solved iteratively with the equation for the conductor for every timestep.

Atact . [h(t)2
s {phm(zx,t» o
(Th(@'m, t) + T (ig, t)) Th(ig,t) — T(ig,t)

(™) = Tulis,t) +

—fn - KLy (A.6)

2 I® t
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The heater cross-section A;, is wy, - t, (heater strip dimensions are width wy, in z direction and
thickness ¢;, in y direction). The time dependence of the current flowing through the heater was
described in Eq. 3.97.

Heat transfer from the heater strip into the superconductor occurs solely at the heated parts of
the strip. For this reason, the calculation of a single heater strip temperature is sufficient. This
reduces the number of elements to be evaluated per timestep and accelerates the simulation run.
The approximation ssimplifies Eg. A.6 to

Atact
en(Th(t))

In(t)?

Trew (gnewy — T, (¢
h ( ) h( ) + Ah

- | n(Th(2))
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heater strip

Figure A.2: Discretisation of the coil geometry including quench heater strips.

Typ(t) 4+ Tyn(t Tn(t) —T(t
_fh . kl};o h( ) h( ) h( )h ( ) (A7)
2 [ th
The average temperature in the cable under the heater strip 7., ;. is given by
1 Nelem
Tun () = N Z_j T(ig,t) - i, (A.8)
Nelem
Ncov - Z Ci,,
o 1 if element i, isunder aheated part of the heater strip
Cia = 0 if element i, isunder a non-heated part of the heater strip

The integer ¢;, determines whether an element i, is located under a heated part of the quench
heater strip or not. Thefirst i, elements are not used for the evaluation of 7T;, ; (¢) in order to avoid
an error due to the expanding normal-conducting zone. The temperature in the normal-conducting
zone would increase T, 1, (t). The use of an averaged temperature disregards the heat conduction
inside the superconducting cable that reduces the temperatures at the ends of the heated elements.
Although this effect is rather small, the program can also evaluate the temperatures according to
Eg. A.6 when a higher precision is needed.
Eq. A.7 changes to Eq. A.9 when heat transfer into the magnet collarsisincluded.

new (mewy _ Alact () (o) + Tun(t)\ Tu(t) — T(t)
TEe) = D)+ o Do) i, (PO ) RO

b (Th(t) + Tb) Th(t) — Tb:| iso

(A.9)

150 2 lironth
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The temperature in the the superconducting cable including heat transfer from heaters is
evaluated as

T (i, 1) = T(ig,t) + — RHE(T (iy, 1))

Atoer {G(T(@'m,t),t)
c(T(iJ,,.t)) A(iz) |
+ (k(T(lz, t))T(ZCE-i-Iu t) + T((Z)I;)l; t) B QT(ZJHt)) +

T(ig,t) + Tu(t)\ Th(t) — T(in, 1)
G

150

g(ll)kz};o

Eg. A.10 changesto Eq. A.11 if the cooling model includes heat transfer through the insulation

Trew(iy 7)) = T(ig, 1) + —ot {G(T(%ut%t)

(T(in,t)) | Alin)
+]€ T(Zxa t) + T’iso(ixa t) T’iso(ixa t) - T(Zxa t)
180 2 leODy

N (k(T(iz, t))T(ix+1, t) + T(%x;5 t) — 27 (i, t)) .

glin)kL, (T(i””’ t); Th(t)) Th(t)l[ g; ﬂ (A.11)
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The algorithm for the temperature evaluation of the superconducting structure including heat
transfer from a quench heater strip can be summarised as follows

e program initialisation
¢ timeloop with dynamically calculated timestep = At e
e nested loops:

— temperature evaluation of Tj,(¢) or T} (i, t) for Nelem elements
— temperature evaluation of T'(i,, t) for Nelem elementsusing

x direct heat transfer into helium or

* heat transfer through the insulation material including the temperature evaluation
of Tis0(iz, t) fOr Nelem elements.

Two-dimensional Finite Difference M ethod

The numerical approach assumes a Rutherford cable with discretisation along the conductor and
its broad side. The temperature T}, (i, t) in the heater at i, is evaluated including the heat transfer
to the first element in the superconducting cable i, = 0 with temperature 7'(i,, 0, t) (see Eq. 3.96)

Atact . Ih (t) 2
s [phm(zx,t)) i

s (Th(zm,t) +2T(zz,0,t)) Th(zz,t)lh—;l’(zm,o,t) (A12)
h

S0

Ty (i, ") = Th(ig,t) +
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The discretised two-dimensional heat balance equation including heat transfer from quench
heatersis

T (i, iy, ") = T(ig,iy,t) + c(T(it,aZ,t)) : [G(T(:(’iiy)’ 0.t _ hHe(T(ix,iy,t))Zgj
N (k(T(z’x, i t))T(@'J,H, iy, t) + T(z('g;,)iy, t) — 27 (iy, iy, t) N
T (igyiys1,t) + T iy, iy—1,t) — 2T (ig, 1y, t)> N
Dy?
ol )H (Th(ix, t) —;T(z’x, 0, t)) T (is, t?h—gy(z'x, 0, t)} (A13)

Eg. A.13 includes two terms for the heat conduction inside the superconducting cable along = and
y. The other terms are identical to those of Eq. A.2. The ¢(i,, i,) isthe discrete version of g(x, y)
defined in Section 3.5.4.

Three-dimensional Finite Difference M ethod

The modelling of the quench propagation between turns of a Rutherford cable requires the
approximation of the three-dimensional heat balance equation in order to simulate the quench
processin acoil. The model is similar to the two-dimensional approach. It includes an additional
term for the heat transfer between two adjacent turns (via the insulation thickness /¢, with heat

180

conductivity k¢, ). The heat conductionin z-direction inside the superconducting cableis neglected
because the width of aturn is an order of magnitude less than its height (typically 1-2mm with
respect to about 15mm). The discretised three-dimensional heat balance equation for the main

magnetsis

. . . . . . Atact G(T(Zx Z iz t) t)
Tnew . ’Z7tnew T s uz;t : . ag{a s V)
() ) (g, 0y, 0z, t) + Ty, i D) { Aliy) +
o T(igry iy s, t) 4+ Tlig_1,iy, iz, t) — 2T (ig, iy, iz, 1)
(k(T@zaZyulmt)) - (Dm;g :
+T(Zxa Z‘y+1>iza t) + T(Z‘xaiyflaiza t) - QT(ixaiya iza t) +
Dyy?
o T(igsigisenst) + Tlig,iyis1,t) — 2T (ig, iy, iz t)
t xy by Lz+1, Ty byy bz—1, xy by bz o
kiso(T@E’ Zy7 lz t)) lgsoDZ
o T(igyiy,in,t) + Thliv,t)\ Thliv,t) — T(in,iy,is,t)
N ; kh xy Yy Yz X ) Ty YYy Y2y
g(l vlwl ) zso( 2 li—LsoDy +
ermre o Pliz)
hH (T(Zx, Zy, 1y, t))m:| (A14)

with A(i,) = A = Dy - Dz. Eqg.A.14 needs to be changed to include cooling by heat transfer
through insulation. The function g(i, i,,4,) is the three-dimensiona version of g(i,,1,) in the
two-dimensional model. To study forced quenching, the heat balance equation of the heater strip
Eqg. A.12 hasto be solved in addition to Eq. A.14.

The three-dimensional model for the corrector magnets takes into account that heat transfer
into the helium bath only takes place at the boundary elements (edges of the coil) since the coils
are fully impregnated with epoxy.
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The heat balance equation becomes
do Iy —Jy  Go=it p-I*_du
dx dy dz A2 dt
_ K(T;.1) — K(Ty)
Jy dy
n K(Ti) — K(Tit1)
Jy dy
. K(Ti-1) — K(Th)
Jz dz
j+ K(Crz) B K(CZ-'H*l)
z dz
K(T) / Eins(T1) dT1 (A.15)

j~ istheinner flux and 5 the output flux in aturn. The evaluation is made using a steady state

approximation

ar
j = k(T)-— = const,

dx

/ jae = | K(T(2))

ar

- —dzx

dx

For elements at the conductor boundary, the heat transfer into helium through the insulation layer

is evaluated using the matrix model, which is presented next.

y A

B | ISR Oy PR

Figure A.3: Three-dimensional model for corrector magnets.

Matrix Model

As pointed out in Section 3.5.2, the precise modelling of the heat flux through the insulation layer
requires a radial discretisation. This is needed if the insulation layer thickness is of the same
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order of magnitude as the conductor diameter. Assuming radial symmetry, the discretisation of the
insulation layer adds another dimension to evaluate the temperature (V' longitudinal elements for
the conductor and M radial insulation layer elements per longitudinal element of the conductor).
In order to reduce the number of heat balance equations that need to be solved for each timestep,
the heat flux as a function of radial position and the time derivative of the temperature d7'/dt is
evaluated before the quench computation for a given width and material of the insulation layer.
Thefirst radial element is heated with different rates of d7'/dt. The heat flux through the different
elements is then evaluated with the boundary condition of the heat transfer model into the helium
bath at the last element. The results are stored in a matrix which is read at the beginning of the
guench computation and linearly interpolated to obtain the actual heat flux out of the conductor
element

At Tivr — Ti1 { 2kins(T})
T‘New - T . i+1 i—1 ins\4i
‘ Z—*_C(ins'A2 |: 4 Z+ZO *
Fins (T3) = Kins(Ti-1)) + kino(T) (Togs + Thoy — 27|
. R(0)
= A.16
(] Ar ( )

Feedthrough Calculations

The insulation with epoxy is used for the busbar feedthroughs between two neighbouring cells to
stop helium flow from one cell to the next (known as plugs). Due to these cryogenic sectors, it is
possible to warm up just afew cells of the machine and to leave therest at 1.9 K. Two matrix files
are calculated (one for the epoxy insulation and one for the polyimide film), in order to smulate
the quench propagation through a feedthrough. Fig. A.4 sketches a busbar geometry that requires
the modelling of heat through two different insulation materials for the quench simulation.

Insulation layer

Figure A.4: Busbar geometry with a plug to stop helium flow.

Eddy Currents

Following the description of induced eddy currentsin Section 3.4.2, the external magnetic field as
afunction of currentis

dB  B(ti-1) — B(t;)

B(I(t)) =a+0b-I(t); U timesiep

(A.17)
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The resistivity is evaluated as p = p(B(I(t)), RRR,T(t)) for each element and timestep. The
geometry parameters are specified at the program start. The required input parameters for the eddy
current calculation are: the filament diameter d_ fil, filament and strand twist pitch Lp fil and
Lp_strand, the number of cable layers and strands N_strand, the angle in between the cable
axis (width) and the magnetic field, the constants a and b for evaluating the field as a function
of the current. The main loop of the temperature evaluation calls functions that calculate the
strength of the induced eddy currents and their time constants. The contribution of the dynamic
losses is added to the heat generation to eval uate the temperature increase in a generalised function
G(B(z,I(t)),1(t),T(x,t), p(B(z,I(t)), RRR,T(x,t))).

A.2 TemperatureDependenceof the Material Parameters

Measured material properties at various temperatures are stored in look-up tables in tem-
perature steps of 0.1K: the heat conductivity; the resistivity; the heat capacity for copper,
niobium-titanium [30] and stainless steel [95]; the insulation material (polyimide films and
epoxy) [42, 95, 96], and the heat transfer coefficient [42, 43].

The material properties for the homogeneous cable are calculated as

Teu/sc Teu/sc
= T Caut T Cs A.18
¢ 1+ Tcu/scc - 1+ Tcu/scc ( )
[ — Teu/sc k. + Teu/sc k (A 19)
B 1+ Teu/sc “ I+ Teu/sc > .
L+ 7euyse
p= =, (A.20)
Teu/sc

The resistivity of copper as a function of the applied magnetic field, temperature and RRR
valueisgiven by

peu(RRR, T, B) = (1 + 7)peu(RRR, T, B = 0)

peu(RRR, T, B =0) = po + p; + pio

15531077
P = ""RRR
B 1.171-10717 . 7449
i T 144498107 - T335 exp(—(50/T)5428)
pPio = 0.4531 P
Po + Pi
logr = —2.662 + 0.3168log s + 0.6229(log s)* — 0.1839(log 5)* + 0.01827(log s)*
15.53-107- B

(A.21)

® T )u(RRR,T,B =0)
The copper thermal conductivity is computed according to the Wiedemann-Franz law, assum-
ing that the Lorentz constant L is independent of the magnetic field

2.44-107%.T

kw(RRR,T,B) =
( ) pee(RRR, T, B)

(A.22)
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The niobium-titanium thermal conductivity is assumed to be independent of the magnetic field
and computed as a function of temperature

Enori(T) =7.5-1073 . T+% (A.23)

As for the cable parameters, the heat capacity, resistivity of stainless steel (type Al304); the
thermal conductivity and capacity of the polyimide insulation are read from a look-up table and
linearly interpolated. The heat transfer into liquid helium can be calculated with various heat
transfer modelsin steps of 0.1K that are listed below

0 if T(.%‘, t) <TyVit-— t(T > Tf.boil) > tf.boil
REe(T(x,t),t) = { 180 [%%%4] A(T(z,t)* =T if T(2,t) < Tt poir
100 [mQK] . (T(:c,t) - Tb) if T(.%‘,t) > Tf.boil ANt — t(T > Tf.boil) < tf.boil
0 if T(x,t) <TpVvVt—t(T > Tf.boil) > 1f.boil
hYC(T(z,1),t) = 180 [H] - (T(z, ) = T3}) if T(x,t) < Thpon
1000 [W] if T(:U, t) > Tf.boil Nt — t(T > Tf.boil) < tf.poil
0 if T(:E,t) <1,
180 - (T(z, t)* = T}}) if T'(z,t) < Ty pou
h'e(T(z,t),¢) = ¢ 100000 [X] if Tt poit > T(2,t) > Thboil (A.24)
100 - (T(x, t) - Tb) if T(.%‘, t) > Tf.boil ANt — t(T > Tn.boil) < tf.boil
1000 if t — t(T > Tf.boil) > 1f.boil
BEE(T (), £) = 670 | —— | - (T(x,4) — T)) (A.25)
m2K

A.3 Numerical Limitations

The precision of the simulation result depends on the setup of the model and on the discretisation
of the finite difference elements.

The temperature map might be wrong if the length of Dz, Dy, Dz is set too long (problem
of setting the mesh) due to the linear evaluation and interpolation of the temperature and material
properties. A diverging temperature or temperature oscillations are possible if the timestep is too
big. This occurs for example if the temperature jumps over several Kelvin in an element that
becomes normal conducting within At.

The implemented numerical approach is known as the explicit method. It compromises the
risk of a numerical instability with fast evaluation and simple extension of the model. The implicit
method is stable since the new temperature is evaluated iteratively by a matrix inversion, but
requires many more calculation steps with respect to the explicit method [76, 94]. The additional
computation time can be reduced by increasing the timestep but the explicit method remains faster.
The risk of a numerical instability in the explicit method is avoided by reducing the sizes of
the discrete elements in space and time until the program output stabilises. The application of
the explicit method approach is appropriate due to the available computing power. An empirical
optimisation of the discretisation in space yields Dz ~ \/A,;.
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The timestep is calculated as a function of material parameters for the present temperature
profile (see Eq. A.3)
c(min(T(z,y, 2))) min(Dz, Dy, Dz)?

k(min(T(x,y, 2)))

where « isan input parameter to steer the timestep evaluation (normally 0.1 K). Theinitial timestep
can also be set as a program input parameter and used for the entire computation. In Eqg. A.26 the
calculation of At is proportional to the length of the finite difference element squared. As the
precision of the temperature evaluation relies on how fine the finite difference element mesh is set
up, the timestep must be reduced accordingly. For example, if the simulation includes heat transfer
to helium for the cable of the LHC dipole magnets, Dx may not be set longer than 1cm. This
requires an initial timestep At of about 0.1-1 i:s. The other limiting factor for the precision is the
longterm modelling of the heat transfer into helium (simulation of temperature evaluation several
seconds after a quench starts).

The implicit method was programmed to crosscheck the outcome of the explicit approach
for the one-dimensional quench propagation without transverse cooling. The comparison gave
the same quench propagation velocity and a difference of the hot spot temperature by less than
2% when the discretisation in space and time was adjusted in the explicit method as described
above [75].

At =«

(A.26)

Comparison with Analytical M odels

In order to test if the numerical model is correctly calculating the heat conduction along the cable,
the code has been compared with an analytical model.

The temperature profile 7'(z, ¢) for a thin one-dimensional conductor that receives an initial
heat () at =0 for t=0 can be analytically calculated as follows

T(z,t) = Ty + (A.27)

Q z?
oy/mdDyt T <_4Dwt)
with¢t >0and D, = k/c. In order to verify the consistency of the numerical code, averaged
material constants are used for the analytical approach (Eq. A.27) and for the ssimulation. The
error of the numerical results depends on the mesh dimensions (the initial timestep and the space
discretisation).

Another crosscheck is the evaluation of the dissipated energy using the enthalpy and its
comparison with the electrical energy. Without heat transfer to liquid helium, both values are
identical. Including heat transfer, the difference of both values corresponds to the energy which is
taken by the helium bath. The electrical energy is

t

B(t) — / R(VI(#)2de

0

E(t,) = zn:R(ti)I(ti)QAti (A.28)

Theresistance R(t;) isgiven by

Nelem

R(t;) = 2 Z W or for the three-dimensional model
§=0
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Nelem Nyelem Nzelem

B T(j,k,1)(t;))Dx
R(t) = 2 z_: kz% Z Dy Nyelem - Dz (A.29)

The energy obtained with the enthalpy is

E(t) = (H(t)— H(to))V
Bt) = 3 (HI) - HT ()Y, respectively

em Nyelem Nzelem
E(t,) = 2 > (H(T(, k.1 t,)) — H(T(j, k,1,t))) DzDyDz  (A.30)

j=0 k=0 1=0

CB
~

where V' isthe total volume, V;=Dx - A. This test showed that the endpoints can be assumed as
extrema (no heat flux) of the temperature profile.

Calibration of Heat Transfer through the Insulation Layer

When the superconductor isreplaced by theinsulation layer, the program evaluatesthe heat transfer
through the insulation layer, which can be used to study the assumption of a linear temperature
gradient in the insulation layer (see Section3.5.2). If the temperature difference between the
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Figure A.5: Test of the heat transfer model through a thin insulation layer.

surfaces of a200 um thick insulation layer is50K, the temperature gradient reaches alinear profile
in lessthan 50ms (see Fig. A.5).

This test proves that the discretisation of the insulation layer (applying the matrix model) is
required if the insulation thickness is comparable with the dimension of the conductor as for the
600 A busbar cable (see Fig. A.6).
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Figure A.6: Test of the heat transfer model through a thick insulation layer.
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