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Chapter 1

Introduction

The Large Hadron Collider LHC will be the next research instrument at CERN to further
the extraordinary progress in understanding the structure of matter. The design, based on
the experience in superconducting accelerator projects attained from TEVATRON, RHIC,
HERA, and SSC, aspires to accelerate and collide protons, heavy ions and electron-protons
in the multi-TeV energy range. It will mainly consist of a ring of high field magnets installed
in the existing tunnel of the LEP collider. To bend protons with a beam energy of 7 TeV
along the circular trace, the main dipole magnets will operate at about 8.4 T flux density
and the quadrupoles at 220 Tm™! field gradient. Niobium-titanium superconductors have
been chosen to generate these high magnetic fields. Therefore, the superconducting magnet
coils have to operate close to their physical limits at 1.9 K in superfluid helium in order to
reach the high magnetic field.

The LHC magnet system will be one of the largest applications of superconductivity.
The tunnel with a circumference of 26.8 km long ring is sectorized in octants. In each octant
the superconducting main dipole magnets will be powered in series. At a flux density of
8.4 T the magnets in an octant store an energy of about 1.2 GJ. In case of quench, the
stored energy should not cause over-voltages or overheating of the machine components.
This requires a fast and reliable magnet protection system composed of quench detectors
and quench heaters.

After detecting a quench, heater strips on the superconducting coils of the quenched
magnet are fired in order drive large fractions of the magnet coils normal and so to distribute
the dissipated energy over the whole magnet length. The current in the quenched magnet
decays according to the magnet inductance and magnet coil resistance in less than one
second. The still superconducting magnets in the octant will be discharged with a time
constant of about 100 s, guiding the decaying current in the octant around the quenched
magnet by use of by-pass diodes.

To obtain experience in operating a system of superconducting magnets and to study the
cryogenic and electro-magnetic behaviour, a chain of one superconducting quadrupole and
three superconducting dipoles, the so-called LHC Test String, has been installed and tested
at CERN.

A reliable quench protection system requires actions in case of a quench to keep the hot-
spot temperature in the quench origin and the maximum voltage between coils and ground
below their critical values.



2 CHAPTER 1. INTRODUCTION

The thesis treats with

o the analysis of the electrodynamic behaviour in the LHC Test String, in particular the
transients after a quench,

e the development of a model to deduce critical parameters for the quench protection,
and

e the analysis of quench propagation experiments between magnets in the LHC Test
String.

The equations to describe the transients contain the specific heat and electrical resistivity
of the conductor materials, which are non-linear functions of temperature. Since after a
magnet quench the temperature in the resistive coil sections increases by about two orders
of magnitude, the temperature dependencies of the material properties have to be taken into
account. Initially it was foreseen to describe the transients by some simple equations which
would allow the estimation of essential parameters. Considering the properties as constant
or linear functions of temperature is not sufficient and gives wrong results.

Diodes as by-pass elements of the magnets complicate the analytical description of the
transient model. After a quench the diodes turn on depending on the voltages across the sin-
gle magnets in the LHC Test String. Since this conditions may change during the discharge,
an iterative solution gives the most reliable results.

However based on the analytical description of electrodynamics, a transient model was
developed to calculate numerically the parameters which cannot be directly measured during
experiments. By choosing time intervals between iterations small enough, the properties can
be assumed as constant during an interval.

Some parameters are fixed, like inductance, magnetic length, values of residual resistivity
ratio of copper, copper to superconductor ratio of the cable, number of conductors, etc.
Others like heater delay between magnets, difference in heater response time between magnet
apertures may endanger the operation of the LHC Test String. By use of the transient model,
predictions of critical values after changing the magnet design and worst case situations can
be simulated. Since the final version magnets for the LHC machine [13] are not yet built,
measures in advance can be adopted to keep this development within safe limits.

In order to understand the quench propagation from the quenched magnet to the adjacent
magnets, a series of experiments were performed on the LHC Test String. The analysis is
discussed. These results of the quench propagation experiments on the LHC Test String are
essential in order to estimate the maximum number of neighbouring magnets which quench
until the quench dies out.

1.1 Principles of Accelerators

Particle accelerators are mainly known for their application as research tools in nuclear and
high energy particle physics requiring the largest and highest energy facilities. They are
based on the interaction of the electric charge with static and dynamic electro-magnetic
fields. The technical realisation of this interaction leads to the different types of particle
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accelerators. All particle accelerators consist of two basic units, the particle source or in-
jector and the main accelerator. The particle source comprises all components to generate
the desired type of particles. Particle beams are accelerated in linear or circular acceler-
ators. A linear accelerator consists of a linear sequence of many accelerating units where
accelerating fields are generated and timed such that particles absorb and accumulate en-
ergy from each acceleration unit. Most commonly used linear accelerators consist of a series
of cavities excited by radio frequency sources to high accelerating electric fields. For very
high beam energies linear accelerators become very long and costly. Such practical problems
are avoided in circular accelerators where the beam is held on a circular path by magnetic
fields in bending magnets. The particles pass repeatedly every turn through accelerating
sections, similar to those in linear accelerators. At each turn the particles gain energy from
the cavities and reach the maximum energy while the fields in the bending magnets are in-
creased in synchronism. Such a circular accelerator is called synchrotron. In addition to the
bending dipoles, a synchrotron contains also elements for orbit corrections, betatron tunes,
chromaticity correction, etc.

The basic principles to accelerate particles of different kinds are similar for protons, ions,
and electrons. Technically the accelerators differ more or less to adjust to the particular
beam parameters which have mostly to do with the particle momentums.

After acceleration in a linear accelerator or synchrotron the beam can be directed onto
a target to study high energy interactions with the target protons. In the past such fixed
target experiments dominated nuclear and high energy particle experiments. To increase the
centre-of-mass energy for basic research, particle beams are aimed not at fixed targets but
to collide head on with another beam. This is a main goal for the construction of colliding
beam facilities or storage rings. Because the interactions between counter orbiting particles
are very rare, storage rings are designed to allow the beams to circulate for many turns
with beam life times of several hours to give the particles ample opportunity to collide with
another counter rotating particles [32].

1.2 The LHC design

1.2.1 Overview

The existing accelerator infrastructure of CERN (see Fig. 1.1) will be able to provide the
injection beams with the required characteristics by only a few additions to the present
installations.

The LHC will be installed in the existing tunnel of the Large Electron Collider LEP
whereas the ring diameter is already fixed. In two separated beam channels the proton
bunches accelerate in opposite directions up to an energy of 7 TeV.

For reasons of space limitations, imposed by the cross-section of the LEP tunnel, and
for economy, a compact twin-aperture structure, incorporating the two beam channels in
the same yoke and cryostat, has been adopted for the main dipoles and main quadrupoles.
Over the circumference, the beams are crossed over at the points where they collide in order
to have an identical path length (see Fig. 1.2). Before and after collision, the beams are
brought together or separated by separation/recombination dipole magnets.

Two kinds of detectors will be used in LHC. Toroid magnets bend charged particle
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tracks longitudinally along the beam line while solenoid magnets bend them in a plane
perpendicular to the beam line.

In addition to proton-proton operation, the LHC will be able to collide heavy nuclei
(Pb-Pb) produced in the existing CERN accelerator complex, giving an energy of 1150 TeV
in the centre of mass.

The performance parameters for the LHC machine are listed in Table 1.1 [13].

Table 1.1: LHC performance parameters

Units proton-proton  Pb-ions
Expected operational energy [TeV] 14.0 1148
Dipole field (max.) [T] 8.4 8.4
Luminosity [em—2s71] 103 10%7
Luminosity at beam-beam limit [em 2571 2.5-10%
Number of bunches 2835 608
Bunch spacing [m] 7.5 37.4

[ns] 25 124.8
Particles per bunch 101! 9.4-107
Particles per beam 2.8-1014 4.7-1010
B-value at interaction point [m] 0.5 0.5
r.m.s radius at interaction point [pem] 16 15
r.m.s collision length [mm] 54 54
Full crossing angle [urad] 200 <100
Synchrotron Radiation (two beams) (kW] 7.2
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Figure 1.3: Schematic layout of the LHC half-cell

Each of the eight 2456 m long LHC sectors will be made up of 23 cells formed of two
identical half-cells. They are bending/focusing configurations (Fig. 1.3) composed of three
14.2 m long twin-aperture main dipoles and a short straight section housing one 3.1 m long
main quadrupole, a combined sextupole/dipole corrector, an octupole or a skew quadrupole
or a trim quadrupole and a beam position monitor. The main dipoles and quadrupoles are
all of the twin-aperture design, while corrector magnets are independent for each beam [23].
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As the circumference of the LHC machine is given by the existing tunnel, a bending
field of about 8 T is required to reach the design energy. This high field can be reached
reliably and economically in such a massive application only by use of the well understood
niobium-titanium superconductor technology. Therefore, the magnets have to be cooled to
a very low temperature, below 2 K, to increase the current carrying capacity versus field of
that conductor. Below 2.17 K, helium is in the superfluid state with extremely low viscosity
and very high thermal conductivity. Niobium-tin superconductors at 4.2 K would require
impregnated coils. For beam loss and ac-loss, helium transparent windings are needed which
cannot be obtained easily with impregnated coils. Further, niobium-tin superconductors are
still too expensive and too risky for a large application such as the LHC magnets.

1.2.2 Electrical Powering Scheme and Quench Protection
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Figure 1.4: Powering scheme with current sources at even points and energy extractions at
odd and even points
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The powering of the machine is concentrated in the even points, as depicted in Fig. 1.4, where
the existing power supplies and cooling towers of LEP can be re-used. From the even points,
all main lattice magnets, and also a number of insertion magnets, are fed using supercon-
ducting bus-bars running through the magnet cold masses and cryostats. Main quadrupoles
and dipoles are powered separately to give maximum tune flexibility to the machine [25]. In
the odd and even points, energy extraction resistors are installed to dissipate the magnetic
stored energy during fast discharges.

Without precautions in a series connection of high-field superconducting magnets, if one
magnet quenches then the magnetic stored energy of all the other magnets will be dissipated
in the quenching magnet therefore destroying it.
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A quench protection system, containing quench detectors, quench heaters on the super-
conducting magnet coils, by-pass diodes across each single magnet, and external energy dump
resistors, is required in order to avoid such accidents. The large stored energy of 520 kJm™!
at 8.4 T and the relatively low quench propagation speed, between 10 and 20 ms™!, make it
necessary to detect a quench quickly and fire the strip heaters which spread the quench over
a sufficiently large part of the coil volume to absorb the energy without excessive heating.
Silicon diodes are located in the cold mass to by-pass the quenching magnets and safely
discharge the still superconducting magnets.

The advantage of the electrical segmentation is a reduction in the total quenching volt-
age, rapid discharge of only 1/8 of the machine in case of a magnet quench, no risk of a
complete machine avalanche quench, and better static and dynamic control of the machine.
The drawback of the electrical segmentation is the need of a strongly synchronized power
converter control.
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Chapter 2

Superconductivity

Some pure metallic elements and alloys become zero-resistive conductors when they are
cooled down to very low temperatures. This superconducting state corresponds to a ther-
modynamic phase which is stable within a given range of temperature, magnetic flux density,
and current density. Outside this range the superconductor becomes resistive. Since the dis-
covery of the superconducting state, several attractive superconductors (metallic compounds
and ceramics) were found. The niobium-titanium alloy became a leading role in supercon-
ducting applications due to the well established manufacture of conductors. While current
flows without loss during steady state conditions, different a.c. losses occur in the supercon-
ductor during current or field changes.

In this chapter the properties of superconducting metallic compound materials are briefly
discussed with respect to their application in superconducting accelerator magnets.

2.1 Superconducting Materials

UM -HpM

Meissner B B Meissner | Mixed ''B
phase c phase ¢l  phase c2

Figure 2.1: Magnetic flux density versus magnetisation for Type I superconductors (left side)
and Type II superconductors (right side)

Metallic superconductors are classified in Type I and Type II superconductors. Type I
superconductors, which comprise most of pure-elements, have a sharp transition to the su-
perconducting state and a total screening of magnetic flux within the bulk (Meissner-effect).
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With the exception of some electronics applications, Type I superconductors have few prac-
tical magnet uses because of their rather low critical flux density B.. They are determined
by the parameters of critical temperature 7T, and critical magnetic flux density B..

Type Il superconductors are much more useful because of their higher critical flux density
and transition temperature. The structure of Type II superconductors, sometimes referred
to as ’hard’ superconductors, is more complex.

The distinction between Type I and Type Il superconductors lies in the magnetic be-
haviour as shown in Fig. 2.1. In a Type I superconductor magnetic flux is totally excluded
for B < B.. A Type II superconductor allows penetration of magnetic flux under certain
circumstances which brings small regions into a normal state. Such behaviour, which is a
deviation from the Meissner state, is referred to as the mixed state in Type II superconduc-
tivity. It has two critical flux densities B.; and B.;. Because of flux penetration, the Type Il
superconductor in the mixed state is no longer perfectly diamagnetic. The lower critical flux
density B.; represents the transition from the Meissner state to the mixed state. The upper
critical flux density B, marks the maximum field for which any superconducting behaviour
is present. Although the critical temperature T. may be only slightly higher than that of
some Type I materials, while B., is often orders of magnitudes larger than B..

An important step in the history of superconductivity was the discovery of high tem-
perature superconductors. Depending on the ceramic compound, transition temperatures
beyond 100 K are possible, but the fabrication of wires and cables is difficult [29].

Most of the superconductor applications today use metallic superconductors. The most
practical superconducting alloy is niobium-titanium (NbTi).
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Figure 2.2: Typical current densities of NbTi and NbsSn superconductors

Fig. 2.2 shows the comparison of current densities for NbTi and NbsSn superconductors.
Both materials are practically equivalent provided the NbTi is cooled to 1.8 K. Thus, two
design strategies have to be distinguished. Either NbsSn superconductors are used with a
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relatively simple cryogenic system at 4.2 K with the drawback of a very brittle material
which is difficult to handle. Or to use NbTi superconductors which are simple to handle, but
with the drawback of a more complex cryogenic system working in superfluid helium below

2 K [24].

2.1.1 Niobium-Titanium Superconductors

In addition to the good superconducting properties of NbTi alloys, the excellent combination
of mechanical and metallurgical properties make this alloy important for technical applica-
tions. The transition temperature 7. and the upper critical flux density B, depend on the
alloy. To keep T. and B., constant over the length of the superconducting wire, the alloy
composition must be kept constant during melting. The basic alloys and the influence of im-
purities must be carefully controlled. The critical current density J. is structure dependent
and depends strongly on density, size and distribution of imperfections [15].

The critical current density can be improved by alternating sequences of cold work and
heat treatment. Cold reduction of the wire reduces the size of the dislocation cells in a
direction perpendicular to the drawing direction. Heat treatment causes any dislocations
which might be in the centre of the superconductor to migrate to the walls, thereby in-
creasing the difference in properties between cell wall and interior. The applications of such
superconductors are limited to magnetic flux densities up to about 8 T at 4.2 K and 10 T

at 2 K.

2.1.2 Niobium-Tin Superconductors

A commercial superconducting material suitable for use at higher magnetic flux densities and
at higher temperatures is the inter-metallic compound NbsSn. It consists of a body centred
cubic lattice of tin atoms with two niobium atoms on each face of the cube. This unusual
structure causes the niobium atoms to approach each other more closely than in elemental
niobium and is thought to be the reason behind the excellent superconducting properties [33].
Pure strain-free NbsSn of stoichiometric composition has a critical temperature of 18.5 K and
an upper critical flux density B of about 28 T. Unfortunately this inter-metallic compound
can be deformed only about 0.2 % in tension before it fractures and becomes useless in
superconducting wires. Since coils wound with niobium-tin superconductors have to be fully
impregnated, helium transparency is not present. These conditions facilitates premature
quenching of the conductor due to heat building as a result of beam and ac-losses.

2.2 Superconducting Cable

The LHC superconducting accelerator magnet design foresees niobium-titanium (NbTi) su-
perconductors operated at a current level of 11500 A. A single composite NbTi wire of 1| mm
strand diameter typically carries about 500 A in magnetic field of about 8 T. Therefore it is
necessary to use many wires in parallel. To ensure that the wires share current equally, they
must be combined in a form of a twisted, two-dimensionally transposed cable. The Ruther-
ford type cable has been chosen because of its superior mechanical properties. Between 20
and 40 strands are bundled together with a transposition pitch length which is about 6 to 8
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times the cable width [34]. Each strand itself is twisted with a pitch length of 25 mm [13].
In order to obtain the desired coil configuration, the rectangular cable has a small keystone
angle. The cable is kept slightly porous in magnet windings so that the helium may penetrate
to provide additional stability by increasing the minimum quench energy.

During operation the maximum temperature of the helium in the interior of the cable
should not exceed the transition temperature of 2.17 K, in order to benefit from the high
thermal conductivity and low viscosity of superfluid helium.

2.2.1 Losses in Superconducting Cables

Any change in the current automatically implies a change in the field pattern of the super-
conductor which principally causes a power loss. A close relationship exists between the
flux-jump stability of a multi-filamentary conductor and its hysteretic loss in an applied a.c.
field. The flux-jump stability of a given composite is maximised if the filaments are decou-
pled by twisting. Likewise the hysteretic a.c. loss is minimised, since it becomes simply the
sum of the hysteretic losses of the individual filaments.

When the current flows in the wire wound in a coil, the field change is enlarged by the
local field in the windings. Eventually external time varying magnetic fields are present.
Considering this the occurring losses can be classified into the following components:

o Hysteresis loss in the superconducting filaments due to the alternating field and current
changes.

e Coupling current loss due to induced normal currents in the copper matrix by a 9B /0t.

o Self-field loss due to d1/dt in the superconductor.

In a practical situation all three loss components interact. A simple analysis becomes
impossible. If the conductor is exposed to a time varying external magnetic field, flux
penetrates from the outside of the conductor while the interior will remain field-free due to
screening currents. A local self-field in the conductor occurs. Losses associated to this are
not able to be reduced by twisting, since the self field rotates with the twist. Self-field loss
may be minimised by filament transposition, an important element in conductor design. In
addition to hysteretic loss, the conductor is subject to Joule heating associated with the
normal-state eddy currents that cross the matrix between the filaments. At sufficiently high
frequencies these eddy currents, which flow longitudinally along the skin of the conductor,
have the effect of coupling the filaments therein into a solid superconducting shell [4][33].
High current de-ramp rates after a quench in any section of the superconducting cable may
cause quenching of still superconducting sections of the cable. This effect is called quench-
back.

To a first approximation, the frequency dependence of a.c. loss may be divided into two
regimes separated by a characteristic frequency F., related to the conditions for the inter-
filamentary coupling. With F' < F, all of the filaments are fully decoupled, the hysteretic
power loss Qh is minimal, since it increase proportional to [’ and may be treated separately
from the matrix eddy current loss Qe, which has an F? frequency dependence. The a.c.
power loss () can be determined by the superposition of hysteretic power loss Q) and eddy
current power loss Q,
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Q=Qr+Q.=a F+b-F* (2.1)

in which @ and b are constants.

2.2.2 Normal State Transition
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Figure 2.3: Superconducting/resistive phase transition surface of niobium-titanium

The superconducting state only exists when materials are maintained below the critical
temperature. This temperature depends on many parameters, including the amount of
current carried by the conductors and the magnetic field to which the conductor is subjected.
A three-dimensional surface, called the critical surface, is defined by the boundaries of critical
temperature 7., critical magnetic flux density B., and critical current density .J., as shown
in Fig. 2.3. Superconductivity vanishes for any set of two parameters, if the third parameter
increases beyond the critical surface. This transition process where the superconductor
changes from the superconducting state to the normal resistive state is called quench.
If the temperature is below the critical value, the current density in the copper matrix

iCu
L= 2.2

will be zero. A = Aq,, + As. 1s the conductor cross section area. The factor
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Figure 2.4: Heat balance in a quenching mono-filamentary strand
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considers the copper-matrix fraction of the wire.
The current entirely flows in the superconductor with a density
isc
Jgo = ——2 (2.4)

(1=f)-A

Wire motions in the magnetic field, cracking epoxy, and eddy currents generate heat.
Fig. 2.4 shows a resistive section of a mono-filamentary strand in a superconducting cable.
The origin of the quench is marked with zq.

The thermal energy varies along the strand because of the heat flow. Close to the
critical surface some flux in the superconducting strand starts moving. The changing total
flux through the superconductor induces an electrical field. The resistances of the flux
flow and of the matrix act in parallel. The so called current-sharing model states that the
superconductor carries as much current as possible up to the critical current density. Any
additional current flows through the matrix. Due to the finite resistance of copper, heat )
is generated in the matrix where the current is passing.

The whole conductor is cooled by the surrounding helium. All energy variations result
in a local change of thermal energy. In a piece of conductor of length dz yields the heat
balance

1150 = 2 (M5 + () + atr.e) - WD) (25)



2.2. SUPERCONDUCTING CABLE 15

Specific heat ¢,, thermal conductivity A, Joule heating (), and energy absorbed by the
coolant W determine the change in temperature. The cooling of the conductor depends on
the temperature difference and the heat transfer coefficient, which varies with temperature
and cooling conditions.

Both, cooling and heat capacity of the conductor determine the stability against temper-
ature disturbances. The heat propagates with a certain velocity along the conductor which
is included in the term g¢. Its extension in space and time and the temperature distribution
will determine whether the zone of disturbance grows or decreases. The balance between
generated and removed heat defines the length of the 'minimum propagation zone’

Impz = %CIOTZ)) (2.6)
with T. the critical temperature of the superconductor and 7, the bath temperature.
This normal zone will expand for [ > [y;pz and will shrink for [ < {j;py.

Complete cryogenic stability of a superconductor is guaranteed if cooling will always
dominate over heat generation. A coil then can basically not quench provided enough coolant
is available. But full cryogenic stabilisation tends to be uneconomic for magnets with small
apertures, like accelerator magnets. Such magnets have to be protected against irreversible
damage by overheating of the conductor, the insulation materials and further structural
materials. Once a normal zone has started to grow it will continue as long as the current
density and the magnetic field are high enough.

The low heat conductivity of the insulation and the latent heat of the helium in the cable
results in slow propagation to neighbour turns. Therefore the normal zone will propagate

dominantly along the cable.

Table 2.1: Typical properties of copper and niobium-titanium at 10 K

Property Unit  Copper  NbTi
Electrical Resistivity p Om  3-1071° 6.1077
Specific Heat ¢, Jkg™ LKt 0.84 4.3
Thermal Conductivity A W-m™1.K~! 7000 0.5
Density ¢ kg-m™> 8960 6630

Above the critical temperature T, the electrical resistivity of niobium-titanium becomes
three magnitudes higher than that of copper [11]. Table 2.1 compares the material properties
of copper and niobium-titanium just above the critical temperature of the superconductor.

The voltage across the resistive section between xg — /2 and ¢ + (/2 (Fig.2.4) is

pCul_Z ‘pSc'l
ACu 5 ASC ‘

(2.7)

u:icu'

With o = Ag,/Ase, the copper to superconductor ratio, yields for the current in the
copper matrix
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61077

%m'a‘iSCZQ'l()S'OK'Z.SC, (28)

(Zei

whereas the current through the superconducting filament can be neglected. In a quenched
superconductor section almost all heat

0 :tz/o %’?)l (L) - dt. (2.9)

is generated in the copper matrix. For the dissipated energy in the superconducting
strand

1>
Q=1 / e cyou(T) - Av f 4650 cpselT) - A- (1 — )] - dT, (2.10)
T

both heat capacities of copper and niobium-titanium have to be considered.
The increase in temperature can be calculated under adiabatic conditions for a given
time interval dt by combining the energy equations Eq. (2.9) and Eq. (2.10)

i*(1) - pou(T, B)
dcu - Cpoul(T) - A%+ f2 4+ 50 - cpse(T) - A2~ f(1 = f)

dT = - dt. (2.11)

Heat capacity ¢, and electrical resistivity p are non linear functions of temperature. The
electrical resistivity also changes with magnetic field.

The copper to superconductor ratio of the superconducting strands has to be chosen
mainly with the magnet protection parameters. The superconductor cross section Ag. is a
function of magnetic field, temperature, and current density. The copper matrix stabilises
the superconducting strand and reduces the hot-spot temperature in case of a quench.

2.3 Magnets in Superconducting Accelerators

Before superconductors became available, accelerator magnets used fields below 2 T. The
magnetic saturation of the iron gave the economical upper limit. The TEVATRON at
Fermilab and HERA at DESY have proved that magnets with superconducting coils can
produce fields in the range of 5 T with sufficient safety margin. Future hadronic machines
under consideration aim at even much higher fields. SSC had been designed for 6.6 T and
LHC is designed for 8.4 T. The upper limit for the field in both machines is determined by a
compromise between physical need and the economical limits. The energy of a synchrotron
is proportional to both the field and the radius of the machine. One has the choice of having
either a large radius with a more expensive tunnel and a low field with cheaper magnets,
or the opposite situation. In the LHC case the machine is to be built in the existing LEP
tunnel. Therefore, the beam energy of 7 TeV can only be reached with magnetic dipole fields
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of about 8.4 T. This field is an ambitious goal and is certainly close to the upper physical
limit that can be reached today with existing technology.

The coil configuration for accelerator magnets is chosen to obtain the field quality re-
quirements of the machine optics. A line current

I(¢) = Iy - cos(mo) (2.12)

distributed on a circular cylindrical surface as a function of the azimuthal angle ¢ gener-
ates a pure 2 m-pole field inside the circular aperture (see Fig. 2.5).
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Figure 2.5: Generation of pure dipole (m=1), quadrupole (m=2), and sextupole (m=3) fields
by current distributions
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Figure 2.6: Coil cross section of a 10 m prototype dipole magnet

A pure dipole generates a homogeneous field. Pure higher order magnets (quadrupoles,
sextupoles, octupoles, etc.) generate gradient fields where the field in the centre is zero.
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Since a perfect cos(m¢) current distribution can never be technically achieved, other
multipole components are present which are referred to as harmonics distortions or field
errors. The distortions are corrected by using tuning quadrupole-, sextupole-, and other
higher-order magnets [31]. Fig. 2.6 shows the pole cross section of a two layer dipole coil.

High field magnets for the LHC are designed in the so-called two-in-one structure, incor-
porating the two beam channels in the same yoke and cryostat [30].

In order to obtain magnetic flux densities above 8 T with sufficient margins, the magnet
coils, made of NbTi superconductor cables, are cooled down below 2.17 K (see Fig. 2.3).

The cable insulation has to withstand high voltages which may appear during a quench
while on the other hand it should be sufficiently porous to allow permeation of helium.

Superconducting prototype magnets of the first LHC version [12] were assembled and
tested. The dipole magnets of this version are 9 m long and have a design field of 10 T.
Some of them are installed in the LHC Test String, which is subject of the following chapters.

After design changes, the magnets of the final version are described in the Yellow Book [13].
The main dipole magnets are 14.2 m long in order to reduce the flux density to 8.4 T. Using
the experience accumulated in the study of the previous versions, these parameters appear
to be a good compromise between an industrially achievable dipole length and aperture
diameter.



Chapter 3

The LHC Test String

The superconducting accelerator magnets in the LHC machine are grouped in half-cells,
composed of one main lattice quadrupole and three main dipoles. Fach octant contains 23
cells in which all main dipole magnets are powered in series. During operation each LHC main
dipole stores an magnetic energy of about 8 MJ. In case of quench a fast energy dump has
to be performed. To de-excite the dipole magnets in an octant (L =23-6-0.108 H ~ 15 H)
after a quench in less than one second through an external dump resistor would require a
dump resistance of about 75 ). At a current level of 12.4 kA, a voltage across the dump
resistor of 75 Q- 124 kA = 930 £V would appear. Hence, dumping the stored magnetic
energy after a quench in an external resistor is impossible. The superconducting magnets
are designed to be able to dissipate their stored energy into the cryo-system through the
magnet coils.

In the first design proposal for magnet protection [12] it was foreseen to protect each
complete half-cell by a set of diodes across it. A similar magnet protection scheme was
already used for the Accelerator System String Test (ASST) at SSC. Quench experiments
on the ASST configuration have shown unexpected high voltages up to 1700 V between
coil and ground. Also a non-uniform energy dissipation in the ASST half-cell magnets was
observed, closely related to the RRER of the superconducting cables and non-uniform heater
firing [3][20][27]. Magnets with a RRR ~ 100 absorbed about twice the energy of magnets
with a RRR ~ 170.

With an inductance of about 75 mH per dipole and a nominal current of 6500 A, the
stored magnetic energy in each SSC magnet is about 1.6 MJ. Since the LHC magnets will be
operated at higher fields and at higher current levels, the stored energy is about five times
higher than in the SSC magnets.

Special arrangements were necessary in order to avoid non uniform energy distributions
and high voltage peaks in the LHC half-cell. Auxiliary by-pass leads, foreseen to power
correction magnets, have been adapted to connect one diode parallel to each dipole magnet
in the LHC Test String. They help to limit the magnet voltages in one direction only to the
forward voltages of the by-passing diodes and permit an individual internal current decay in
the quenched magnet.

Many experiments on the superconducting dipole magnets (heater provoked quenches
and magnet training with and without energy extraction) can be only performed efficiently
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on the magnet bench! and not on the LHC Test String. The influence of other magnets is
not given and so does not effect the measurements.

To operate the LHC machine, experience has to be attained in powering and de-exciting of
a serial chain of superconducting magnets. The possibility is given for checking the reliability
of the quench protection system. Knowledge about inter-magnet quench propagation has to
be obtained in order to minimise the possibility of quenching adjacent magnets due to heat
transport through the coolant and through the copper stabilised bus-bars. Studies on quench
heater performance and the influence of RRR have been performed in order to optimise the
quench protection system.

From the cryogenics point of view the cooling performance of the string, the pressure and
temperature development in case of a quench, the recovery after magnet quenches, and the
heat in-leaks have been studied.

Weak points in the mechanical structure due to thermal and electrical cycles and material
fatigue can be found out after more than two years operation of the LHC Test String.

This chapter gives an overview about the main components of the LHC Test String.
The quench protection system is discussed in detail and considerations for dimensioning the
external discharge circuit are given. The cryogenic system is discussed briefly.

3.1 The LHC Test String Configuration

Fig. 3.1 shows the assembly of the LHC superconducting magnet string, composed of a
superconducting quadrupole magnet QQP, located in the Short Straight Section SSS, three
superconducting bending dipole magnets MBI, MB2, MB3, a String Feed Box SFB, and a
String Return Box SRB. The electrical main circuit is depicted in Fig. 3.2. It shows the
physical location of the magnets and protection elements in the LHC Test String. The
twin-aperture structure is represented by the two rows of in series connected magnets. All
protection diodes are located in the cold mass of the SSS. Since the corrector magnets were
not installed in the string, the auxiliary bus-bars have been used to connect one diode parallel
to each magnet. This arrangement reduces high voltages to ground and permits a uniform
distribution of the dissipated energy in case of a quench.

4 A
‘ SFB ‘ SSS with Quadrupole dP Dipole MB1 ‘ Dipole MB2 ‘ Dipole MB3 ‘ SR‘B

Figure 3.1: Assembly of the LHC Test String containing one superconducting quadrupole
and two superconducting dipole magnets used for STRING RUN 2

1 Test facility for single magnets



3.2. MAIN COMPONENTS OF THE LHC TEST STRING 21

R¢ lcL+ | }7777517527537547777 | P4 P3| P4 P3| T773177P§77} ro
¢ }‘ It I .
! Lo P8 P7 P6 P5 i pro P2 fIff PL P2 |lff PL P2 [l Lo
Mechanical Sﬁ R [ } } } } } } } } \ } }
Circuit Breaker dm } } } MBE 1 } MBB ‘ } MBB ‘ } MBB } | }
\ | e ~ K Ik | 1 |
o | |18 g | il i e
Thyristor D dth | ! ‘Q o } I 1! 1! Il !
Circuit Breaker ZS \ L [ 1! 1! I !
c Rath 1 |, DLD2D3 , . | i It ]!
T e X ADL2 U i L]
) L L . n S— ADL4 | | |
\ | Nl L] il I
I | I [ | |
Power _ D ‘ DJ'DLD"LDI Ly \ \ ‘
Converter @ fw } } } I } [ } \ } ! } } }
20KA; 14V \ | | AD1 AD2 AD3 AD4 ! I \ } I |
- L 3l i i ]
| <|! |
ICL- | | RBB || rBB || RBB || reB |
T f |
[ S S N __ e __ I
10 SFB QP+SSS MB1 MB2 MB3 SRB
P1..P8 Magnet Poles AD1 .. AD4 Auxiliary Diodes SFB String Feed Box
MBB Main Bus-Bar D1..D4 Diodes QP Quadrupole Magnet
RBB Return Bus-Bar CL+, CL- Current Leads SSS Short Straight Section
DBB Diode Bus-Bar R Resistor MB1 .. MB3 Dipole Magnets
ADL1 ..ADL5 Auxiliary Diode Leads C Capacitor SRB String Return Box

Figure 3.2: Principle electrical scheme of the LHC Test String without quenching the magnets

3.2 Main Components of the LHC Test String

The main components described in this section belong to the LHC Test String used for
experimentsin STRING RUN 2A and 2B. The magnet design corresponds to the specification
of the pink book [12].

3.2.1 Main Dipole Magnets

The superconducting dipole magnets consist mainly of three main parts (Fig. 3.3):

- the cold mass composed of the superconducting coils, non-magnetic collars, iron yoke,
and a shrinking cylinder,

- the thermal insulation to minimise heat radiation, and

- the vacuum vessel to provide the insulation vacuum in order to reduce heat inleaks.

Cold Mass

Superconducting coils: The superconducting coils are formed of two shells, as shown in
Fig. 2.6, made with keystones cables of same width but of different thickness, resulting
from the desired grading of current density for optimum use of the superconducting
material. The copper to superconductor ratio in the strands, different in the inner
and outer layer, results from stability and protection considerations. The conductors
of each coil run parallel to the beam line over the longest part of the magnet and are
guided across only the relatively short coil heads. Wedge-shaped copper spacers are
inserted between blocks of conductors to produce the desired field quality and to ap-



22

©CoNoOrWNE

/%_

CHAPTER 3. THE LHC TEST STRING

NS

NI

K, Z AA '/ 7

% L

2~ &%
/W\ﬁl.

Z\Y
T

Heat exchanger tube

Beam screen
Line C (4.5 K supply)

Cold bore tube
Line D (20 K return)
Support post
Line F (75 K return)

Line E (50 K supply)
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Thermal shield
Shrinking cylinder
Yoke
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Figure 3.3: Cross section of main lattice dipole (LHC Version 1)

proximate a quasi-circular coil geometry, compensating for the insufficient key-stoning
of the cables. These spacers are continued at the coil ends by saddle-shaped pieces
which allow the winding and the mechanical confinement of the cables.

The cables are insulated by a half-overlapped layer of polyimide tape with a thickness
of 25 pm and one layer of 125 pm thick glass-fibre adhesive, already pre-impregnated
by epoxy resin with spaces of 2.5 mm between successive turns, as shown in Fig. 3.4.
The spacing increases the porosity of the coil by forming helium flow channels without
affecting the mechanical support between the turns. Helium comes into direct contact
with a large proportion of the cable surface and penetrates the interior of the cable.
The insulation to ground is composed of superposed polyimide film layers and includes
the quench protection heaters (Fig. 3.11).

Collars, iron yoke, and shrinking cylinder: The electro-magnetic forces become extremely high

in the superconducting magnets. Even small sudden movements of the superconducting
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Polyimide tape Polyimide tape  Fibre glass tape

Superconductor \

Fm—————

~ 50% overlapped

Figure 3.4: Insulation of the LHC cable used for Version 1 prototype dipole magnets, con-
sisting of polyimide and glass-fibre tape.

cable or cracking of the insulation may generate enough heat to raise local parts of the
superconductor above the critical temperature due to the very low heat capacity [22].

A mechanical support structure around the superconducting magnet coils has to ensure
proper control of the Lorentz forces. The force containment structure consists of coil
clamping elements, the collars, the iron yoke, and the shrinking cylinder. It produces
the necessary azimuthal pre-compression in the coils and prevents tensile stresses from
arising in the coils under the action of the electro-magnetic forces.

The shrinking cylinder is at the same time the outer shell of the helium tank, while
the inner wall forms the beam vacuum chamber. The assembly between these two
cylindrical walls, the cold mass, is kept at 1.9 K.

The cold mass is closed at the ends by covers, welded to the shrinking cylinder. The
covers have passages for the beam vacuum chambers, a heat exchanger tube, and two
pipes containing the main and the auxiliary electrical connections. The cover on the
magnet electrical connections side (front end) also leaves a passage for a pipe leading
to a pressure relief valve located in the junction space between the magnet units. All
these pipes are welded to the end covers.

Thermal Insulation

In order to reduce the heat load on the low-temperature cryogenic system, the heat gener-
ated by the proton beams and the effect of beam induced currents in the resistive wall is
intercepted by a shield. This is inserted within the vacuum chamber and is cooled by helium
circulating in a range between 5 and 20 K (Fig. 3.3).

Two thermal shields are installed to minimise heat inleaks to the cold mass at 1.9 K.
The inner radiation screen uses multi-layer superinsulation operating between 5 and 10 K,
enclosing the cold mass. The outer thermal shield, which intercepts the largest fraction of
incoming heat at 50 to 70 K, consists of a self-supporting screen covered with multi-layer
superinsulation.
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Support posts are made of composite material to carry the cold mass and permit their
adjustment in the cryostat.

Vacuum Vessel

The outer vacuum vessel is a cylindrical stainless steel tube which covers the cold mass and
thermal insulation. The space between the vessel and the shrinking cylinder of the cold mass
is pumped to about 107° mbar.

3.2.2 Main Quadrupole Magnets

1
2
3
\{('z 7. // 4
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|
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1. Yoke 4, Coils
2. Inertia tube 5. Busbars
3. Collars

Figure 3.5: Cross section of main lattice quadrupole (LHC Version 1)

Fig. 3.5 shows the cross section of the quadrupole. The electro-magnetic design is governed
by considerations similar to those for the dipole magnets. In contrast to the dipole coil de-
sign, the lattice quadrupole coils are not graded in current density. The winding of the two
layers of each coil is made from the same cable in the double-pancake style. This avoids the
inner layer splices which, being numerous in the quadrupole, would be a significant source of
heat generation. The turn of the inner block of the conductors in the inner layer are spaced
with respect to each other over the end region which avoids too high peak fields in this me-
chanically sensitive part of the coils. The electro-magnetic forces in the main quadrupoles
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are considerably smaller than those in the main dipole magnets, which allows to contain the
forces by the collar structure alone.

The cryostat of the Short Straight Section in the LHC Test String contains the twin-
aperture quadrupole magnet and the protection diodes for quadrupole and dipole magnets
in the half-cell. The cryostat of the Short Straight Section in the final LHC version houses
the twin aperture quadrupole, two octupoles, two combined sextupole-dipole correctors, and
the quench protection diodes for the quadrupoles. The magnets and the diodes are mounted
in a common inertia tube with end covers, forming the cold mass and thus the helium vessel,

filled with pressurised helium IT at 1.9 K [12][13].

3.2.3 String Feed Box and String Return Box

The principal components of the cryogenic system for the LHC Test String are the String
Feed Box (SFB), the String Return Box (SRB), and the saturated superfluid helium cir-
cuit coupled to the pressurised (1 bar) superfluid helium bath through a corrugated heat
exchanger tube.

The SFB contains the main cryostat, used to distribute the liquid helium to different
circuits in order to perform refrigeration and transient phases, i.e. cool-down and warm-up.
The cryostat is equipped with several pairs of current leads for powering the superconducting
magnets (15 kA) and correction magnets (50, 250, 500, and 1600 A). Furthermore, the SFB
contains a gas counter-flow heat exchanger, a liquid/gas heat exchanger, a very low pressure
liquid sub-cooler, as well as the instrumentation and valves necessary for the cryogenic op-
eration [2].

The SRB is the end module of the LHC Test String and is used to close the cryogenic
loops as well as the insulation vacuum. A vacuum barrier in the SRB is installed in order to
validate the heat inleaks and to test the insulation behaviour.

3.2.4 Power Converter

The power converter is a 12-phase thyristor-controlled rectifier with free-wheeling diodes and
a passive filter. It supplies the LHC Test String with DC current up to 20 kA at a voltage of
up to 14 V. The current measurement is with a high precision DCCT and a current stability

of better than 0.01 % is achieved [28].

3.2.5 Discharge Circuit

A thyristor circuit breaker and a mechanical circuit breaker are connected in series (see
Fig. 3.2). The thyristor circuit breaker is composed of six parallel thyristors with forced
commutation while the mechanical switch consists of six industrial fast-switching d.c. circuit
breakers in parallel [28]. Dump resistors are connected parallel to each circuit breaker.
Slow discharge experiments on the LHC Test String are performed by opening the thyris-
tor circuit breaker and switching off the power converter. The stored energy in the magnet
dissipates in the dump resistance, connected parallel to the thyristor circuit breaker.
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An emergency arrangement was judged necessary since at low current levels the quench
heaters become less effective. At currents below 1.5 kA they may not force anymore quench-
ing the superconducting magnets. In order to perform a secure de-excitation from low current
levels, the dump resistance has been defined within the following boundaries.

On one hand a de-excitation of the LHC Test String has to be performed fast enough to
avoid overheating of the auxiliary bus-bar leads.

On the other hand the de-excitation has to be slow enough in order to not exceed the
maximum reverse voltage of by-pass diodes parallel to the still superconducting magnets.

Both, mechanical and thyristor circuit breaker open in case of quench.

Dimensioning of the dump resistor in parallel to the thyristor switch:

The dump resistor across the thyristor circuit breaker is dimensioned for slow discharge
experiments. During the de-ramping procedure the magnets are expected to remain super-
conducting. The time constant of about 100 s corresponds to the time constant specified in
the LHC machine which causes a current decay rate of about 120 As™!. It is long enough to
avoid quench back (see section 2.2.1) in the superconducting magnet coils. Experiments on
LHC superconducting prototype magnets have shown the effect of quench back at current

rates higher than 150 As™".

Re Lop Lve1 Lvg2 Lyves
i UmB3
B2 E Dyvigs

Figure 3.6: Simplified electrical scheme for a slow discharge of the LHC Test string

The dump resistance Ry, in Fig. 3.6 is deduced from the differential equation

di(t)

(Lop 4+ Lysi 4+ Lyusz + Luss) - i + (R.+ Ratn) - 15(t) = Upgu + U, (3.1)
with the maximum current decay rate at ¢t = 0.
Initial string current i5(0) =1, = 12400 A
Maximum current decay rate (digit)) = -150 As!
Diode forward voltages Uy = Upfuw+ Un

0.6V+06V=12V

Lop + Lyvpr + Lvb2 + Lvbs

8 mH+57 mH+57 mH+57 mH=179 mH
Cable resistance R, = 0.16 mf.

Inductance L
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Uy — L(dis/dt)mas
Rithmes =
Iy

— R, ~ 2.3mf. (3.2)

Higher values of Ry, may lead to quenches caused by di/dt. In order to have about the
same discharge time constant than in the LHC machine, Ry, was set to 0.7 m{).

Dimensioning of the dump resistor in parallel to the mechanical switch:

The following procedure describes the dimensioning of the dump resistances.

Re Lop Lvig1 Lvez  Lwvies
-
Ratn Ugp | UYwer, Ymez Umg3
| |
o | Ol Dl de| o
L1 L1 L~ T T
Rem
UDf\N i
S

Figure 3.7: Electrical circuit to calculate the maximum reverse voltage across the by-pass
diodes in case of a discharge

- Dimensioning the dump resistance with respect to the maximum diode reverse voltage:
Danger for a protection diode is given in case of a quench, if the heaters in only one magnet
(e.g. MB3 in Fig. 3.7) are not efficient to drive the magnet coils normal. The inductive volt-
age across the remaining superconducting magnet must not exceed the permissible reverse
voltage U,., = 120 V (see Table 3.1) of the parallel connected protection diode. At ¢t =0
the maximum inductive voltage across the dipole (e.g. MB3) becomes

dis :
umps = Lups - i —Us =15+ (Reire + Ram ) (3.3)
With
Initial string current i5(0) = 1y =12400 A

ugp + unmpt + umb2 + Ui + Up g

1.2 V412 V41.2 V406 V406 V= 48 V
57 mH

Ryp + R. ~ 0.7+ 0.16 ~ 0.86 m{2

Diode forward voltages Uy

&

Inductance Lygs
Circuit Resistance Reire

The maximum value for the dump resistance Ry, gives
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—0.86 mQ ~ 8.4 m. (3.4)

12400 A

Higher values of Ry, extend the time constant of the decaying current and hence increase
the reverse voltage in such a case of emergency.

Re Lop Lvg1 Lvg2 Lve3
— -
Rin ! Uop Hg UMBlH% Uvig2 | Ume3
E s I Dy [E D E D
u ! P B1 B2 ! B3
SO Y L
Ram
UDfW i
S

Figure 3.8: Electrical circuit to estimate the maximum temperature in

the small cross-

sectional auxiliary bus-bar in case of emergency
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Figure 3.9: Auxiliary bus-bar temperature versus dump resistance Ry, with initial quench

currents as parameter

- Dimensioning the dump resistance with respect to the maximum temperature in the aux-

iliary bus-bars:

If the quench heaters only in the quenched magnet become effective, the
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decaying current will be by-passed over the diode connected parallel to this magnet. The
other magnets are assumed superconducting during the de-excitation (see Fig. 3.8). Due to
the absence of liquid helium or by exceeding the critical current density, the superconductor
in the auxiliary bus-bars may become resistive. Most of the by-passed current flows through
the stabilising copper section. The auxiliary bus-bars ADL1 and ADL5 have about 10 times
more copper section than ADL2 to ADL4. Only the auxiliary bus-bars with small copper
cross sections have been considered for calculating the resistance and temperature rise, since
they constitute a weak part in the magnet protection scheme.

The graph in Fig. 3.9 shows the influence of the external dump resistance on the auxiliary
bus-bar temperature. The higher the dump resistance across the mechanical circuit-breaker
the lower becomes the end temperature of the auxiliary bus-bar due to the faster current
decay [14].

In the following a quasi-analytical method is presented to estimate the auxiliary bus-bar
temperature as a function of the external dump resistance R; = Ry, + Rg,. By considering
adiabatic conditions, the temperature rise in the resistive auxiliary bus-bars is governed by
the heat balance equation

20y 28 Z 5 Ao e (1) - dT. (3.5)
Acu
Since the auxiliary bus-bars have a copper to superconductor ratio of 19:1, the supercon-
ductor cross-section can be neglected for the calculation.
The parameters p(T'), ¢, (T'), and ¢, are related to copper. Hence, after separating
time and temperature dependent parameters and integrating Eq. (3.5) yields

7 [ (D)
/i?(t)-dt:Agu-acu / e ) g, (3.6)
t=t T=T p(T)

Tables and graphs for the right hand integral in Eq. (3.6) exist (see Fig. 3.10). Only the
characteristic of the current decay has to be determined in order to evaluate the maximum
bus-bar temperature. According to Fig 3.8 the string current i5(¢) is calculated by solving
the differential equation

di(t)

I -
dt

+ R(T) - i,(t) = —Up (3.7)

with L = Lop + Lyp2 + Lavps as the actual inductance, R(T) = R. + Raun + Ram +
Rapr2(T) as the overall circuit resistance, and Up = Upyry + Upwy, + Up,,,, as the diode
forward voltages in the circuit.

By assuming constant temperature 7', which is valid for short iteration intervals, the
Laplace transform applied to Eq. (3.7) gives

L [s-I(s)— I+ R(T) - 1(s) = =Ul(s). (3.8)
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Figure 3.10: [¢*d¢ for I mm? cross-section area versus temperature for copper (RRR = 100)

After each iteration step the temperature and further the resistance R(T) have to be
updated. For the current follows

Iy L U

1) = R(T)+s-L s[RT)+s-1L] (3:9)
or expressed in partial fractions
Iy U U
]“*:R@VL+S_R@yS+303¢MTyL+ﬂ' (3.10)

Applied the inverse Laplace transform to the string current leads back to the current in
time domain

()= A4+ B-e" (3.11)

with the expressions

A=—U/R(T), (3.12)

B =U/R(T) + I, (3.13)

r = L/R(T). (3.14)
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The left-hand integral in Eq. (3.6) becomes

to
_ / (422 4B B ] e
=t
B*.r B*.r

— A2 t—-2.7-A-B-e"42.7.A.-B— 5 -e—%/wT (3.15)
During the time interval At = ¢, —¢; the temperature in the auxiliary bus-bar rises from
Ty to Ty. The accuracy in calculating Eq. (3.15) can be increased by decreasing the time
interval At and updating the material parameters to evaluate the bus-bar resistance R(T')
as a function of temperature.
The graphs in Fig. 3.9 are calculated with the following parameters:

Initial string current i5(0) = [y = 12400 A

Diode forward voltage U = Uppu+Up +Unpr =12V
Inductance L = Logp+ Lyvpz+ Lvps = 122 mH
Length of aux. diode line laDIL2 = 1.25m

Aux diode line cross section Aibro = 27 mm?

Aux. diode line resistance Rapr2(T) = %

Cable resistance R, = 0.16 mQ2

Dump resistance (mech. switch) Ry, = 1...10mQ

Dump resistance (thyr. switch) — Rgy, = 0.7 mQ

Resistance R(T) = R.+4 Ran + Ram + Rapra(T)

The upper value of the dump resistance Ry, = 8 mf) is fixed by the resistance calculated
for limiting the diode reverse voltage U,., to a safe level below 120 V. The lower limit of
R is governed by the minimum quench current of magnets with heaters (Fig. 5.35) and the
maximum expected auxiliary bus-bar temperature. Experiments on the LHC magnet bench
have shown that quench heaters are efficient at quench currents down to about 4 kA. Below
4 kA, coil sections may remain superconducting after firing the heaters. In order to keep the
maximum temperature in the auxiliary bus-bars as small as possible, the dump resistance is
fixed to Ry, = 8 m{) for the experiments on the LHC Test String.

3.3 Magnet Protection System

The magnet protection of the main lattice dipole and quadrupole magnets is based on the
so-called cold diode concept [13]. Since there is no practical way to extract the magnetic
energy from a quenching magnet which is connected in series with other superconducting
magnets, each magnet must be independently protected. This is achieved by diodes which
serve as a by-pass around the quenching magnets and strip heaters mounted on the outer
shell of each magnet coil.
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The quench detection system for the LHC Test String is composed of isolation amplifier
circuits for voltage measurement and quench detection, an interlock matrix, and a program-

mable logic controller (PLC).

3.3.1 Cold Diodes

Diodes located inside the cryostat reduce heat loads because of the absence of additional
current leads. These diodes are not easily accessible for replacement and they have to
withstand the radiation generated by the beams when they are installed in the LHC machine.

In the LHC Test String, two packages of cold diodes, a triplet and a quadruplet, are
situated inside the cryostat of the short straight section. The triplet is composed of three in
series connected diodes which act as by-pass elements for the quadrupole in the LHC Test
String. Each dipole magnet has its own by-pass diode, located in the quadruplet package.
As part of the cold mass the diodes are operated at helium-II temperature. The type of
diodes are different for the triplet and quadruplet (see Table 3.1). The triplet is composed
of radiation resistant epitaxial diodes while diffusion diodes are used in the quadruplet.

Table 3.1: Diode parameters for triplet and quadruplet diodes

Units Triplet diode Quadruplet diode

Operating temperature  [K] 1.9 1.9
Turn-on voltage [V] ~ 1.5 ~ 4.8
max. reverse voltage? [V] 80...120 ~ 120

All protection diodes have to be able to carry a peak current of more than 12 kA decaying
exponentially with a time constant of about 100 s. This requires copper heat sinks to absorb
the out-pointed energy of about 1.8 MJ. Before installation the diodes were pre-tested with
15 kA and 100 s.

Under normal discharge conditions, the diode reverse voltage is about 10 V per diode.
In case of a discharge after a quench it can be much higher. A rating of at least 100 V at
liquid helium temperature is required.

For the LHC the diodes should be radiation resistant at liquid helium temperatures up
to a dose of 50 kGy and neutron fluencies of 10'® neutrons per cm? during a period of 10
years [9].

3.3.2 Quench Heaters

The extremely high energy density of the LHC main lattice magnets, coupled with the
relatively slow heat propagation of about 20 ms™! along the conductor inside the winding
can lead to excessive heating at the origin of the quench. Quench heater strips, located on
the outer shell of each magnet coil, reduces the hot-spot problem by driving a sufficient large
coil volume into the resistive state. The quench heater strips for the dipole magnets are
composed of 15 mm wide and 25 pm thick stainless steel strips with polyimide insulation.
Four quench heater strips are placed on the outer layer coils covers 12 turns of each pole
along the entire length of the magnet (see Figures 2.6 and 3.11).
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The heaters are powered by capacitor discharge. In order to keep the voltage low without
losing heater efficiency, the stainless heater strips are section-wise copper clad on one side
with high RRR copper of 1.5 pm thickness, such as to alternate 25 cm. This almost halves
the resistance of the strips and gives a quasi multiple spot heating along the coils. Due
to subsequent conductor quenching, longitudinal spreading is almost as effective as heating
over the full length [9]. Results from one-metre model tests have shown that at high magnet
current a specific initial heater power of 36 kWm™2 is sufficient to drive the outer layer coils
resistive within a heater response time of less than 35 ms [18].

Heater strips
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Outer layer coils

Figure 3.11: Location of stainless steel quench heater strips on the outer layer of the dipole
magnet

The heater strips for the quadrupole are fabricated similar to that of the dipole. The
parameters of the heater strips for the quadrupole and dipole magnets are listed in Table B.3.

Each heater power supply contains four channels composed of a capacitor battery and
a thyristor switch, as shown in Fig. 3.12. The maximum charging voltage of the capacitor
battery is fixed to 400 V in order to not endanger the electrical insulation during powering
the quench heater strips.

To drive the outer layers in both aperture magnets resistive, even if one heater power
supply fails, half of the heater strips in an aperture magnet are connected to one power
supply module while the other two are connected to an other powers supply in order to have
redundancy. A voltage of 400 V is sufficient to distribute enough heat to quench the outer
layer coils of the quadrupole down to quench current levels of about 1.5 kA. Since the dipole
is longer than the quadrupole, more energy is required to quench the outer layer coils along
the whole magnet length. To avoid exceeding the permissible voltage between heater strips
and ground, two power supplies of different polarity are connected in series, with a midpoint
connection to ground.

3.3.3 Quench Relief Valves

The LHC Test String contains two quench relief valves, located at the front end and at the
rear end of the magnet chain. Their function is to limit the generated pressure in the cold
mass after a quench to a level below the specified maximum value of 20 bars.

The quench relief valves open either if the helium pressure becomes higher than the
defined threshold or by receiving a logical signal from the interlock system. Taking into
account that the hydraulic diameter of the valve is 50 mm and the pressure rises with about
30 bar s™', the valves have to open in less than 500 ms [5].



34 CHAPTER 3. THE LHC TEST STRING

Power supply
(positive polarity)

Power supply W
(positive polarity) Thyristor
N~ +400 V
L1 L
Thyristor ——C=6.6 mF
R=1MQ
+400 V
~—— C=6.6 mF DRh:ﬂQ FE Dhalﬁﬁ
(quadrupole) = (dipole)
——C=6.6 mF
- 400 V
Thyristor
N
N

Power supply
(negative polarity)

Figure 3.12: Simplified powering scheme of quench heater strips for quadrupole (left side)
and for dipole (right side)

3.3.4 Quench Detectors and Interlock Matrix

A quench detector module, used for the LHC Test String, contains two individual input
channels which are mainly based on analogue electronics components. Fig. 3.13 shows a
block diagram of the quench detector circuit.

Resistors I, of about 500 € in series with the voltage sensing wires protect the cables
in case of an external short circuit. The input signal wu;, on the quench detector module
represents either a differential voltage from a bridge circuit or a potential difference between
two voltage taps. Usually in the acquisition electronics the voltages are related to a common
ground. In order to permit voltage measurements between different voltage taps, isolation
amplifiers perform a galvanic separation of input and acquisition circuit. Moreover, they
condition the incoming signals to voltages within a range of £10 V for data transmission
and reduce the sensitivity of the acquisition electronics to transmitted high voltage peaks.

A logic quench trigger signal u; is deduced from the analogue output signal w,,; by com-
paring it with a defined threshold voltage wuyp,.. As long as u,, is below wuyy,., the comparator
output wu; is logic high. If wu,,; exceeds us,. over more than 10 ms, a quench trigger signal
Uyrig 18 created on the output of the integrator circuit. Voltage spikes smaller than 10 ms do
not trigger the magnet protection system.

Due to the input circuit structure of the quench detectors, the modules are able to operate
in two different modes.

Bridge circuit mode: In this mode the circuit compares the voltage drop across a conductor
or coil section in respect to their midpoint 0.

Amplifier mode: Selected as amplifier, the channel measures the voltage drop between two
voltage tap locations and amplifies the signal with the gain, selected on the isolation
amplifier.
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Figure 3.13: Block diagram of the quench detector module for the LHC Magnet String

Due to the measurement of voltage differences in bridge circuit mode, inductive voltages
of the same order in both bridge branches are compensated. The output signal of detectors
operating in bridge circuit mode then is equivalent to the resistive voltage.

All analogue outputs of the quench detector modules are connected to a data recording
system. Fach section of the main circuit of the LHC Test String has to be monitored by
quench detection circuits. Magnet coils and most of the interconnections between magnets
are observed with a certain redundancy. The scheme in Fig. C.1 shows the quench detectors
which observe each section of the main circuit.

Magnet coils are monitored with a redundancy in different levels. In the first level, the
quench detectors monitor the unbalance between the pole voltages, while quench detectors
in the second level compare the voltage difference between two aperture magnets. A third
redundancy level exists for the dipole magnets by monitoring the difference in voltage be-
tween two magnets. But due to the length of measurement wires the signal becomes very
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noisy. The threshold level for these detectors has to be set relatively high, as depicted in
Table C.1.

3.3.5 Programmable Logic Controller

Additional to the electronic interlock circuit a Programmable Logic Controller (PLC) is
installed to monitor the status of some parameters. Most of these parameters are used
specially for the system start-up. The permission to operate the LHC Test String is given
as soon as the parameters, listed below, are within their specified ranges:

o Cryogenic temperatures and levels.

o Water-flow in the water cooled cables between the power converter and the current

leads.

Temperatures at 90 % height of both current leads.

Voltage drop across both current leads.
e Mechanical and thyristor circuit breaker have to be closed and armed.

o All quench heater power supplies have to be charged.

Otherwise the operation inhibited by sending a fault output signal to the interlock matrix.

3.4 Instrumentation

The magnets in the LHC Test String have all the same type of standard instrumentation,
including voltage taps, temperature sensors, and pressure sensors. Additional to that, flow-
meters, liquid level sensors, and distance sensors are installed for special cryogenics and
displacement measurements.

3.4.1 Voltage Taps

Voltage taps are located at the beginning and at the end of each pole coil winding of the
magnets, in the bus-bars, at the cold diodes, and on both ends of each current lead. Voltage
sensing wires, connected to each voltage tap, are led through capillary tubes to the feed-
through connectors either at the top of each magnet or at the string feed box (SFB). Fig. C.1
shows the electrical scheme with all voltage taps and their designations.

3.4.2 Temperature Sensors

Two different types of temperature sensors are used to measure the temperature from about
300 K down to the operating point of 1.9 K. Carbon resistor thermometers are calibrated
individually in a range between 1.7 and 25 K. Platinum resistor thermometers, operating
above 20 K, are used with a standard calibration curve.

Inside the cold mass both type of sensors are located on the end volumes of each magnet
(Fig. 3.14), on the heat sink of the triplet diodes, and in the bus-bars of the short straight
section (Fig. 3.15).
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Figure 3.14: Temperature and Pressure instrumentation of the main dipole end volumes
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3.4.3 Pressure Sensors

Temperature compensated pressure sensors, strain-gauge type, are located on the end vol-
umes of the cold masses to measure the helium transient pressure. Their location is visible

in Fig. 3.14.

3.5 Cooling System
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Figure 3.16: Principle cooling scheme of the LHC Test String

The cooling scheme is implemented in independent cooling loops, each extending over the
total length of the LHC Test String (Fig. 3.16).

The cooling procedure is performed in three steps:
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1. Cool-down from 300 K to 80 K
2. Cool-down from 80 K to 4.5 K
3. Cool-down from 4.5 K to 1.8 K

In the first phase the temperature will be decreased from room temperature to about
80 K with pressurised helium gas, pre-cooled in a nitrogen heat exchanger. A fixed gradient
of 60 K between the quadrupole inlet and the last dipole outlet limits the mechanical stress
and possible magnet deformation [26].

The next phase, cooling from 80 K to 4.5 K, is achieved by filling the magnets either
with liquid or supercritical helium.

The third phase of cooling starts when the cold masses are filled with about 800 litres
of liquid helium. Then the temperature is lowered by pumping on saturated helium, flowing
and evaporating in a longitudinal heat exchanger. The heat exchanger is coupled to the
pressurised helium bath permeating the yoke, collars and superconducting windings of the
magnets [2].

For the whole duration of cold experiments, the LHC Test String is maintained at 1.9 K
with temperature excursions of short duration caused by quenches or other experimental
effects.

3.6 Data Acquisition

A 600 channel data acquisition system continuously monitors temperature, pressure, helium
flow, and position parameters. It also acts as a transient recorder to observe the magnet
string during a quench with a sampling rate of 1 kHz. VME crates, containing the 16-bit
Analogue/Digital Converter (ADC) modules and a communication module, transfer the data
to a SUNTM workstation.

The workstation runs a LabView™

application which presents the data to the user in
form of strip charts and stores the data on a local disk. Each channel acquires data with
16-bit resolution in the range +10 V. A number of signal conditioners and filters are installed
between the transducers and the ADC’s.

In archiver mode, the data acquisition system samples once per second every channel and
compares each value with the last acquired value. If they differ by more than an individually
programmable amount the last value is stored, otherwise it is discarded.

The transient recorder operates like a digital oscilloscope. However, the data is acquired
at two adjustable frequencies

e high frequency (up to 1 kHz): before and short time after the quench,

o low frequency: observation of the signal tail.

Typically, voltage signals received from voltage amplifiers and quench detectors are
recorded at 1 kHz during 500 ms before the quench and during 2 s after the quench. Further
8 s are recorded with a lower sampling rate of 100 Hz.

Each channel can be observed by using the archiver and transient recorder. In order to
allow a correlation between transient data, each transient recorder acquisition is absolute
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time stamped with a time resolution of 1 ms. Both, the archiver and transient data are
transferred to a central data base, from where they are accessible on any network computer
for viewing and further analysis [1]]28].



Chapter 4

Electrodynamic Model

This chapter contains a mathematical description of the electrical circuit of the LHC Test
String. In a first step an analytical solution of the differential equations is attempted. Due
to the non linear dependencies of electrical resistivity and heat capacity on temperature, a
numerical solution of the transient behaviour is preferred. The numerical model helps to
find parameters which cannot be directly measured (current sharing between magnet coils
and the diode by-pass during the discharge after a quench, bus-bar temperatures, hot-spot
temperatures in the quench origin, energy dissipated in magnets, etc.). It is also a useful
tool for verifying the transient behaviour of in-series connected superconducting magnets in
case of design changes [7] (see chapter 6).

4.1 Transient Model

The model for simulating the electrodynamic behaviour is based on a simplified network
(Fig. 4.1), composed of in series connected magnets.

Each magnet is represented by the magnet inductance L,,, including self inductance
and mutual inductance (see appendix A.l), and the magnet resistance R,, of the normal
conducting sections. The subscripts 1 to 4 in Fig. 4.1 correspond to the location of the
magnets in the LHC Test String, where the first magnet is the quadrupole followed by three
dipole magnets. Each dipole magnet is by-passed by a single diode, while the quadrupole has
a series connection of three diodes in the parallel path. A free-wheeling diode Dy, parallel to
the power converter carries the whole string current 7, during the discharge. R, is the dump
resistance parallel to the mechanical circuit breaker and Ry, 1s the dump resistance parallel
to the thyristor circuit breaker. The inductance of superconducting bus-bars is neglected,
since the influence is small in comparison to the coil inductances. Measurements have shown
that the inductance of a bus-bar along a dipole is about 20 to 60 times lower than the pole
inductance of a dipole. Capacitive effects in the coils and bus-bars are neglected because
they become effective at frequencies only above 100 Hz.

4.1.1 System of Differential Equations

At the beginning of the discharge an initial current Iy flows through the circuit. In the
simulation, the external dump resistors Ry, and Ry become effective with a time delay

41
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Figure 4.1: Simplified electrical scheme of the LHC Test String

ty = 1 s. The resistor R. represents the average resistance of the water cooled cable and the
current lead resistance.
The model solves the electrical network, represented by the equation

4
> k() +is(t) - Re 4 Upgo + User, = 0 (4.1)
k=1

with w,, x(t) the voltage across the k-th magnet, i5(¢) the main current through the LHC
Test string, Upy,, the forward voltage of the free-wheeling diode in parallel to the power
converter, and R. = Rgn(t — tq) + Ran(t — t4) + R. the external resistance of the circuit.
Both, Ry, and Ry open with a delay time ¢, after initiating the discharge.

FEach magnet has at least one diode in parallel (see Fig. 4.2). Generally the current i4(?)
splits up into a current through the magnet i,, x(¢) and a current through the diode ip (?).

As long as the magnet voltage u,, x(t) is below the turn-on voltage of the by-pass diode
across the magnet, the entire string current flows through the magnet coils. The diode
current ip (1) is zero. The magnet voltage then is given by the differential equation

wslt) = B L i0) - BT, (4.2)

If w,, k(1) becomes equal to the turn-on voltage of the by-passing diode, then the diode

across this magnet starts conducting in order to clamp the magnet voltage ., x(t) to the
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Figure 4.2: Magnet scheme with by-pass diode

diode forward voltage Up x(Tp,ip). Diode forward voltage and coil resistance are assumed
as time independent functions.
The current through a single magnet is

Upi(Tp,ip) ‘ e—RT,’f;T) n Upx(Tp,ip)

tm k(1) = [Lmo — (4.3)
with [0 as the initial current in the magnet. The solution is valid for R, x(T') = const.,
which is not the case here.

A unique solution of Eq. (4.1) does not exist due to the effect of by-pass diodes. Depen-
dent on the quench behaviour of each single magnet which is mainly caused by the heater
response time and the RRR of the magnet coils, different solutions have to be considered.
In the following a selection of reasonable results of Eq. (4.1) is presented.

e Non by-passed magnets:

This case is given as long as the voltages across each single magnet are below the
turn-on voltage of their by-passing diode.

di(t)
dt

4 4
> Ling +15() lz Ry k(T)+ Re] + Upjuw + Ugr, = 0. (4.4)
k=1 k=1

Deduced from Eq. (4.4) the string current is

4
Z Rm,k (T)+Re
k=1 ¢

Upfw + Ui . k;Lmvk __ Uppuw+Uan

. . . (4.5)
kz Rm,k(T) + Re kz Rm,k(T) + Re
=1 =1

Zs(t) — [0—|—

The full current flows through the magnet coils. The case R,,(T) = 0 describes a
magnet discharge through the external dump resistor, e.g. a fast discharge of the LHC
Test String by opening the thyristor circuit breaker only.
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_ RetRap 4
4

Upfw + Ui . ;Lmvk ~ Upgpuw + Uan

. 4.6
R. 4+ Ran R. + R (46)

Zs(t) — [0 —|—

e One by-passed magnet:

If the voltage across one magnet, e.g. QP (k = 1), reaches the turn-on voltage, then the
magnet voltage across this magnet is clamped to the forward voltage of the by-passing
diode. Eq. (4.1) becomes

dis(t) & . 1 .
Zd( ) D Lo 4 05(1) [Z Ry i (T) + Re] +Upi(Tp,ip)+ Uppw + Usn =0
t k=2 k=2 (47)

and has the solution

Up1(Tp,1 Uptw+ U, > L,
i) = |Io + p1(Tpsip) + Upgw + Uan . Lk _

4
kz Rm,k(T) + Re
=2

B Upi(Tp,ip) + Upsuw + Usn,

. (4.8)
kX—:Q Rm,k(T) + Re

o T'wo by-passed magnets:

In case of two by-passed magnets, e.g. QP and MBI (k = 1, 2), the differential equation
Eq. (4.1) is written in the form

ds

fzit) kz:; Ly + (1) L; Ry o(T) + Re] N

2
+ Z Upi(Tp,ip) + Upsuw + U = 0 (4.9)
k=1

with the solution
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24: Ry o+ Re
9 . _k=34 ;

> Upi(Tp,ip) + Upsw + U >
- k=1 —
is(t) = |lo+ e k=3

4
Z Rm,k + Re
k=3

Lm,k

2
kZ—:I Upi(Tpyip) 4+ Upsw + Uan,
= . . (4.10)
Z Rm,k —I' Re
k=3

o Three by-passed magnets:

The string current decay rate is determined by the one magnet which has not reached
the turn-on voltage, e.g. MB3 (k = 4).

di(t | - :
di L Lo+ is() [Ron a(T) + Be) + > U i(Tp,ip) + Upgu + Uan = 0.
=1 (4.11)

The solution is

3
Z UD,k(TDa ZD) + Uwa + Udth Ryp,4(T)+Re

is(t) = |lo+ b=l R TR e Lin4 —

3
kZ—:I Upi(Tpyip) 4+ Upsw + Uan,

- . (4.12)
RmA —I' Re

All magnets by-passed:

In case of by-passing the current across all magnets, the protection diodes lead current
only in forward direction. The voltage across the diodes is counted positive (from the
anode to the cathode).

4
is(t) - Be + > Upi(Tp,ip) + Upgpuw + Ugn = 0. (4.13)

k=1

Hence, the string current is

4
> Upi(Tpyip) + Upsw + Ust

i,(t) = == 7 : (4.14)
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Since the current decays from a positive level [y, the case of all magnets by-passed is
excluded. In reality such a case may appear if the inductive voltage across the bus-bars
is able to compensate the sum of diode forward voltages and the voltage across the
resistive sections of the circuit (external bus-bars, current leads, superconductor joints,
etc.).

In general, the string current decays according to the equation

ZRM,q(T)-l'Re
S Upp(Tpyip) + Upjw+ Usn] —— S img

(1) = I, + 2
Z() o+ ZRm,q(T)—I-Re €
q

S Up,p(Tp,ip) + Upsuw + Ush,
P

SR} (4.15)

The subscripts p and ¢ mark magnets with different behaviour.

p: Magnets, where part of the string current is by-passed through the parallel connected
diode(s). For the magnet voltage yields

UDJ)(TD,Z'D) == ump(t). (416)

The magnet voltage is clamped to the forward voltage of the by-passing diode.

q: Magnets, carrying the whole string current, since the magnet voltage is below the diode
forward voltage (by-pass diodes are blocked).

UD7q(TD,Z'D) > umq(t). (417)

With use of Kirchhoft’s first law, the current through the by-passing diode is

ipa(t) = is(t) — imu(t). (4.18)

The forward voltage Up x(Tp,ip) of the by-pass diode across a single magnet is a non-
linear function of temperature and current. Therefore, an approximation formula

ups(Tp,ip) = [an + by - ip(t)] - e7lortdninOIT (4.19)

has been developed. It fits well with the measured data in Tables A.5 and A.6 for the
triplet and quadruplet diodes. The adjustment parameters a,, b,, ¢,, and d, for triplet and
quadruplet diodes are listed in Tables A.7 and A.S.
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The fact that the coil resistance is very non-linear with temperature makes a global
analytical solution of the differential equations with a certain precision almost impossible.
Under adiabatic conditions, which can be considered worst than real conditions, the average
coil temperature in the k-th magnet is given by integrating Eq. (2.11)

fo [ iul0) - peus(T)
T ) S e (1) AT T2 G5 epse( 1) A2+ i (L= Fork)

- dt. (4.20)

While by-passing current through the diode of the k-th magnet, heat is generated ac-
cording to the dissipated energy

o0

Wpy = / upk(Tp,ip) - ipk(t) - dt (4.21)

t=0

In order to avoid overheating of the diodes while passing current, copper heat sinks
mounted on the diodes have to absorb most of the energy.

For heater provoked quenches the discharge is so fast that the heat transfer to the sur-
rounding helium can be neglected and adiabatic conditions can be considered for the calcu-
lation.

The adiabatic temperature in the diode section is

o0

Tp s = / upi(Tp.ip) ipk(t) (4.22)
Mok Cpe,(T)

t=0

with m¢, the mass and ¢,_, the specific heat of the copper heat sinks. Actually exists
also a time dependent diffusion process from the wafer to the heat sinks, by means of which
the diode wafer temperature is higher than the heat sink temperature.

Temperature and field dependent parameters can be deduced from tables or calculated
with approximation formulas. The electrical resistivity of copper is for instance calculated by
use of the approximation formula Eq. D.1. The specific heat of copper and niobium-titanium,
both functions of temperature, are tabulated and presented in diagrams (see Fig. D.1).

4.2 Program Algorithm

The numerical solving algorithm requires a transformation of the differential equations
Eq. (4.1) into difference equations. The network equations are solved for each iterative
time step At =t,, —t,_;. Parameters which are non-linear functions of temperature or field,
are deduced from approximation formulas or tables.
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peu(TyB) = poun

o (I) = cpoun
eonveri(T) = eonerin

Up(Tp,ip) = Upp.

At each sample n the string current i is calculated by the equation

is,n [Rc + Rdth,n—ﬂ' + Rdm,n—ﬂ'] + Umin + Um2,n + Um3,n + Uma,n + Uwa = 0. (423)

For each single magnet (k= 1...4) yields

[is,n - is,n—l] . L

At mk T is,n . Rmk,n qumk,n < UDk,n

Umk,n =

(4.24)

Umk,n = UD,n qumk,n — UDk,n-

As long as a part of the current flows through the diode, the magnet voltage is clamped
to the forward voltage of the by-passing diode.

Dependent on differences in quench heater response time between magnets and increase
of magnet coil resistances, different cases for the evaluation of the electrodynamic behaviour
have to be considered (see Table 4.1). The string current i either flows fully through the
magnet coil 1, = 2, or it splits up to 15 = 1,1 + i pg.

Since the model does not consider the inductances of external cables and bus-bars, case 16
in Table 4.1 is not used for calculating the transients (see Eq. (4.14)).

A general form of Eq. (4.23) which also takes into account the different cases in Table 4.1
is

is,n Z —I'Rq,ch + Rdth,n—m + Rdm,n—m +
q

lsin _isn—
" TIZ Ly + Z Up + Upguw + Ustn = 0. (4.25)
g p

Voltages marked with p represent magnet voltages clamped to the forward voltage of
their by-pass diode. Inductances and resistances marked with ¢ represent magnets which
have not reached the forward voltage of the by-passing diodes. The string current is

2 Ly = Xty — [Ubgu + Un
N q P
lsn = .
7 é Z Lq + Z Rq,n + Rc + Rdth,n—q— + Rdm,n—ﬂ'
q q

(4.26)
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Table 4.1: Cases of current sharing in the superconducting magnets of the LHC Test String
during a discharge

Case Quadrupole Dipole MB1 Dipole MB2 Dipole MB3

1 Iml Im?2 im3 im4
2 It Im2 I3 tma T 1D4
3 It Im2 im3 + D3 U4
4 It Im2 im3 + D3 tma T 1D4
5 It im2 + 1D2 I3 U4
6 It im2 + 1D2 I3 tma T 1D4
7 It im2 + 1D2 im3 + D3 U4
8 It im2 + 1D2 im3 + D3 tma T 1D4
9 iy i Im2 I3 U4
10 2y +ipy Im2 I3 tma T 1D4
11 im1 + D1 Im2 im3 + D3 U4
12 4y +ipy Im2 im3 + D3 tma T 1D4
13 2y +ipy im2 + 1D2 I3 U4
14 21 +ipy im2 + 1D2 I3 tma T 1D4
15 2y +ipy im2 + 1D2 im3 + D3 U4
16 2y +ipy im2 + 1D2 im3 + D3 tma T 1D4

It splits up into a diode current ip, and a magnet current i, , (see Fig. 4.2). The
simulation program first assumes the whole string current flowing through the magnet coils.
Dependent on the string current decay rate and the magnet coil resistance follows for the
magnet voltage

Ymkn — tmkn—1

Umk,n = At

As long as the magnet voltage is below the turn on voltage of the by-passing diode, the
whole string current flows through the magnet coils. In case of by-passing current through
the parallel connected protection diode, the voltage across the magnet is clamped to the
diode forward voltage, k., = Upgn. Calculating the magnet current ¢, ,, from Eq. (4.27)
gives

tmk,n—1
Ubkm + 755+ L
1

(4.28)

Ymkan =

The magnet current is lower than the string current ¢,,. The remaining current flows

through the diodes

ka,n = is,n - imk,n- (429)
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With the splitting of string current ¢,, into magnet current i,,;, and diode current
iDkn, the average adiabatic temperature development in the magnet coils and diodes can be
calculated.

From Eq. (2.11) follows the rise in coil temperature

iz * PCu,n
AT = mkon O At 4.30
& AR - Ocu - Cocum + Fi(1 — fr) - Snwri - Conomin] (4.30)

The average temperature of the resistive coil section becomes

ka,n = ka,n—l + Aka,n (431)

Due to the diode current ¢py, and the forward voltage Upy, the average temperature
rise in the by-pass diodes is

Ubkn * 1Dkn

ATpgn = AL, (4.32)

5Cu . VCuk * CpCuyn

For the adiabatic calculated diode temperature follows

Tk = Tokn-1 + ATpgp. (4.33)

At each time step the actual calculated temperatures in the magnets 7),,;,, and in the
by-pass diodes Tpy , are used to update the values for specific heat and electrical resistivity.

4.3 Model Parameters

4.3.1 Input Parameters

The simulation requires a set of input parameters as listed below for calculating the tran-
sients.

® i,,... Current before the initiation of the decay.

o t,: The thermal heater response time for each aperture magnet is usually deduced from
experiments. It is the time difference between initiating the quench heater strips and
the appearance of the resistive voltage in the magnet aperture.

e n: Number of conductors which become normal after firing the quench heaters (see
Fig. 5.10). By considering the outer layer coils in the magnets becoming resistive,
it can be assumed that n will be settled somewhere in the range between ny; and ns
(ny is the number of conductors covered by the heater strips and ny is the number of
conductors of the whole outer layer coil).

o RRR: Residual resistivity ratio of copper of the conductors in the outer layer of each
aperture magnet.



4.3. MODEL PARAMETERS 51

L: Inductances, including self and mutual inductances, calculated for the inner and
outer layer coils of each magnet.

A = Acy + Anpri: Cross section of the non-insulated conductor of the coils in the
different magnets.

a: Copper to superconductor ratio for the conductors of the different magnets.

[,: Length of the straight section of the magnet coils, not including the coil heads in
the ends.

R;: Resistance of the external dump circuit.

4.3.2 Calculated Output Parameters

The values of the following parameters are calculated for each time step and stored in a file:

is(t): Current in the LHC Test String, which can be also measured externally with
current transducers.

imk(1): Current, which flows through the magnet coils.

Diode currents ipx(t): Current, which flows through the cold diode in the magnet
by-pass.

um k(t): Magnet voltages (dipole or quadrupole).

Uq k(1) and up (1): Voltages across each single aperture magnet (dipole or quadrupole)
in the twin-aperture magnets. The apertures are designated with a and b.

u, ,(1): Voltage which appears across a magnet due to the resistive section of the coils
after quenching.

Inductive magnet voltage u; x(?): Voltage induced in the magnet inductance in case of
changing the current.

R, 1(1): Average coil resistance after magnet quench, calculated by considering adia-
batic conditions.

Ty: Adiabatic average temperature of the resistive section of the coil, driven normal
by the quench heater strips.

T x(t): Adiabatic hot-spot temperature at the quench origin.

Tp: Adiabatic average temperature of the diode heat sinks, generated by the dissi-
pated heat in the diode during current by-passing.

E,, it Energy dissipated in the resistive section of the magnet coils.
Ep i Energy according to the diode forward voltage and diode current.

f ifnkdt: MIIT’s of the superconducting cable in each magnet.
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In order to use the model for the calculation of parameters which cannot be directly
measured, the initial current and the quench heater delays are taken from experiments.
The RRR values of the superconducting cables in the LHC Test String are calculated from
measurements performed at 10 K and 300 K.

The number of resistive conductors after firing the quench heaters can be estimated
between the number of conductors covered by the heater strips and the number of conductors
in the outer and inner layer coils (see Fig. 5.10).

In case of predictions and worst case calculations, all input parameters can be individually
varied.

4.4 Model Structure

For modelling a network as shown in Fig. 4.1, different system analysis tools (SPICET™
SABER™™ | etc.) exist. Especially the temperature dependencies may lead to limitations
in modelling. The iterative model, written in MATLABT™™ code, has been chosen to get a
feeling when changing parameters.

A rough structure of the transient model to calculate the electrodynamic behaviour is
presented in Fig. 4.3. Bold characters mark vectors, normal characters are scalar values.

Step 1: The iterative calculation requires some initial values to start the simulation. In
general these are the initial currents (i50, 1m0, 1po), the initial current decay Aisg,
the flux density in the coil region B, o, and the temperatures (T, 0, Tpo) before the
event.

Step 2: Setting the relevant parameters for the calculation including the circuit dependent
parameters (A, T, 1, Ly, etc.) and run dependent parameters (t,, At, RRR,,,
etc.).

Step 3: Iteration loop. As long as the string current iy, is greater than zero (or a defined
minimum value), the network and heat balance equations are calculated sequentially.

Step 4: The variable n is used to count the number of time steps.

Step 5: Since the model solves the equations in discrete time steps, after each performed cal-
culation cycle the time has to be increased by a specified At. The time interval At can
be constant during the whole simulation or dependent on the increase in temperature.

Step 6: Dependent on the actual temperature and field, the material properties (pcu.n,
CpCuns and C,Nprin) are updated.

Step 7: By assuming a number of conductors w,, ,, resistive in the outer layer coils of each
magnet, the coil resistance R,, ,, 1s a function of coil temperature T,, , and magnetic
flux-density B,, ,..

Step 8: For a first estimation the magnet voltages u,,, are calculated by assuming the
whole string current flowing through the magnet coils.

Step 9: The diode forward voltages up,, are estimated by use of a polynomial fit.
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Figure 4.3: Structure of the program to simulate the electrodynamic behaviour
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Step 10: For deducing the string current ¢,, in Step 15, some initial parameters have to
be reset. U, is the sum of magnet voltages, clamped to the forward voltage of their
by-pass diode. L, and R, are the sums of magnet inductances and coil resistances in
magnets which have not yet reached the turn-on voltage of their by-pass diodes.

Step 11: Loop over each single magnet k, where N is the number of magnets in the LHC
Test String.

Step 12: Each single magnet voltage u,,;, is compared with the actual forward voltage
Upk,, of the by-passing diode. If wyr, < Upg, and ipg, = 0, the by-pass diode
parallel to the magnet does not carry current. As soon as k., = Upg., the by-pass
diode turns on and starts clamping the magnet voltage to their forward voltage. Since
the string current decays, also the resistive voltage decreases at the end of the decay.
If k., becomes lower than Upy, while the diode current ¢py,, is still higher than
the magnet current difference Az, , since the last sample, the diode current will be
reduced to lift up the magnet current ., ,, in order to clamp w,,, to Upy,,. The diode
turns off, as soon the magnet voltage u,j , is below the diode forward voltage Upy
and the diode current ipy, 1s too low in order to lift the magnet voltage w,,;, up to
the diode forward voltage Upy ..

Steps 13 and 14: If the conditions in Step 12 are fulfilled, then the forward voltage Upy
of this magnet will be added to U,. Otherwise the magnet inductance L,,; is added to
L, and the magnet coil resistance R, is added to R,.

Step 15: The string current ¢, , is calculated dependent on the network conditions. The
resistance R; contains the dump resistances across both, the mechanical and thyristor
circuit breaker (Rgn, and Rgp). Moreover, it considers the time delay for opening the
circuit breakers.

Step 16: The change in string current A¢,, during the time interval At is required to
calculate the string current decay rate.

Step 17: See description of Step 11.
Step 18: See description of Step 12.

Step 19: If the conditions in Step 18 are fulfilled (by-pass diode is turned on), the magnet
current ¢,,; , decay depends on the magnet inductance L, the coil resistance R, .
and the forward voltage of the by-pass diode Upy,,. Otherwise the magnet current
imk,n decays in the same way than the string current ¢, ,.

Step 20: Calculating the difference in magnet current since the last sample by considering
the different conditions in Step 18.

Step 21: In case of by-passing current, the amount of diode current ¢py, is the difference
between string current i, and magnet current 7,,j .

Step 22: Calculating the magnet voltage u,,, with the magnet current i,,;,, obtained in
Step 19.
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Step 23: The dissipated energy in the magnets, W,, ., is the sum of generated heat in the
resistive magnet coil sections during the finite time steps At.

Step 24: The dissipated energy in the protection diodes, Wp ,, is the sum of generated
heat in the diodes during the finite time steps At.

Step 25: The sum of the product i}, At is a value which is used to deduce the adiabatic
temperature generated in a resistive section of a conductor.

Step 26: The average change in magnet coil temperature AT,, ,, is calculated as a function
of magnet current and material properties.

Step 27: Adding the change in temperature AT,, ,, to the previous deduced average temper-
ature value T,, ,_; gives the new temperature value T,, ,,, used to update the material
property values for the next iteration.

Step 28: Calculating the temperature rise ATp ,, due to the generated heat in the current
leading by-pass diodes.

Step 29: Updating the average diode temperature Tp, by adding ATp , to the previous
diode temperature Tp ,_;.

Step 30: For further analysis, the simulated data are stored in a matrix. The columns
represent the signals while each line contains the result of a simulation run.

The transient model subdivides the magnets in apertures and poles to simulate the elec-
trodynamic behaviour in more detail.

4.5 Stability of the Transient Model

The simulated change in temperature, voltage, resistance, etc. is coupled with time increment
At, chosen between two calculated time steps. Heat capacity and electrical resistivity are
non-linear functions of temperature. Accurate simulation results are achieved if the average
temperature increase during a time interval At is lower than one Kelvin.

An estimation of temperature increase AT during a time interval can be determined by
use of Eq. (4.30). Table 4.2 contains the values of electrical resistivity and specific heat
of copper at different temperatures. The increase in temperature is calculated with the
following parameters for a dipole magnet of the LHC Test String:

Magnet current tmkn = 11500 A
Conductor cross section Ay = 19.24 mm?
Copper friction of conductor fj = 0.655

Density of copper den = 8960 kgm™
Density of niobium-titanium dypr; = 6630 kg m™>
Time increment At = 50 s

Fig. 4.4 shows the deviation in temperature with increasing the iteration time interval At.
[teration steps in the us range lead to accurate results with the drawback of long simulation
times. In case of the LHC Test String configuration, the choice of At between 10 and 50 s
led to fast results by avoiding instabilities in the simulation. Increasing the time increment
leads to temperature jumps in the beginning of the simulation, which falsifies the results.
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Table 4.2: Temperature increase as a function of temperature at At = 50 us

Temperature P Coe Conpri ATy
K] Om] ke K Dke K] [K)

10 5.749e-10 0.848 4.269 0.9143

20 5.862e-10 6.049 24.33 0.1512

30 6.477e-10 25.83 67.76 0.0499

40 8.141e-10 54.06 122.7 0.0322

50 1.119e-9 88.28 174.2 0.0289

60 1.561e-9 124.3 217.3 0.0302

70 2.113e-9 159.2 246.7 0.0335

80 2.742e-9 191.3 276.1 0.0372

90 3.420e-9 219.6 294.9 0.0415

100 4.124e-9 244.0 313.7 0.0457

150 7.722¢-9 317.3 359.7 0.0687

200 1.121e-8 342.4 381.0 0.0929

250 1.457e-8 349.6 393.5 0.1179

300 1.785e-8 352.7 402.7 0.1426

350 2.108e-8 356.9 410.0 0.1661

400 2.427e-8 364.3 416.6 0.1876
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Figure 4.4: Deviation in temperature calculation versus iteration time interval At to verify
the stability of the model
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4.6 Validation of the Model

Some simulated parameters are available from measurements. A validation of the model is
possible by comparing calculated versus measured data of the same signal.

The quench heater delays of the different magnets are deduced from experiment RUN0525,
performed at an initial current of 13.1 kA. Table 4.3 contains the data which adapt the sim-
ulation to the measurement.

After a provoked firing of the quench heater strips in all superconducting magnets, the
coils become resistive after some milli seconds (see Table 4.3).

Table 4.3: Input parameters for the simulation deduced from experiment RUN0525 to vali-
date the model

Magnet Aperture t, RRR
ms] [
Quadrupole QP A 8 92
B 11 96
Dipole MB1 A 15 113
B 18 109
Dipole MB2 A 22 91
B 16 106
Dipole MB3 A 9 84
B 13 86

The heater response time tj is defined as the time interval between firing the quench
heaters and detection of a resistive voltage signal across the coil section which is situated
below the heater strip. Together with the RRR of the magnet coils, the heater response
time is an essential input value for the simulation. The difference in ¢, between apertures
determines the maximum voltage from coil to ground and the hot-spot temperature.

Fig. 4.5 shows the comparison between measured and simulated current decay. The
deviation between measured and simulated current data is less than 2.5 %.

The voltages across the dipole magnets apertures are shown in Figures 4.6 to 4.8. A com-
parison between measured and calculated signals is given. Deviations between measured and
simulated voltages appear during the first 100 ms of voltage rise. As discussed in section 5.2,
the peaks in the voltages across dipole apertures are caused by additional quenching the
inner layer coils (due to quench back, too high dB/dt) and differences in longitudinal and
transversal quench propagation velocities. Those effects are uniquely for each magnet. They
are studied on a single magnet as described in the next chapter. In the model for simulating
the electrodynamic behaviour of the LHC Test String, longitudinal and transversal quench
propagation are not considered.

Voltage steps in the end of the graphs appear due to turning off of the by-passing diodes.
As shown in Fig. 4.6, a deviation in time exists between appearance of this voltage step
in the measurement and in the simulation. This is mainly due to the adiabatic calculation.
This effect has low priority since it happens at very low current levels. Differences in thermal
response between heater strips and outer layer coils are considered between apertures only,
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Figure 4.5: Current decay versus time for a heater provoked quench at 13.1 kA
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Figure 4.6: Aperture voltage versus time across the dipole MB1 for a heater provoked quench

at 13.1 kA
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Figure 4.7: Aperture voltage versus time across the dipole MB2 for a heater provoked quench
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Figure 4.8: Aperture voltage versus time across the dipole MB3 for a heater provoked quench
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but not between poles. After about 100 ms the deviation between measured and simulated
values is in a range of &+ 5 %. The voltage development after a quench is analysed in the
next chapter.

4.6.1 Deduced Results from Model Calculations

An advantage of a transient simulation model is to deal with different system parameters,
which cannot be measured or changed in the real configuration. Some behaviours are easier
to understand, if the parameters can be changed independently. In the following, results of
different simulation runs are presented.

Evaluation of MIIT’s Values from Experiments with Help of the Transient Model
The solution of the left side integral in Eq. (3.6) is often called MIIT’s value (unit [10°A?s])

and indicates the maximum temperature rise in the resistive part of a superconductor cable.
In the present configuration of the LHC Test String, an independent measurement of magnet
and diode current is not possible. As soon as the by-pass diode turns on, the MII'T’s value
in a magnet cannot be deduced anymore from the current measurement itself. By feeding
the simulation program with the measured quench heater delay time and the initial current,
the MII'T’s values and further the hot-spot temperatures can be calculated.

Fig. 4.9 shows the MII'T’s dependency from the quench current in the different magnets
in the LHC Test String. The values are deduced from simulation runs, performed at initial
currents levels. Dipole MB1 has the highest MII'T’s value, because

o the outer layer coils of MB1 have the highest RRR of all magnets in the string

o the by-pass diode across MB1 did not turn on because of the high inductive voltage
compared with the resistive voltage across the magnet

e MBI has the slowest thermal quench heater response time.

The lower the RRR is in a magnet, the lower is the MIIT’s value. A similar MIIT’s
characteristic exists from experiments at the SSC string [20]. The number of MIIT’s in
the quadrupole (~22 MA?s) cannot be compared with the values deduced for the dipoles
(~25 MAZ%s) because of the lower stored energy in the quadrupole.

Differences in quench heater response time between the apertures of a magnet causes also
in an increase of MIIT’s since the magnet current decays slower as long one aperture is still
superconducting.

Hot-spot Temperature in Magnet Coils

In case of a natural quench in a magnet, the temperature at the origin is higher than
the average coil temperature. Experimental results show longitudinal quench propagation
velocities of about 20 ms™! [10]. The voltage across the resistive part of the cable increases
due to propagation and temperature rise, until the detection level of 100 mV is reached.
From this time on all outer layer conductors are considered as resistive and start also heating.
Table 4.4 shows hot-spot temperatures, simulated for different quench currents.

Since the temperatures are calculated by assuming adiabatic condition they can be con-
sidered as worst case temperatures.
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Figure 4.9: Deduced average MIIT’s evolution versus initial quench current for the outer
layer coils in the magnets

Table 4.4: Deduced hot-spot temperature in dipole conductors, simulated for different quench
currents

RUN No. Quench current Hot-spot

temperature

A] K]

RUNO517 5000 62
RUNO0597 7000 86
RUNO0522 10000 136

RUNO0525 13100 174
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Average Temperature in the Diode Bus-bars

The calculation of the temperature rise in the diode bus-bars is of interest specially for the
LHC Test String, since some bus-bars in the dipole by-pass (ADL 2, ADL 3, and ADL 4)
have a rather small copper cross-section area of about 27 mm?. After a quench they would
not withstand a discharge from full current with a time constant of 100 s, as foreseen in the
LHC machine. This fact limits experiments on quench propagation between dipole magnets,
because of a limited time interval of firing heaters in the different dipole magnets.

107

average Temperature [K]
=
o

=
o

| | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Heater delay [s]

l O 1 1 1
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Figure 4.10: Calculated average temperature of the small cross-section auxiliary bus-bar as
a function of increasing heater delay between dipole magnets

Fig. 4.10 shows the temperature rise in the small cross-section auxiliary diode bus-bars
across the magnets MB1 and MB2, simulated for heater induced quenches in these dipoles
at the same time, and delayed firing in dipole MB3. Already a firing of heaters with a delay
of 0.8 s in the two still remaining dipoles would heat up the bus-bar temperature across
the first quenched dipole to about 350 K. The calculation considers adiabatic conditions,
whereas the real temperature can be lower due to cooling effects of the surrounding helium.

Conclusion

The transient model is realised as a macro program, written as a MATLAB™™ applica-
tion, which solves the electrodynamic equations iteratively for constant defined time steps.
Especially at low temperatures some material properties, e.g. specific heat and electrical
resistivity, vary non-linearly with temperature. In order to avoid discontinuities in the cal-
culation and to get results within 10 % deviation from deduced measurements, the interval
between time steps should be below 50 ps. This would result in an enormous amount of data
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since a decay finishes, dependent on the initial current, after 0.6 and 3 s. The simulation
program reduces the number of data to a sufficient amount for further analysis.

The validation of the model shows, that a change of just a few parameters is necessary
to fit the simulation to a performed measurement. The same rules are used to describe
the behaviour of the dipole magnets and deducing their discharge currents, magnet and
aperture voltages, temperatures, [12dt, etc. Already the study of the dipole pole voltages
after quenches at different current levels becomes quite difficult, because the magnets would
need additional parameters to describe this behaviour.

More detailed calculations by implementing cable characteristics (e.g. hysteretic and eddy
current loss, persistent currents, etc.), quench propagation velocity, and cryogenic effects
(e.g. thermal conductivity, heat transfer, etc.) would just magnify the amount of input
parameters and so complicate the model without increasing really the benefits. Essential
values like hot-spot temperature, maximum voltage between coil and ground, etc. could be
deduced with sufficient accuracy.

4.7 Modelling Quench Propagation through Bus-bars

Inter-magnet quench experiments (described in the next chapter) have been performed to
study the heat propagation from a quenched magnet to the adjacent superconducting mag-
net. The effects on inter-magnet quench propagation are heat transport via helium and heat
conduction through the copper stabilised bus-bars. Due to the dimensions of the diode bus-
bars in the LHC Test String, quench propagation experiments could be performed only from
quadrupole to dipole magnet without endangering the system. Therefore, the heat sink of
the diode triplet in the short-straight-section, by-passing the quadrupole, generates mainly
the heat to quench the adjacent dipole magnet.

A simplified analytical model has been developed in order to estimate the temperature
of the highly copper stabilised bus-bars at the end close to the dipole by providing an
exponentially increasing temperature 7. of the diode triplet heat sink.

4.7.1 Numerical Model

The initial temperature of the bus-bar T} is assumed equal to the helium bath temperature.
The heat flow in the copper stabilised bus-bar is governed by the partial differential equation

aTCu a aTCu
dcu - CPCu(TCu) ) AO“W - _x )\(TCu) “Acy - 8—:1;
U T w )" 2 t
_I_pC(Z) Z()—ph[TCu_THe], (434)
Cu

where the propagation is assumed along the z-axis. T¢, and Ty, are the temperature
of the copper bus-bar and the surrounding helium, A¢, is the heat conductivity, ¢, 1s the
heat capacity, pc, is the electrical resistivity, i is the heat transfer coefficient, p the wetted
perimeter, and i(¢) is the time dependent current flowing through the copper section of the
bus-bar.
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One end of the bus-bar is connected to the diode triplet. In case of by-passing current
across the quadrupole, the heat sinks heat up and distribute heat to the bus-bar. Therefore,
the boundary condition is given by the temperature profile of the diode heat sink

T(0,t) =Ty [L — "] (4.35)

with T, the final diode heat sink temperature and 7 the time constant to describe the
heat sink temperature profile after the diodes turn on. The initial condition

T(x,0) =T, (4.36)

considers, that the bus-bar is cooled with superfluid helium at the bath temperature
T, =18 K.

The solution of Eq. 4.34 is determined by an iterative method because of the fact that
heat capacity, thermal conductivity, heat transfer, and electrical resistivity are non-linear
functions of temperature.

Fig. 4.11 shows a grid with different grid length Az and At.

t

At

Figure 4.11: Net for calculating the temperature distribution across bus-bar

The nodes in the grid, in which the value of the function is given either by initial con-
ditions or boundary conditions, are marked with circles, while nodes with unknown values
are marked with points. The nodes have the co-ordinates x; = ¢- Az, (1 =0,1,...,n) and
ti=7-At (3 =0,1,2,...). The values of the function T¢,(x;,t;) are designated as Tgf).
To approximate the partial differential equation in point P(x;,%;), the first derivative of ¢ is
exchanged by

ot~ T At

(4.37)
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and the second derivative of x is exchanged by

aQT u (2+17]) _ 2T(27]) T(i_lvj)
= T (P) =S cu_t “ou (4.38)
Ox? (Az)?
At t = 0, the values of the function are known by the initial conditions.
Hence, equating Eq. 4.37 and Eq. 4.38 results in
TH! = A-T¢, +bj, (4.39)
where
T T+ T 1 (1 —etT)
Te T3 4 T
, T T3 4 i
Te, = b= o (4.40)
Tg;L] T»n_Lj _I_ T;Ll—l,j
Te TP 4 T3
1 —2r r
r 1 —2r r
r 1 —2r r
A = ‘ ‘ ‘ (4.41)
r 1 —2r r
2r 1 —2r
with
Aow(TED) At
p o= oulles) - (4.42)
50,“ . cpcu(Tg?’j) (Al’)
Ti(z,]) _ pc ( Cu ()Z 4)1 ( ) . At, (443)
dcu - CPCu(TC%l] ) ’ A%’u
(i:4)
iy p-h- |15 —The
T = [7e T Al (4.44)

Ocu * CPCu(TC(’Z;j)) - Acy

The matrix A is tri-diagonal. Absolute stability is only given if the absolute eigenvalues
n, of A are lower than 1. To consider the dependencies of 1, from r, one can write

A=1-1] (4.45)
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with

J .= I € R™" (4.46)

The eigenvalues 1, of A are given by the eigenvalues £, of J with n, = 1 —r¢,, (v =
1,2,...,n). The eigenvalues of J are real, since J is similar to a symmetric matrix J :=
D-'JD with D := diag(1,1,...,v/2). Further, the eigenvalues of J are positive and are
not greater than 4. The matrix J— 41 is negative definite, whereas the value 4 is not an

eigenvalue of J. Since r > 0, yields for the eigenvalues of A
1 —4r <n, <1
and the conditions for the absolute stability are fulfilled if

r<1/2.

4.7.2 Heat Propagation along Bus-bar

E € E E “E E €
IS S e IS e S &
o o o [To RN o N~ ~
N~ < N~ A (o] ™ —
Yo} ‘\:|| Yo} Ko} e} (90}
- MBB
Diode ‘—
heat |
sink L
0.5m 0.2 0.45m 0.1% .15 1.0m

Figure 4.12: Bus bar dimensions for simulating heat propagation

The numerical calculation of the heat propagation along the bus-bar section from the diode
triplet to the adjacent dipole (Fig. 5.26 and Fig. 4.12) considers:

e The diode heat sink is a heat source, heating according to the exponential function in

Eq. (4.35).

e The initial temperature of the bus-bar is equal to the bath temperature of the sur-

rounding helium (& 1.8 K).

e Above the critical temperature of the superconductor T, = f(I, B), Joule heating of
the resistive section along the bus-bar supports the conductive heating.
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Figure 4.13: Temperature profile versus time across the bus-bar leading from the diode
triplet to the adjacent dipole

o Heat transfer from the bus-bar to the surrounding helium is not considered in the
simulation.

The result of the simulation is given in the time duration between heating up the front
end of the bus-bar and exceeding the critical temperature (about 9 K) at the rear end of
the bus-bar. This provokes a quench in the less stabilised cable section (Ac, ~ 17 mm?),
leading to the dipole coil. The simulation assumes an initial current of Ip=13.1 kA, a final
diode heat sink temperature T;=60 K, and a time constant 7=5 s. The values are deduced
from the bus-bar temperature sensor TT032551 during the quench propagation experiment
at an initial current of 13.1 kA (see Fig. 5.32). Since the main bus-bar does not lead current
after the quadrupole has been discharged, the influence in the temperature calculation can
be neglected. By not considering the heat transfer to the surrounding helium, the rear end
of the bus-bar becomes resistive after about 3 s, as shown in Fig. 4.13.

As shown in the experimental results of inter-magnet quench propagation (next chapter),
the time between quenching the quadrupole and detecting a quench in the adjacent dipole
magnet is about 20 times longer. The reason for this extension in time is the heat exchange
between the bus-bar (hollow profile) with the helium.
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Chapter 5

String Experiments and Test Results

This chapter describes the analysis of natural and heater-provoked quenches, performed both
on a single dipole magnet and on the LHC Test String. The relevant parameters from the
point of quench protection (max. voltages, hot-spot temperatures, current characteristics,
coil resistances, etc.) are discussed.

In case of a magnet quench in a half-cell, heat propagates from the quenched magnet to
the adjacent magnets. Inter-magnet quench propagation experiments have been performed
to study the heating effects both along the bus-bar connections and through the coolant.

5.1 Measurement Errors

A measurement system is often made up of a chain of components, each of which is subject
to individual inaccuracy. If y is a known function of n independent variables x,, then

y:f(xlvx%x&"'vxn)- (51)

The a’s are the measured quantities (instrument or component outputs) and are in er-
ror by £Axy, £Axy, £Axs, ..., £Ax,, respectively. This errors cause an error Ay in the
computed result y.

An approximate solution valid for engineering purposes may be obtained by application
of the Taylor series. Expanding the function f in a Taylor series gives

flar £ Axy,xg £ Awg,x, £ Axy) = flag, 20, 23,000, 25)

0 0 d 1 0*
‘|‘A$1—f‘|‘Al’2—f‘|‘“‘+Al’ f—|-§[(A$1)28—;;‘|‘---]‘|‘--- (5.2)
1

61‘1 a$2 naxn

where all the partial derivatives are to be evaluated at the known values of 1, x5, ..., ,.
In actual practice, the Aa’s will all be small quantities, and thus terms such as (Az)* will
be negligible. Then Eq. 5.2 may be given approximately as

flay + Az, 20 + Azy, , + Azy)

_ af of of
= flaxy, @9, 23,...,2,) —I—A:Jclaxl —|—A$an2 —|—---—|—A:1;naxn.

(5.3)
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The absolute error is given by

af af af
Ay = |Az;—— Azg——|+ -+ |Azx, ) 4
Y ‘ 91?16:]51 + ‘ Slfzaxz + + ‘ x D (5.4)
5.1.1 Error Margin in Voltage Measurement
The relative error €, in voltage measurement
_up —ur
Crel — 7UT (55)

is mainly determined by the isolation amplifier in the quench detector module (Fig. 5.1),
whereas uy; 1s the measured value, and uy is the true value.

. digital
% v.-tap ) 10V
3 Isolation
s Analog/Digital Data
S Ui Uout Converter Recording
Q ADC System
a Amplifier
v.-tap

Figure 5.1: Chain of components for voltage measurement across coils and bus-bars

Table 5.1: Relative error in voltage measurement of a quench detector module (gain= 1.2)

Unpr ur Crel
\Y \Y %0
0.024 0.024 1.66
0.122  0.12 1.41
1.217 1.2 1.40
2.437 2.4 1.53
6.087 6.0 1.45
12.168 12.0 1.39

Table 5.1 shows the relative error for different input voltages at a fixed gain of 1.2 [16].
The relative error of the isolation amplifier is about 1.7 %. The 16 bit Analog/Digital
Converter operates in an input range of & 10 V with an error of lower than 0.1 % at 1 V.
Therefore, an average error in voltage measurement of + 1.8 % FSR (Full Scale Range) can
be assumed. The error does not take into account the systematic error of cabling due to the
induced voltage in case of change in magnetic field. This effect should be minimised by use
of twisted wire-pairs.
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5.1.2 Error Margin in Temperature Measurement

The temperature measurement is based on the temperature dependencies of carbon and
platinum resistors. By supplying a constant current, the voltage across the resistor is a
function of temperature.

Transducer Transducer digital
4-20 mA 10V
u i Analog/Digital Data
R(T) Converter Recording
i u ADC System

Figure 5.2: Chain of components for temperature measurement

The carbon resistors for temperature measurement, located in superfluid helium, have
a resistance of 10000+100 . A constant current source in the i/u transducer operates at
1040.02 pA.

The voltage drop across the temperature sensor at 1.8 K can be estimated with 107°-10* =
0.1 V. For the voltage error follows

_ OJ(I-R) d(I-R)
Au = a7 A[—I-iaR

Au = R-AI+1-AR
Au = 10 Q1078 A4+107° A-100 Q

AR

Au = 1.1 mV.
Then
u=01V+1.1mV (5.6)

The error of the temperature transmitter and sensor element is about 1.1 % FSR. Consid-
ering an error margin of 0.1 % for each transducer in the chain and for the Analogue/Digital
converter (Fig. 5.2), the temperature measurement is performed with an error of about

+1.4 % FSR.

5.2 Single Dipole Quench Behaviour

The LHC main dipole magnets contain two single aperture dipoles. The poles are formed of
two layer coils which are connected electrically in series (see Fig. 5.3). Following the current
through an aperture dipole, it enters the outer layer coil and flows over a splice to the inner
layer coil of the same pole. A connection is necessary due to the different cable dimensions
of the outer and inner layer coil. The inner layer coils of both poles are connected in series
without changing the cable. In the second pole, the current flows over a contact back to
the outer layer coil, from where it leaves the aperture dipole of the same magnet. The same
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im I-plol Rplol I-plil Rplil Rp2iu I-p2iu Rp20u I-p20u
Aperture A

Ujq Ui Upq

I-p4ol Rp40| Lp4i| Rp4i| Rp3iu Lp3iu Rp30u I-p30u
Aperture B

Uso Usyi Uz,

Figure 5.3: Electrical scheme of a twin-aperture LHC dipole

sequence is repeated in the other aperture dipole. The pole inductances are calculated as
described in appendix A.1l.
The subscripts of inductances and resistances have to be interpreted as follow:

15%: p ... pole;

274 1,2,3,4 ... pole number;

3rd: i,(0) ... inner (outer) layer coil;
4th u,(l) ... upper (lower) pole.

In case of a detected quench, heater strips along the outer layer coils of the superconduct-
ing dipoles are fired in order to quench the magnet in its full length. The higher the magnet
current, the lower is the critical temperature of the superconducting cable and the more effi-
cient become the quench heaters. After firing the quench heaters, part of the generated heat
in the heater strips will be distributed to the conductors on the outer layer coils, situated
below the heater strips. A small part of the heat will be dissipated in the collars whereas
at least the number of conductors below the heater strips quench. Due to quench back
and quench propagation in transversal and radial direction, some more conductors become
resistive.

Table 5.2: Experimental parameters of a heater provoked quench in dipole MB3 after the
274 thermal cycle

Energy extraction: no
Temperature: 1.76 K

Ramp rate (di/dt): 10 As™!
Quench current: 13994 A
Recording date: 21/04/1995
File number: A0421160.207

Parameters for a representative experiment on a single magnet are listed in Tab. 5.2. Due
to the increasing resistance in the normal conducting sections of the coil during a quench,
the current decays in about 600 ms from 14 kA down to 0 A (Fig. 5.4). The current de-
ramp rate of more than 60 kA per second (Fig. 5.5) may induce high voltages in the still
superconducting coil sections.
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Figure 5.4: Measured magnet current versus time after a heater provoked quench in dipole

MB3 at 13994 A
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Figure 5.5: Deduced magnet current decay rate versus time after a heater provoked quench

in dipole MB3 at 13994 A
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The pure inductive voltage across a coil (outer layer or inner layer) can be evaluated via
the current de-ramp rate
di,
= Loy —— 5.7
cotl { dt ( )
by considering the coil inductance L.,; as constant.
The resistive voltage

ur,

uRcoil = Ucoul — uLcoil' (58)

is the difference between the measured coil voltage U.,; and the pure inductive voltage
U, for the outer layer coil (Fig. 5.6 and for the inner layer coil Fig. 5.7).

The coil resistance becomes

o . dim
uRcoil Ucoil L dt

- . , (5.9)

tm tm

Rcoil —

as depicted for both layers of pole 1 in Fig. 5.8.
After exceeding the critical temperature of the superconductor, almost the entire current
flows through the copper matrix of the cable. The electrical resistivity of copper is

Rcoil . ACu

[ - w

PCw = = f(T, B, RRR) (5.10)

with Ag, the copper cross section, [,,, the magnetic length, and w the assumed number of
quenched conductors. Without considering the radial heat propagation into the conductor
after firing the heater strips, the average coil temperature is shown in Fig. 5.9. In the very
pessimistic assumption, only the conductors covered by the heater strips become resistive
(Fig. 5.10, left picture). Therefore the temperature in the outer layer coil rises up to about
160 K while the inner layer coil remains superconducting. More realistic is the case depicted
in the right picture of Fig. 5.10. Since quench propagation and quench back support the
normal transition, the expected average coil temperature after the de-excitation is about
110 K in the outer layer coil and about 60 K in the inner layer coil. This effect is welcome
since the average coil temperature becomes lower. Differences in temperature between the
different coils in an aperture are possible due to differences in RRR of the conductors and
differences in heater response time after initiating the quench.

During the current decay after a quench, high voltages can appear across the resistive coil
sections in the magnet. In order not to endanger the magnet, the voltages have to be kept
below the allowed coil insulation voltage. Coil voltages referred to ground (Fig. 5.11), are
more representative to estimate the maximum voltage than the differential voltage measure-
ment across magnet coils. A voltage distribution across dipole MB 3 is shown in Fig. 5.12 by
interpolating linearly between the measurement points. In reality, the voltage distribution
in the magnet depends on the location of resistive and superconducting sections inside the
coils. With the number of voltage taps mounted on the magnet coils, a precise measurement
cannot be performed. Therefore, a uniform resistance distribution of the resistive section in
a coil has been assumed for the analysis.
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Figure 5.6: Voltage across the outer layer coil of pole 1 after a heater provoked quench at
13994 A (inductive voltage deduced from current decay)
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Figure 5.7: Voltage across the inner layer coils of pole 1 after a heater provoked quench at

13994 A (inductive voltage deduced from current decay)
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Figure 5.8: Resistance of the outer layer coil and the inner layer coil of pole 1 after a heater
provoked quench at 13994 A
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provoked quench at 13994 A
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Figure 5.10: Possible number of resistive conductors in the dipole coils after a heater provoked

quench at 13994 A

Figure 5.11: Simplified electrical scheme of a dipole magnet
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Figure 5.12: Coil voltage distribution in dipole MB 3 after a heater provoked quench at

13994 A
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5.3 Quench Behaviour of the LHC Test String

5.3.1 Heater Provoked Quench

Measured Parameters
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Figure 5.13: String current decay versus time after a heater provoked quench at 13.1 kA

After provoking a half-cell quench by firing the quench heaters in the magnets, heat prop-
agates from the heater strips through the insulation to the conductors of the magnet outer
layer coils. At least the conductors which are covered by the heater strips are assumed to
become resistive. The magnet currents may decay faster than the string current in Fig. 5.13,
by-passing the difference between string current and magnet current through the by-pass
diode. As soon as a magnet voltage u,, reaches the turn-on voltage of the by-passing diode,
this magnet voltage will be clamped to the diode forward voltage (see Fig. 5.14). Oscilla-
tions in the beginning (Fig. 5.15) are mainly caused by differences in heater response time,
differences in RRR of copper in the superconducting cables (see Table 4.3), and quench
propagation effects in longitudinal and transversal direction.

On the basis of a heater provoked half-cell quench at 13.1 kA in the LHC Test String
(see Fig. 5.15), the magnet voltage development across the single magnets is described.

Interval -0.030 s to 0.000 s: The quench heaters are fired at the time step -0.030 s. The
quadrupole voltage starts rising up first due to the short quench heater response time.
Also the coils in dipoles MB2 and MB3 become partly resistive while dipole MB1
remains superconducting. Since dipole MB3 has lower RRR than dipole MB2, the
resistive voltage in dipole MB3 increases faster.
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Figure 5.14: Magnet voltages versus time after a heater provoked quench at 13.1 kA
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Figure 5.15: Development of magnet voltages after firing the quench heaters at 13.1 kA
(zoom of Fig. 5.14)
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Interval 0.000 s to 0.025 s: About 37 ms after firing the quench heaters, the resistive voltage
in dipole MB1 becomes larger than the inductive voltage. The voltage across dipole
MBI rises up to the forward voltage of the by-passing diode. The fast increase of
voltage in MBI causes a drop down of the voltages across the quadrupole and across
dipole MB2 to equilibrate the sum of voltages in the circuit to zero. As soon as the
diode across dipole MBI is turned on, the current in this magnet decays faster. The
heat in the resistive sections grows with i? whereas less heat will be generated. The
voltage across dipole MB2 starts rising up again.

Interval 0.025 s to 0.050 s: The current decay in Fig. 5.16 is a function of the inductances
and coil resistances of the magnets in the LHC Test String. While in the dipole the in-
ductive and resistive voltage have about the same value, but opposite sign, the resistive
voltage in the quadrupole has majority because of the much smaller inductance. About
30 ms after firing the heaters, the resistive voltage across the quadrupole becomes large
enough so that the by-passing diode turns on. Due to the fact that the average RRR in
dipole MB2 is about 10 % lower than the average RRR in dipole MB1, more heat will
be dissipated in dipole MB2 and the coil resistance increases faster than in dipole MB1.
The decay rate of the string current becomes stronger whereas the forward voltage of
the diode across dipole MB1 will be undershot and the diode starts blocking. At the
same time the diode across dipole MB2 turns on and starts by-passing the current. The
following voltage decay across dipole MB2 is caused by the temperature dependence
of the diode forward voltage.

Deduced Parameters by Simulation
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Figure 5.16: Simulated magnet currents versus time for a heater provoked quench at 13.1 kA
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Figure 5.17: Simulated diode current versus time for a heater provoked quench at 13.1 kA
(Note: Current across dipole MB1 is zero)

The simulation program is fed with the quench heater delay (see Table 4.3) and the initial
current deduced from the experiment. It calculates the current decay in the single magnets
(Fig. 5.16) as well as the current through the by-pass diodes (Fig. 5.17).

Fig. 5.18 shows the simulation of the average magnet resistance development in the
magnets of the LHC Test String after a quench at 13.1 kA. The step at the beginning is
given by the transition from the superconducting state to the resistive state. This worst case
simulation considers only the conductors which are located below the quench heater strips
as resistive (Fig. 5.10, left picture). The average temperature in the resistive coil sections is
shown in Fig. 5.19. The more conductors are becoming resistive after a quench, the lower
will be the final coil temperature. Table 5.3 lists some results, simulated for a heater induced
quench at 13.1 kA. Since the voltage across the by-pass diode of MB1 is negative (Fig. 5.14),
no energy is dissipated in this diode during the discharge.

If all dipoles in the LHC Test String would have the same properties (RRR, heater delay,
inductances, etc.) and would be assembled without any differences in geometric dimensions
and parameters, the diodes across the dipole magnets would not turn-on in case of a fast
discharge. They would all have the same voltage

1 .
Um2(3,4) = ~3 (Ubfuw +is- Re 4 tm) -

Since this is not the case, the string current decay is determined by the magnets which
have not reached the turn-on voltage of their by-pass diode.
The coil resistance in a magnet with low RRR grows up faster than in a magnet with

higher RRR.
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Figure 5.18: Simulated average magnet resistance versus time for a heater provoked quench
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Figure 5.19: Simulated average temperature in the resistive sections of the magnet coils
versus time for a heater provoked quench at 13.1 kA
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Table 5.3: Results deduced from a simulation of a heater induced quench at 13.1 kA

(RUN0525)

Magnet av. magnet av. coil dissipated energy

resistance  temperature magnet diode

) K M) [MJ]

Quadrupole QP 0.075 114 0.6412  1.4977

Dipole MB1 0.521 146 4.8444  0.0000

Dipole MB2 0.530 144 4.8834  0.2848

Dipole MB3 0.525 148 4.8834  0.1549

A delayed firing of the quench heaters of one dipole in respect to the others results in a

higher current through the diodes, connected parallel to the already resistive magnets. The

string current i, decays according Eq. 4.15 and is determined by the external resistance,

the inductance of the still superconducting magnet, and the sum of forward voltages in the

circuit, as shown in the electrical scheme Fig. 4.1.
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Figure 5.20: Simulated maximum bus-bar current versus heater delay time after a quench

at 12400 A

A simulation has been performed. As shown in Fig. 5.20, the diode current rises almost

linearly with increasing quench heater delay time. The adiabatic average temperature of the

small cross-section auxiliary bus-bars, connecting the diodes parallel to the dipoles, depends
on [i%(t)dt. Fig. 5.21 shows the final bus-bar temperature at different heater delays.
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Figure 5.21: Simulated maximum temperature of the auxiliary bus-bar leads for different
heater delay times after a quench at 12400 A

5.3.2 Natural Quench

In case of a natural quench in a superconducting dipole magnet for the LHC, the cable section
around the quench origin has the highest temperature. By exceeding the minimum propa-
gation zone, the normal zone starts growing in longitudinal direction, symmetrically about
the quench origin (Fig. 2.4). At nominal current the high current density (/550 Amm™?) in
the LHC magnets, coupled with the relatively slow propagation speed (~20 to 30 ms™!') may
lead to high temperatures around the quench origin [9]. The generated heat also penetrates
through the coil insulation in transversal and radial direction.

As deduced from a natural quench experiment (RUN1090), the quench detector, observ-
ing the quenching section, becomes unbalanced (Fig 5.22) due to a resistive section in pole 1.
Since the turn-on voltage of the by-pass diode across the quenching magnet has not been
reached, until the heaters are fired at time step -0.013 s, the entire string current ¢5 flows
through the magnet coils. The resistance in pole 1 is given with

Ry = 2 (5.11)

where w4 is the output voltage from the bridge quench detector (see Fig. 3.13). The
factor 2 in Eq. 5.11 considers the voltage divider in the symmetrical bridge circuit. Fig. 5.23
shows the increase of resistance in the quenched pole before the quench heaters are fired.

Increasing the quench detector threshold level extends the time interval, until a quench
is detected. As soon as the quench detector input voltage exceeds the threshold level, the
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Figure 5.22: Measured output voltage of the bridge quench detector across aperture A of
dipole MB2 during a natural quench at 13283 A
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Figure 5.24: Chronology of quench detection
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quench detector waits about 10 ms (quench detector integration time) in order to distinguish
between a quench signal and a voltage spike (Fig. 5.24).

If the detector identifies the event as a quench, a trigger is sent to the interlock system.
After the quench heaters are fired, the heat penetrates through the insulation to the coil.
The time duration, between firing the heaters and exceeding the critical temperature of the
superconductor is the heater response time. Until the magnet becomes resistive over the
whole magnet length, the magnet current is almost constant. The hot-spot temperature
in a quenched magnet depends on [i? dt. Reducing the hot-spot temperature requires a
fast detection of a quench and therefore a low detection level (Fig. 5.25). The hot-spot
temperature is determined by considering adiabatic conditions which is the worst case. The
relation between quench detection level and time is deduced from Fig. 5.22.

5.4 Inter-magnet Quench Propagation

The number of magnets quenching in an octant of the LHC should be limited to a minimum.
It may be a dangerous for some elements of the magnet protection system because high
reverse voltages might appear across a number of cold diodes. The cryogenic recovery of a
quench of many magnets takes a long time. Typically, multiple or cascade quenching can
be provoked by thermo-hydraulic quench propagation, by excessive negative di/dt, by beam
losses, or by a global quench detection or control system error. It is essential to know if
the quench in one of the LHC superconducting magnets will propagate to the neighbouring
magnets and to understand possible mechanisms of a propagation [§].

5.4.1 Set-up of Quadrupole Quench Propagation Experiments

In the design of the LHC machine the quench protection acts at the magnet level. If a
quench in one magnet is detected, the quench heaters only in the magnet concerned are
fired. In order to study inter-magnet quench propagation in the LHC Test String, a special
setting of the magnet protection electronics was necessary, since the quench heater strips in
the quadrupole magnet have to be fired independently from the quench heater strips in the
dipole magnets. Quench relief valves in the LHC Test String are located at the front end
of the quadrupole and at the rear end of the third dipole magnet. Both relief valves can
be opened automatically or manually if the pressure is below a defined threshold level of
about 12 bar. The relief valve at the front end of the LHC Test String is situated below the
superconducting coils. By opening this valve, vaporized and liquid helium will be extracted
from the cold mass. The position of the quench relief valve at the rear end is located above
the magnet coils, where mainly vaporized helium will be extracted by opening it after a
quench.

The two essential effects on the inter-magnet quench propagation, which have to be
considered, are the heat transport via helium and heat conduction through the metallic
bus-bars. All quench protection diodes are directly immersed in the superfluid helium bath.

In case of a quench in the quadrupole, the current through it decays in less than a second.
Almost the whole string current by-passes the quadrupole magnet through the diode triplet.
The copper heat sinks around these diode packages heat up and distribute heat both to the
surrounding helium and to the connected, highly copper stabilised, diode bus-bars.
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Fig. 5.26 shows the location of the diode triplet and the bus-bars, located in the short
straight section behind the quadrupole. In the serial chain of magnets the quadrupole is
connected to the first dipole magnet via the main bus-bar MBB. Both the main bus-bar
and the diode bus-bar are highly stabilised with copper, which facilitates the solid heat
conductivity.
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Figure 5.26: Short Straight Section with protection diodes and instrumentation

In order to measure the temperature development after a quadrupole quench, some carbon
temperature sensors are located in the stabilisation copper of the bus-bars. TT032551 is
mounted close to the diode triplet, TT0326S1 about in the middle between the diode triplet
and the connection to the main bus-bar, and TT032251 is situated on the connection of
the diode bus-bar to the main bus-bar. Platinum sensors (TT0381S1 to TT0384S51) on
the heat sinks indicate the generated heat in the diode triplet. Pressure and temperature
probes are located in the end volumes of each superconducting magnet. Voltage taps on the
bus-bar permit the voltage drop measurements along the bus-bar from the quadrupole to
the neighbouring dipole magnet. The voltage drop across the transition from the stabilised
section to the non-stabilised section in the dipole magnet is of essential interest (Fig. 5.27).

5.4.2 Quadrupole Quench Propagation Experiments

All quench propagation test runs were performed at 1.9 K. Table 5.4 summarizes the pa-
rameters for the different quadrupole quench propagation experiments. For different initial
currents quenches are provoked by firing the quench heater strips of the quadrupole only.
At the same time the power converter switches off and the thyristor circuit-breaker opens.
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Figure 5.27: Simplified electrical scheme for quadrupole quench propagation experiments

While the quadrupole de-excites in less than a second, the current in the still superconduct-
ing dipole magnets decays with a time constant of about 100 s, governed by the sum of dipole
inductances and the value of the external dump resistor, connected parallel to the thyristor
switch.

Once a quench is detected in one of the dipole magnets, the quench heaters are fired in all
dipoles and the current decays to zero within several hundred milliseconds. To fire just the
quench heaters in the quenching dipole in the LHC Test String would overheat the auxiliary
bus-bars of small copper cross section, connecting the by-pass diode across the quenched
magnet.

Table 5.4: List of quench propagation experiments

run No. initial dipole valve dipole max.
current quench at delay quench after pressure

[A]  [A] (5] [s] [bar]
RUN702 5000 no quench - - 8.2
RUN704 7000 3350 overpressure 63 11.5
RUN713 7000 2600 35 79 7.9
RUNT726 7000 3250 5 66 3.5
RUN749 9000 4920 5 59 1.3
RUN764 11000 6900 5 51 1.5
RUNT781 11000 6600 25 54 8.1
RUN766 13100 9030 5 45 1.5

The diode triplet which by-passes the current across the quadrupole heats up to about
100 K at an initial quench current of 7 kA. Most of the heat will be exchanged with the
surrounding helium, while part of it will propagate along the highly stabilised diode bus-bar.
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Quench propagation experiments with manually delayed opening of the quench
relief valves

TT0325S1

i
N
T

=
N
T

TT0326S1

Pressure

[ee]
T

Temperature [K], Pressure [bar]
S
T

TT142111

|
0 10 20 30 40 50 60 70 80 90 100
Time [s]

Figure 5.28: Pressure and temperature versus time for a quench at 5 kA and closed quench
relief valves

If the pressure in the cold mass is below the threshold level of 12 bar, the quench relief
valves can be opened manually. At an initial current of 5 kA the generated heat in the diode
triplet and the quadrupole is too small to quench the neighbourhood dipole during the de-
excitation procedure. The vaporized helium generates pressure in the cold mass up to about
8 bar, which is below the pressure threshold level of the quench relief valves (Fig. 5.28).
The main bus-bar at the location of TT032251 becomes close to the critical temperature
of the NbTi superconductor. Since the decaying string current i, is rather small, the still
surrounding helium starts cooling the bus-bar. The discharge finishes without quenching the
dipole magnet.

Increasing the initial current to 7 kA leads to a quench of the neighbouring dipole magnet
during the discharge. As long as the quench relief valves stay closed after provoking a
quadrupole quench, the dissipated energy causes a pressure rise inside the cold mass. The
helium becomes supercritical. The temperature sensor TT032551, located close to the triplet
heat sink, indicates a fast increase in temperature up to about 30 K (see Fig. 5.29). The
temperature of the main bus-bar starts rising up about 15 s after initiating the quench in
the quadrupole and increases almost linearly with time.

In case of delayed opening of the quench relief valve at the rear end of the LHC Test
String after 35 s and blocking the quench relief valve at the front end, a prolongation of the
propagation time of about 10 % is possible. As long as the quench relief valves stay closed,
the temperatures and the pressures rise up and the helium become supercritical, but it does
not circulate. After opening the quench relief valve at the rear end of the LHC Test String,
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Figure 5.29: Pressure and temperature versus time for a quench at 7 kA by limiting the cold
mass pressure to about 12 bar.
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Figure 5.30: Pressure and temperature versus time for a quench at 7 kA by opening the
relief valve on MB3 after 35 s.
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the bus-bar temperature at TT032251 which is already close to the critical temperature of
the NbTi superconductor decreases again (Fig. 5.30). Also the helium wave after opening
the relief valve may cool again the bus-bar section.

After the liquid is vaporized, the bus-bar temperature increases again. The heat propa-
gates along the bus-bar to the dipole magnet. The extension in delay time depends mainly
on the re-cooling effect of the bus-bar after opening the relief valve.

Different opening delays of the quench relief valve on MB3 have shown only a weak
correlation between the pressure in the cold masses of the magnets and the delay for the
dipole to quench.

Quench propagation experiments with opened quench relief valves
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Figure 5.31: Pressure and temperature versus time for a quench at 7 kA and open relief

valve on MB3

Most of the quench propagation experiments were performed with opened quench relief
valve at the rear end of the LHC Test String about 5 s after the initiation of the quadrupole
quench. This gives the possibility to study the effect of quench propagation from different
initial current levels. After an initiated quadrupole quench at 7 kA, as shown in Fig. 5.31,
the diode bus-bar at position TT032551 heat up immediately due to the closeness to the
diode heat sink. TT03265S1, situated in the middle of the diode bus-bar, shows already a
delay of about 5 s before heating becomes strong enough to vaporize superfluid helium. After
15 s the heat reaches the main bus-bar at TT032251. The section starts warming up from
1.9 K to helium I temperature of 4.2 K and stays at this level for some seconds until the
surrounding helium is vaporized. The absence of helium II around the bus-bar diminishes
the heat transfer from the latter to the bath. Propagation through the about 2 m long main
bus-bar at the interconnection between the quadrupole and the first dipole magnet needs
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about 15 s at this current level. The temperature in the main bus-bar, indicated with the
temperature probe TT032251, exceeds the critical temperature of the NbTi superconductor,
and hence it is the copper stabiliser which takes over the current. The signal from the
voltage taps across the main bus-bar confirms this interpretation. Close to the dipole coil
the copper section of the main bus-bar is reduced from about 300 mm? to 17 mm?. A voltage
measurement across this transition area (Fig. 5.27) shows a fast increase in voltage of about
2 mV just before it is detected in the dipole magnet. The voltage step is proportional to
the current. It has been observed that the pole of the first dipole connected to the main
bus-bar always quenched first. This is another indication for a quench propagation through
the main bus-bar as the origin for the quench in the magnet.

Experiments at 9 kA, 11 kA, and 13.1 kA show results similar to the 7 kA tests. Due
to the higher energy dissipated in the diode triplet and in the resistive bus-bar, the quench
along the bus-bar propagates faster and time until the dipole quenches, becomes shorter.
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Figure 5.32: Pressure and temperature versus time for a quench at 13.1 kA by opening the
relief valve on MB3 about 5 s after initiating a quench in the quadrupole

Fig. 5.32 shows the temperature profile of the bus-bar and the pressure in the short
straight section, recorded for a quadrupole quench propagation test with an initial current

of 13.1 kA.

As shown in Fig. 5.33, the dipole magnets quench during the de-excitation some tens
of seconds later if the initial current is above 5 kA. The delay time is related to the initial
current level.

The quench propagation velocity along the bus-bar is rather small. Assuming that the
critical temperature of the superconducting cable is about 9 K, the heat needs more than
7 s to propagate from the position of TT032251 along the interconnection bus-bar to the
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Figure 5.33: Current versus time after provoking a quadrupole quench with quench heaters
at different initial current levels
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less stabilised cable at the entrance of dipole MB1. At an initial current of 7 kA the quench
propagation velocity is about 0.1 ms™!. This is about 10 to 20 times lower than in the quench
propagation model (see section 4.7) which does not consider the heat transfer between bus-
bar and helium.

The voltage drop across the main bus-bar shows a constant signal as long as the bus-bar
temperature is below the critical temperature of the superconductor (see Fig. 5.34). During
the propagation along the interconnection bus-bar the voltage rises up slowly because of the
high copper stabilisation. As soon as the weak stabilised part of the superconducting cable
leading into MB1 quenches, the voltage increases rapidly to a higher level dependent on the
level of the decaying current. Due to the cooling conditions of helium, the voltage stays
constant at this level or rises up slowly until the heat is penetrated to the connected coil of
the dipole magnet.

5.5 Quench Heater Performance Tests
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Figure 5.35: Measured time delays from protection heater firing until resistance in the su-
perconducting coil appears

In the LHC Test String, one of the most crucial points for the magnet protection is given by
the difference in minimum heater-provoked quenching current [,,;, between dipoles. If I},
is different for the dipoles, the small cross-section auxiliary diode leads (ADL2 to ADIL4)
in the by-pass circuit of each dipole could be damaged. This risk is strongly linked to the
minimum current levels for which the heaters are still effective in one dipole and not in the
others, and to the de-excitation time constant of the heater circuit.

The quench heater response time had been checked during heater induced quenches at
different initial current levels. This was necessary to assure that the superconducting mag-



96 CHAPTER 5. STRING EXPERIMENTS AND TEST RESULTS

nets are quenchable by heating down to a certain current level, below which the maximum
auxiliary lead temperature does not cause a damage of the auxiliary lead (see section 3.2.5).

Fig. 5.35 shows the thermal response time of the quench heaters in the different magnets
as a function of initial magnet current. At high current levels the heater response time ¢, is
within 20 ms while at low current levels it can be one order of magnitude higher.

Differences in quench heater response time are usually not of electrical nature. They are
mainly caused due to small deviations during the installation on the coil. The strips are
mounted on the outer side of the conductors. Slightly different thickness of the polyimide
insulation, local pressure differences during collaring, and superfluid helium in between cause
in a longer time to penetrate from the heater strip to the coil conductor.

5.6 Balancing the Quench Detectors

Magnet coil quench detectors operate in bridge detection mode, while bus-bar quench detec-
tors are switched in amplifier mode. Due to the high self inductances of the magnet coils, the
quench detector circuits are sensitive to inductive voltages which appear during ramping and
de-ramping. In discharge experiments without quenching the magnets, the bridge circuits
can be well balanced.
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Figure 5.36: Quench detector output voltage signal versus time before (solid line) and after
(dashed line) modification

Since these inductive voltages cannot be compensated in amplifier mode, the quench
detectors across bus-bars send false trigger signals to the interlock system.

This problem has been solved by switching each dipole main bus-bar quench detector into
bridge mode while compensating the inductive voltage with the voltage across the enclosed

dipole pole (see Fig. 5.37).
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Measurements deduced from discharge experiments have shown that the inductive pole
voltage is about 50 times higher than the inductive voltage across the main bus-bar. The
voltage divider Rj, Ry is roughly adjusted to this relation whereas a fine adjustment is
performed with the potentiometer F,,.

After the modification and adjustment of the main bus-bar quench detectors the pick-up
voltage is within the band of the threshold. Fig. 5.36 shows the quench detector output volt-
age before and after the modification. Voltage peaks, exceeding the detector threshold, are
shorter than the quench detector integration time of about 10 ms. The peaks are interpreted
as spikes and not as a quench.

Noise signals up to 5 mV,, were observed on the magnet quench detectors. Due to the
long measurement wires the noise signal on the bus-bar quench detectors is in the range of
about 13 mV,,, mainly composed of periodic 50 Hz signal and some higher harmonics.

5.7 Contact Resistance Measurement

Splices in superconducting cables either subdivide coils into regions of different current den-
sity to match the local field or join individually produced superconductor sections.

A non-superconducting connection in a superconducting winding is satisfactory from the
thermal point of view if the locally generated heat (about 0.1 W) does not cause the rest
of the winding to quench. A good soldered lap joint between the composite wires is quite
sufficient. Common solder with 40 % lead and 60 % tin is actually a superconductor with
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Figure 5.38: Connection of two superconducting cables by soldering

a critical field of about 0.3 T. The solder becomes resistive in most magnet situations. The
electrical resistivity of solder is about 3 - 1072Qm, greater than that of copper which is
1.7-1072 Qm [33].

Most of the splices in the LHC Test String are soldered, only the connections to the
positive and negative current lead are clamped. Fig. 5.39 shows the electrical circuit with
all cable connections along the main circuit. About one quarter of all splices are located in
regions of high magnetic flux density. These splices are necessary to connect the outer and
inner layer cable in the dipoles, which have different cross sections. Most of the magnet,
pole, and bus-bar connections are located outside the high magnetic field. The measurement
was performed with two different methods in order to obtain more reliable values.

The electrical method to deduce the contact resistances is based on a current and voltage
measurement. The calorimetric method evaluates the resistive heating in the superconduct-
ing connections from the difference in heat load at 1.9 K with and without current [17].

Table 5.5: Summary of the contact resistance measurement on the LHC Test String per-
formed with electrical and calorimetric method

Units  Values
Number of splices 44

Electrical measurement:
Resistive heating W] 9.14£1.3
Average resistance per splice  [n€Q]  1.3£0.2

Calorimetric measurement:
Resistive heating (W]  10.3+1.5
Average resistance per splice  [nQ]  1.5+0.2

The measurements, performed both by calorimetric and electrical methods, show a higher
average resistance per splice than expected. The specified values for contact resistances in
the yellow book [13] are given with 0.6 n{ in low magnetic field regions (external splices) and
1.2 nQ in high magnetic field regions (internal splices). This gives an average value of 0.85 n{}
per contact for the LHC Test String by considering 18 internal and 26 external splices. The
value is smaller than the contact resistance deduced from measurements (Table 5.5).
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Chapter 6

Outlook for the LHC Magnet

Protection

After validation of the transient model by string experiments, extrapolations have been
performed to predict the behaviour of LHC magnets of the final version in case of a quench.
With the variation of parameters, the influence of quench heater delay, residual resistivity
ratio, and copper to superconductor ratio on hot-spot temperature and maximum voltages
are simulated.

6.1 Final Design of Magnets for the LHC Machine

The superconducting accelerator magnets, used in the LHC machine, will be different from
the magnets in the LHC Test String [13]. A cross section of the new dipole design is shown
in Figure 6.1. In comparison to the dipoles of the first version, the new dipoles are about
50 % longer and the cryogenic lines are located outside the cryostat. The conductor cross
section and the number of turns in the outer and inner layer coil will change. The copper
to superconductor ratio in the outer layer coils of the dipole magnets will be increased from
1.8 to 1.9 (see Table B.2).

Each magnet will contain its protection diode in the same cryostat, connected across the
magnet by use of highly copper stabilised bus-bars.

6.2 Extrapolation for the LHC Dipole Magnets

Critical values for the magnet protection are the hot-spot temperature T} of the supercon-
ductor and the maximum voltage U,,,, between conductor and ground. The parameters
which essentially influence T}, and U,,,, are the difference in heater response time Atj be-
tween apertures magnets, the difference in values of residual resistivity ratio ARRR, and
the copper to superconductor ratio of the superconducting cable in the aperture dipoles.
The copper to superconductor ratio is well controlled during producing the superconduct-
ing cable. Since the values of RRR cannot be measured at room temperature, differences in
values of RRR may be possible. Differences in quench heater response time are caused by
differences in heat transfer from the heater strip to the coil through the insulation.

101
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Figure 6.1: Cross section of main lattice dipole (LHC version 4)

Differences in values of RRR and differences in heater response time between poles lead
to unsymmetrical voltage distribution. A longer heater response time in aperture coils with
higher values of RRR develops higher resistive voltages than the opposite case. Due to this
fact, simulations consider only the first case.

The following parameter studies are performed on a single dipole model with a by-pass
diode in parallel (see Figure 6.2).

6.2.1 Quench Simulations

The quench simulations consider a dipole quench at the nominal current of 11500 A [13].
The conductors in the outer layer coils become resistive about 50 ms after firing the heater
strips. Due to quench back at current decay rates above 20 kAs™! the inner layer coils are
assumed to become resistive.

Three simulation runs show the influence of heater response time between aperture mag-
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nets and different values of RRR of copper.

a) Equal conditions for quench heater delays and values of RRR in both aperture dipoles.
b) Different quench heater heater delay times in aperture dipoles at equal values of RRR.

c) Different values of RRR in apertures dipoles at equal heater delays.
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Figure 6.2: Electrical scheme of a single twin-aperture dipole magnet with a by-pass diode
in parallel



104 CHAPTER 6. OUTLOOK FOR THE LHC MAGNET PROTECTION

a) Equal conditions for both aperture dipoles

The simulation, considering equal conditions for both apertures in a twin-aperture dipole,
is a reference to compare simulations with different values of RRR and non-uniform heater
delays in the dipole apertures.

Table 6.1: Input parameters for quench simulation by considering equal conditions for both
aperture dipoles

Aperture A Aperture B

Units outer layer inner layer outer layer inner layer
Inductance [mH] 18.74 8.27 18.74 8.27
No. of turns -] 52 30 52 30
Cross section [mm?] 19.244 24.943 19.244 24.943
Cu/Sc ratio -] 1.9 1.6 1.9 1.6
Rew at 300 K (] 1.81 0.86 1.81 0.86
RRR -] 100 100 100 100
Heater delay ¢,  [ms] 50 50 50 50

The values of RRR, heater delay ¢, and copper to superconductor ratio o are the same
in both aperture dipoles. The magnet current decay (Fig. 6.3) is determined by the magnet
inductance and the raise of coil resistance. Due to the symmetrical conditions, the coil
resistance distribution is the same in both apertures dipoles (Fig. 6.4).

The voltages at the odd points in the electrical scheme (Fig. 6.2) are almost zero. In
the even points the voltage characteristic is determined by the different inductances (see
section A.1) and the cable resistances of the outer and inner layer coils. The voltage distri-
butions are shown in Fig. 6.5 for aperture dipole A and in Fig. 6.6 for aperture dipole B.

The average temperatures of the resistive sections for the outer and inner layer coils are
calculated by assuming adiabatic conditions. After firing the quench heaters, the conductors
in the outer and inner layer coils become resistive. Since the inner layer conductors contain
more copper than the outer layer conductors, the final temperature of the inner layer coil is
lower (Fig. 6.7).

The heater delay time determines the hot-spot temperature in the quench origin. The
longer the heater delay after a quench, the higher becomes the temperature in the quench
origin. The solid line in Fig. 6.8 shows the hot-spot temperature in case of a quench in the
outer layer coil while the dashed line depicts the hot-spot temperature in case of a quench
in the inner layer coil.
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Figure 6.3: Magnet current versus time (RRR4 = RRRp = 100, ty4 = t,5=50 ms)
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b) Differences in heater response time between aperture dipoles

In experiments on the LHC Test String, differences in heater response time between aperture
dipoles in the range of 1 to 10 ms (see Table 4.3) were observed. Different heater delays
t, between the two aperture dipoles lead to an unsymmetrical temperature and voltage
distribution.

Table 6.2: Input parameters for quench simulation by considering different heater delays for
both aperture dipoles

Aperture A Aperture B

Units outer layer inner layer outer layer inner layer
inductance [mH] 18.74 8.27 18.74 8.27
# of turns -] 52 30 52 30
Cross section  [mm?| 19.244 24.943 19.244 24.943
Cu/Sc ratio -] 1.9 1.6 1.9 1.6
Rey at 300 K [Q] 1.81 0.86 1.81 0.86
RRR -] 100 100 100 100
t [ms] 50 50 70 70

Aperture A becomes resistive earlier than aperture B. As long as the coil in aperture B
is superconducting, the current decay (Fig. 6.9) is determined by the magnet inductance
and the raise of coil resistances in aperture A. When the coils in aperture dipole B become
resistive, the current decays faster.

Due to a longer heater response time in aperture B, the coil resistances in aperture A
become higher than the coil resistances in aperture B (Fig. 6.10).

High voltage peaks between coil and ground may occur at the aperture dipole with the
longer heater delay time. During the time interval At;, = t,5 — t;4 the voltage drops across
aperture B are only of inductive nature. The lower coil resistances lead to lower resistive
voltages in aperture B (Fig. 6.12) than in aperture A (Fig. 6.11). The peaks in the voltage
raise are caused by the change of the current decay rate when the aperture dipole with the
longer heater response time becomes resistive. Without considering quench back in the inner
layer coils, even higher voltages between coil and ground can be expected.

The average coil temperature in the coils of the aperture dipole with the longer heater
delay is lower than in the other aperture dipole (Fig. 6.13).

The hot-spot temperatures in Fig. 6.14 are higher than in Fig. 6.8. This results from a
slightly longer current decay which is caused by the lower dipole resistance.
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Figure 6.9: Magnet current versus time (RRR4 = RRRp = 100, t,4=50 ms, t,5=70 ms)
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c¢) Different values of RRR in conductors of aperture dipoles

Differences in the values of RRR of copper in the aperture dipole coils lead to an unsym-
metrical voltage distribution. The hot-spot temperature becomes higher in coils with lower

values of RRR than in coils with higher values of RRR.

Table 6.3: Input parameters for quench simulation by considering different values of RRR
for both aperture dipoles

Aperture A Aperture B

Units outer layer inner layer outer layer inner layer
inductance [mH] 18.74 8.27 18.74 8.27
# of turns -] 52 30 52 30
Cross section  [mm?| 19.244 24.943 19.244 24.943
Cu/Sc ratio -] 1.9 1.6 1.9 1.6
Rey at 300 K [Q] 1.81 0.86 1.81 0.86
RRR -] 70 70 130 130
t [ms] 50 50 50 50

As shown in Fig. 6.16, the average resistance in coils with higher values of RRR (aperture
dipole B) is lower than in coils with lower values of RRR (aperture dipole A). This leads to
lower resistive voltages in coils with higher values of RRR compared to coils with lower values
of RRR. The maximum voltage in aperture dipole B is higher than in aperture dipole A since
the inductive voltages are the same in both aperture dipoles (Fig. 6.17 and Fig. 6.18).

Further, the average coil temperature in the aperture dipole with higher values of RRR
becomes lower than in the aperture dipole with lower values of RRR (Fig. 6.19)

In case of a quench in the outer layer coil of the aperture dipole with the lower value of
RRR, the hot-spot temperature grows to a higher value (Fig. 6.20).
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6.2.2 Coil Voltage Distribution

Simulations of the coil voltage development (Fig. 5.11) after a quench at 11.5 kA are shown
in Fig. 6.22 by assuming different heater response times and different values of RRR. In case
of RRR=100 and a heater delay ¢; = 50 ms in both apertures coils, the voltage distribution
across the magnet shows a symmetrical shape. If RRR4=70, RRRp=130, and a difference
in heater response time At;, = 20 ms in aperture B, the maximum voltage to ground across
aperture exceeds 800 V.

Figure 6.21: Electrical scheme of coil connections in a dipole magnet
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Figure 6.22: Simulated coil voltage distribution in a 14.2 m dipole magnet after a quench at
11.5 kA for different values of RRR and heater delay combinations
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6.2.3 Variation of Parameters

From the point of quench protection, the most interesting parameters are the hot-spot tem-
perature T}, and the maximum voltage U,,,, between coil and ground.

The following studies show the dependencies of T}, and U,,,, on

a) differences in quench heater response time At;, between apertures,
b) variation of values of residual resistivity ratios RRR,
c) differences in values of residual resistivity ratio ARRR between apertures, and

d) variation of copper to superconductor ratios C'u/Sec of the cable.

All simulations consider a dipole quench at 11.5 kA (nominal current). The initial heater
delay for both apertures is assumed with 50 ms.

a) Different quench heater response time between apertures

The simulations to calculate the dependencies of hot-spot temperature Tj; and maximum
voltage U,,q, consider an increasing delay in heater response time of aperture B with respect
to aperture A.

If the values of RRR in the coils of both aperture dipoles are the same, then hot-spot
temperature (Fig. 6.23) and maximum voltage (Fig. 6.24) depend mainly on the difference in
heater response time of one aperture with respect to the other. Fig. 6.24 shows the maximum
outer layer voltage to ground.

Different values of RRR in the aperture dipoles increase or reduce the hot-spot tempera-
ture Ths and the maximum voltage U, .. If the coils with lower values of RRR have a shorter
heater delay time than the coils with higher values of RRR, the hot-spot temperature and
maximum voltage are higher. The opposite case reduces Tys and Uy, (Fig. 6.25 and 6.26).

A difference in values of RRR between aperture dipoles of 60 (RRR 4=70 and RRR5=130)
can be already considered as very high. In reality the hot-spot temperature and maximum
voltages will be within the band, margined by the graphs RRR=70/130 and RRR=130/70,
if the average value of RRR is assumed with 100.

b) Influence of Varying but Uniform Values of RRR

The study assumes the same value of RRR of copper in the cables of both aperture dipoles.
After a quench, a higher value of RRR causes an increase of [i*dt due to a lower coil
resistance at low temperatures. This leads to an almost linear raise of hot-spot temperature
and coil temperature with increasing values of RRR. Since the coil resistance of the resistive
sections of the cable raises with temperature, the voltages to ground become slightly higher
with increasing values of RRR.

As shown in Fig. 6.27 and Fig. 6.28 the slope is rather small compared with the steps
in hot-spot temperature and maximum voltage, performed by increasing the difference in
heater response time between aperture dipoles.
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c) Different Residual Resistivity Ratio RRR between apertures

At ARRR=0, the hot-spot temperature and maximum voltage in Figures 6.29 and 6.30 are
the same as in Figures 6.27 and 6.28, if the difference in heater response time At;, between
aperture dipoles is zero. Keeping the average value of RRR in a dipole magnet constant by
decreasing the value of RRR in one aperture and increasing the value of RRR in the other
aperture lead to an almost linear rise of hot-spot temperature 7}, and maximum voltage
U,naz with increasing ARRR.

The slope depends on the average value of RRR in the magnet. Lower average values of
RRR increase the slopes in the temperature and voltage graphs. The heater delay is assumed
with 50 ms in both apertures.

d) Different Copper to Superconductor Ratio

The following graphs show the dependencies of hot-spot temperature T}, and maximum
voltage U, on the copper to superconductor ratio Cu/Sc. The simulation considers the
same copper to superconductor ratio in both apertures.

By assuming the same heater response time in both apertures (¢,=50 ms) and constant
values of RRR=100, 7}, and U,,,, decreases with increasing copper to superconductor ratio
(see Fig. 6.31 and Fig. 6.32).

An increase of heater response time in one aperture adds an offset to the hot-spot tem-
perature. At low differences in heater response time, the layer voltage to ground exceeds the
voltage across apertures (depicted as dashed line in Fig. 6.32). Since the balance between
aperture voltages becomes unbalanced with increasing the difference in heater response time
from one aperture in respect to the other, the aperture voltages become higher than the
layer voltages (depicted as solid line in Fig. 6.32).
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Figure 6.33: Hot-spot temperature versus C'u/Sc-ratio with ARRR as parameter
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Conclusions

The influence of different values of RRR for aperture dipoles on the maximum voltage U,
is less important than the influence of differences in quench heater delay. The hot-spot
temperature T}, is more determined by the heater delay time ¢, than by the differences in
heater response time At;, and differences in values of RRR.

The higher the values of RRR, the longer becomes the current decay after a quench
and the higher will be the raise of hot-spot temperature and maximum voltage. Hot-spot
temperatures and maximum voltages to ground are more sensitive to different values of RRR
the lower the absolute value of RRR is. A change of the value of RRR from 60 to 140 in the
cables of both aperture dipoles leads to an increase in hot-spot temperature of about 3 K
only. The peak voltages grow for about 30 V by increasing the values of RRR in the same
range.

Differences in heater response time Atj;, between both apertures of 10 ms lead already to
an increase in hot-spot temperature of about 10 K and an increase in maximum voltage to

ground of about 150 V.
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Chapter 7

Conclusions

The quench protection system of the LHC superconducting accelerator magnets is of essential
importance for the LHC machine since all superconducting dipole magnets in a LHC octant
will be electrically connected in series.

Practical experience has been attained on the LHC Test String, composed of one 3 m long
superconducting twin-aperture prototype quadrupole and three 10 m long superconducting
twin-aperture prototype dipoles. The protection diodes are housed in the cold mass of the
short straight section. Auxiliary bus-bars, actually designed to supply corrector magnets,
connect the diodes parallel to the dipoles. The copper cross-section of some auxiliary bus-
bars is too small in order to by-pass the entire current for more than 1 s across the quenched
dipole while the other magnets remain superconducting during the discharge. Therefore, the
quench protection system on the LHC Test String acts on the half-cell level. If a quench
is detected, the heater strips in all string magnets are fired in order to avoid damaging the
auxiliary bus-bars. During the operation of the LHC Test String, magnet quenches have
been provoked manually by firing the quench heaters or occurred naturally by exceeding the
critical temperature or critical current density of the superconductor.

In order to understand the quench behaviour in the LHC Test String, a single magnet
quench on the LHC test bench has been analysed. Studies on the electrodynamic behaviour
have shown that after firing the heater strips not only the outer layer coils quenches but also
the inner coils become resistive. Unsymmetrical voltage distribution from coil to ground has
been observed which is mainly caused by differences in heater response time At,,, differences
in the values of RRR of copper, and differences in inter-strand resistance of the supercon-
ducting cable. To keep voltages limited across magnets in the LHC Test String, by-pass
diodes are connected in parallel to each magnet.

Most of the data (current, magnet pole voltages, helium temperatures, helium pressures,
etc.) could be measured while some parameters (magnet currents, diode currents, average
coil temperatures, adiabatic hot-spot temperatures, dissipated energies, etc.) cannot be
directly measured. A simulation program has been developed to calculate the missing data.
The validation of the model has been performed by comparing measured and simulated
values. The simulated values are of sufficient accuracy. Simulations, fed with parameters
from experiments, show an almost equal energy distribution in the magnets of the LHC Test
String after firing the quench heaters. This is mainly caused by firing the quench heaters
simultaneously in all magnets. Deviations due to differences in heater response time and
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different values of RRR have almost no influence on the energy distribution.

The LHC Test String quench protection system is working well. The detection levels are
set sensitive between 80 and 160 mV. Deduced from an experiment, changing the quench
detection level from 100 mV to 1 V leads to an increase of the adiabatic calculated hot-spot
temperature from 290 K to 340 K.

In all quench experiments, the maximum voltages to ground were always below 250 V and
did not endanger the electrical insulation. The adiabatic calculated hot-spot temperatures
never exceeded 350 K. By assuming the maximum difference in heater response time Aty
between apertures of the final LHC dipoles [13] with 10 ms as measured in the dipoles of
the LHC Test String, the peak voltages between coil and ground during a discharge will not
endanger the insulation.

The modelling of the quench behaviour of the final version of the LHC magnet shows
that hot-spot temperatures and voltages to ground can be kept within safe limits as long as
the variations in heater delay and values of RRR are not too large.

For the magnets, installed in the LHC machine, the quench propagation from magnet to
magnet should be as slow as possible. If one dipole in a LHC octant quenches, an energy of
about 7.2 MJ will be dissipated into the cryogenic system. The essential effects on quench
propagation from the quenched magnet to the adjacent magnets are heat transport via
helium and heat conduction through the metallic bus-bars. On the LHC Test String, quench
propagation experiments between dipole magnets could not be performed because of the
small copper cross section of the auxiliary bus-bars. Only the quench propagation by firing
the heaters in the quadrupole have been studied.

Up to initial quench currents of 5 kA, the current decays faster than the quench propa-
gates from the diode triplet across the quadrupole to the neighbour dipole. Initial quench
currents above 5 kA lead to quenches in the adjacent dipole. Experiments have shown that
the heat transport along the bus-bar, connecting the diode triplet to the adjacent dipole, has
been responsible for a dipole quench and not the heat transport through the helium. Neither
the dissipated heat in the quadrupole nor a helium pressure of 9 bar caused a quench in the
adjacent dipole magnet.

Modelling the heat distribution along the bus-bar by neglecting the heat transfer to
the surrounding helium has demonstrated that the cooling effect of helium is of essential
importance. The influence of helium increases the time between quadrupole quench and
dipole quench by about a factor 20.

In the final LHC machine, the by-pass diodes will be housed in the same cryostat as the
magnets in order to avoid long auxiliary bus-bars. Based on the studies of magnet quench
propagation, a modification on the LHC Test String is planned. The diode, by-passing the
third dipole, will be replaced by a diode which will be housed in the cryostat between the
second and the third dipole. The bus-bars will be dimensioned to carry the entire current
during the decay. With such a configuration more realistic results for the quench behaviour
of the final LHC machine are expected.

All experiments on the LHC Test String have been performed without destroying magnets
or damaging quench protection elements as diodes and strip heaters. Some voltage taps on
the quadrupole were lost maybe due to a helium pressure wave after a quench. It was possible
to modify the quadrupole protection with the restriction of loosing redundancy.



Appendix A

Calculations

A.1 Inductance Calculation

Most of the superconducting accelerator magnets are designed as cos(m¢) approximation
magnets. The coil for this configuration consists of a long homogeneous straight section
and two inhomogeneous coil ends. For field calculations adequate computer programs are
available. They are time consuming if the iron saturation is taken into account. If the
saturation effect of the iron can be almost neglected, simpler analytic methods give faster
results.

The described method is based on Biot-Savart’s law and calculates the mutual induc-
tances in the straight sections of the coils. This is possible for the main dipole and quadrupole
magnets because the straight parts of these coils are long in comparison to their aperture.

Since the coils for inner and outer layer as well as for the magnet poles are connected in
series, each conductor carries the same current.

A simple arrangement for calculating the mutual inductance is given by two parallel
double lines (see Fig. A.1). It is assumed that double line ab carries the current I, whereas
double line ¢d is without current.

ylk

f =
\Va b x

Figure A.1: Configuration of two parallel double lines to calculate the mutual inductance

The magnetic flux density B in a distance r of a current carrying straight circular con-
ductor is given with
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Bl =il = e, (A1)

2.7y

The particular flux through the surface ¢d, which is generated by the current [ in con-
ductor @, can be calculated by solving the integral

Ta 1]
CI)':/dM dr

we 2T

which gives

o=l (r“d) (A.2)

2.7 Tac

For the particular flux through the same surface e¢d, caused by the current — [ in conductor

b, yields

e
o= MLty (rﬂ) (A.3)

2.7 The

whereas [ considers the length of the double line.

The flux of double line ab linked to double line ¢d is

T g The
cbcdzcb'+q>":’“‘2 m(” ”’) (A.4)

- Tac " Tbd

and for the mutual inductance between double lines ab and cd follows in the Cylindrical
co-ordinate system

q)c -l ad * Tbe
M= Lot _ K m(”rb) (A.5)

I 2.7 Tue * T'bd

which can be also depicted in the Cartesian co-ordinate system with

0 (=P s eP) (o= + =)
" ¢((l‘c — @)+ (v — ya)Z) : ((:I:b —xq)* + (pp — yd)Q)

Usually the cables have a rectangular shape which makes the analytical calculation dif-
ficult. By permitting an error in the range of a few percent, the equation A.5 can be used if

M = ’2“‘ (A.6)

the distances r are measured between the centres of the rectangular shaped cables.

The influence of the iron yoke can be considered in the calculation by using the image-
mirror method (see Fig. A.2). Therefore, not only the inductance of the line P is considered
but also the inductance of the image mirror P’, which is mirrored into the iron yoke by the
relation
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yA

Re Iron
IJO “fe

<Y

Figure A.2: Image mirror method to consider the effect of the iron

Rie =1y 1 (A7)

In the Cartesian co-ordinate system the image point P’ is depicted with

R? R?
e cos (arctan (y—P)) = rp—1te

Tpt = —F/——
/ 2 2
2 2 i rp +

and
Ry ( . (yp)) .
ypr = ———==sin |arctan | — | | = yp—5——-
\Th + yb rp rp+yp
The image current I’ through the conductor is calculated by the expression

,uFe_1
,uFe‘I’l

I'=1 (A.8)
Assuming the permeability of the iron yoke up. as infinite gives satisfied results. For

more accurate calculations the saturation in each part of the iron yoke has to be taken into
account. This can be performed by use of Finite-Element-Method (FEM) programs.

The aperture dipoles of a main dipole magnet are formed of two-layer coils with different
conductor cross-sections for the outer and inner layer. The aperture quadrupoles of a main
quadrupole magnet are formed of two-layer coils with the same type of cable for the outer
and inner layer coils.

For simplifying the inductance calculation, the current is considered flowing in the centre
of the conductors with the co-ordinates (Fig. A.3)

h _
Ty = Tat s 5 sin (arctan <y4 Y2 )) (A.9)

2 Lo — X4
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=¥ Y g - cos (arctan (u)) ) (A.10)

Ym 2 To — T4

The Tables A.1 and A.2 contain the centre co-ordinates of the conductors in an aperture
quadrant of a prototype dipole and a prototype quadrupole.

(X4:Y4)

Figure A.3: Cross-section of the superconducting cable

i

Figure A.4: Dipole coil designation for calculating self and mutual inductances

Figure A.5: Quadrupole coil designation calculating the self and mutual inductances
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Table A.1: Centre co-ordinates of the conductors in the first quadrant of the LHC prototype
dipole magnet

Inner Layer

Block Conductor x2a v2a x4a vda Xm ym

1 17.6309 38.3058 15.3825 39.3522 12.9199 31.1228
15.1666 39.3112 12.8919 40.2991 10.6431 32.0087
28.9231 30.8383 26.9886 32.3902 22.6369 24.9841
26.8768 32.5395 24.9029 34.0408 20.7443 26.5245
24.7531 34.1410 22.7410 35.5907 18.7783 27.9694
38.6827 16.9112 37.5823 19.1337 30.5149 14.2511
37.5000 19.2938 36.3425 21.4871 29.4039 16.4233
36.1924 21.6103 34.9786 23.7730 28.1733 18.5313
34.7059 23.8232 33.4365 25.9537 26.7691 20.5376
42,1711  0.1900 42.1390  2.6698 33.6557  1.3199
42.0549  2.8476 41.9587  5.3258 33.5132  3.7568
41.7314 54943 41.5710  7.9691 33.1690  6.1821
41.1973  8.1206 40.9730 10.5904 32.6199  8.5866

= W N FE W ~WwN —N =

Outer Layer

Block Conductor x2a v2a x4a vda Xm ym

5 56.0168 21.7434 55.2593 23.2092 48.0867 18.5741
55.3195 23.4675 54.5320 24.9174 47.4563 20.1356
54.5675 25.1662 39.0686 26.5996 46.0353 17.4189
53.7623 26.8380 52.9158 28.2543 46.0429 23.1853
52.9041 28.4817 52.0286 29.8802 45.2616 24.6708
51.9941 30.0956 51.0899 31.4759 44.4316 26.1282
51.0331 31.6785 50.1008 33.0396 43.5539 27.5563
50.0222 33.2289 49.0620 34.5708 42.6294 28.9536
48.9623 34.7456 47.9747 36.0675 41.6591 30.3191
47.8589 36.2307 46.8443 37.5319 40.6484 31.6547
46.7153 37.6848 45.6741 38.9648 39.6005 32.9613
45.5304 39.1055 44.4631 40.3638 38.5144 34.2365
44.3006 40.4876 43.2076 41.7237 37.3863 35.4753
43.0266 41.8297 41.9084 43.0431 36.2169 36.6761
41.7096 43.1306 40.5667 44.3206 35.0075 37.8379
60.0211  0.2000 60.0041  1.8499 51.5131  0.9375
59.9844  2.0496 59.9335 3.6988 51.4630  2.6117
59.8896  3.8971 59.8047 5.5449 51.3584  4.2837
59.7353  5.7410 59.6165  7.3868 51.1979  5.9519
59.5216  7.5796 59.3690  9.2225 50.9818  7.6147
59.2487  9.4112 59.0622 11.0506 50.7099  9.2705
58.9166 11.2340 58.6964 12.8683 50.3826 10.9164
58.5255 13.0466 58.2717 14.6769 49.9997 12.5545
58.0756 14.8471 57.7883 16.4719 49.5618 14.1796

O~ O T = W N —

e e el e
U W N — O O
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Table A.2: Centre co-ordinates of the conductors in the first quadrant of the LHC prototype
quadrupole magnet

Inner Layer
Block Conductor x2a v2a x4a vda Xm ym

1 1 41,1060 0,1695 41,0680 2,3228 32,5883  1,0961
2 41,0231 25108 40,9093  4,6614 32,4780  3,1369
3 40,8009 4,8437 40,6113  6,9889 32,2391  5,1679
4 40,4364 7,1609 40,1714  9,2081 31,8684  7,1835
5 39,9301 94552 39,5809 11,5818 31,3667 9,1757
6 39,2824 11,7194 38,8675 13,8327 30,7341 11,1385
2 1 37,2248 17,2689 36,4639 19,2836 28,8925 15,2730
2 36,1367 19,3573 35,3052 21,6997 27,7106 17,6850

Outer Layer
Block Conductor x2a v2a x4a vda Xm ym
3 549668  0,1696 54,9289  2,3228 48,4238  1,1313
549054  2,5116 54,7915  4,6621 48,3325  3,2420
B4 7467  4,8489 54,5572  6,9942 481522  5,3474
54,4885 71774 54,2235  9,3146 47,8805 77,4430
54,1303  9,4928 53,7902 11,6193 47,5171  9,5255
53,6728 11,7909 53,2579 13,9041 47,0626 11,5904
53,1167 14,0676 52,6276 16,1649 46,5176 13,6343
52,4629 16,3188 51,9002 18,3976 45,8832 15,6533
9 51,7125 18,5405 51,0769 20,5981 45,1604 17,6435
10 50,8667 20,7285 50,1590 22,7625 443502 19,6013
11 49,9269 22,8790 49,1480 24,8868 43,4542 21,5229
12 48,8947 24,9880 48,0455 26,9671 42,4738 23,4046

O~ O Tk W N~
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Table A.3: Self- and mutual inductances of the LHC dipole

Units First Version Final Version

Dipole Dipole
Input parameters:
No. of outer layer turns  [-] 24 26
No. of inner layer turns  [-] 13 15
Inner iron radius [m] 0.1005 0.101
Magnet length [m] 9.0 14.2
Self inductances:
L1, Lag [mH] 5.0193 8.8178
Laa, Las [mH] 0.8920 2.0286
Mutual inductances:
My, May [mH] 1.4849 3.1173
Mis, Moy [mH] 1.0018 2.0203
M4 [mH] 2.8439 4.7849
Mas [mH] 0.4842 1.1044
Aperture inductance [mH] 28.4256 54.0225
Magnet inductance [mH] 56.8512 108.0437

Table A.4: Self- and mutual inductances of the LHC prototype quadrupole

Units  Quadrupole

Input parameters:

No. of outer layer turns -] 12
No. of inner layer turns -] 8
Inner iron radius [m] 0.086
Magnet length [m] 3.0
Self inductances:

L1, Laa, Lss, Lss [mH] 0.3350
LQQ, L33, L667 L77 [mH] 0.1159
Mutual inductances:

Mi2, May, Mse, M7s [mH] 1.4849
M3, Moy, Mas, Mug, Msz, Mes, Mg, Mys, Mys, Msg  [mH] 0.0790
M5, Mys [mH] -0.0424
Mag, M7 [mH] -0.0149
Mg, Mas, M7, Mys [mH] -0.0243
Mi7, Mag [mH] 0.0322
Moz, Mgg, Mgz, Myr [mH] 0.0301
Aperture inductance [mH] 3.6700
Magnet inductance [mH] 7.3400
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A.2 Approximation of Diode Characteristics

Below 80 K the diode forward voltage U(T') is strongly non linear with temperature. For-
ward voltage measurements at different temperatures and current levels are listed in Ta-
ble A.5 for the triplet diodes and in Table A.6 for the quadruplet diodes [6]. Since it is
not possible to measure Uy at high currents and 1.8 or 4.2 K and keeping the temperature
constant, the measured values (T > 4.2 K) have been used. This has only little influence on
the results.

Table A.5: Typical forward voltage measured on a single triplet diode versus temperature
with the current as parameter

Initial Us [V] Us [V] Us [V] Us [V] Us [V] Us [V]
Temp. [K] at 460 A at 3000 A at 5000 A at 8000 A at 12000 A at 15000 A
4.2 1.69 1.73 1.74 1.74 1.74 1.74

21 1.53 1.63 1.66 1.67 1.67 1.67

45 1.14 1.23 1.28 1.33 1.38 1.40

64 1.10 1.15 1.18 1.21 1.24 1.26

82 1.08 1.11 1.13 1.16 1.18 1.20

93 1.06 1.10 1.11 1.13 1.16 1.17
126 1.02 1.05 1.06 1.08 1.10 1.11
159 0.98 1.01 1.02 1.04 1.06 1.07
189 0.93 0.98 0.99 1.01 1.03 1.04
213 0.90 0.94 0.96 0.98 1.00 1.01
246 0.85 0.90 0.92 0.94 0.96 0.98
276 0.80 0.86 0.88 0.90 0.93 0.95
298 0.76 0.82 0.85 0.90 0.93 0.92

Table A.6: Typical forward voltage measured on a single quadruplet diode versus tempera-
ture with the current as parameter

Initial Us [V] Us [V] Us [V] Us [V] Us [V] Us [V]
Temp. [K] at 460 A at 3000 A at 5000 A at 8000 A at 12000 A at 15000 A
1.8 3.443 3.403 3.439 3.474 3.528 3.631

4.2 3.287 3.364 3.402 3.436 3.466 3.498

77 1.104 1.242 1.338 1.471 1.634 1.766

200 0.950 1.080 1.170 1.280 1.410 1.500

295 0.794 0.923 0.993 1.081 1.185 1.264

The model approximates the diode characteristics by a non-linear fit of the voltage char-
acteristics as a function of temperature and diode current
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7id = n n'. - g~ (enFdn-ia ’ .
U(T,ia) = (an + by - ia()) - e~ (entnia)T (A11)

with n = 3. Due to the different characteristics of the diode triplet and diode quadruplet,
the fit parameters are evaluated for both types of diode configurations separately. The
parameters a, b, ¢, and d are listed in Table A.7 for the diode triplet and in Table A.8 for the
diode quadruplet. The diode characteristics where measured at similar cooling conditions as
later in the LHC Magnet String.

Table A.7: Parameters to fit the diode triplet characteristics

n a b c d
1 3.28107° 0.7153 —1.3010~°% 0.0340
2 —1.03100* —0.9183 7.00107° 0.0043
3 7.15107° 2.0251 1.00107°  0.0023

Table A.8: Parameters to fit the diode quadruplet characteristics

n a b c d
1 —0.4910~* 2.5930 0.60107°% 0.0336
2 0.3510=*  —0.1677 3.80107° 0.0051
3 0.291073 1.1380 —0.7010=° 0.0009
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Figure A.6: Measured forward voltage versus temperature at different current levels for a

single diode of the triplet; (o) 1 = 460 A, (+) ¢ = 8000 A, (*) ¢ = 15000 A and approximations
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Figure A.7: Forward voltage versus temperature at different current levels for a single diode

of the quadruplet; (o) ¢ = 460 A, (+) ¢ = 8000 A, (*) ¢+ = 15000 A and approximations
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Magnet Parameters

Table B.1: Main quadrupole parameters for LHC version 1 and LHC version 4

Units Version 1 Version 4
Operational flux density gradient [T m~!] 250 223
Peak field in the conductor [T] 7.76 6.87
Coil aperture [mm] 56 56
Magnetic length [m] 3.05 14.2
Operating current [A] 15060 11780
Operating temperature K] 1.9 1.9
Coils (two-shells) construction
Coil inner diameter [mm] 56 56
Coil outer diameter [mm] 110.6 118.6
Cable:
Number of turns per coil:
Number of turns (inner layer) [mm] 8 10
Number of turns (outer layer) [mm] 12 14
Cable width [mm] 13.05 15
Cable height [mm] 1.70/2.16  1.34/1.60
Numbers of strands 24 36
Strand diameter [mm 1.09 0.825
Filament diameter [pem] 5 6
Copper to superconductor ratio 1.8 1.9
Structure:
Distance between aperture axis [mm] 180 194
Outer collar diameter [mm] 164 170
Yoke outer diameter [mm] 444 456
Other characteristics:
Stored energy (both channels) [kJ] 890 784
Self inductance (both channels) [mH] 8 11.4
Resultant e.m. forces in the first coil quadrant:
SR, [MNm~!] 0.57
> F, (inner layer) [MNm™!] -0.75
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Table B.2: Main dipole parameters for the first and final version of LHC magnets

Units first Version final Version
Operational flux density [T] 10 8.40
Coil aperture [mm] 50 56
Magnetic length [m] 9 14.2
Operating current [A] 15060 11500
Operating temperature K] 1.9 1.9
Coils (two-shells) construction
Coil inner diameter [mm] 50 56
Coil outer diameter [mm] 120.2 120.5
Cable:
Inner shell:
Turns per beam channel 26 30
Cable width [mm] 17 15
Cable height [mm] 2.02/2.48 1.72/2.06
Numbers of strands 26 28
Strand diameter [mm] 1.29 1.065
Filament diameter [m] 5 7
Copper to superconductor ratio 1.6 1.6
Outer shell:
Turns per beam channel 48 52
Cable width [mm] 17 15
Cable height [mm] 1.30/1.65 1.34/1.60
Numbers of strands 40 36
Strand diameter [mm] 0.840 0.825
Filament diameter [m] 5 6
Copper to superconductor ratio 1.8 1.9
Structure:
Distance between aperture axis [mm] 180 194
Collar height [mm] 201 192
Collar width [mm] 381 396
Yoke outer diameter [mm] 560 550
Other characteristics:
Stored energy (both channels) [MJ] 6156 7100
Self inductance (both channels) [mH] 57 108
Resultant e.m. forces in the first coil quadrant:
S F, [MNm~1] 2.97 1.7
> F, (inner layer) [MNm™!] -0.23 -0.14
> F, (outer layer) [MNm~!] -0.98 -0.60

Axial e.m. forces on magnet ends (both channels) [MN] 0.70 0.50




141

Table B.3: Main parameters of the quench heater strips for the prototype quadrupole and
prototype dipoles in the LHC Magnet String

Units Quadrupole Dipole

Strips stainless steel type ATST 302 ATST 304
Heater strip dimensions:
Width [mm] 12.7 15.0
Thickness [em] 25 25
Length [m] 6 20
Pads U-shaped U-shaped
Copper plating: no yes
Thickness [em] - 1-15
Cycle [mm] - 250 / 250
Sides - one side
Polyimide base [em] 125 125
Bonding Loctite glue Loctite glue
(spot) (spot)
Number of covered turns 6 13
(per pole, full length)
Heater arrangement single strip  double strip
Powering;:
Unit strips per channel 1 1
Nominal voltage [V] 400 800
eff. capacity per channel [mF] 6.6 3.3
Strip resistance per channel (€] 17 /11 28 / 16
(300 K / 1.9 K)
Discharge time constant [ms] 73 50
Initial specific power [Wem™?] 19 27

per unit of heating surface
max. temperature (adiabatic) K] 175 160
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Appendix C

Quench Detection Scheme

Table C.1: Threshold and gain adjustment of quench detector modules for the LHC Test
String

Channel Mode Threshold Gain  Description
[mV]
V CL+ amplifier 100 40  detect. of positive current lead
V CL- amplifier 100 40  detect. of negative current lead
V CL + SSS amplifier 100 40  bus-bar detect. curr.lead+ to quad.
V SSS CL- amplifier 100 40  bus-bar detect. quad. - curr.lead-
V MBB(SSS) amplifier 100 40  quad. main bus-bar detector
V RBB(SSS) amplifier 100 40  quad. return bus-bar detector
V MBB(MB1) bridge 50 40 MTP1A1 main bus-bar detector
V RBB(MB1) amplifier 100 40  MTP1A1 return bus-bar detector
V MBB(MB2) bridge 50 40 MTP1A2 main bus-bar detector
V RBB(MB2) amplifier 100 40 MTP1A2 return bus-bar detector
V MBB(MB3) bridge 50 40 MTP1A3 main bus-bar detector
V RBB(MB3) amplifier 100 40  MTP1AS3 return bus-bar detector
QD PA(SSS) bridge 40 4  quad. detector between poles 1+2 and 344
QD PB(SSS) bridge 40 4  quad. detector between poles 5+6 and 748
QD A(SSS) bridge 100 4 quad. detector between apertures A and B
QD PA(MB1) bridge 80 4 MTP1A1 detector between poles 4 and 3
QD PB(MB1) bridge 80 4 MTP1A1 detector between poles 2 and 1
QD A(MB1) bridge 100 4 MTP1A1 detector between apertures A and B
QD PA(MB2) bridge 80 4 MTP1A2 detector between poles 4 and 3
QD PB(MB2) bridge 80 4 MTP1A2 detector between poles 2 and 1
QD A(MB2) bridge 100 4 MTP1A2 detector between apertures A and B
QD PA(MB3) bridge 80 4 MTP1A3 detector between poles 4 and 3
QD PB(MB3) bridge 80 4 MTP1A3 detector between poles 2 and 1
QD A(MB3) bridge 100 4 MTP1A3 detector between apertures A and B
QD M(MB1,MB2) bridge 700 4 detector between MTP1A1 and MTP1A2
QD M(MB2,MB3) bridge 700 4 detector between MTP1A2 and MTP1A3
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Figure C.1: Quench protection scheme for the LHC Test String



Appendix D

Material Properties

D.1 Specific Heat

The heat capacity is a fundamental state property of matter. It represents the amount of
energy needed to raise the temperature of a material one degree. The heat capacity per unit
mass is called the specific heat which is determined by the crystal lattice (T®-dependence),
the free electrons (T-dependence), and the phase transitions undergone by the material.

10° ¢ ey —

10? ke 3

specific Heat [J/(kg K)]
N

10 & : : : : R : SRR

107 — —
10 10 10 —— Copper 10
Temperature [K] — — NbTi

Figure D.1: Specific heat versus temperature for copper and niobium-titanium
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D.2 Electrical Resistivity

The electrical resistivity of copper may thus be separated into two independent parts,

PCu = Pi + Lo

where p; is the intrinsic resistivity (the electron-lattice interaction) and pyg is the imperfection
resistivity (the electron-imperfection interaction). While p; is a function of temperature, po
is dependent on the type and concentration of the imperfections and is almost independent
of temperature.

At very low temperatures pg is much greater than p;, thus temperature change has little
effect on the resistivity. The value of RRR (residual-resistivity-ratio) depends on the purity
of copper. The higher the purity, the higher is the value of RRR and the lower becomes
the electrical resistivity at very low temperatures. At high temperatures p; is much greater
than pg, thus the difference in electrical resistivity for various samples becomes relatively
insignificant.

The electrical resistivity of copper is for instance calculated by use of the approximation
formula

1.545 1

-8 ~10
RRR 2.32?57109 n 9.571T337~105 n 1.6277?:5102 107" +0.5-10 - B (D.l)

pCu(Tv B) =

with an accuracy of better than a percent over the temperature range 0 to 1000 K [19]. The
first term in Eq. (D.1) considers the temperature dependency of copper while the second
term calculates the influence of magnetic field.
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Figure D.2: Electrical resistivity versus temperature for copper with RRR as parameter
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D.3 Thermal Conductivity

In a metal, the valence electrons with energies near the Fermi level act as conductors of ther-
mal energy. Higher electrical conductivity is associated with higher thermal conductivity,
the same number of conducting electrons being responsible for each. At higher tempera-
tures, each conducting electron will carry, on average, higher thermal energy so that the
ratio of thermal conductivity A to electrical conductivity  is proportional to absolute tem-
perature [21]. This is summarised in the experimentally-determined Wiedemann-Franz law

A

L = )
k-T

(D.2)

The theoretical value of L is 2.45 - 1078V2K 2.
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Figure D.3: Thermal conductivity versus temperature for different materials
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Appendix E

List of Symbols

ZMPZ

cross section area

copper cross section
superconductor cross section
magnetic flux density
critical magnetic flux density
specific heat

specific heat of copper

specific heat of superconductor

electric field

frequency
characteristic frequency
gain of transfer function
magnetic field

current

image current

initial current

transient current

diode current

magnet current

string current

current density

average current density
counter variable

length of conductor
minimum propagation zone
self inductance

magnet inductance
mass

helium flow rate
magnetisation

mutual inductance
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™

¢
d
e

Fe

FIIIIITOLOO0= TS

™m

Rsplice
RER
t

12}

index counter

power

heat rate

joule heating

power loss

eddy current power loss
hysteretic power loss

radius

resistance

resistance of water cooled cable
resistance of dump resistor
resistance of external circuit
inner radius of magnet iron yoke
magnet coil resistance

contact resistance

residual resistivity ratio

time

heater delay time

temperature

critical temperature

bath temperature

hot-spot temperature
maximum temperature

magnet aperture voltage
inductive voltage

magnet voltage

free-wheeling diode voltage
by-pass forward voltage
quench propagation velocity
energy absorbed by the coolant

joule heat dissipated in by-pass diode
joule heat dissipated in magnet coils

Cartesian co-ordinates
magnet impedance

density of copper

density of the superconductor
thermal conductivity
permeability of vacuum
permeability of iron

phase of transfer function
electrical resistivity

electrical resistivity of copper
discharge time constant
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