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Chapter 1

General introduction

Since the discovery of materials that remain superconductive up to high-
magnetic fields, the number of successful applications has increased
considerably, in particular in the field of superconducting magnets. Together
with the increase of the stored energy of large magnet systems, the size of the
conductor also increased from single wires to large cables. This thesis deals
with the consequences of the multistrand configuration of the cables on the
electrodynamic properties of magnets.

In this first chapter the main applications of superconducting magnets
are presented and the relevance of this thesis for the various applications is
demonstrated. The emphasis is on accelerator magnets made of multistrand
cables since the electromagnetic stability and field homogeneity of this type
of magnet are strongly influenced by the cable configuration.

An introduction to the main electrodynamic effects in cables is presented.
A change in the external magnetic field acting on a superconductor causes
several types of induced-current patterns. Important issues are persistent
currents in the filaments, interfilament coupling currents, interstrand
coupling currents and boundary-induced coupling currents. The influence of
these currents on the performance of the magnet with respect to power loss,
Jield distortions and electromagnetic stability is discussed.

11




12 Chapter 1

1.1 Introduction to the electrodynamic properties of
superconducting cables and magnets

Superconducting magnets are often used to produce high-magnetic fields and fields in large

volumes where the use of conventional magnets would result in a large consumption of

electric power. In magnet systems with a large stored energy the electrical conductors, from
which the coils of the magnets are made, usually consist of multifilamentary strands
arranged in cables. The main reason for using cables is the need to limit the quench voltages

(see section 2.2.6). The filaments are made of superconducting alloys, in particular NbTi

and Nb,Sn, and are embedded in a normal conducting matrix thus forming strands. Usually,

the strands as well as the filaments are transposed with certain twist lengths. The following
two types of cables are the most commonly used:

e Rutherford-type cables (see Fig. 1.1a) are manufactured by flattening hollow tubular
multistrand cables, which are compacted by rolling to packing factors of up to 90%. The
large compaction not only increases the overall current density but also reduces the
average contact resistance between the strands, which will be shown to be an important
parameter in the magnitude of the coupling currents. In accelerator magnets the cables
are electrically insulated and cooled by means of bath cooling. The characteristics of
these cables are dealt with in more detail in section 2.3.

Figure 1.1. a. 11-strand Rutherford-type cable.
b. Cable-in-conduit conductor. -
¢. Cable made of five twisted

subcables, each of them having
four twisted strands.
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e The cable-in-conduit conductor (see Fig. 1.1b) consists of a large number of strands or
sub-cables which are wrapped inside a jacket (usually made of stainless steel) for
mechanical reinforcement. The cable is often cooled by means of forced flow cooling,
which implies that the helium is forced through the voids in the cable, which enhances
the stability of the cable.

Various other types of cables exist, which differ mainly with respect to the number of

subcables and strands, the amount of stabiliser, the type of cooling etc. As an example, a

cable without a jacket, made of several subcables with twisted strands is shown in Fig. 1.1c.

A general treatment of the design and fabrication of NbTi conductors can be found in the

literature, for example in [Collings, 86].

If multistrand cables are exposed to a changing waguetic field, various currents arc induced.
These currents flow not only within the individual strands of the cable but also in and
between the various strands of the cable. The latter increase considerably for an increasing
size of the cable, similar to eddy currents in a normal conducting bar.

The main question to be clarified in this thesis is: How do the induced currents, and in
particular those currents flowing in and between the strands, affect the performance of
superconducting magnets? This influence is investigated with respect t:

e The energy loss inherent to the currents flowing through resistive parts of the strands or
the cables. The energy loss leads to an additional heat load (at the operation temperature
of the magnet) which has to be compensated by the cryogenic system. The effect is
important for almost all magnets and in particular for those which are subject to large
field variations.

e The field distortions caused by the currents. Especially in accelerator magnets, field
distortions are a major concern since the particle motion becomes more unstable at
larger field errors, which leads to enhanced beam losses and a reduced luminosity.

e The temperature margin and electromagnetic stability of the cable. Due to the energy
dissipation, the cable warms up locally so that the difference between the transport
current and the critical current decreases. The effect is especially important in magnets
with poorly cooled cables. Additionally, the induced currents cause a non-uniform
current distribution between strand sections in the cable so that some strand sections
carry a total current which is larger than the transport current. This could directly lead to
local saturation of a strand section and possibly a quench. Indirectly, a non-uniform
current distribution locally limits the difference between the total strand current and the
critical strand current and therefore reduces the electromagnetic stability of the cable.

Four types of induced currents can be distinguished which differ with respect to the part of
the conductor through which they flow, the characteristic loop length and the characteristic
time.

e Persistent currents (PCs) in the filaments (partially) shield the interior of the filaments
against the external applied field. The magnitude of these currents depends on the field
and the field history but, in first approximation, not on the field-sweep rate.

e Interfilament coupling currents (IFCCs) are induced by an external field variation and
flow between and in the filaments of a strand. The magnitude of the IFCCs increases
with increasing twist length of the filaments and decreasing resistivity of the matrix
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material. The IFCCs have a characteristic loop length equal to the twist pitch of the
filaments, exhibit time constants of typically 0.01 to 0.1 s and cause the interfilament
coupling loss (IFCL).

e Interstrand coupling currents (ISCCs) are also induced by an external field variation and
flow between and in the strands of the cable. The magnitude of the ISCCs increases with
increasing twist length of the strands and decreasing electrical contact resistance
between the strands. The ISCCs have a characteristic loop length equal to the twist pitch
of the strands, exhibit time constants of typically 0.01 to 10 s and cause the interstrand
coupling loss (ISCL).

¢ Boundary-induced coupling currents (BICCs) are mainly induced by variations of the
field-sweep rate and the contact resistances along the length of the cable. BICCs can
flow in and between the strands of a cable and also in and between the {ilaments of the
strands. Only the former type of BICCs are dealt with in this thesis. The loop length and
the characteristic time of the BICCs can be several orders of magnitude larger than those
of the ISCCs. The additional power loss caused by the BICCs is dissipated in the contact
resistances between the strands and is regarded in this thesis as an enhancement of the
ISCL.

The characteristics of the currents are briefly surveyed in Table 1.1.

Table 1.1.  Survey of the various currents and losses being present in a cable with non-insulated strands
' which is exposed to a varying field. The decay times represent characteristic times during
which the currents decay once the driving force that has induced them becomes 0.

Currents Loss Location Characteristic
decay time

PCs Filament magnetisation In the filaments —> 00

IFCCs Interfilament coupling loss (IFCL) In and between filaments 0.01-0.1s

ISCCs Interstrand coupling loss (ISCL) In and between strands 0.01-10s

BICCs (Included in the ISCL) In and between strands >10-10°s

The persistent currents and interfilament coupling currents have been an important issue of
research during the recent decades (and still are). Their properties are now well understood.
The ISCCs have been investigated since the seventies and have become more and more
important because the size of the cables has increased considerably. Qualitatively, the
ISCCs are now more or less understood. Much research is still being carried out on the
quantitative understanding of the ISCCs, which is a complicated matter since the value and
the dislributionAof the contact resistances between strands, which determine the effective
loop area’s and the magnitude of the ISCCs, depend on many parameters (see section 4.2).
However, since the use of larger cables, anomalous time-dependent effects are often
observed which could only be partially explained by the presence of ISCCs. In this thesis
the existing models for the calculation of strand currents in superconducting cables are
improved in order to investigate in more detail the time-dependent behaviour of cables in
magnets. This has not only resulted in a realistic model of the ISCCs but has also led to the
description of a new type of current, the so-called ‘boundary-induced coupling current’.
This name indicates that these currents, which are induced by a varying field, are created
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due to boundaries especially those between local variations in the contact resistances and
field change.

It is clear from the above that the influence of the coupling currents on the electrodynamic
properties of a magnet is crucial for many magnets, made of multistrand conductors, if:

— the cables are exposed to large field changes,

— a homogeneous magnetic field in the aperture is required,

— the cables are poorly cooled.

In section 1.3 a brief survey of the main applications of magnets is given, showing for which
magnets the performance is likely to be strongly affected by the coupling currents.

1.2 Superconducting magnets

In the late fifties, a new class of materials was discovered which exhibits superconducting
properties up to high magnetic fields. The most important of this class are NbTi and Nb;Sn
with critical fields of about 11 and 21-28 T respectively (at 4.2 K).

Small solenoid magnets were developed in the sixties. However, large fields could not
be achieved due to the poor electromagnetic stability of the conductors. The development of
the multifilamentary conductor in the seventies was an important step towards larger current
densities at higher fields. These conductors, with diameters in the range of 0.1-1 mm,
consist of superconducting filaments embedded in a normal conducting matrix. In large
magnet systems many wires are bundled together to form multistrand cables, mainly in
order to limit the inductance and the voltage levels. Nowadays, most applications of high-
field magnets are based on coils wound from cabled superconductors.

The main applications of superconducting magnets are enumerated here. More detailed
information can be found in the literature, for example in [Foner, ’81], [Wilson, 83].

¢ Solenoids. These .magnets are in use for general research at fields up to 20 T and bores
up to 200 mm. The small solenoids are made of superconducting wire while the larger
coils are wound from cables. High-field solenoids with a high field homogeneity are part
of, for example, NMR (Nuclear Magnetic Resonance) spectrometers.

e Magnets for nuclear fusion. Power production on the basis of controlled
thermonuclear fusion is feasible only by means of superconducting magnets since the
use of conventional magnets is not economical. A magnet system of a tokamak mainly

" consists of DC toroidal field coils, enclosing a plasma ring, and pulsed transformer coils,
for resistive heating of the plasma by inducing plasma currents. Both types of coils are
made of large cable-in-conduit (CIC) conductors with forced-flow cooling. Although the
toroidal coils carry a constant current during normal operation, which results in a
constant self-field, they are also exposed to the changing field from the transformer
coils. Not only the transformer coils but also the toroidal coils are therefore subject to
large field-sweep rates of 0.1 Ts! (under normal operation) and up to 10 Ts. (in the
case of plasma disruption). '
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e Magnets for high-energy physics. Superconducting magnets are part of the accelerator
itself, for guiding the beam, as well as of the detectors of the physics experiments. In
section 1.3 the beam-guiding magnets are discussed. Large detector magnets are applied
to determine the momentum of charged particles from the curvature of the track. They
often enclose a considerable part of the chamber volume of the detector and can
therefore have diameters of several meters. The coils are made of Al-stabilised
Rutherford-type conductors and are slowly ramped to the DC operating field of typically
1-4 T in the centre to 1-6 T in the windings.

e Magnetic Resonance Imaging (MRI). Superconducting MRI magnets are in use for
medical diagnostics and were first developed in 1980. The higher image resolution due
to the larger field, is the main reason that nowadays most MRI magnets are
superconductive instead of normal-conductive. The magnets exhibit a high stability and
field uniformity in time. MRI magnets are made of wires and are slowly ramped to
nominal field.

¢ Superconducting Magnet Energy Storage (SMES). Superconducting coils can be
applied as an inductive energy storage. Large SMES systems (with stored energies in the
order of GWh’s) are studied for load-balancing in existing power grids. The power
oscillation in long power lines can be stabilised by means of pulsed SMES systems,
while voltage failures in power lines are already made up with small SMES systems
(with a stored energy of 1-10 MJ).

¢ Magnetic levitation (MagLev). Magnetically levitated transportation systems can be
realised with superconducting coils, since light-weight high-field magnets are
favourable. The levitation is achieved by the repelling force between the
superconducting magnets in the vehicle/train and eddy currents on the track.

e DC motors and AC generators. The main characteristics of superconducting
generators and motors are the high efficiency, high power rating and reduced size
compared to conventional motors. Superconducting coils can be part of the field
windings and the armature windings. The steady increase of the development of AC
superconductors enables the manufacturing of fully superconducting machines.

o Magnetic separation. Ferromagnetic and paramagnetic particles can be separated from
a large non-magnetic mass stream of material by a magnetic force. The field gradient
and efficiency can be greatly improved using superconducting magnets.

e Magnetohydrodynamic power generation (MHD). An ionised hot gas is passed
through a channel with a transversely applied magnetic field. The corresponding voltage
on the wall of the channel causes a current through an external load.

The main applications of superconducting magnets are surveyed in Table 1.2 where the
magnets are characterised with respect to the usual geometry of the conductor, maximum
field in the windings, field accuracy and field-sweep rate. The geometry is represented by a
W for a single wire, RC for a Rutherford-type cable, CIC for a cable-in-conduit conductor
and C for a cable without jacket. Some magnets, of course, have been manufactured with
different design fields or from other types of cable than those mentioned in the table.
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Table 1.2. The main characteristics of superconducting magnets. W=wire, RC=Rutherford-type
cable, CIC=cable-in-conduit, C=cable without jacket.

Application Conductor Max. field Field Field-sweep
on cond. [T] accuracy rate [Ts]
Solenoids Small bore w 20 Medium 102
Large bore C 15 Medium Smail
NMR w 20 High Small
Fusion Toroidal coil ~ CIC 13 Low 0.1-10
Transformer coil CIC 13 Low 0.1-10
High-energy physics Beam-guiding RC 12 High 107
Detectors C 6 Medium Small
MRI w 0.5-2 High 1073
SMES Pulsed C.RC 5-10 Low 10%-10°
Low frequency C,RC 5-10 Low Small
Maglev RC 5 . Low Small
DC motors RC 2-5 Low Small
AC generators RC 2-6 Low 10
Magnetic separation C 8 Low Small
MHD RC 8 Low Small

According to the conclusion at the end of section 1.1, coupling currents can especially affect
the performance of fusion magnets, beam-guiding magnets for accelerators, pulsed SMES
systems and AC gencrators. In this thesis the emphasis is on the electrodynamic properties
of multistrand conductors in accelerator magnets, and especially in LHC dipole magnets
because of the severe restrictions with respect to losses during ramping, stability and field
homogeneity. A brief introduction to accelerator magnets is given in the next section.

1.3 Accelerator magnets

The desire for investigating matter and forces between elementary particles has encouraged
physicists and engineers to construct devices for accelerating particles to higher and higher
energies. This started around 1930 with small rectifier generators and cyclotrons and later
with betatrons, linacs and synchrotons.

Circular machines require mainly dipole magnetic fields to keep the beam of particles on
the equilibrium orbit and quadrupole magnetic fields to focus and defocus the beam around
the equilibrium orbit. Furthermore, there is a need for higher-order magnetic fields to
correct field distortions and chromaticity. As the particle energy is proportional to the
bending radius, the size of the accelerators has become larger and larger. In parallel, the
linear dependence of the particle energy on the field strength of the dipole (bending)
magnets has pushed the magnetic field to higher values.

For decades normal-conducting magnets have played an important role with fields up to
2 T, limited by the saturation of the iron. The breakthrough came with the construction of
the Tevatron at Fermilab in 1983 [Cole, *79]. Here it was shown that a large number of
dipole magnets (with a central field of 4.4 T) and quadrupole magnets (with a field gradient
of 75 Tm’") can be built, having a high quality and a good reproducibility.
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After the Tevatron, other projects were approved, in which the design of the magnets was
further improved. This has led to the construction of HERA in 1991 (with a dipole field of
4.7T) [Wiik, *85], and the design of the Relativistic Heavy Ion Collider RHIC (3.5 T)
[Ozaki, *90], the Accelerating and Storage Complex UNK (5T) [Balbekov, ’83], the
Superconducting Super Collider SSC (6.6 T) [Edwards, *90] and the Large Hadron Collider
LHC (8-10 T) [LHC, *91/°93].

In order to store an intense beam of particles, a high field quality is necessary. For normal
conducting magnets this requirement can be quite easily attained since the field is
determined by the shape of the iron yoke. In the case of superconducting magnets the field
is governed by the geometry of the coils, a precise arrangement which is difficult to control,
and by the persistent currents and coupling currents, as discussed in section 1.1.

The coils of all main accelerator magnets are made of Rutherford-type cables to enable
an accurate coil winding and to have a high overall current density while keeping the
inductance small. A survey of the geometry of the cables as used (or foreseen to be used) in
various accelerator dipole magnets is given in Table 1.3.

Table 1.3. Survey of the geometry of the Rutherford-type cables (envisaged to be) used in several
accelerator dipole magnets with a two-layer cos(8) configuration (see section 2.2). -

Institute Accelerator Central  Operating  Coil Nr. of Width Auv. height

field [T] Temp. [K] strands  [mm] {mm]

BNL RHIC 3.5 4.6 2 30 9.7 1.17
Fermilab  Tevatron 44 4.6 inner 23 7.8 1.26
DESY HERA 4.7 45 inner 24 10 1.48
outer 24 10 1.48
IHEP UNK 5.0 4.6 inner 19 8.7 1.63
outer 19 8.7 1.63
SSCL SSC 6.6 435 inner 30 123 1.46
outer 36 11.7 1.16
CERN LHC, 1" design 10 1.9 inner 26 17 2.25
: : outer 40 17 1.48
LHC, 2™ design 8.4 1.9 inner 28 15 1.89
. outer 36 15 1.47

Nb3Sn model dipole magnets for the LHC, 1% design
CERN/ELIN [Asner,’90] =~ 10 ca. 4.3 inner 24 16.8 2.44
outer 36 16.8 1.63
CERN/UT [Ouden, den, '94] 11.1 ca. 4.3 inner 33 217 2.23
- outer 33 17.7 1.73

* This magnet has a single-layer cos(6) geometry. ’

The increase in field is related to the cable dimensions as depicted in Fig. 1.2. It will be
shown in chapters 4 and 5 that many effects related to the coupling between strands are
strongly enhanced by an increase in the cable width. The figure shows therefore clearly that
in circular accelerators the electrodynamic properties of the cable become more important
with increasing field strength, i.e. usually increasing collision energy.
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Figure 1.2, The width of Rutherford-type cables as a function of the design value of the central field of

the dipole magnets (in which they are used). The operating temperature is about 4.3 K
unless otherwise indicated.

On 16 December, 1994 the LHC was approved by the CERN member states to be the future
accelerator to investigate mainly hadron physics, while also ion-ion and electron-proton
collisions are envisaged. The LHC will be constructed in the same tunnel as the Large
Electron Positron (LEP) machine, which came into operation in 1989. In LEP electrons and
positrons are brought into collision whereas in LHC two proton beams will collide. The
collision energy of LEP is limited to about 200 GeV caused by the synchrotron radiation
that the particles emit as they are bent. In the case of protons the synchrotron radiation is
much smaller and the collision energy is limited by the field produced by the bending
magnets.

In two separate magnetic channels, two beams of particles with an equally signed charge
and the same velocity, in the opposite direction, are brought into collision. This is
accomplished by a novel design, that consists of two separate coil systems within the same
mechanical structure (see section 2.2). The so-called ‘twin-aperture structure’ not only
reduces the size of the magnets (compared to two single-aperture magnets) but probably
results as well in a total cost savings of about 25%.

Superconducting dipole magnets with operation fields of about 8.4 T will be used in the
LHC and result in a collision energy of about 14 TeV, about a factor 70 larger than in LEP.
The maximum field of the magnets is about 10-20% larger to allow for adequate margins
covering energy dissipation in the coils and production tolerances.
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1.4 Scope of the thesis

This thesis consists of the following four parts which are illustrated in Fig. 1.3.

e In chapter 2 an introduction to accelerator dipole magnets is given. It is shown which
aspects that are inherent to the cable and magnet design, influence the various currents
as given in Table 1.1. A survey of the magnets, of which the electrodynamic properties
are evaluated in chapters 6, 7 and 8, is presented. Also a survey of the main
characteristics of the cables, from which the coils of these magnets are made, is given.

e In chapters 3, 4 and 5 the persistent currents and coupling currents in the strands and
cables are dealt with as well as the loss related to these currents.

— In chapter 3 an actual picture of the electrodynamic properties of single strands is
presented in terms of filament magnetisation and interfilament coupling currents,
which are both experimentally investigated on several LHC cables.

— In chapter 4 the interstrand coupling is discussed. The network model, by which the
cable is simulated and by which the ISCCs are calculated, is dealt with in detail. The
contact resistances R, and R, between adjacent and crossing strands are introduced
which will play a dominant role in all subsequent chapters. An unportant issue is the
dependence of R, on the transverse pressure on the cable.

— . In chapter 5 the influence of longitudinal variations in the contact resistance and the
field-sweep rate are dealt with. These variations are, in particular, present near the

. cable-to-cable connections and in the coil ends and provoke a new type of current,
the ‘boundary-induced coupling current (BICC)’. The BICCs are described in terms
of their magnitude, characteristic length, propagation velocity and characteristic
time. The presence of BICCs in multistrand cables is demonstrated by analysis of the
self-field of a 1.3 m long straight Rutherford-type cable.

e In chapters6, 7 and 8 the effect of the coupling currents on the electrodynamic
properties of accelerator magnets is investigated, in terms of:
— the losses during ramping (chapter 6),
— the field distortions (in the aperture of the magnets) caused by the coupling currents
(chapter 7),
— the ramp-rate limitation of the magnets which is influenced by the coupling currents
(chapter 8).

e In chapter 9 general conclusions are presented concerning the modelling of coupling
currents and their impact on the performance of superconducting magnets.
Recommendations are given for measuring and controlling the contact resistances in
cables in the process from cable manufacturing to magnet operation.

Fig. 1.3 shows two dotted links. One of them concerns the field distortions due to the
persistent currents which are not discussed in this thesis because it is a well-known
phenomenon. The other one concerns the enhancement of the ISCL due to the BICCs which
is dealt with in chapter 5 in the case of a single cable but is disregarded in chapter 6 in the
case of a magnet. The increase is namely hard to assess and, where a dipole magnet is
concerned, probably small compared to the coupling loss produced by the ISCCs.
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Figure 1.3. Schematic outline of the thesis, showing how the persistent currents, the coupling currents
and the power losses at strand and cable levels affect the electrodynamic properties of
superconducting magnets. The dotted lines are links that are present in a magnet but not
discussed in the thesis.
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Chapter 2

Multistrand cables and
magnets

A survey of aspects affecting the electrodynamic properties of
superconducting cables and magnets

The starting point of this chapter is the general expression for the magnetic
field in the aperture of a magnet, which leads to the current distribution for
generating a perfect multipole field of the order n. It is shown that, in
particular, a perfect dipole field can be approximated by means of a ‘shell-
type’ configuration of multistrand Rutherford-type cables.

The grading of the current density between the inner and outer coils and
the structure enclosing the superconducting coils are discussed. Moreover,
aspects concerning the operation of magnets such as quenching, training,
quench protection, beam losses, operation procedure and operating
temperature are dealt with. Those aspects of the cables and magnets that
directly influence the electrodynamic behaviour of the magnets are explained
in more detail. These are especially: the precompression of the coils, the
cable-to-cable connections, the field and stress distribution in the straight
part and in the coil ends, the cable geometry, the curing of the cable
insulation, the matrix resistivity, the filament size and the twisting of the
filaments and strands.

A survey of the dipole model magnets that are investigated at CERN is
presented as well as a survey of the main characteristics of the cables from
which the coils are wound.

Finally, a general relation between the critical current in a NbTi
superconductor and the field and temperature is introduced which is
required for the analysis of the ramp-rate induced quenches (chapter 8).
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2.1 Magnetic field in the aperture of a magnet

The magnetic field at position z=x+iy (see Fig. 2.2a) in the aperture of an accelerator
magnet is usually expressed as a multipole expansion in two dimensions:

B=B, +iB, = Y (B, +iA, )((x+iy)/r0)n_l [T], 2.1)

n=1

with ry the reference radius (normally ro=10 mm) and n the number of the harmonic
component. B, and A, are called the normal- and skew-multipole coefficients respectively.

A coil, in which only B; and A; have finite values, while all the higher components
(n> 1) are zero, is called a dipole coil and has a field:

B=B +iA, [T]. (2.2)

In a twin-aperture magnet the A; component represents the misalignment between the dipole
field of the two coil systems. In the case of single-aperture magnets the coordinate system is
often defined in such a way that the average A; (along the magnet axis) equals O so that B
corresponds to a normal-dipole field in the y-direction.

A coil in which all multipole fields are zero except for n=2 is called a normal
quadrupole coil and has a field:

B= Bz(i+i—y~J+ Az[i—r’-‘—-rl] (1], | 2.3)

nh I o T

where the coordinate system is often defined in such a way that the average A, is equal to 0.
In a similar way sextupole (n=3), octupole (n=4), decapole (n=>5) and higher-order coils
are defined (note that in the USA n=0 is taken as the dipole, n=1 the quadrupole and so
on).

A perfect multipole field of order n is produced by a current density that varies as a
function of the azimuthal angle 0 as:

J(0)=Jycos(n8) [Am?]. ) 24

The current distributions for a dipole, quadrupole and sextupole field of infinitely long coils
are shown in Fig. 2.1.

Figure 2.1. Current distributions for generating pure dipole, quadrupole and sextupole fields. The dark
and light parts indicate positive and negative current densities respectively. The arrows
denote the field direction. The direction of the currents is normal to that of the fields.
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Dipole and quadrupole magnets are the main magnetic components of circular accelerators.
The function of the main dipole magnets is to keep the beam of accelerated particles on the
circular equilibrium orbit, perpendicular to the field direction. The main quadrupole
magnets focus and defocus the beam around the equilibrium orbit.

Since a perfect cos(n8) curreni disiribution can never be technically achieved, other
multipole components are present which are referred to as distortions or field errors. The
distortions are corrected for by using tuning quadrupole-, sextupole- and other higher-order
coils. Skew dipole magnets are required for correcting the beam in the vertical plane.

The main multipole is often referred to as the main component or fundamental, while the
other multipoles are called harmonics. The harmonics are often normalised to the main
component, so, for example, for a dipole coil:

c n-1
B=B, )b, + ia,)(x+/r))" [T, @.5)
n=1
with:
b, = 2n 4 2.6)
=—, g =—" . .
" B " B

Design values of b, and a, for the lower harmonics of the LHC dipole magnets at injection
field B;,;=0.58 T (see section 2.2.7) are typically about 10* at ry=10 mm. The relative
multipole components b, and a, are therefore often expressed in units of 10*,

2.2 Magnet characteristics

In section 2.1 it is shown that a perfectly homogeneous dipole field is generated by a cos(6)
current distribution, i.e. by a geometry of two intersecting circles or ellipses with their
centres spaced apart, and with opposite current direction (see Fig. 2.2a). In practical high-
field accelerator magnets such a current distribution can only be approximated since the
coils are made from cables. Wide flattened cables carrying high currents are applied in
order to limit the inductance and therefore enable a safe quench protection.

Usually, the so called ‘shell-type’ configuration is applied to approximate the ideal cos(6)
distribution. The cross-section of one quadrant of one aperture of a typical LHC dipole
magnet is shown in Fig. 2.2b. Quadrants 1 and 2 are also referred to as pole 1 and quadrants
3 and 4 as pole 2. The main advantages of this configuration are that the conductor is put
close to the aperture for an efficient use of the superconductor and that the coil ends are
formed ‘naturally’ by the Roman-arc geometry. The blocks are separated by copper wedges
to have enough design parameters to produce a high-quality dipole field and because the
keystone angle of the cable (see eq. 2.14) is not sufficiently large to have radially orientated
cables.
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B1

a ' b ] " tumn 25 turn 1 X

Figure 2.2. a: Generation of a perfect dipole field by two intersecting ellipses with their centres spaced
apart. Iy (+), & (-), I3 (-) and I (+) indicate the currents in the four quadrants at positions
(.0), (r, 7-0), (r,m+ 6) and (r,-0) respectively.
b: View of the cross-section of the turns of quadrant 1 of a two-shell dipole (here the design
of the Pink Book Dipole magnet -see Table 2.1- is shown) and nomenclature of the blocks
and turns (1-24 in the outer coil and 25-37 in the inner coil).

Since the currents in the inner and outer coils are equal while the peak field in the inner coil
is larger than that in the outer coil (see also Fig. 2.6), a grading of the current density
between the two coils is preferable. The grading is obtained by winding the inner and outer
coils from cables with a different cross-section. Hence, three different cable-to-cable
connections are present:

e Connections between the two coils of the same pole, also called splices. Each splice is
located in a high-field region and is made by soldering the two cables over a length of
about 15 cm (see Fig. 2.3). The resistance of the splice is typically 0.2-0.5 n€2 at zero
field and increases due to the magnetoresistance with a factor of about 2-4 for a central
field of 9 T.

e Connections between the coils of different poles. The connections are located in a low-
field region and often shunted by a copper bar which results in a small resistance,
normally about 0.2-0.5 nQ.

e Connections between the current leads and the cables.

Fig. 2.3 shows a longitudinal view of the magnet with the positioning of the turns and the

connections. The head of the magnet where the connections are located is referred to as the

connection end whereas the opposite end is called the non-connection end.

The field distribution in the coil ends differs considerably from that in the straight part.
Since the cable is bent over the beam pipe (see Fig. 2.4), the field B, normal to the large
face of the cable reduces to almost zero (see also section 2.2.4). As a result, the interstrand
coupling power loss, which is proportional to B .2 (see chapter 4), is strongly reduced in the
coil ends. However, the strong variations in B, along the cable also cause boundary-
induced coupling currents (see chapter 5) which affect the electrodynamic properties of the
magnet.
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Figure 2.3. Longitudinal view of one pole of a dipole

and the connections to the other poles or the

splice between the inner and outer coils,

current leads. The turns of the outer coil are not drawn individually [LHC, *88].
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Figure 2.4. 3D view of the turns at the non-connection end of a six-block LHC-type dipole magnet
: [Russenschuck, ’93].

The field at a position z=x+iy caused by a current  at position r=x;+iy; is, according to
the law of Biot and Savart:

L
2n(z-r)

T]. 2.7

A current distribution over the four quadrants in a magnet (see Fig. 2.2a), symbolically

represented by:
L, I, r,k—60 r,0
at . (2.8)
I, 1, r,x+6 r—6

can be described by a linear combination of the currents Iy, Ip, Ic and Ip, corresponding to
the different harmonic components of eq. 2.5:

-1 +1

I, normal odd, By, Bs, Bs ..., . 2.9)
-1+
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[+1 +1] -

| +1 +1] Ip normal even, B,, By, Bs ...,
[+1 +1

-1 _1] Ic skew odd, 4;, A3, As ...,
-1 +1
41 _1:| Ip skew even, Aj, Ay, As ...
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(2.10)

(2.11)

(2.12)

In practical dipole magnets all normal odd harmonics are present since the current
distribution is slightly different from the ideal cos(6) shape. Due to fabrication tolerances
normal-even and skew harmonics can also arise. In twin-aperture magnets with a common
mechanical structure additional field errors are introduced due to (non-symmetric)

saturation effects of the iron yoke.

2.2.1 Magnet designs

Two designs of LHC-type dipole magnets are discussed in this thesis (see Table 2.1):

e The Pink Book Dipole magnet' -PBD- [LHC, *91]: the first official design of the
bending magnets of the LHC. All experimental results described in chapters 6-8 are
based on PBDs and the cables from which the coils are made.

o The White Book Dipole magnet -WBD- [LHC, *93]: the renewed design for the bending
magnets as described in the second concept study for the LHC. The coils are made from
smaller cables and operate at a lower field level in an effort to reduce the training as
observed in the PBD models. The decrease in the field only slightly reduces the collision

Table 2.1, Survey of the design parameters 6f two LHC-type dipole magnets. The operating field and

current correspond to the indicated collision energy.

PBD* WBD®
Maximum collision energy TeV 154 14
Operating field T 10 8.65°¢
Operating current A 15060 11470
Magnetic length m 9’ 13.145
Number of turns of the inner coil per aperture - 26 30
Number of turns of the outer coil per aperture - 48 52
Cable width mm 17 15
Diameter of the aperture mm 50 56
* [LHC'91]
® [LHC 93]

¢ In 1994 the operating field was changed to 8.36 T [Perin, "95]

! The names ‘Pink Book’ and ‘White Book’ refer to the colour of the official CERN reports

in which the designs of the magnets are described.
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energy of the LHC since the effective magnetic length is increased. Resulis of

calculations and simulations on the cables and coils of the WBD magnet are presented in

chapters 6-8 in order to envisage the electrodynamic behaviour of the future LHC.
Several aspects of the dipole magnets will be discussed in more detail in the following
sections.

2.2.2 Cold mass

The cross-section of the twin-aperture LHC dipole magnet inside its cryostat is shown in
Fig. 2.5. The so-called ‘two-in-one’ structure, in which the two beam channels (or
apertures) are enclosed in a common structure, results in an economical and compact

geometry.

Figure 2.5. Cross-section of an LHC-type dipole magnet within its cryostat [LHC, *91].

1. Beam pipe 7. Heat exchanger 13. GHe pipe (5-10K)

2. Coils 8. Radiative insulation (5K) 14. GHe pipe (1.8K)

3. Collars 9. Thermal shield (50-70K) 15. LHe pipe (2.2K)

4. Yoke 10. Superinsulation 16. He pipe (5 K)

5. Shrinking cylinder 11. Vacuum vessel 17. Cooling channels (50-70 K)
6. Bus bars 12. Support post
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The part formed by the shrinking cylinder (nr. 5) and the interior are referred to as the cold

mass, which is cooled down to a temperature of 1.9K (or 43K for some test

measurements) before excitation. The main components of the cold mass are:

— The inner and outer coils (see Fig. 2.2b), made of superconducting NbTi cable. The
characteristics of the cables are given in the section 2.3.

— The aluminium or stainless-steel collars, providing part of the prestress (see
section 2.2.3) and defining the exact geometry of the coils.

— The iron yoke, shielding the exterior against the internal field and enhancing the central
field in the aperture of the magnet by about 15%.

— The shrinking cylinder, providing part of the prestress and containing the Lorentz forces
of about 600 tons/m maximum. It serves to contain the helium of the magnet cold mass
and, at the same time, provides structural rigidity and longitudinal support.

2.2.3 Pre-compression of the coils :
The support structure compresses the coils radially from the outside which results in an
azimuthal compressive stress in the coils. The support has to counteract the Lorentz forces
during excitation in order to avoid conductor displacements (i.e. to avoid premature
quenching) and coil deformation (i.e. to reduce field errors). The value of the prestress is
difficult to calculate due to fabrication tolerances, friction, possible plastic deformation and
the different shrinkages of the magnet parts during cool-down. The required compression is
about 60 MPa for the outer coil and 80 MPa for the inner coil. During the collaring process,
the compressive stress in the coils can be 30-40% higher than the required value in order to
obtain a small clearance which would permit the insertion of rods or keys to lock the collars
together. Once the press force is released the stress in the coils decreases to a lower value. .
The maximum compressive stress in the coils is an important parameter for the
interstrand coupling loss since it can lead to deformation of the strand-to-strand contacts
and can therefore decrease the contact resistance between strands (see section 4.3).

2.2.4 Field and force distributions

The field distribution over the cross-section of the straight part of the PBD magnet is
depicted in Fig. 2.6 and the minimum and maximum values per block are given in
Table 2.2. Note that the field varies strongly across the cable width and even reverses its
sign in blocks 1 and 2. The consequences of such field variations with respect to the
coupling currents are discussed in section 4.4 and chapter 5.

A survey of the minimum and maximum values of the azimuthal stress og per block is given
in Table 2.2. The values are indicative for the actual stress in a coil. During the collaring
process the compressive stress in the coils is usually temporarily increased beyond the
indicated values in order to lock the collars.

In a twin-aperture magnet the stress is larger in the quadrants near the centre and is
slightly smaller in those quadrants near the shrinking cylinder. The compressive stress
varies strongly across the cable width, with an average of about 40 MPa in the outer coil
and 60 MPa in the inner coil.




32 Chapter 2

/

R O O S Y

-

Figure 2.6. Field distribution in one quadrant of the straight part of a PBD magnet [Russenschuck, *93].
The arrows indicate the direction and the magnitude of the field.

The average values increase by about 20 MPa after cool-down. After excitation to 8-10 T
the Lorentz force causes the average stress to vary between 105 MPa near the midplane to
50 MPa near the pole. The consequence of such stress variations across the cable width and
over the cross-section of the coils on the contact resistance R between crossing strands are
discussed in section 4.10 and chapter 5.

Table2.2. Survey of the calculated magnetic field [Russenschuck,’93] and azimuthal stress
[Spigo, '94] in each block of the PBD magnet. The minimum and maximum fields
correspond to a central field of 10 T. The field B, denotes the field component normal to the
wide side of the cables in the block. The stress at 300K, at 2K, 0T and at 2K, 10T are
characteristic values before and after cool-down and excitation respectively.

Nr. of By By B, 0,(300K) 0,2K.0T) 0,(2K, 10T)
block [T) [T1 [T] [MPa] [MPa] [MPa]
1 0-23 -3.1- 46 -3.1-45  40(20- 70) 55 (50- 90) 90 ( 75-110)
2 0.5-5.8 -24- 76 -3.143 40 (20- 70) 55 (50- 70) 55 ( 20- 90)
3 0-1.3 45- 98 4598 55( 0-110) 75 (60- 90) 105 (100-120)
4 0122 5.5- 9.9 4.6-8.7 55 (20- 90) 75 (50-100) 90 ( 70- 90)
5 0-3.7 7.3-10.1 1.3-6.1 60 (40- 90) 75 (70- 90) 70 ( 40- 90)
6 0-2.8 7.2-10.2 0.5-4.2 60 (20-140) 80 (70-130) 50 ( 20- 90)
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2.2.5 Superconductor
High-field accelerator dipole magnets with a central field of 8-10 T have coils made of
either NbTi or Nb;Sn superconductors.

NbTi
Up to about 7.5 T, magnets are often cooled by liquid helium at 4.2 K. For higher fields
superfluid helium below 2.17 K has to be used as a coolant which requires a more
expensive and less efficient refrigeration system. Another drawback is the small heat
capacity of all materials at 1.9 K which requires a very good heat exchange with the
helium to avoid a temperature increase due to transient energy deposits. The heat
capacity C (per unit volume of conductor) of NbTi with copper matrix [Lubell, ’83] is:

C=(68+4381n)T°+1(974+698B)T [Im?], (2.13)

which is about 5 times larger at 4.3 K than at 1.9 K (for a NbTi volume fraction =0.35
and B=8 T). The large heat capacity and heat conductivity of superfluid helium are
important advantages for cryogenic stability of the superconductor.

Nb;Sn

Fields beyond 8-10T and up to about 18 T at 4.3 K can be attained with Nb;Sn
conductors. One accelerator dipole model magnet with a design field of 11.5T at 42K
[Ouden, den, *94] has been constructed and has reached 11.1 T. Another NbsSn dipole
magnet with a design field of 13 T is still under construction [Dell’Orco, *93]. Due to
the severe sensitivity of NbsSn to stress and strain [Haken, ten, *94], the coils are made
using the ‘wind and react process’. This implies that the conductor (with niobium and tin
inside) is first wound and then heat-treated (at a temperature of about 700 °C for at least
two days) to form the superconducting NbsSn. After the heat-treatment the coils are
collared. Although the subsequent impregnation of the coils disables the helium to flow
through the voids, the higher heat capacity of the material at 4.3 K could provide a safer
operation than when using NbTi. The ‘wind and react’ process requires that the cable
insulation and all other components in the collared coil withstand the reaction
temperature.

In some NbsSn conductors ‘bridging’ occurs, which implies that during the chemical
reaction between niobium and tin, filaments link together, thereby increasing the
effective filament diameter. Bridging could be a drawback for some NbsSn conductors
since it results in larger field distortions and a larger hysteresis loss (see chapter 3).

The formulas presented in this thesis will hold for NbTi as well as for NbsSn cables and
magnets unless otherwise specified. However, all experimental results refer to NbTi cables
and magnets.

2.2.6 Quenching and protection

The term ‘quench’ is generally .used to denote the irreversible transition from the
superconducting to the normal conducting state. A quench is often caused by a local
transition of a strand section which generates heat and subsequently causes the other part of
the strand and cable to quench. This ‘avalanche’ process propagates through the strand and




34 Chapter 2

cable with a certain propagation velocity of which the value depends on several parameters
such as the resistivity of the material, heat transfer, geometry, temperature, field and current.
A typical propagation velocity is about 10-50 ms™ for NbTi superconductors.

Many magnets exhibit so-called ‘training’, a process characterised by a quench current
that gradually incrcascs with (he increasing number of quenches. Training is present if the
quenches are caused by displacements of strands or cables which locally heat up the cable
(due to frictional energy) or by heat released in the cable surroundings such as epoxy
cracking.

A thermal cycle of a (fully) trained magnet often reduces training since many
displacements remain irreversible during warm-up and cool-down. Training can be
improved by properly clamping the windings (so that the Lorentz force during excitation
will not cause any displacement), by improvement of interfaces or impregnations and by
enhancement of the cooling capacity of the windings.

When a superconducting magnet quenches, the stored magnetic energy is either
dissipated outside the coil or distributed, as much as possible, within the coils to avoid
overheating and possibly burning of part of the coil. In magnets with a large stored energy
an active system of heaters is used to initiate multiple hot spots in the conductor as soon as a
quench is detected, which results in a more global heating of the coils.

In an accelerator ring many magnets are connected in series. In case of a quench, the current
is guided around the quenched magnet (by means of diodes) while the remaining series-
connected magnets are de-excitated [Coull, 94]. In this case, only the magnetic energy of
the quenched magnet is dissipated as heat internally in the magnet. In order to avoid the
quench spreading to the other magnets and the diode overheating, the chain of magnets has
to be discharged rapidly if there is a quench in one of the magnets. The fast de-excitation is
achieved by switching dump resistors in series with the magnets.

The LHC will be divided into 16 sub-units that are powered separately and are therefore
electrically independent. The reduction of the coupling loss during de-excitation is, among
other things, one of the advantages of such a subdivision. A de-excitation time constant of
about 100 s is anticipated for the LHC, which corresponds to an initial field-sweep rate in
the centre of the aperture of about -0.084 Ts™.

During the fast de-excitation, the coils of the series-connected magnets have to remain
superconductive. This implies that the generated coupling currents and energy loss during
the discharge should not cause the temperature in the cable to increase beyond the current-
sharing temperature (see section 2.4).

2.2.7 Operating procedure
The beam is preaccelerated and then injected into the main accelerator at the injection field
B, which is typically a factor of 10 to 20 smaller than the peak field (for LHC:
Bi,=0.58 T). The field sweep from O to B;,; can be freely defined since the beam has not yet
been injected. A field precycle can be performed to verify the magnet’s characteristics.

Once the beam is injected, which takes about 400 s, the dipole field is ramped up to the
operation field. The excitation from injection field to nominal field (8.4 T) for LHC is
foreseen to take about 1200 s which corresponds to an average central-field-sweep rate of
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0.0066 Ts™. The field-sweep rate does not have to be constant but may vary during the
sweep. At injection as well as at the operating field, the field homogeneity and the field
stability in time should meet certain specifications in order to facilitate the field correction.

2.2.8 Beam losses

In high-luminosity colliders a continuous beam loss is present due to the emittance of
particles. An actively cooled beam shield, placed inside the aperture, shields the coils from
‘the particles. However, some particles still penetrate into the coils where the energy is
absorbed by the conductor (see [Burnod, *89/°91] for a description of this process in LHC).
The number of lost protons for LHC that is allowed to maintain the magnet at a sufficiently
low temperature can be determined once the energy deposit per incident proton (inside the
coil) and the thermal resistance between the coils and the coolant are known. In chapter 8
the latter effect is discussed in detail.

2.2.9 Survey of the model magnets

During the period 1990-1995 several dipole model magnets were constructed in industry
and investigated at CERN. A survey of the models is presented in Table 2.3 and the
characteristics of the cables are discussed in the next section. Besides the cables, the
magnets are slightly different mainly with respect to the materials of the collars, end spacers
and outer cylinder.

Table 2.3. Survey of the investigated NbTi dipole model magnets for the LHC (status of march *95).
Three 10 m long models that are still under construction are included. The characteristics of
the cables of the inner and outer coils of the magnets are presented in the next section
(SA=single-aperture magnet, TA=twin-aperture magnet).

Magnet Manufacturer SA/TA  Length[m]  Cable (see Table 2.4) Date of first

code Innercoil Outer coil cool-down

AN1 Ansaldo TA 1 I-1 04 05/91

AN2 Ansaldo TA 10 -2 0-3 03/94

AN3 Ansaldo TA 10 -6 0-6 07/94

AN4 Ansaldo TA 10 1-6 0-6 -03/95

CE1 CERN TA 1 2 0-3 03/93

EL1 ELIN TA 1 I3 0-4 02/91

EL2 ELIN SA 1 I-3 0-3 08/92

HO1 Holec TA 1 13 o1 08/91

JS1 Jeumont Schneider TA 1 I-1 0-2 03/91

KE1? KEK SA 1 I-5 0-5 05/92

KE2?* KEK TA 1 15 0-5 06/93

NO1 Nogl TA 10 17 0-7 11/94

AJS1 Alsthom/JS TA 10 under construction
EH1 ELIN/Holec TA 10 under construction
NO2 Noél TA 10 under construction

2 See [Yamamoto, 93] for more details on the slightly different design.
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Either common or separate collars are applied for the two apertures which are assembled
with rods and/or keys. These mechanical differences do not significantly contribute to
different time-dependent electrodynamic properties of the magnets and are disregarded here
but details are presented elsewhere [Bona, *92], [LHC, *93].

The coils of the two magncts manufacturcd by KEK are made of high keystoned 15 mm
wide cables and differ therefore from the other magnets. No wedges are present in these two
magnets. :

2.3 Strand and cable characteristics

The coils of high field accelerator magnets are often wound from high-current Rutherford-
type cables (see Figs. 1.1a and 2.7), mainly to limit the inductance in order to obtain a safe
quench protection. Such cables are formed by flattening a hollow tubular cable comprising -
between 20 and 40 strands. After cabling, the conductors are compacted by rolling in order
to increase the overall current density in the coil. Flat NbTi cables can be compacted to
filling factors of about 90% without significant damage. During the rolling the dimensional
control is important in order to achieve the desired field uniformity.

Figure 2.7. Cross-section of a 24-strand Rutherford-type cable with the thick edge on the left and the
thin edge on the right. Note the severe deformation of the strands at the thin edge resulting
in a large contact area between the strands of the two layers.

The strands are fully transposed with a transposition length (or cable pitch) L, which is
usually about 6-8 times the cable width w. The cable has a small keystone angle in order to
have a more uniform structure of the coils and facilitate the winding of the magnet. The
angle is defined as:

o, =atan((h, —hy)/w) [deg], (2.14)

with h; and h, the thicknesses of the two small sides of the cable. Note the severe
deformation of the strands in the cable, in particular at the thin edge, which leads to a large
contact area between strands of the top and bottom layers. An increase of the contact area
results in a decrease of the contact resistance R, between the strands of both layers which is
one of the key parameters concerning the interstrand coupling loss (see chapter 4).

Particular care is required to provide the cable with an insulation that not only
withstands the voltage between turns but is also sufficiently porous to allow permeation of
the helium. The insulation has to be strong enough to avoid breakage which could lead to
short-circuits between the turns. The insulation is composed of a half-overlapped layer of
kapton tape having a thickness of 25 pm and one layer of 125 um thick glass-fibre tape,
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pre-impregnated with epoxy resin with spaces of 2.5 mm between successive turns
(Fig. 2.8). After winding, the coils are compressed and heat-treated for 2 hours at about
160 °C to cure the resin of the pre-impregnated glass-fibre tape so that adjacent turns adhere
to each other. Such a heat treatment under pressure can strongly decrease R, and R,, due to
plastic deformation of the strands (see section 4.3). The spacing between successive tusns of
the glass-fibre tape increases the porosity of the coil by forming helium flow channels
without affecting the mechanical support between the turns. In and through the channels, the
helium comes into direct contact with a large proportion of the cable surface and is likely to
penetrate the interior of the cable, thereby providing additional stabilisation due to an
increase of the enthalpy.

Glass-fibre tape
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Figure 2.8. Insulation of the cable consisting of a half-overlapped layer of kapton tape with a thickness
of 25 pm and one layer of 125 pm thick glass-fibre tape, pre-impregnated with epoxy resin
with spaces of 2.5 mm between successive turns.

Due to the large azimuthal pressure on the turns in the coil, which reduces the size of the
channels, it is uncertain whether the helium penetrates the channels and the interior of the
cable. 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 its high thermal
conductivity and low viscosity.

The main parameters of the cables of the LHC dipole model magnets (as specified in
Table 2.3) are surveyed in Table 2.4. Note that the width of all the cables is 17 mm except
for the cables I-5 and O-5 used in the two KEK dipole magnets. The strands in the cable
differ mainly with respect to the filament diameter and the strand coating. The former
influences the filament magnetisation (see section 3.2) while the latter affects the contact
resistance between crossing strands and therefore the interstrand coupling currents (see
section 4.4.1).

The multifilamentary strands consist of NbTi filaments embedded in a copper matrix
(see Figs. 2.9a/b). The filaments in the strands are twisted in order to reduce the area
enclosed by any two filaments and therefore the interfilament coupling loss in the case of a
flux change (see section 3.4). _ :

The main reason for the subdivision into small filaments is the reduction of the filament
magnetisation (see section 3.2) which is the main cause of field distortions at weak
excitation. Another advantage is the reduction of the energy loss during (de-)excitation.
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Table 2.4. The main parameters of the inner (I-1 to I-7) and outer (O-1 to O-7) coil cables. All strands have

Nb46.5%Ti filaments.
Name I-1 12 I3 14 I-5
Manufacturer Alsthom Alsthom VAC VAC KEK
Dimensions (mm”) 17.0x2.04/2.50 17.0x2.04/2.50 17.0x2.04/2.50 17.0x2.04/2.50 15x1.88/3.09
Keystone angle (deg) 1.55 1.55 1.55 1.55 4.6
Number of strands 26 26 26 26 22
O strand (mm) 13 13 1.29 1.29 1.39
Cuw/SC ratio 1.7 1.6 1.9 1.6 16
Ly, (mm) 130 130 130 117 110
& filament (m) 14 54 25 4.8 6.0
Number of filaments 3060 21780 900 27954 ca. 21000
Lpz (uun) 25 25 25 25 25
Jcat8T, 42K (A/mm?) 1084 1087 986 938 910
Ic(A)? 12350 13364 11288 ca. 12300
Strand coating zebra® 95%Sn/5%Ag  95%Sn/5%Ag 95%Sn/5%Ag  bare
Soldering SnPb at one edge no no no no
Name I-6 I-7 0-1 0-2 0-3
Manufacturer LMI Alsthom ABB Alsthom Alsthom
Dimensions (mm?) 17.0x2.04/2.50 17.0x2.04/2.50 17.0x1.32/1.67 17.0x1.30/1.65 17.0x1.30/1.65
Keystone angle (deg) 1.55 1.55 12 12 12
Number of strands 26 26 40 40 40
& strand (mm) 1.29 1.29 0.84 0.83 0.84
Cw/SC ratio 1.7 1.8 1.8 1.8
Lp,s (mm) 120 130 132 95 100
& filament (1m) 7.8 48 14 9.5 5.1
Number of filaments ca. 10500 26268 1230 2550 9438
Lps (mm) 25 25 25 25 25
Jcat8T, 42K (A/mm?) 1136
Ic(a)® 16350 16040 16200
Strand coating 95%Sn/5%Ag  95%Sn/5%Ag  95%Sn/5%Ag
Soldering no no
Name 0-4 0-5 0-6 0-7
Manufacturer LMI KEK LMI VAC
Dimensions (mm?) 17.0x1.33/1.65 15.0x1.10/1.55 17.0x1.30/1.65 17.0x1.30/1.65
Keystone angle (deg) 1.1 1.7 12 1.2
Number of strands 40 37 40 40
O strand (mm) 0.84 0.79 0.84 0.84
Cu/SC ratio 1.8 1.8 1.75
Lp,s (mm) 130 110 120 100
& filament (Um) 16 6.0 7.8 4.8
Number of filaments ca. 1000 ca. 6000 ca. 4000 10164
Lp s (mm) : 25 25 25 25
Jcat8 T, 42 K (A/mm?) 1040
Ic(A)* 17680 13766
Strand coating bare 95%Sni5%Ag  95%Sn/5%Ag
Soldering SnPb

2 a8 T, 42K forI-1to1-7,and at 6 T, 4.2 K for O-1 to 0-7
b see section 4.6
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Figure 2.9. a. Cross-section of a multifilamen-
tary NbTi strand (number I-2, see
Table 2.4) with 21780 filaments,
showing the central core, the
filament zone and the outer shell.
b. Enlargement of part of the strand
showing the hexagonal bundles
of filaments.

The stability of the strand in face of local thermal disturbances also benefits from the
subdivision into small filaments. If a disturbance causes the temperature of a filament to rise
locally beyond the critical temperature, the matrix can rapidly conduct the heat and transfer
the current of the filament to adjacent filaments. The electrical resistivity of the matrix
should therefore be small, especially in the longitudinal direction. The resistivity p,q of the
matrix at liquid-helium temperature can be expressed by:

Pras = Prarol 1+, Bl)  [Qm], (2.15)
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in which ;B! represents the increase of the resistivity by magnetoresistance which is
inherent to metals. Technical values of Pq0 and o, for copper are about 1-2-10"° Qm and
0.5 respectively. The RRR-value (Residual Resistivity Ratio) gives the ratio between the
resistivity at 300 K and at 4 K for zero field and is generally about 50-200 for practical
NbTi superconductors.

A common lay-out of the cross-section of a NbTi strand consists of the following three
concentric layers (see Fig. 2.9a):

— a central core of normal-conducting material,

— aring filled with many thin filaments embedded in a matrix,

— an outer shell of normal-conducting material.

‘I'he outer shell is required to facilitate the wire productivn. The purpose of the normal-
conducting core (and shell as well) is to maintain the required Cu/SC ratio for stability,
since an empirical criterion for the filament spacing to filament diameter is about 0.15-0.20
[Green, *87].

The strands can be coated to increase R, and R, and therefore reduce the interstrand
coupling currents and power loss (see chapter 4). Besides coatings, internal barriers in the
strand or resistive barriers between the top and bottom layers of flat cables also enhance the
contact resistances.

2.4 The I-(B, T) relation

The critical current I¢ in a superconductor is a function of the field B and temperature 7.
The Ic(B, T) relation for NbTi can be described by the following formulas where the field
direction is perpendicular to the current. At constant temperature the I¢ -B relation is
expressed by means of the Kim relation [Kim, ’62]:

Jo=1oBy/(By+IBl) [Am™] or: Io=1,B,/(B,+IBl) [A] for IBl<B", (2.16)

with Jo, I and By temperature-dependent parameters. The Kim relation holds for most
practical NbTi superconductors with B of about 3 T. The dependence of I¢ on the field
component parallel to the strand axis is not considered here since the relation is not well-
known. A linear relationship for higher field is assumed (at constant temperature):

I =I4(1-C,lBl) [A] for |BI>B". (2.17)

The temperature dependence of eq.2.17 for NbTi with a volume fraction of about
45-50%Ti is expressed by the following empirical scaling law [Lubell, *83]:

I, =(C1—C2|B|){1—

————J [A] for |BI>B, (2.18)
T.(B,I=0)

with the critical temperature or current-sharing temperature:

)0.59

T.(B,1=0)=92(1-|B|/145 [K]. (2.19)
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The linear relation between I and T is valid for temperatures higher than about 2-2.5 K.
The constant 14.5 T (i.e. the critical field at 0 K and 0 A) has to be changed to about 14.8 T
for fields larger than 10 T. In chapter 8 the linear relation is extended to temperatures of
1.9 K, which has no significant effect on the analysis of the ramp-rate limitation of magnets.

The Ic-B relation at several temperatures is shown in Fig. 2.10. Also a characteristic ‘load
line’ is included in the figure, which indicates the relation between the transport current in
the cable and the peak field in the coil. In magnets with grading of the current density, each
coil has a load line. The point of intersection of the load line and the I (B, T) relation
indicates the maximum operating field and current at a temperature 7. In magnets the
operation field is about 20% lower than the critical field. The temperature margin is then
defined as the difference between the operating temperature and the current sharing
temperature.
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Figure 2.10. The /¢ -B relation of NbTi at several temperatures (1.8, 2.4, 3.0, 3.6, 4.2 and 4.8 K from top
to bottom) according to egs. 2.18 and 2.19 in the field range between 3 and 10 T. The
constants C; and C, are taken to be 11.3-10* A and 7.8-10° AT respectively.

The unknown parameters Iy and By in the Kim relation are usually determined by means of a
magnetisation measurement (see also section 3.3), while the temperature-dependent
constants Io and Cy in eq. 2.17 are often extracted from a voltage-current measurement.

The current and field of a magnet cannot be varied independently, so that only one
I-(B)-value can be deduced at a certain temperature. The parameters C; and C, can then be
deduced from the quench current (after training) at two different temperatures (e.g. 1.9 and
4.3 K). This is not possible if the training procedure is not completed or if the magnet is
only operated at one temperature. In this case additional voltage-current measurements on a
piece of cable, identical to the cable that is used in the coils, are required to estimate the
parameters C; and C,.
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2.5 Conclusions

Several aspects affecting the time-dependent electrodynamic behaviour of a coil are
inherent to the design of the accelerator dipole magnet itself and are surveyed here.

e The need for a low inductance, in order to have a safe quench protection, requires a
high-current cable. In order to increase the overall current density, coil are wound from
multistrand Rutherford-type cables which are compacted to filling factors of about 90%.
The combination of wide cables with a good contact between the strands enhances the
coupling currents and power loss considerably (see chapter 4). In order to reduce the
interstrand coupling currents, the strands are twisted. A further reduction of the coupling
currents can be obtained by applying a coafing on the strands, an internal resistive
barrier in the strand or a resistive layer between the strands.

e The heat-treatment, in order to cure the resin of the pre-impregnated glass-fibre tape of
the cable insulation, often results in a smaller R, (see section 4.3), especially if the heat
treatment is applied under pressure.

o A further reduction of R, is inherent to the large stresscs in the coils. These stresses are
due to the Lorentz force during excitation as well as the large prestress that is required to
avoid conductor displacements.

o The keystone of the cable results in a strong variation of R, across the cable width.

o The performance of the magnet is improved by grading of the current density between
the layers. This requires cable-to-cable connections with a small resistance to minimise
the resistive loss. The local reduction of R, introduces boundary-induced coupling
currents during a field sweep (see chapter 5).

e The field perpendicular to the wide side of the cable decreases strongly in the coil ends
where the cable bends around the beam pipe. These local variations in the field also
provoke boundary-induced coupling currents during and after field sweeps.

The excitation of the LHC dipole magnets from the injection field (ca. 0.58 T) to the
nominal field (ca. 8.4 T) is anticipated to take about 1200 s, which corresponds to an
average central-field-sweep rate of about 0.0066 Ts. In the case of a quench in a coil, the
series-connected magnets have to be rapidly discharged. The time constant of the fast de-
excitation is about 100s which corresponds to an initial field-sweep rate of about
-0.084 Ts™ maximum.
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L.osses in strands

The main objective of this chapter is to present a brief survey of the main loss
components at strand level, namely the hysteresis loss in the filaments, the
transport-current loss and the interfilament coupling loss.

The theory of the filament hysteresis and transport-current loss is
discussed and general formulas are presented to describe the loss during a
field change. The magnetisation due to the filament hysteresis in several
LHC-type strands is experimentally determined.

The interfilament coupling loss is dealt with in detail and experimental
results are given for several LHC-type strands in terms of the time constant
Ty which quantifies the loss. The reduction of the maximum transport current
in a strand, due to the additional interfilament coupling currents is discussed.
The corresponding effect of the interfilament coupling currents on the ramp-
rate limitation of dipole magnets is investigated.

The influence of the magnetisation of adjacent strands on the hysteresis
loss and interfilament coupling loss is experimentally investigated, by
evaluating the losses within the strand for a single strand as well as for a
Rutherford-type cable.

43
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3.1 Introduction

In accelerator magnets, and especially at low excitation levels and small field-sweep rates,
the energy loss and the field distortions are mainly determined by the filament hysteresis.
The magnetisation or hysteresis loss is a well-understood phenomenon and it has already
been shown in 1963 that the hysteresis can be reduced by the use of multifilamentary
composite conductors with a small filament diameter [London, ’63]. In order to provide
stability and a good thermal conductivity the matrix of the conductors is generally a normal
metal with a low electrical resistivity. This leads to the so-called interfilament coupling loss
(IFCL) due to eddy currents in the normal matrix. The IFCL has been extensively treated by
many authors and a useful publication is one by Campbell in which the IFCL and the time
constanl are discussed for various conductor gcometries [Campbell, '82]. Detailed
numerical solutions of the AC behaviour of superconducting wires have been presented
during the last decade [Rem, *86], [Hartmann, ’89]. Knowledge of the IFCL in the strands
of a cable is necessary for separating the IFCL from the interstrand coupling loss in
magnets. Only then can the origin of ramp-rate induced field-distortions and ramp-rate
induced quenches in magnets be correctly evaluated.

In section 3.2 the hysteresis loss is discussed and illustrated by mwieans of the current and
field distribution over the cross-section of a filament exposed to a field cycle. It is shown
that an additional transport current increases the total loss which is partially supplied by the
external field and partially by the current supply.

Experimental results of the filament magnetisation are presented in section 3.3 for
various cables from which the coils of the LHC dipole mode]l magnets are wound. The
analysis is made for filaments carrying no transport current exposed to field variations
between -0.6 and 0.6 T at low frequency, so that the screening effect of the interfilament
coupling currents (IFCCs) is small compared to the applied field. In chapter 6 the results are
compared quantitatively to the hysteresis loss in entire coils.

The IECCs are discussed in section 3.4 and it is shown that the loss can be represented
by a mean time constant 7. The influence of the IFCCs, which saturate the outer layer(s) of
filaments in a strand, on the maximum transport current is investigated. Experimental results
are presented of 7 of various cables as used in the LHC dipole model magnets and the
corresponding decrease of the maximum transport current is estimated.

The influence of the neighbouring strands on the loss in a strand is discussed. This is
achieved by determining not only the hysteresis loss and IFCL in a cable but also the losses
in a single strand which is removed from the cable. The results and consequences for
magnets are presented in section 3.5.

3.2 Hysteresis loss

If a superconducting filament without transport current is subjected to an increasing
transverse magnetic field B,, the field penetrates from the outside while the interior of the
filament will remain field-free due to screening currents with density +J¢ in the outer region
(see Fig. 3.1a). The contour seperating the screening currents region from the current-free
region will penetrate the filament as the field increases because the critical current density is
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Figure 3.1. a.Current and field profiles of a superconducting filament without transport current in a
varying external field: 1. Bg1<Bp, 2. By2=Bp and larger, 3. B,2-2B,<Ba3<Ba2,
4. Bg4=B,2-2Bp and smaller.
b.Current and field profiles of a superconducting filament carrying a transport current in a
varying external field: 1. field By 1, 2. B51-2Bp <Bg2<Ba1, 3. By3=Ba1-2Bp and smaller,
4. B,3<Bsa<Bgi+2B,.

limited. The field at which the filament becomes completely penetrated is called the
penetration field B, and is equal to:

J-d
B, _Holet iy, 3.1)
b4
for round and isotropic filaments, with J¢ the critical current density in the filament and df
the filament diameter. The field B, is therefore the maximum field produced by the
screening currents. The magnetisation, defined as the magnetic moment per unit volume, of
a fully penetrated round filament is: '

2 . 2 .
M=--"=J.d, sgn(B,)=———B,sgn(B,) [Am’]. (32)
3 3u,
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When the applied-field change B, reverses its sign, the filament reacts again by screening
the field, so that a new contour will appear in the outer region. A further change of the
applied field will change the screening current density from +Jc to -J¢ (and the other way
around), so that the field is completely penetrated after a change of 2B, in the applied field
(see Fig. 3.1a). A characleristic magnetisation loop is shown in Fig. 3.2 in the case of a
filament with a penetration field of about 0.1 T at small fields and 0.05 T at B,=0.5 T.

al

a2

a3
B, (M)

Magnetization, -M (a.u.)

Figure 3.2. Magnetisation loop of a filament without transport current subject to a field cycle 0-0.5 T-0-
0.5 T. The labels correspond to the magnetisation pattern as shown in Fig. 3.1a.

In high-field magnets, the central field is cycled between the fields B, and B, where
AB=(By-By) is far larger than B, (which is of the order of 10-100 mT for multifilamentary
NbTi conductors). Therefore, most of the filaments in the strands remain fully penetrated
during the field sweep and the magnetisation as given by eq. 3.2 varies according to the
variation of the critical current with the field. A large magnetisation at the start of the ramp
leads to large relative field distortions. Because the particles have to be injected at a small
field Biy;, the filament size has to be small in order to reduce these field errors. The field B,
has to be approached coming from a smaller field so that the magnetisation of the filaments
does not reverse sign at the start of the ramp. Reduction of additional field distortions,
caused by coupling currents and a non-uniform current distribution among the strands (see
chapter 7), impose a more complicated field cycle before and during injection.

The hysteresis loss per cycle and per unit volume is given by the area enclosed within
the hysteresis loop in the MB plane for zero frequency:

Opys = ~5¥ M(B,)dB, [Jm>/cycle]. (3.3)

For a field cycle between B; and B, (with 0<B;<B;<3 T), the critical current density is
_represented by means of the Kim relation J¢ (B)=J Bo/(IBl+Bo) (see section 2.4) so that:
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2d, F JoB, 4d,J,B, (|B,]+B,
2 J. B = n
B, 3 |B,|+ B,

I m'3/cycle] . 34)

a

0, =~
hys +B,

3m

The filament magnetisation for an applicd ficld parallel to the filament is [Niessen, *93]:
1 .
M|=—gjcyldf sgn(B,,) [Am"], (3.5)

but will be disregarded in this chapter since, in most applications, the angle between the
applied field and the filament axis is close to 90°.

An additional transport current causes a decrease of the penetration field (see Fig. 3.1b)
by a factor (1—(I,,/Ic)2)=(1—(J,,/Jc)2) [Rem, *86], with J,, the average current density in the
filament. The magnetisation and the hysteresis loss are consequently reduced by the same
factor for large field variations compared to the penetration field.

However, in the presence of a varying applied field, the transport current also causes an
additional loss component which can be represented by a dynamic resistance
[Druyvesteyn, ’67], and results in an axial electric field over the filament [Hartmann, *R9]:

hidd

E,, = (J, /1) [Vm'] forJ,<Jc. (3.6)
" 3z

Ba

The additional loss component J,, Eg, is supplied by the current source and not by the
external field, and can be expressed by:

J.Ey, =—3;f—-]c B, 17" Wm?]. 3.7
The total energy loss Qs (i.. the work done by the external field and the current supply)
for a filament carrying a transport current and for field oscillations well above the

penetration field is therefore (combining egs. 3.2, 3.3 and 3.7):

2d
Ohys = 37; ;Jc(l_("tr/‘lc)z"'z(‘ltr/Jc)z)dBa

2d ’
=—5ni§ Je(1+(J,170)?)dB,  Dm’feycle] , (3.8)

i.e. a factor (1+(J, /T larger than the loss as given by eq. 3.3 for a filament without
transport current.

In the case of a filament carrying an AC transport current and subjected to a varying
external field an additional loss component is present due to the varying self-field. In a
magnet where the total field is achieved through the use of small diameter wire or
multistrand conductor, the self-field variation is small compared to the external-field
variation arising from the rest of the turns. Hence, the self-field loss does not make a
substantial contribution to the total loss and is disregarded here.
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An accurate value of the hysteresis loss for field variations AB of the same order or smaller
than B, is calculated with a numerical model in which the cross-section of the filament is
divided into discrete subregions, carrying either zero current or the critical current density.
The variation in the external field and the transport current are represented by discrete steps.
For each step the current in the subregions is calculated iteratively, since not only the
external field but also the field generated by the other subregions determines the critical
current of a subregion. A detailed description of this procedure is given elsewhere
[Hartmann, ’89]. :

The screening currents are often referred to as persistent currents as they can only be
removed by driving the filament from the superconducting into the normal state. The
persistent currents result in a residual field which increases with increasing filament
diameter and increasing J¢ (i.e. decreasing ficld or temperature). In accelerator magnets it is
mainly this residual field that determines the acceptable filament diameter since the relative
field errors can become large, especially at weak excitation. Since a high critical current
density is required to have an efficient design, a decrease in the filament diameter is
necessary for reducing the persistent currents.

A decrease in the filament diameter is often coupled with a decrease in the spacing b
between (he [ilaments. In the case of NbTi embedded in'a copper matrix a spacing below
about 1 wm results in the so called ‘proximity coupling’ between neighbouring filaments.
This proximity coupling is basically a tunneling of the Cooper pairs through the copper
matrix and results in an enhanced effective diameter of the filament at low magnetic fields.
Hence, a certain optimum in the filament diameter occurs for which the persistent currents
areminimum. Measurements on SSC dipole magnets have shown that for a filament
diameter of about 4 um the residual field is smallest, at a central field of 0.33 T and a ratio
blds=0.2 [Green, *87].

3.3 The Jc-B relation

Eq. 3.2 shows that the magnetisation of a fully penetrated filament is proportional to the
critical current density. The J¢-B relation of a superconductor can therefore be determined
by measuring the magnetisation in an external varying magnetic field. The cold part of the
test set-up by which these magnetisation measurements are performed is shown in Fig. 3.3.

It consists of a concentric set of four pick-up coils that can be inserted in a
superconducting solenoid providing an AC field of 0.6 T maximum. The magnetisation is
measured on a ring-shaped sample (with a circumference of 130 mm maximum) inserted
between the two upper pick-up coils. This ensures that both the inductive voltage and the
empty coil effect are minimum. The pick-up coils are wound from a superconducting wire
and are connected to a small superconducting sensing coil. The current in the circuit is
proportional to the time integral of the pick-up voltage. The circuit can be regarded as a flux
transformer, where the flux change in the pick-up set, due to the magnetisation of the
sample, is transferred to the sensing coil. The flux in the sensing coil is measured using a
Hall probe which is placed inside a superconducting PbBi shield, in order to exclude the
stray field of the solenoid and other magnetic disturbances.
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Hall probe

| PbBi shield
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T Upper pick-up coils

l i l — Lower pick-up coils

\ Solenoid providing
the AC field

Figure 3.3. The cold part of the measuring system where the voltage of the Hall probe is a measure of
the magnetisation of the sample.

Two heaters are present to enable a reset of the magnetic shield and the flux transformer in
case flux has penetrated through the shield or is trapped in the flux-transformer circuit.

Characteristic measured magnetisation loops of two cables are shown in Fig. 3.4,
including calculated magnetisation loops assuming the Kim relation for J¢ (B) (see eq. 2.16)
with Jj, and By as fit parameters.

Especially the cables with a small filament diameter, namely I-2 and I-4 (see Table 2.4),
show a relatively large increase of the magnetisation for small fields compared to the
calculated magnetisation. The enhancement is attributed to the proximity effect which can
be regarded as an increase of the effective filament diameter as explained before. This
results in a discrepancy between the experimental results and the calculated magnetisation
since the proximity effect is not incorporated in the numerical model.
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Figure 3.4. Magnetisation loops (bold lines) of cables -1 and I-4 (see Table2.4) subject to a
sinusoidally oscillating field with an amplitude of 0.6 T and a frequency of 0.02 Hz. The
thin lines are best fits, numerically calculated using the Kim relation for J¢ (B).

The peak in the magnetisation curve is always slightly displaced from the origin as the
internal field is not zero, due to the screening currents. The displacement increases for
increasing filament diameter and critical current density.

The Jc-B relation of the filament (without the matrix) is determined by fitting the
numerically calculated magnetisation (using the Kim relation for Jo(B) as given in eq. 2.16)
to the experimentally determined magnetisation between 0.3 and 0.6 T. The results in terms
of the fit parameters Jo and By are given in Table 3.1. The fit is at least valid in the field
range from 0.3 t0 0.6 T.

Table 3.1. Survey of the constants Jp and By of the Kim relation for several samples obtained by fitting
the magnetisation loops with an amplitude of 0.6 T. The indicated critical current density at
0.6 T is the average current density over the cross-section of the strand.

T 12 I3 14 0-2
Jo (10" Am®) 3.0 3.1 23 37 45
Bo(T) 031 0.32 0.30 0.30 0.35

Jcat0.6 T, 4.2 K (10° Am™) 3.8 4.1 2.6 47 5.9
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3.4 Interfilament coupling currents

The presence of a matrix results in the flow of coupling currents between the filaments of a
strand when it is exposed to a changing magnetic field. Contrary to a normal conductor,
specific current paths occur which are mainly determined by the boundary condition of
almost zero electric field along the centres of the non-saturated filaments. The current paths
are closed across the normal conducting matrix in which the heat is generated.

The interfilament coupling loss (IFCL) can be calculated using an anisotropic continuum
model [Carr, *74] based on solving Maxwell’s equations. Here another approach, proposed
by Morgan, is followed based on the calculation of the induced currents between two
twisted filaments in a strand {Morgan, *70]. The strand is assumed to have a circular cross-
section with diameter d; in which (he [ilawents are arranged in concentric layers. Two

filaments of the outer concentric layer, with diameter d ~, are shown in Fig. 3.5.

y y
A
A > T
r e
P R
\
d,| d; >
X
S U
v T
v . -
B, I
—

Figure 3.5. Cross-section of a strand and schematic view of a current path RQPUTS in which an
electromotive force is generated due to an external applied-field variation.

If the strand is subjected to a varying magnetic field B, in the x-direction, a field change B;
is induced by the interfilament coupling currents (IFCCs), so that the total field change B,
in the interior equals:

B,=B,+B; [Ts]. (3.9)

The homogeneous B, over the whole cross-section will result in a homogeneous B;,
parallel to B,, and thus in a homogeneous B,. The induced voltage Uy, (z) is obtained from
the surface RQPUTS:

Z
. 1 .. J L .
U.-nd(z)=—stdA=—4Eds Bsfcos(znz/Lp,f )dz=—2ds[——25’7’ri)ﬂscos(¢) vl (3.10)
0

with L, the twist pitch of the filaments and ¢ = (7/2-27z/L, ;).
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Since there is no voltage drop along the superconducting filament, the voltage of any
filament with position ¢ in a cross-section relative to the z-axis is:

1 LP,f d:Bs
U((p)=—“Uim,(z)= - cos(p) [V]. (3.1
4 2 2

Since x=d, cos(@)/2 the voltage will give rise to a2 homogeneous electric field parallel to
B,:

L. . ~
E"=——5”7’riB [Vm] . . (3.12)

s

The z-component of the electric field, which 1s present due to the twist angle, is nol taken
into account. Since E; is independent of d * the solution holds for all filaments and therefore
also for the complete strand. The electric field E; creates a current density J; flowing across
the strand parallel to B,:

L B
Jn—_( ”’f] - [Am7], (3.13)
2n ) Py

with ps the effective transverse resistivity which depends on the filling factor 17 as
[Carr, *75]:

1- 1
P (n) = pma,[—"-J or pes(n)= pma{i%) [Qm] , 319

whenever the filaments do or do not contribute to the transverse conduction respectively.
The resistivity pnq denotes the transverse resistivity of the matrix.
The current density Jy gives rise to a coupling power loss per unit volume:

L .Y B2
Py = J\E, =(_pz'] —— [Wm’]. (3.15)
if

2 P

The outer layer of filaments act as a return path for Jj so that the collected current I in the
filaments (using the continuity of current) satisfies:

dl; (¢)

=Jcos(9) [Am?. - (3.16)

Integration results in the induced axial surface current density Ir(¢) in the z-direction:

I = Ly.s _B_s_ : 1
rlo)=- sin(¢) [Am™]. 3.17)
27 Py
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Assuming that the current flows through the outer layer of filaments at radius d 312, the total

current I flowing at either side of the strand (positive at one side and negative at the other

side) equals:

d; B,
peﬁ‘

LI’yf

zi2 2 '
1y =22 [ 1, o)te =i[—2”—] [A]. (3.18)
0 &/

Since I;(¢) varies with sin(¢), a uniform dipole-field change B; in the interior of the strand
is generated parallel and opposite to B.:

Ha Lys ’ .u()B -
.ﬁi Y e Bt _—l=—'tist [T]. (3.19)
2d, 2m ) 2py
The constant of proportionality 7yis called the time constant of the IFCCs, and defined by:
LY :
Ty = o |20l | g, (3.20)
2p\ 21

The time constant increases by a factor of about 1.27 for square strands [Campbell, *82] and
by a factor [1+(md,/L, J)Z] if the z-component of the electrical field is also taken into
account (which is about 1.02 for a characteristic ratio d; /L, =0.05).

Combining eqs. 3.9 and 3.19 gives the relation between the applied field and the internal
field by means of the differential equation:

. B, . 1
B,+—=-B, [Ts"]. : 32D
T
The energy loss Qj per cycle and per unit volume is determined by integration of eq. 3.15.
For a sinusoidally oscillating applied field:

B, =B cos(wt) [T], (3.22)
with amplitude B and angular frequency w=2xf, the energy loss equals:
2rif7rco(B;")2

- [Im*/cycle] . . (3.23)
{1+ (@1 )?)

Oy =§szdt=

Using the anisotropic continuum model, a basically identical relation is obtained [Carr, *74].

More generally, the factor 2 in eq. 3.23 should be replaced by the shape factor n, which
is equal to 2 for round and square wires. In the case of rectangular strands with a cross-
section a-b where a>>b, n=1 for B, applied perpendicular to b and n = a/b for B, applied
perpendicular to a [Campbell, *82].
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At low field amplitudes the magnetic moment of the filaments is large and the filaments can
even become perfectly diamagnetic. In this case the strand should be treated as a material
with an effective permeability [Campbell, *82]:

n(1-2)

= _(1-M)forn=2 [Hm'], 3.24
Har 2,1+n(1—,1)( yforn=2 T 29

with A the copper-to-superconductor ratio. This results in a decrease of the time constant to
Tz o= e Ty (Where Ty is the time constant when the filaments are completely penetrated),
and in a decrease of the coupling power loss by a factor L. So the energy loss equals:

2 m\2
RT, A, (B,)
= o = > [Jm‘3 per cycle] , (3.25)
"0(1+(”eﬁmif) )

Oy

and is significantly smaller compared to eq. 3.23 at low frequencies (0 7y<<1).

The above-mentioned relations are valid as long as the currents in the filaments in the
outer layer do not exceed the critical current. Beyond this limit the filaments become
saturated and the excess currents have to return via the filaments in the more inner layers,
which causes a decrease in the induced magnetic field B;. The losses in a multifilamentary
strand can therefore be classified in three frequency ranges:

e Low frequency, @Ty<<1. The inside of the strand is subjected to the external field since
the screening by the IFCCs is very small. The hysteresis loss can be treated
independently of the IFCL.

o Intermediate frequency, @7;21. The inside of the strand is partially shielded by the
IFCCs but the fields are still uniform. Due to the screening, the hysteresis loss is smaller
than in the low-frequency range.

e High frequency, @Ty>>1. The inside of the strand is almost completely shielded since
the applied field penetrates only a thin skin of the strand. The hysteresis loss approaches
zero because only the outer layers of filaments are subjected to a field change.

As Ty is typically of the order of 10-100 ms, especially the first frequency range will be of
interest in the case of the slowly varying fields which are present in accelerator magnets.
Therefore, the decrease of the hysteresis due to the screening of the IFCCs is not discussed
here, but an extensive treatment can be found in the literature [Pang, *80}.

The characteristic distribution of the IFCCs over the cross-section of the strand is depicted
in Fig. 3.6. Three different regions (besides the normal conducting core and outer shell) can
be distinguished:

— region I: the filaments are completely saturated,

— region II: the filaments are partially saturated,

— region III: the filaments do not carry any IFCCs.

As a result, the transport current can only flow in region III, since a transport current
flowing in region II would also pass through region I (due to the twist), thereby generating
an additioral loss.
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Figure 3.6: Current distribution in a wire without transport current, subject to a varying magnetic field,
indicating three different regions: L. the filaments are completely saturated by the IFCCs, 1I.
the filaments are partially saturated by the IFCCs, IIL the filaments carry no IFCCs. The
current profile is calculated by disregarding the influence of the central core.

The calculated diameter dy of region III, where the filaments do not carry IFCCs and after
disregarding the inner core [Klundert, van de, *90], equals:

. L B . 4nt, B
dy =di|1-—2L2 =g 1 —

[m] for B,L, . <27J Pz . (3:26)
271V ¢ Pogy ’ e, ¢ “nd 7

Hence, the maximum transport current Iy, . in a strand is not only a function of the
temperature and the applied magnetic field but also of the rate of change of the magnetic
field. As the boundaries of the three regions are not influenced by a transport current
[Hartmann, >89, I, 4 max Can be expressed by:

1 (B,,B,,T)=1I( (B, . T)dy; 1d,)" [Al, (3.27)

Ir,str.max

which corresponds to within 5% with a more complicated relation given by Hartmann.
Experimental results are in agreement with the above-mentioned expression [Rem, *851,
[Roovers, *86]. Eq. 3.27 can be rewritten in terms of 7y using egs. 3.20 and 3.26:

* . 2

, (ndy)’t,B,

(B,.B,, T)=1., (B, T)1- [A]. (3.28)
IC,str(Ba’T)#OLp,f

I

tr,str.max

In sections 3.5 and 8.2.1 the relation is applied to estimate the decrease of the maximum
transport current due to the IFCCs.

Practical conductors are often subdivided into several regions. A very common lay-out
consists of the following three concentric layers with volume fractians v;, v, and vs
respectively (see Figs. 2.9a and 3.6):




56 Chapter 3

— acentral core of normal-conducting material with resistivity py,

— aring filled with many filaments in a matrix with resistivity p=peg,

— an outer shell of normal-conducting material with resistivity ps.

Characteristic values for v;, v, and v; for NbTi strands for accelerator magnets are 0.15,
0.75 and 0.10 respectively. The loss contributions of each layer for e7,<1 can be
summarised by [Kate, ten, *94]:

L. YR
Fei= V1( — ) —  [Wm?], (3.29)
2r ) py '
L .Y B
By =v2( "'f] —— [Wm?], (3.30)
2r Pesr
2 -9
v.+v, (L B
Py =v;——2— 2L twm?. (3.31)
' vitv,+1\ 27 ) ps

For py=p2=p. the subdivision in regions decreases the IFCL of the LHC strands by a
factor of about 0.9 compared to eq.3.15. If the filaments contribute to the transverse
resistivity (see eq. 3.14), the decrease is a factor of about 0.8 for =0.35.

3.5 Interfilament time constants

The measurement set-up as described in section 3.3 is used to evaluate the IFCL of a cable,
determined by the increase of the area of the M-B curve for higher frequencies. The field is
applied parallel to the cable width (8=¢=90° see Fig.4.1). This implies that the
magnetisation is mainly determined by the hysteresis of the filaments and the interfilament
coupling while the interstrand coupling is negligible, even for relatively low interstrand
contact resistances (see section 4.4.1). Magnetisation loops of cable I-2 are shown in
Fig. 3.7 for several frequencies.v

At higher frequencies f=@/2 7 the curves become more and more elliptical with a phase
shift between the internal field and the external field (according to eq. 3.21), equal to
arctan(@Ty).

A more accurate method to determine the time constant 7y is by calculating the total energy
loss per cycle:

Ot = Onys +Oyr  Dlcycle], (3.32)

by the surface of the M-B curve, as a function of the frequency (see Fig. 3.8). The time
constant can be deduced from the maximum of the Q,,-f relation. Note that the hysteresis
loss decreases at higher frequencies due to the screening of the IFCCs which results in a
shift of the maximum of the curve to slightly lower frequencies. The apparent increase of 7y
could be significant when the IFCL is small compared to the hysteresis loss.
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Figure 3.7. Magnetisation loops of cable I-2 exposed to an oscillating applied field with amplitude
B.,"=0.6"1 at frequencies of 0.01, 0.1, 0.25, 0.5 und 0.75 Hz (without transport current).

Energy loss per cycle

1/ Q2nt ,'f)
Frequency, f

Figure 3.8. Characteristic O -f relation for conductors. which exhibit hysteresis loss and IFCL. A
frequency-dependent hysteresis loss is assumed [Pang, ’80]. Note that the apparent time
constant calculated from the maximum of the Qi -f curve, increases due to the screening of
the interior of the strand by the IFCCs.

Here nty is determined from the slope of the Qs -f relation for f—0 according to eq. 3.25
assuming [,g=1. The Q,,f relation of various samples exposed to a field sweep from -0.6
to 0.6 T is shown in Fig. 3.9. Table 3.2 shows a survey of the 7j-values of the samples
assuming n=2.
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Figure 3.9. The total energy loss of various cables as specified in Table 2.4 exposed to a field sweep
between -U.6 and 0.6 T at frequencies between 0.02 and 1 Hz.

The ratio dy/d; as calculated using eq. 3.26 for n=2, B,=0.1Ts"! and Ir=500 A is also
given. The corresponding decrease of the maximum transport current (accordmg to
eq. 3.27) is smaller than 1% at B,=0.1 Ts"! and smaller than 0.05% at B,=0.0066 Ts™,
average field-sweep rate during excitation as foreseen for the LHC dipole magnets, and w111
therefore not affect the maximum operation field in the magnets. In practice the decrease is
even smaller since I, increases if the transport current decreases (see also section 8.2) and
because the time constant decreases at higher fields due to the magnetoresistance of the
matrix.

Table 3.2. Survey of the T-values of several cables as deduced from the slope of Qror-f relation with
B.,"=0.60T and assuming n=2. The calculated relatlve decrease i of the maximum
transport current is included for a field-sweep rate of 0.1 Ts™! (with Ic =500 A).

11 -2 I3 -4 0-2
T (ms) 29 23 26 24 32
dmldy at0.1 Ts" (mm) 0.997 0.998 0.997 0.998 0.999
iat0.1 Ts! 0.994 0.995 0.995 0.995 0.997

In order to investigate the influence of adjacent strands on the hysteresis loss and IFCL,
individual strands are removed from cable I-4 and kept in the original shape they have in the
cable. The sample is referred to as I-4o.
Fig. 3.10 shows the ratio of the energy loss per cycle per volume between I-4 and I-40 as
a function of the frequency. In the case of a large B;' (compared to the penetration field)
and low frequencies, the field produced by the neighbouring strands is small compared to
_the applied field and the ratio approaches 1.
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Figure 3.10. The energy loss (per unit volume) of the cable I-4 divided by the energy loss (per umil
volume) of a strand in the ‘cable shape’ I-4o as a function of the frequency for several
amplitudes of the applied field.

For small B the field produced by the persistent currents of the neighbouring strands is not
negligible compared to the applied field and the demagnetisation of the cable becomes
relevant, resulting in a ratio smaller than 1. Considering larger frequencies, the additional
field produced by the IFCCs (being opposite to the applied field), reduces the total field,
especially in the centre of the cable. This implies an even stronger decrease of the loss in the
cable compared to the loss in individual strands.

The field variations in accelerator magnets are large and quasi DC; for example, the
characteristic ramp for the LHC dipole magnets corresponds to a field sweep of about 8 T in
20 minutes. Even the fast de-excitation with a time constant of 100 s can be classified in the
wTy<1 regime. Hence, the hysteresis loss and IFCL in accelerator magnets can be directly
determined by the losses in a single strand, and are not affected by the field produced by the
persistent currents and IFCCs in the neighbouring turns.

3.6 Conclusions

Filament hysteresis and interfilament coupling are the main sources of loss inside a strand
which is exposed to a varying magnetic field. The two loss components can be well
separated by determining the magnetisation vs. frequency in the range @7;<1. In the case of
larger frequencies the interior of the strand becomes partially or almost completely shielded
by the screening currents and the hysteresis is no longer independent of the frequency. An
additional transport current increases the hysteresis loss by a factor (1+(Jj, /JC)Z).
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The strand losses (per unit volume) in an LHC-type NbTi cable are identical to the losses in
a single strand (per unit volume), under the same conditions, if the applied field amplitude
is large (compared to the penetration field) and the frequency is small (<1/(27ty)). In the
case of small field amplitudes and/or high frequencies the demagnetisation of the cable will
cause a considerable decrease of the losses. The strand losses in dipole magnets, subject to a
central-field sweep, which is large compared to the penetration field, can therefore be
succesfully estimated by a loss measurement on a single strand.

The mean time constants T, of the interfilament coupling currents for various cables
used in the LHC dipole model magnets are between 23 and 33 ms. The corresponding
decrease in the maximum transport current due to the the IFCCs during the field sweep from
injection to operating field in LHC magnets will be smaller than 0.05% (not taking into
account the possible (emperatue increase of the cable duc to the loss).
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Interstrand coupling
currents

Interstrand coupling currents (ISCCs) are generated in a cable with non-
insulated strands, exposed to a varying magnetic field. The corresponding
coupling loss adds to the hysteresis loss and interfilament coupling loss
which are discussed in chapter 3.

In order to calculate the ISCCs in a Rutherford-type cable, the cable is
simulated by means of a network model. The typical distribution of the ISCCs
across the cable width is illustrated and the dependence of the ISCCs on the
cable geometry and contact resistances R, and R, between adjacent and
crossing strands is investigated.

Typical distributions of the contact resistance and the field change across
the cable width, which are present in accelerator magnets, are discussed.
Variations along the length of the cable provoke additional coupling currents
which are discussed in chapter 5.

Introduction of self- and mutual inductances between the strands as a
new feature in the network model enables the calculation of time constants.
Expressions are given of the time constants of single cables and stacked
cables. The relations are essential to fully understand the source of the
various time-dependent effects in magnets.

The parameters that affect R, are briefly enumerated. The influence of the
transverse pressure upon the cable on R is investigated by means of
calorimetric and electrical methods. The results of both methods on several
stacks of cable pieces are evaluated for varying pressure up to 100 MPa.

61
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4.1 Introduction

The interfilament coupling loss (IFCL) is often calculated by considering the
multifilamentary superconductor as a continuum. To determine the interstrand coupling loss
(ISCL) in cabled superconductors a discrete approach is more appropriate since the cable
has a limited number of strands linked to each other through contact resistances with a
spatial distribution.

The first analytical calculations of the interstrand coupling currents (ISCCs) in a
Rutherford-type cable were performed by Wilson in the case of unsaturated strands for
fields parallel as well as perpendicular to the large face of the cable [Wilson, *72]. In this
approach the cable was considered as a solid strip, in which wires spiral uniformly, an
approach also followed by other authors [Walters, *751, [Krempasky, *78].

In 1973 Morgan suggested calculating the ISCCs by modelling a Rutherford-type cable as a
network of nodes interconnected by strands and cross-contact resistances R, [Morgan, *73].
The network model could be applied to cables with unsaturated strands and with constant R,
and field-sweep rate B in the longitudinal direction of the cable. The same type of network
model is applied in 1980 to calculate the ISCCs for the ISABELLE cable |Courant, 8U].
Since 1988 other network models have been developed [Sytnikov, ’89a,'92,’94],
[Niessen, '90a/b,’93] that can also handle saturated strands in finite cable pieces as well as
infinitely long cables. Here a novel model is presented with several new features as
surveyed in Table 4.1.

Table 4.1. Survey of the main features of several network models for simulating coupling currents in
Rutherford-type cables (+: present, -: not present).

[Morgan, 73] [Sytnikov, *89a] [Niessen, 93] This thesis

Contact resistances (see Fig. 4.1) R Ru, R: Ry R Ru, Rc
Strand resistivity ps - + + +
Keystone angle . - - - +
Infinite length . + + + +
Finite length - + + +
Transport current - + + +
Saturation - + + +
Inductances L, M - - - +
Self field - - - +
Field components * By, B, By B:, By B, By, B;
R~ and R -variations across the cable width + + + +

R, and R -variations over the cable length - + + +
ISCCs

Time constant of a single cable - see text - +
Time constant of stacked cables and coils - - - +
Field B, produced by the ISCCs - - - +
BICCs (see chapter 5)

Time constant of a single cable - - - +
Characteristic length - - - +
Field By; produced by the BICCs - - - +

* Sec Fig. 4.1 for the definition of the coordinate system.
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The main improvements are the possibilities to calculate the time-dependent behaviour of
the coupling currents and to include various types of non-uniformities which are likely to be
present in the cable of the coils. Time constants of the ISCCs are also given by Krempasky
and Sytnikov, based on the general formulas derived for the interfilament coupling currents
in a strand [Krempasky, 78], [Sytnikov, *94]. This approach is however not valid since the

ISCCs in neighbouring turns are mutually coupled. In none of the models are temperature,
cooling and quench propagation included.

The chapter starts with the description of the three-dimensional network model for a fully
transposed Rutherford-type cable. The method for calculating the magnitude of the coupling
currents and their time constants is explained. In section 4.3 several parameters are
reviewed that affect the contact resistauce R, and R, such as the deformation and surface
treatment of the strands, the curing temperature and the pressure.
Two regimes are distinguished throughout the chapter:
—  Weak excitation, indicating that the total strand current I, in each strand section in the
cable is smaller than the critical current I, of the strand.
— Strong excitation, indicating that in at least one strand section the critical current is
reached.

In section 4.4 general formulas are given for the distribution of the ISCCs, their time
constants and the generated loss for weak excitation. In the next section the case for strong
excitation is illustrated.

In sections 4.6 and 4.7 attention is paid to non-uniformities in R, and B across the cable
width, which are both present in accelerator magnets. The effect of distributions over the
cable length will be discussed in chapter 5. In dipole magnets, for example, these effects can
be large in and close to the coil ends and in the connections between different cable pieces.

The effect of the cable length on the ISCL is discussed in section 4.8 and is important
for the evaluation of the ISCL of small cable pieces (typically smaller than one cable pitch).

In section 4.9 the increase of the time constant due to the stacking of cables into blocks
is discussed. Using this approach it is possible to estimate time constants in coils if the time
constant of a single cable is known. The correlation between the time constant and the ISCL
is determined for stack geometries with non-uniform R,-distributions.

The influence of the transverse pressure on R, is analysed in the next section. This
dependence is of special interest as the prestress and the Lorentz force vary over the length
and the cross-section of a coil. Hence, a pressure-dependent R. will directly cause R.-
variations over the cross-section of the coils. During a field sweep, the variations of R, then
result in local increases of the power loss, in boundary-induced coupling currents (see
chapter 5), and in unexpected field errors. The R -value is experimentally investigated with
a calorimetric and electrical method on several stacks of cable pieces subject to a transverse
pressure between 0 and 100 MPa. The results of cables with SnAg-coated strands as well as
soldered strands are evaluated.
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4.2 Network model of a Rutherford-type cable

A Rutherford-type cable has a width w and a height 4; on edge 1 and h; on edge 2, and
consists of N, strands, having a twist pitch L,,. In addition, Rutherford-type cables for
accelerator magnets often have a small keystone angle o (see eq. 2.14). The average height
of the cable (or mid height) is given by h=(h; +h,)/2.

The cable is modelled by a three-dimensional network of nodes interconnected by
sections of strands and resistances (see Figs. 4.1 and 4.2). The strands are represented by
lines with an infinitely small diameter. This implies that the distance between the line
currents at both edges is equal to w(1-2/N;) and the average distance between the line
currents in both layers is h/2. The resistances R, and R, represent the resistances between
adjacent and crossing strands.

R

a,

<
\ a s /N

h/2

w(1-2/N)

Figure 4.1. Network model of a Rutherford-type cable and definition of the angles 0 and ¢. The
resistances tinged with dark and light grey indicate the resistances R, and Rc. Since the
strands are represented by line elements, the average distances between the line currents at
both edges and at both layers are w(1-2/N;) and /2 respectively. The length x denotes the
position across the cable width and is O at the physical edge of the cable.

If the cable is exposed to a field change B, coupling currents are generated in and between
the strands of the cable. The currents I, and I, are the coupling currents between the strands
of the cable through the contact resistances R, and R.. The currents I; are the coupling
currents in the strands.

The current I, denotes the total current in a strand, i.e. the sum of the strand transport
current I, the interstrand coupling current I, and additionally the boundary-induced
coupling current I; (which is dealt with in chapter 5 and is 0 in this chapter). The sum of the
strand transport currents equals the cable transport current Iy, cap. At both edges of the cable
the strands follow a skew path from one layer to the other. A strand element is a part ofa
strand in-between two nodes with length ; and infinitely small diameter.

The aspect ratio g, of the cable is defined as the cable width divided by the average
cable height (0., =w/h), andis equal to 0p=N;/4 in the case of strands with a round cross-
section. In practical cables g, is slightly larger than o caused by the cabling process.
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The cable is subdivided into Np calculation bands each with a length L, /N,. Hence, the
length of the cable is given by [.,,=N3L,/N;,. Each band consists of (N;-1) calculation cells
(see Fig. 4.2) and has (5N,-3) unknown currents, namely:
— (2N;-2) strand currents I,
— 2N, currents between adjacent strands I,,,
—  (N;-1) currents between crossing strands /.
Note that the small sides of a band consists of four resistances R, (numbers 1, 2, 2N,-1 and
2N;) but only two strand elements (numbers 2 and 2N,-1), which are about twice as long as
the other strand elements.

The field components parallel to the cable width By, perpendicular to the cable width B,
and normal to the cross-section of the cable B, are given by (see Fig. 4.1):

B, =B, =Bsinf@sing [T], (4.1a)
B, =B, =Bcos® [T], (4.1b)
B, =Bsinfcosp [T]. (4.1¢c)

Using Kirchhoff’s laws the (5N,-3) equations, needed to solve the current distribution in one
band, can be set up. The following symbolic notations demonstrate the implementation in
the computer program. The (SN,-3) equations consist of:

e (2N-2) equations in the nodes:

N+ 0,+ 3.0, =0 [A]. @.2)

e (3N;-2) equations for a circuit:

Z(IaRaHZ(ICRCHZUs,, =B ,A [VI, (4.32)

with B4 the component of B normal to the enclosed surface A of the circuit, and Uy,
the voltage over a strand element. The enclosed surfaces are:

A= L,, kb L,h

= =—= 2 for B =B, (8=90°, 9=90°), 4.3b
* =N, 27N, [m7] or , (6=90° ¢ ) (4.3b)

1L, wl-2/N) L, .w .
y o — ;3 ( ") = [),XZ [mZ] fOI'B=By (9=0°) N (4'3C)
2 N, N,/2-1 N

s

A

_w(-2/N)h _wh

T (N,-2) 2 2N,

[m?] for B =B, (=90°, ¢=0°). (4.3d)

e One constraint:

ZI‘I + Zlﬂf = zia + 215 + (zlbl) + thr,str =Itr,cab [A] » (44)

stating that all the currents flowing through the cross-section of the cable add up to the
cable transport current /.., Since the sum of the transport currents in the strands is
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equal to the cable transport current, eq. 4.4 implies that the sum of the coupling currents
through the cross-section of the cable is equal to 0. The currents I; are discussed in
chapter 5 and are equal to O in this chapter.

Two calcuiation ceils of Fig. 4.2 are enlarged (see Fig.4.3) in order io illusirate how
eqs. 4.2 and 4.3 can be rewritten and implemented in the network model.

Figure 4.3. Enlargement of two calculation cells at Ny =4 (see Fig. 4.2) of the network model with:
a. nodes a, b, c and d in the upper layer and nodes e, f, g and h in the lower layer,
b. nodes i, j and k in the upper layer and nodes 1, m and n in the lower layer.
The last two indices of the currents and resistances refer to the band and the number of the
section across the cable width.
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The last two indices of the currents and resistances refer to the band and the number of the
section across the cable width. This results in:

(Ia,3,14 - Ia,4,5)+ Ic,4,4 + (Istr,3,l3 - Istr,4,6) =0 [A], (4.52)

(Ia,3,]9 - 1a,4,18 - 1a,4,19 )+ 16,4,9 + (lstr,4,10 - 1xtr,4,19) =0 [A], (45b)

for the sum of the currents in nodes d and k respectively, and:

Uy a5Ras51,81aR0 4180 Wy 413 Ugag) = ByAy [v1, (4.62)
1.
Iy 418Ra 818 = Laa19Ras19) U500 = ‘2' By Ay V1, (4.6b)
for the circuits a-b-c-d and i-j-k respectively, and:
L 46Rua6 T 4aR 44— ToasR 45)+U g a6= -BA, - Bz A, [V, (4.72)
Iy a10Rpa00=1c50Re 50— Ugpane = _Bx A, [V], (4.7b)

for the circuits d-c-g-h and k-j-m respectively.

The voltage Uy, (see eq. 4.3a) over a strand element consists of a resistive part Ug and an
inductive part U, The inductive part will be discussed later. The resistive part can be
described by the following three models.

e The power law:

UR = UR,b(Istr / IC,str)n [V] 4 (48)

with Ugg the voltage at the critical current I;,=Ic,. Small and large n-values indicate a
gradual and sharp transition respectively. Using the power law implies that the set of
equations 4.2-4.4 has to be solved iteratively, which considerably increases the
computing time, especially for large n-values.

o A linear increase in the voltage for strand currents larger than I, assuming that the
surplus current (I,-Ic ) flows through the resistive matrix, so that:

Ug=0 [V] for Ly <Icyr, (4.92)
Up=R,, U, —Icy) [V] for Lur>Icu (4.9b)

with R, the resistance of the magnetoresistive matrix:

; .

R, (B)= P, (B)———— [Q], (4.9¢)
mat mat (1—7’])71'613/4

with [, the length of the strand element, d, the (effective) strand diameter, p, the

resistivity of the matrix and 17 the volume fraction of superconductor in the strand. This

approach limits the computing time since iteration is only required if one or more strand
elements become saturated.
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e A model similar to egs.4.9a-4.9c but taking into account the dynamic resistance as
defined in section 3.2, and the decrease of the maximum strand current due to the
IFCCs. The critical current I, of the strand is therefore replaced by the maximum
strand current I,y max (se€ €q. 3.28), so:

_ 4df l-\‘ 1 sir |5
R~ B_Ls [V] fOl' Istr < I tr,str,max > (410&)
3” C,str
4d 1 1
f , i .
Up =2 R |t R Uy =Ly srmae) V] £00 Lar> Lrsmas (4-10D)
3n 1 C,str

with B, the field change perpendicular to the strand axis.
The UI relations of these three models are depicted in Fig. 4.4. The type of UI relation does

not influence the ISCCs under weak excitation but it quantitatively affects the ISCCs under
strong excitation. :

8 1

[+)}
1

Scaled resistive voltage, Ur/Up
-

0 T T T T 1

0.85 0.9 0.95 1 1.05 1.1
Scaled strand current, Iy /I Csir

Figure 4.4. Voltage-current relations of eqgs. 4.8 (with n=15), 4.9.and 4.10 (using Ir,str,max=0.961c,510).

In chapter 5 the results of several simulations are presented assuming a constant strand
resistivity p, which is independent of the current and field. Within the network model a
strand resistivity is correlated to a strand resistance between two nodes:

R = L, 2hes Ql 4.11)
! ps7tds2/4—prs7tdf ’ '

where the small twist angle is disregarded. For the strand elements at the thin edges of the
cable (numbers 2 and 2N;-1, see Fig. 4.2 ) the strand resistance R; is about twice as large.
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The equations of band N, contain not only currents of band N, itself but also currents of

bands (Np-1) and (N;+1) and, if mutual interactions are included, even more currents. This

implies that for the first and the last band appropriate boundary conditions are required.

Two different cases can be distinguished:

e The current distribution in all the bands is the same. In this case only one band has to be
calculated, since: I np,i = Ionp+1,i » Ievwi = Lo nps1,i @0 Loy npi= Lsor o, -

e The currents I, in the first and last bands (NV,=1 and N,=Nj3) are given by the transport
current in the strand I, ,,. Obviously, this affects the equations of the type as given in
eq. 4.2 for the two bands, so (see Fig. 4.2):

I.rtr,l,i=11r,slr fori=2to (Nx+1):

I.s'tr,NB,i=Itr,:tr for i=2, (Ny+1) to (2N,-1).
A cablc of finitc length without transport current is simulated by the boundary
conditions I, ;,,=0.

Non-steady-state situations are investigated by incorporating the self- and mutual
inductances of the strand elements in the network model. The inductive part U, of the
voltage of strand element i is given by:

Uby = ZM’ JEAE (4.12)

with MY the mutual inductance between two strand elements. Groover has given an
expression of the mutual induction between two wires of finite length placed in arbitrary
positions [Groover, *46]. The summation has to be made over all the strand elements of all
the bands, so N=(2N,-2)N;. However, in the network model only the mutual inductances are
included if the strand elements are located within a length of about 10/ of each other. The
computing time is then significantly reduced while the introduced error in the inductive
voltage remains within 2%. The variable Nyyr is defined as the number of bands on each
side of the calculation cell for which the mutual inductance is included.

In the numerical model the time derivative of the strand current is represented by the

difference in current between two discrete time steps:

1_ Ly =14 1

Str m str,m— str.m Str,m— [AS.I] . (4.13)
t,—t At

m m—1 m

I]

il =

str

Eq. 4.3a can then be rewritten so that the right-hand side is known:

Z(Iam a)+z(lcm c)+ZURm+_2( 'jIx]trm)_

m j=1

+—2( Ml ) vl (4.14)

m Jj=1
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The results of two types of calculations are presented in the chapters 4 and 5:

e Steady-state calculations. The field change B and the transport current are constant for
a time much larger than all time constants involved. This implies that the coupling
currents are constant so that the terms with the mutual inductances can be disregarded.

o Step-response calculations. The [icld change B has a constant value (larger than 0) for
t<0 s and equals O for >0 s. The currents are calculated for about 40 time steps where
each time step is defined so that the average of all the coupling currents decreases by
about 2% of the initial value at =0 s. If the solving routine in the computer program is
too time-consuming, the number of time steps is reduced to 10-20.

The decrease in time of each current I, I. and I, is exponential and expressed by a time
constant 7;,. The time constant is determined by fitting the current values (at the discrete
points in time) to the relation:

I=1_,"" [A]. (4.15)

Each current in the cable has its own time constant. An average time constant is defined
as the time constant of the exponential decay of the average of all the currents I; in the
cable, the stack or the coil. The time constants of the ISCCs are referred to as:

Tisi: the time constant of I, or I; at position i in a single cable piece (see
section 4.4.2),
- T.ew: the average time constant of a single cable piece (see section 4.4.2),
— T,u;: the average time constant of cable piece i within a stack of cable pieces
(see section 4.9),
— Ty the average time constant of a stack of cable pieces (see section 4.9),

— T,u: the average time constant of a magnet (see chapter 6).

In chapter 5 the step-response of the BICCs is discussed. The decay in time of the
BICCs is not exponential. A characteristic time 7 is defined as the time at which a
BICC decays to 1/e of its initial value.

Within the network model the resistances R, can be disregarded if the currents I, are small
compared to the currents I,. In section 4.4.1 it will be shown that this assumption is valid if
R,>>4R./IN, (for a field change B)) in the case of ISCCs. The smaller computing time
makes this simplification especially suitable for step-response calculations. For the .
calculation of the BICCs the resistances R, can be disregarded if R,>>R,.

A matrix with dimensions Nz(5N,-3) by Np(5N,-3)+1 can be set up (see Fig.4.5),
containing all the equations of type 4.2-4.4 with I,, I, and I, as the unknown currents. The
currents can be solved by rewriting the matrix so that the lower left triangle becomes zero.
A faster solving routine can be used knowing that the matrix already contains large areas of
zeros (since not all the mutual inductances are incorporated), which remain zeros if the
matrix is rewritten. The matrix is therefore reduced by removing the lower-left and upper-
right regions filled with zeros (see Fig. 4.5) which requires a different solving algorithm.
The final size of matrix B is then (this is merely included to illustrate the large reduction in
matrix size that is obtained):
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Figure 4.5. Reducing the size of the matrix used to solve the currents in a cable of finite length. The
boundary conditions for the bands Ny=1 and Np=Np result in the small areas filled with
zerns in matrix B.

—~ Nz(5N,-3) by (5N,-3)+1 if the current distribution is independent of the longitudinal
position in the cable,

— Np(5N,-3) by 3(5N,-3)+1 for steady-state calculations,

— Nz(5N,-3) by @Nyur+1)(5N;-3)+1 for step-response calculations.

The current distributions in larger cable pieces can be calculated using matrix B, since the

internal memories of large computers are often limited to about 100-1000 Mb.

Calculations are performed varying all the parameters that are involved in the network
model, i.e. w, by, hy, Ly Ny, B, 6, ¢, R,, R, and I, The results of the numerical
simulations are then combined into relations that analytically describe the dependence of the
currents, the loss and the time constants on the above mentioned parameters. Hence, each
relation contains a factor of proportionality that quantitatively fits the analytical expression
to the numerical results. The errors in the relations are:

— smaller than 2% for steady-state calculations,

— smaller than about 10% for the time constants T; of the ISCCs,

— smaller than about 20% for the characteristic times 7; of the BICCs.

The results of simulations performed in this way can be found in sections 4.4.1, 4.4.2, 4.9,
5.4.2-54.4,5.6 and 5.7.

4.3 Contact resistances R, and R,

The contact resistances R, and R, which are incorporated in the network model depend on
several factors and circumstances. In this section attention is focused on R, since it is shown
in section 4.4.1 and chapter 5 that the magnitude of the coupling currents and the ISCL is
dominated by R, (if R, and R, are of the same order of magnitude and the field change is not
directed in the x-direction). The following factors influence the R, of a cable:
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e The level of oxidation of bare strands. AC loss measurements on SSC dipole magnets
illustrate that those magnets wound from strands which have undergone an uliraclean
surface treatment exhibit a large ISCL [Ozelis, *93]. The R, of bare strands is very
difficult to control because the oxide layer that is formed on the strands is very sensitive
io the heat treatment, cleaning and exposure time in air.

e The surface treatment of the strand. Applying coatings to the strands can increase or
decrease R, depending on the resistivity, thickness and hardness of the coating
[Sumption, *94]. .

o The pressure applied transversely on the cable. Measurements on the UNK-type cable
(zebra-type cable with half of the strands in a state of natural oxidation and the
remainder having a 95%Sn5%Ag coating) show a decrease of a factor of 5 in R,
between 10 and 50 MPa [Andreyev, *85]. Unsoldered cables have shown a decrease in
R. of a factor 10 between 0 and 30 MPa, whereas the R, of soldered cables changed less
than 15% in the same range of pressure [Sytnikov, *89b]. Shear stress can also affect R,
but no experimental data are available.

e The curing temperature. Curing the cable insulation system will decrease R., especially
at high curing temperatures in combination with large transverse pressures. AC loss
measurements on 12 mm wide Rutherford-type cables show a large decrease in R, if the
cable is cured under pressure while curing without pressure hardly affects the ISCL
[Lei, *93], [Kimura, '95]. After curing R, increases by a factor of about 5 if the pressure
is released after curing and reapplied after one or more days [Oberli, "95]. Curing can
also change the transverse resistivity of the matrix [Mallick, *93] and hence the IFCL.

e The matrix material. The R -value is determined by both the matrix resistance and the
contact resistance, of which the latter is usually dominant, at least for strands with a
copper matrix. The resistance of the matrix can dominate in the case of a matrix with a
high resistivity and give rise to a large R, which is observed, for example, for strands
with a Cu/Cu0.5%Mn matrix, even after curing at 180 °C at 50 MPa [Shintomi, 94].

e The size of the contact surface. Applying pressure on two strands with an originally
round cross-section results in a hysteretic behaviour of R, once the pressure is reduced
[Avest, ter, *90]. This indicates that plastic deformation (i.e. an increase in the contact
surface) causes a decrease of R.. The effect is also demonstrated by AC loss
measurements on cables with different packing factors or void fractions. A decrease in
void fraction, which implies a larger contact surface, results in significantly larger
coupling losses [Mower, ’86], [Nijhuis, *95].

e The soldering of the cable. The solder in a cable fills the voids between the strands
thereby giving it more stiffness and thermal stability. However, the solder also causes a
decrease of R, since the contact area between the strands increases. R.-values of the
order of 107-10°Qm have been measured in cables soldered with PbSn
[Sytnikov, 89b]. Using alloys with a small percentage of indium or bismuth can
significantly increase the resistivity of the solder and therefore reduce the coupling
losses [Kwasnitza, *86].

o The presence of a resistive barrier. Insertion of a resistive strip in-between the two
layers of the cable strongly enhances R, [Sumption, ’95].
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In a coil, the above-mentioned factors affect the global R, as well as local distributions of
R.. Variations in R, are present:
e across the cable width (see section 4.6), mainly caused by:
— the keystone of the cable, which results in a variation of the contact area between
crossing strands,
— a variation in pressure across the cable width (see Table 2.2),
o along the cable length (see chapter 5), mainly caused by:
— the coil ends, where the strands of the cable diverge and reduce the contact area,
— the soldered connections between two cables,
— the varying pressure levels over the cross-section of the coil.

Furthermore, R, can vary among the coils of a magnet or among the magnets in an
accelerator ring due to, for example, different stress and oxidation levels.

4.4 Weak excitation
4.4.1 Steady-state calculations

In this section expressions for the total power loss and the current distribution in a cable are

given under steady-state conditions for:

— weak excitation levels (i.e. the total current in each strand section is smaller than the
critical current I¢,, of the strand),

— constant contact resistances (across the width and along the length of the cable),

— constant B.

The set of eqs. 4.2-4.4 can now be solved taking Ug=0 and U;zs=0.

The total generated power loss per metre of cable in the contact resistances R, and R, is
determined following the method described at the end of section 4.2 and given by:

2

2
L, w(1-1/N;) . L,k
P, =P, +P,;=0170—2 ( S)Bf+0.125 BBl [Wm'], (4.16)
a a
2 2
L wW(NZ-N,) .
P, =849-10" % Rs B! [wm'], 4.17)

c

with B, and By defined by eq. 4.1. In order to obtain the power loss per unit volume the
above given relations have to be divided by the cross-section of the cable (w-h).

Eqs. 4.16 and 4.17 are, in first approximation, equal to the expressions derived by Morgan
(for P.) and Sytnikov (for P,,, P, and P.). A small difference concerns the factors (1-1/Ny)
in eq. 4.16 and (st- ) in eq. 4.17 which are calculated by these authors as 1 and N;}?
respectively [Morgan, *73], [Sytnikov, ’89a]. The difference is caused by the simplified
modelling of the edges in the network models of Morgan and Sytnikov. The power losses

e
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also correspond to the expressions derived analytically by Wilson and Krempasky, if the
average resistivity in the cable, which is used in their formulas, is written in terms of the
contact resistances R, and R, (see for example eq. 4.33 where R, is written in terms of p.)
[Wilson, *72], [Krempasky, *78].

Eqs 4.16 and 4.17 show that the power loss in R, is given by the field change B, while
the power in P, is also present for field changes By. The power loss P, is, however, about a
factor A*w’=(1/0,,45)* smaller than P, . (for B,=B)) and can therefore be neglected for
almost all cables, since (Qu)° is usually larger than 10. The power loss generated by a
longitudinal field change B, is not included in the equations as it is still another two orders
of magnitude smaller than P, .

The distributions of the currents I, I, and I, as a function of the position x (and x') across the
cable width are given by:

L, ;(x=05w) , Lp N
1, (x)=—"——"——B, £025———B, [A], (4.18)
R,(N_ +2) RN,
prsw ) )
() =0125—% B (1-@xmw-1)") [A], 4.19)
c
L, N L, N
I_(x)=0.0415—"—"——B, cos(mx/w)+025———— B, [A], 4.20)
. RL‘ Ra NS
where the lengths x and x' have the discrete values:
x=w/N, and x=w—-w/N, [m], attheedges of the cable, (4.21a)
x=(k—-1/2)w/ N, [m] everywhere else, with k=2, 3,4, ..., (N-1), (4.21b)
for the currents I, and I, and:
x'=kw/N, [m] withk=1,2,3,..,({N-1), 4.21¢c)

for the currents I.. In the case of a field change Bj, the currents I, and I, have a constant
value of which the sign depends on the layer of the cable being negative for the upper layer
(see Fig. 4.1) and positive for the lower layer.

The current distributions for a field change B are depicted in Fig. 4.6. A net current in
the y-direction flows from one layer to the other through R, and returns by the two strands
that bend around the two thin edges of the cable. Note that I, corresponds to the slope of the
L-x curve, if the small currents I, are disregarded.

The coupling currents I, increase linearly with the field-sweep rate until the sum of the
transport current and the coupling current reaches the critical current I¢ of the strand. The
critical field-changes, at which the first strand element saturates, are given by (according to
eq. 4.20):
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Figure 4.6. 'Lhe current distributions of Io, I and I, actoss the cable width (Lys=0.1m, Ry=R.—1 lQ,
w=17 mm, N;=26, B1 =0.01 Ts"). :

B _ RC(IC,str - Itr,str)
Ler ™ 0.0415L, wN  cos(m / N,)

[Ts'] for a field change B, 4.22)

and:

. 4R N. g -1,..) .
B, =— Costr sl [Ts™] for a field change B;. (4.23)
L,k

In section 4.5 the case B)>B, ., is dealt with in more detail.
In a similar way the maximum transport current in a cable L;.cap mar=NsIirstrmax can be
determined by the transport current at which the first strand becomes saturated, so that:

. Lp :WNS
I By,B,.T)=Ic,, — 00415~ —cos(z /N,

c

st maz B| 1Al @.24)
A similar equation for a parallel field can be set up using eq. 4.20.

In the case of B, the currents I, can be disregarded compared to I, if:
4R, R

== [Q]. (4.25)
21

R, >>

s

In section 4.3 it is shown that in practice the resistances R, and R, in a cable decrease when
the contact areas between adjacent, respectively crossing, strands increase. Since the contact
areas depend on the cable geometry, (i.e. on N;, w and L, ) it is hard to estimate the increase
or decrease of the ISCCs and the ISCL if one of these parameters is changed. Multiplying
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R, and R, by the maximum contact areas (for strands with a square cross-section) gives
. . * . -
effective resistances R, and R, which are likely to depend less on the cable geometry:

. h L h wL,

R=]l—R =—2"—R = R, [Om?], (4.26)
“ T2 " TaN, 2 Nf ‘

., 1L w L w

== PR, [Qm7]. 4.27)

T2 N, (N,-1)/2 (N -N,)

Substituting these relations into eqs. 4.16, 4.17 and 4.20 (only considering B, ) results in the
power losses P, ,, P. and the current distribution /;:

L;JWS(NS—I) . ,
P, =0170—"———B" [Wm'], (4.28)
a s
2w .
P =849-10°—22—B7 [Wm'], (4.29)
, 5 _
R L2 w2
1,(x)=00415—"—B, cos(mx/w) [A]. (4.30)
' R (N, -1)

Similar equations for the I, and I. distributions can be derived. The equations clearly show
that the coupling currents and power losses are very sensitive to the width of the cable and
the cable pitch. In high-field accelerator magnets, the quench protection and the required
field fix the range over which the width of the cable can be varied. For good mechanical
stability the cable pitch is then limited to about 6w <L, ;< 10w. This implies that R, is the
only parameter which can essentially change the magnitude of the ISCCs and the ISCL.

4.4.2 Step-response calculations

The coupling current in each resistance and in each strand section of a cable has its own
time constant 7;,; which can differ considerably from the average (global) time constant
Tis.cabs €Specially for non-uniform R,- and R .-distributions. Fig. 4.7 shows the time-constant
spectrum of the currents I, and I, in a 1 m long cable piece. The time constants are
determined from the response of the ISCCs to a step decrease of By from 1 to 0 Ts™ as
explained in section 4.2. The time constants for R,<< R, as well as for a field change By are
not considered here.

The time constants increase towards the centre of the cable. In section 4.9 it is shown in
a similar way that the time constant of a cable in a stack of cable pieces increases towards
the centre of the stack. The average time constant of the ISCCs in a cable is defined as the
time constant of the average of the currents I, and I, (and not as the average of the time
constants of the currents I, and ;). The average time constants of the currents I, and I, are
equal within the accuracy of the calculations and are denoted by i cap.

o
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Figure 4.7. The distribution of the time constant Ts; of the currents I. and I; across the cable width
(Lp.s=0.1 m, Ra=Rc=1 pQ, w=17 mm, h1=h>=2.6 mm, Ns=26).

The 7 cq-value of a straight cable with strands having a round cross-section is numerically
calculated as a function of N;, O, L,s and R.. The results can be expressed by the
analytical relation:

2
L, (N, —4N))

is,cab =
Rc

7 (s, ' (4.31)

for 8 <N,<40. The fitting constant C varies between 1.6-10® and 1.7-10® Qm’'s for twist
angles between 10° and 25° and increases slightly for cables with a small keystone angle
and for heavily compacted cables (about 10% for a.=1.20%). The time constant is almost
independent of the length if L., >L,,. The time constants of stacked cables (or coils) are
treated in section 4.9.

It is interesting to compare the time constant T .z Of the ISCCs in a cable with the time

constant Ty of the IFCCs in a single conductor. The time constant 7y of a conductor with a
rectangular cross-section, subject to a field change normal to the wide side of the conductor
is given by [Campbell, *82]: '

2

2
_ 7'U‘Oaconde,f @ ond Lp,f

=18-10 [s], (4.32)

T i =

480 p eff p eff
with o, the aspect ratio of the conductor. In order to compare Ty With T caps the contact
resistance R, has to be written in terms of an effective resistivity p. in the y-direction:

2 2
h/2=p (Ns—Nx)h= (N,—-N))

c c

A 2Lp,sw 2Lp’sacab

c

[Q], (4.33)

R.=p.
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where h/2 corresponds’ to the average distance between the centres of the strands of the
upper and the lower layer and A, denotes the maximum contact area between crossing
strands (see also eq. 4.27). Combining eqs. 4.31 and 4.33 results in:

p.s cab
pc(Ns_l) pc

with C the fitting constant from eq. 4.31. The relation shows that 7 .., depends in the same
way on L, (., and p, as Ty depends on L,p Ofons and p.s The factor 2C in eq. 4.34 is
about twice as large as the factor 1.8-10® Qsm™ in eq. 4.32, which is probably caused by the
different current distribution. In a conductor with a rectangular cross-section the coupling
currents flow through the filaments located near the surface of the strands (thus at a distance
equal to the thickness of the conductor), while in the network model the currents I, flow in
the centres of the strands (at a distance equal to half the thickness of the cable).

2L, oy (N, =4) 2 L

T [s] forlarge N, 4.34)

is,cab —

The time constant 7., is a factor 1.2¢,, smaller than the time constants given by
[Krempasky, *78] and [Sytnikov, *94]. The main rcason for this difference will be explained
in section 4.9,

The power loss can be expressed as a function of T; ., by combining eqs. 4.17 and 4.31:

L2 .
P, =53.10't, ,w'B} =§——ris,wbw23j W], 4.35)
0

so that the power loss per unit volume equals:

is,cab 22

Bl [Wm’]. (4.36).
31

This equation is similar to the more general expression for the IFCL of a conductor with a
rectangular cross-section, subject to a field change normal to the wide side of the conductor
[Campbell, *821:
o, T .
P, =—"L R [wm?. | (4.37)
Ho

Again, the difference of a factor 2/3 is probably caused by the different current distribution
(as explained above) in the cable compared to that in a conductor with uniformly placed
filaments over the cross-section.

P 200,,T

c

Due to the good correlation between the egs. 4.36 and 4.37 it is possible to estimate the

time constant 7, ., for a field change By. For a solid conductor Campbell gives the relation
Pi=1 B,,Z/uo , S0 that (assuming the same difference of a factor of 2/3):

2’z‘-ix,cab,ll <2

I

Foy=—""5

A [Wm?], (4.38)
' 3ug
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and thus (using eq. 4.16):

) .
3 L h L
Tis cap) =_§ 001252 —=24-107 —E— [5]. (4.39)

Ra wh acab a

This time constant is negligible compared to 7jcq (for similar R, and R.) and will be
disregarded in the following.

4.5 Strong excitation

It has been shown in section 4.4 that for a transport current larger (han the maximum
transport current I, s mar the strand currents at one edge of the cable (where the coupling
currents I, are maximum, see Fig. 4.6), reach their critical value I¢g, The saturation will
influence the ‘normal’ current distribution of I,, I, and I, i.e. the distribution of the coupling
currents under weak excitation.

The difference in the steady-state coupling-current distribution is illustrated for a cable
with the following parameters: N;=26, w=17 mm, h=2.25 mm, L,,=120 mm, R.=1 uQ,
and I,,=500 A. A voltage-current relation is used as given in eq. 4.8 with n=20 and an
effective resistivity of the strand of 10 Qm at the critical current I, =Ic - The self-field
of the cable is disregarded.

Figs. 4.8, 4.9 and 4.10 show the distribution of the currents across the cable width as a
function of the transport current for B;=0.1 Ts™.

Current, I; (A)

x -Position

0 0.9

10 Itr,,str/IC,str

Figure 4.8. The distribution of the coupling currents I; across the cable width as a function of the
transport current (scaled to the critical current of the strand).
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Current, I, (A)

x -Position
v 1.0 ’ Itr,str/l C,str

Figure 4.9. The distribution of the coupling currents /. across the cable width as a function of the
transport current (scaled to the critical current of the strand).

Current, I, (A)

x -Position

1.0 0.9 Itr,,xtr/l C,str

Figure 4.10, The distribution of the coupling currents I, across the cable width as a function of the
transport current (scaled to the critical current of the strand).

The transport current at which the first strand becomes saturated is [y grmaxr=280 A
(according to eq. 4.24). Beyond this current level the voltage over the strands increases
sharply with increasing current (see eq. 4.8) so that the voltage over the resistances R, and
R, will decrease, since the electromotive force remains the same (see eq. 4.3a). The current
distributions across the cable width become slightly asymmetric, i.e. the coupling current I;
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decreases more on that side of the cable where the transport current and /; have the same
sign. Therefore, the currents I, become asymmetric since I, can be regarded as the
derivative of I, and the currents I, become asymmetric since the sum of the coupling
currents should be 0 (according to eq. 4.4). The currents I, start to increase considerably
when the effective strand resistance becomes comparablc to R,. Incorporating the self-field
in the simulations further enhances the asymmetry since the self-field is larger at the edge of
the cable where I, has the same sign as I, s, “

Figs. 4.11, 4.12 and 4.13 show the total power loss ! P5-the power loss P, in the strands
and the relative decrease in the maximum strand coupling-current I ,,,, as a function of the
transport current for several field-sweep rates.

107 02Ts"

55, 0.1Ts"
= 1
A 0.05 Ts™
g
5
2 01
o
K|
&
0.01 Ts™
0.01 T L] T T T 1
0 0.2 04 0.6 0.8 1 12

Scaled transport current, I . sr / ¢ 5er

Figure 4.11. The increase in the total power loss Py, as a function of the transport current (scaled to the
critical current of the strand) at four different field-sweep rates.
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11 0.05 Ts!

0.01 Ts™

0 T T
0 02 0.4 0.6 0.8 1 12

Scaled transport current, I o g /I ¢ 5or

Figure 4.12. The increase in the power loss P; in the strands as a function of the transport current (scaled
to the critical current of the strand) at four different field-sweep rates.
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Figure 4.13. The relative decrease in the maximum coupling current J;nax as a function of the transport
current (scaled to the critical current of the strand) at four different field-sweep rates.

The power loss P, denotes the power loss in the strands for B =0. The current I a0
denotes the steady-state value of I, if the strands are not saturated (see eq. 4.20 with
x=w/N,).

The currents /, start to decrease as soon as the transport current I, approaches Iy, s max
(see eq. 4.24). At this current the power loss P;, generated in the strands (and given by the
product of the voltage over the strand and the current through the strand), starts to increase.
The total power loss, however, remains more or less constant until the transport current
approaches the critical value. This is an important conclusion for the analysis of ramp-rate-
induced quenches as discussed in chapter 8. :

4.6 Cables with R, varying across the cable width

Cables are likely to have a certain distribution of R, across the cable width due to their
geometry as well as the pressure to which they are subjected in magnets. The following
distributions are considered: ‘
S1: A constant R, of 1 pQ (as dealt with in section 4.4.1), which corresponds to the
smallest R, as observed in the LHC model magnets (see Table 6.3).
R1: A linear increase of R, from 0.3 pQ at one edge to 1.7 pQ at the other edge. This
distribution can be the result of the keystone angle of the cable.
R2: A linear increase of R, from 0.3 uQ in the centre of the cable to 1.7 u€2 at the
edges.
R3: A linear increase of R, from 0.3 pQ at the edges to 1.7 pQ in the centre of the
~ cable.
I1:  Simulation of a cable with a resistive barrier (or insulating strip) in-between the
two layers of the cable. The R.-value equals 1 LQ on the two contacts close to both
edges and equals 1000 pu<2 in the centre (over 5/6 of the cable width).




84 Chapter 4

Z1: Simulation of a ‘zebra cable’, i.e. a cable in which the even (or odd) strands have a
soft metallic coating. Three different cross-contacts are assumed:
— R.;=1 pQ for the contacts (25%) between two strands with a coating.
—  R.3>>10 pQ for the contacts (25%) between two strands without a coating.
—  R.3>>10 uQ for the contacts (50%) between one strand with a coating and one
strand without a coating.

Figs. 4.14 and 4.15 show I, and P, across the cable width for the distributions S1, R1, R2,
R3 and I1 (with N,=26, R,=1pQ, L,=0.1m, w=17mm, h;=h,=2.6 mm and
B,=0.01 Ts™h.

30
20 A

10 A

0_.

-10 1

Coupling currant, I (A)

'30 T T 1 T T T T T
0 2 4 6 8 10 12 14 16

x -Position (mm)

Figure 4.14. The coupling currents I; across the cable width for several R-distributions.

15 -

12 R2

Coupling power, P, (LW)

0 2 4 6 8 10 12 14 16
x -Position (mm)

Figure 4.15. The coupling power loss P, per contact (expressed in pW) across the cable width for several
R -distributions.
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The shape of the I,-distributions is almost insensitive to the R -distribution for R1, R2 and
R3. The coupling power (integrated along the width) is strongly enhanced if R in the centre
of the cable is reduced. The ISCL is therefore reduced to almost zero if a resistive barrier is
inserted in-between the two layers (distribution I1) even if R, at both edges of the cable is
small. The ‘zebra cable’ Z1 exhibits a loss that is a factor 4 smaller than the uniform
distribution S1 since only 25% of the contacts have a small R..

In Table 4.2 the power losses P,, and P,, the average time constant T, cq and the maximum
coupling current I, . in the cable are surveyed. Note that P,, does not depend on the R.-
distribution in agreement with eq. 4.16.

The ratio between T;, ., and P, remains more or less constant (for given By) for each R,-
distribution across the cable width. The power loss can therefore be deduced if Tisca is
known and conversely, independent of the R_-distribution. The time constant for I1 is not
relevant since in this case the power P, | is larger than P..

Variations in R, across the cable width are not discussed since the loss P,, is much
smaller than P, (for R,=R,). Variations in R, along the length of the cable are extenswely
dealt with in chapter 5.

Table 4.2. Overview of Pg, Pe, Iymax and Tis,cas for several distributions of R, (cases R1-R3,11,Z1) and
of the field-sweep rate (cases B1-B4, see section 4.7) across the cable width.

Distri- Py, P Is max Tis,cab Tis,cab I Pec
bution 107 Wm'! 10° Wm’! A s smwW!
S1 0.47 16.0 18.2 1.17 73
R1 0.47 17.7 24.8 1.28 72
R2 0.47 25.5 26.4 1.92 75
R3 0.47 14.1 184 0.98 70
1 0.47 0.24 0.91

z1 0.47 4.0 4.6 0.30 75
Bl 0.52 17.1 17.9 1.15 67
B2 0.15 1.21 2.64 0.20 165
B3 0.36 11.6 15.6 1.14 99
B4 0.62 21.3 20.9 1.18 55

4.7 Cables with B, varying across the cable width

During charging and discharging of magnets the field and hence the field change varies
across the cable width. For example, at a central field of 10 T in a PBD magnet the field B,
near the midplane of the straight part changes from 10 T to 4.5 T in the inner coil, and from
4.5 T to -3 T in the outer coil (see Table 2.2). The following B, -distributions are simulated
(with N,=26, R,=R.=1 pQ, L, =0.1 m,w 17 mm, hy=h,=2.6 mm):

S1: A constant value of 0.01 Ts™! (as dealt with in section 4.4.1).

B1: A linear increase across the cable width from 0.003 to 0.017 Ts

B2: A linear increase across the cable width from -0.02 to 0.02 Ts™.
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B3: A linear increase from 0.003 Ts" in the centre of the cable to 0.017 Ts" at the
edges.
B4: A linear decrease from 0.017 Ts? in the centre of the cable to 0.003 Ts” at the
edges.
Note that the total flux through the cable is equal for distributions B1, B3 and B4 while it is
0 for B2. The steady-state distributions of /; and P, are depicted in Figs. 4.16. and 4.17. The
mean time constant T;; .., is almost independent of the B, -distribution (except in the case of
B2) while the power loss varies considerably (see Table 4.2).

241 <B4
18 1 /*&Bl
< 12 \\Sl
< 6
§ -u*.\.\.> 4././.,./-- B2
g 0
8
g -6
B
2
o 124 /
-18 4
_24 T T 1 T T ¥ T T 1
0 2 4 6 8 10 12 14 16 18

x -Position (mm)

Figure 4.16. The coupling currents /; across the cable width for several B) -distributions.

Coupling power, P, (uW)

0 2 4 6 8 10 12 14 16
x -Position (mm) '

Figure 4.17. The coupling power loss P, per contact (expressed in UW) across the cable width for several
B, -distributions.
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Similar calculations (not included in Table 4.2) for cables for which R, as well as B, vary
across the cable width, show that the ratio T, /P, is constant for given B, -distribution,
independent of the R.-distribution across the width. This implies that the exact B,-
distribution has to be known in order to deduce the power loss from the time constant and
conversely.

Variations in By are not discussed here since the power loss P,y in a coil is negligible
compared to P,, and P.. The effect of longitudinal variations in B, on the current
distribution and generated power is dealt with in detail in chapter 5.

4.8 Cables of finite length with constant B

In section 4.4.1 the formulas for the steady-state power loss are given for a cable in which
the coupling-current distribution is constant in the longitudinal (z-) direction. However, in a
cable of finite length the coupling currents vary along the cable length. The effect of the
length on the steady-state power losses P, and P, is investigated for a cable piece of length
I subject to a constant B. The case of a finite cable with spatially non-uniform B is
evaluated in section 5.5.

Figs. 4.18 and 4.19 show P, and P, (expressed as the average loss for one metre of cable) as
a function of the length [, (with R,=R.=1 pQ, N,=26, w=17 mm, ~=2.6 mm, L,=0.1m,
B=0.01 Ts™). The shape of the curves is not influenced by the values of Ny, w, h, Ly, and
B, but is slightly affected by the ratio between R, and R..

0.6 0.012
é—Pa,_L
{; 0.5 /f\ : 0.01 :E‘
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S, 0.4 0.008
g // Pon—> 3
oW A,
503 0006 &
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® 02 0.004
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3 0.1 / 0.002 O
0 0
0 0.5 1 1.5 2 2.5

Scaled cable length, I ¢qp /L s

Figure 4.18. The coupling power losses P,, and Pqy (for the field changes B, and By) of a cable of
finite length as functions of the cable length expressed in units of the cable pitch.
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Figurc 4.19. The coupling power losses Py, and P,y (for the field changes By and R)) of a cable of finite
length as functions of the scaled cable length. The dotted curve shows the expression for
P, as obtained by Ries scaled to a power of 16.4 Wm'! (see eq. 4.40).

The power loss is mainly generated in R, for a field change B: (in agreement with egs. 4.16
and 4.17) while it is generated in R, for a field change Bj. Note the very small power loss
P which is not present for infinitely long cables (see eq. 4.17). The power loss in a cable
piece with a length equal to an integer times the cable pitch corresponds to the power loss in
a long cable (see egs. 4.16 and 4.17), both for B, and B). The power losses decrease
strongly for cable pieces shorter than the cable pitch. Hence, experimental results of the loss
on a small cable piece have to be extrapolated (using the figures) to estimate the loss in a
long cable. :

Ries has presented the result of an analytical calculation of P, of a hollow-twisted round
cable [Ries, *81], showing that the power loss of a short section is related to the power loss
for infinite length P, ;s as:

P
¢ =(1-sin(km)/ k)" , (4.40)

c,inf

with k=1.4/L, . This relation is depicted in Fig. 4.19 and shows clearly the same periodicity
in the power loss with period L, although the exact shape is different because the
calculation is made for a hollow-twisted round cable. Numerical simulations are also
performed on a 29-strand NET braided cable for B, and B, [Niessen, ’90b]. The power loss
P, of the round cable as well as the braided cable is periodic with period L, and decreases
strongly for l.,,<L,,. However, due to the cable geometry the shape of the Pl relations
differ slightly.
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4.9 Stacked cables

The steady-state power loss (per metre of cable) and coupling-current distribution for weak
excitation is exactly the same for a stack of cables as for a single cable. Since the self-field
of a stack differs from the self-field of a single cable, the steady-state power loss will only
change if R, is field-dependent or if strands become saturated. In coils the change in the
steady-state power loss is negligible since the field produced by the transport current is

much larger than the field caused by the ISCCs.
In section 4.4.2 it has been shown that the current in each strand section of a cable has

its own time constant T;; while 7., denotes the average time constant of a single straight
cable. In a similar way the ISCCs in each cable of a stack of N, cables have their own
average time constants T, (with 1<i<N), which depend strongly on the configuration of
the stack. The average time constant 7, of the ISCCs in a stack is determined from the step
response of the average of all the ISCCs in the stack. As an example, both T ,; and T are
shown in Fig. 4.20 as a function of the number of cables N, in the stack (B=B,, N,=26,

L,,=0.1m,w=0.017 m, h=2.6 mm, R.=1 pQ, R,>>R,).

5 :
Centre cables H
) Tis,st, 3 !
s 4 \1y - ] . -
;. - —
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Figure 4.20. The average time constant Tis,si of the ISCCs in each cable of a stack of cables and the
average time constant i of the ISCCs in the whole stack as a function of the number of
cables N, in the stack. As an example, the time constants of a stack of five cables are
indicated where the numbers 1-5 refer to the location of the cable in the stack.

The time constant is minimum in the outer cables and increases towards the centre of the
stack. The ratio T /Tis,cas is calculated using the network model, taking into account the
mutual inductances between the strand elements of the N, cable pieces, and satisfies:

T

is,st _ acach (4 41)

T, 0, +C(N, -1

is,cab
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for 8<N,<40, with o, the aspect ratio of the cable and C a constant which depends slightly
on the number of strands in the cable, increasing from about 1.0 for N;=8 to 1.15 for
N;=40. The relation shows that the time constant of a stack increases with the number of
cables and is limited to about €T . The time constant of the ISCCs in LHC dipole
magnets is dealt with in section 6.1. It was mentioned in section 4.4.2 that the time constants
given by Krempasky and Sytnikov are about a factor 1.2a, larger than 7. In fact, they
assumed that 7 is independent of the exact arrangement of the cables and their values
should therefore correspond to T, with N,— . Hence, the analytically derived expressions
of Krempasky and Sytnikov can be used as a rough estimate whereas eqgs. 4.31 and 4.41
result in a precise value of the time constant (within 10-20%). Furthermore, eq. 4.41 should
be applied when the time constants of single cables and stacked cables or coils are
compared.

In section 4.6 it is shown that (for given B) the ratio 7. /P, is constant for arbitrary R-
distributions. In the case of a given B, the 7, and P.-values for a stack of five cables are
surveyed in Table 4.3 for several R-distributions, varying among the different cables as
well as across the cable width. The ratio between T, and the steady-state power loss P, is
more or less constant (just like the ratio 7j;c. /P.). The ISCL can therefore be deduced from
the time constant of a stack of cables and conversely, even for a non-uniform R_-distribution
over the individual cables.

Table 4.3. The average time constant and the steady-state coupling power P (per metre of cable) of a
stack of ﬁve.cables with different R, for each cable (L,s=0.1 m, N;=26, w=17 mm and
h=2.6 mm, B, =0.01 Ts™).

R. (uQ) for each cable Tis,st Tisst /Pe Relative
1 2 3 4 5 (s) (sW'lm) change
1 1 1 1 1 2.70 166 1.00

1 3 5 3 1 1.47 158 0.95

5 3 1 3 5 131 194 1.17

1 2 3 4 5 1.32 178 1.07
1t05% Stol1® 1to5* 5tol* 1to5° 0.97 164 0.99

2 A linear increase (or decrease) from 1 to 5 (or from 5 to 1) pQ across the cable width.

4.10 Influence of transverse pressure on R,
4.10.1 Introduction

In section 4.3 the transverse pressure is shown to be one of the parameters by which R, is
affected. In high-field accelerator magnets the stress level varies significantly over the
cross-section of the coils and can locally attain very large values of more than 100 MPa. It
is therefore important to investigate to what extent R, is affected by the transverse pressure
P, on the cable. Variations of R, influence the field homogeneity of the magnet during field
sweeps. Furthermore, a local decrease of R, causes a local increase in the power loss and
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can therefore strongly decrease the electromagnetic stability of the coil during a field sweep.
Additionally, a non-uniform R -distribution generates boundary-induced coupling currents
which further enhance the field distortions and reduce the stability (see chapters 5, 7 and 8).
A new set-up is designed to determine R. of Rutherford-type cables by means of
calorimetric and clectrical measurements on a stack of keystoned cable pieces for an applied
transverse pressure of up to 130 MPa.

The theoretical model for both methods is presented in the following two sections. The
experimental set-up is discussed in section 4.10.4 and the evaluation of the results is given
in section 4.10.5.

4.10.2 Theoretical model for the calorimetric method

The total loss Q. in a cable (without transport current) exposed to a sinusoidally varying
field:

B=B"sin(2x f1) [T, (4.42)

with amplitude B" and frequency f, has three main contributions, 1.e.:
— the filament hysteresis Oy (see section 3.2),

— the interfilament coupling loss Qy (see section 3.4),

— the interstrand coupling loss Q;;, given by:

0, =0 +0i1 = J P, dt +(§ P, dt +§ Pcdt) [/cycle] , (4.43)
with P, , P, and P, given by eqs. 4.16 and 4.17.

It can be calculated that in a ramped field Py>> P, by comparing egs. 4.16 (with R;>1 uQ)'
and 3.15 (with B,=B, and using eq. 3.20 with 7;=25 ms). The total loss Oy is therefore

equal to:

Qi = ths + sz [J/cycle] for B=B, (6=90°, see Fig. 4.1), (4.44a)
Orort = Opys + Qi + Qi1 = Qoun + Q. eycle] for B=B, (6=0°). (4.44b)

For 0° < 8<90° the loss Q;;, is proportional to cosX(0) (see egs. 4.1b and 4.17). If Py is of
the same order or smaller than P, the IFCL has to be determined from loss measurements
on single strands.

The hysteresis loss and the IFCL. can therefore be determined by measuring the total loss
as a function of the frequency for an applied field change By as shown in Figs. 3.8 and 4.21.
The hysteresis loss, which is independent of the frequency (for low frequencies), is given by
the intercept of the Q,,,-f relation, whereas the slope of the Q-f curve at f—0 is related
to the loss component Qi The loss Qj;, can be determined from the slope of the Oy, -f
curve once Qj is known. In this analysis the assumptions are made that the IFCCs are not
significantly affected by the screening of the ISCCs and do not depend on the angle between
the applied field and the cable. The R -value is calculated from the ISCL using eq. 4.17.
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Figure 4.21. Characteristic frequency dependence of the luss components Orys, Gy and Qs in a cable
exposed to a sinusoidally varying magnetic field with frequency f. The loss component Qis
is disregarded. The time constant 7;; is assumed to be much larger than 7.

The average time constant of the ISCCs in the stack is deduced from:

— the frequency f,, at which Q;;, is maximum: T, =1/(2 &f,), with the assumptions that
the hysteresis loss is not influenced by the IFCCs and the ISCCs and that the IFCL is not
influenced by the ISCCs,

— acombination of egs. 4.31 and 4.41 or preferably, a direct calculation using the network
model applied to the particular cable and stack. The calculated time constant . for
the sample as described in section 4.10.5 is equal to:

L :
Tie =28-107 RL‘ Is] . (4.45)

[+

4.10.3 Theoretical model for the electrical method

The R.-value can also be determined by means of an electrical (or UI) method. Two strands
of a cable piece are connected to a current supply, while the voltage is measured over any
combination of strands (see Fig. 4.22).

The current distribution is calculated using the network model as described in
section 4.2 applied to a cable of finite length. The field change is taken as zero and the
boundary conditions are formulated so that for the first band: I, =-I,.,=I where I is the
current through the cable and p and g denote the strands that are connected to the current
supply. In this section the current supply is connected to the opposite edges of the cable
(strand positions p=1 and g=N,/2+1), which leads to a more global R,. In the case of a 26-
strand cable, the voltages U; j between the strand at position 1 and the strands at positions
j=2-26 are depicted in Fig. 4.23 for a current of 1 A connected to strand positions 1 and 14.
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Figure 4.22, Mustration of the UI method. The strands at positions 1 and 14 (at one end of the cable

Voltage, U1 (uV)
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0.03 1

.0.02 A

0.01

piece) are connected to a current supply and the strands at positions 3 and 12 to a voltmeter.

2 4 6 8 10 12 14 16 18 20 22 24 26
Strand position '

Figure 4.23. The voltage between strand 1 and the other strands (j=2-26) of a 26-strand cable of length

Lp,s for three combinations of R, and R; and a current of 1 A. The current supply is
connected to the strands at positions 1 and 14.

The voltage is symmetric around j=N,/2+1 (i.e. 14 for N,;=26) and depends strongly on the
ratio between R, and R.. While U, ; increases linearly (between j=2 and j=N,/2+1) for
R,<<R,, only three voltage levels are present for R,>> R.. The shape of the U; j-j curve is
therefore a good indication of the ratio between R, and R.. Recent results of measurements
on LHC-type cables agree very well with these calculations both for R,>> R, and R,<<R.
(obtained by placing a resistive barrier between the two layers of the cable) [Richter, *95].

Fig. 4.24 shows the voltage U;u4 (=U.) as a function of the cable length for three
combinations of R, and R,.. Numerical calculations of the voltage U,, over the two edges of
the cable as a function of R,, R., (Ls/l.s) and N; result in the analytical expressions:

ee

R,+R,

[V] for R.<R,and p,—0, (4.46a)
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Figure 4.24. The voltage Ut,14 as a function of the cable length for three combinations of R;and Rc and a
current of 1 A (N;=26). The current supply is connected to the strands at positions 1 and 14.

L
U, =—""—1 [V] forR,<<R.and p;—0, 4.46b
e 2R lcabJﬁ; [ ] P ( )

where the current I is connected to the strand positions 1 and (N,;/2+1) at one end of the
cable piece. .

The UI method is very sensitive to local variations in R, and R.. The R.-value can be
accurately estimated if R,>>R, and if the cable length is smaller than 0.5L, . For longer
cable pieces the current distributes through many resistances. This implies that the voltage
can decrease significantly (compared to eq. 4.46a) if only one resistance has a small value
which would consequently lead to an apparently smaller R..

The UI method is therefore useful for estimating R, of a cable since it is a fast and cheap
method. Calorimetric loss measurements, however, are required to determine an accurate
global R, of the cable since the method is less sensitive to local variations in R, and R,.
However, the UI method is the most accurate method for estimating R, of a cable in which
the ISCL is small compared to the IFCL. Calorimetric or magnetisation measurements do
not give a precise R, because the IFCL can depend slightly on the angle @ due to the
deformation of the strands.

4.10.4 Experimental set-up

A new experimental set-up has been designed to investigate the relation between R.of a
Rutherford-type cable and the pressure P, applied transversely on the cable. The sample is
placed in-between two stainless steel bars (see Fig. 4.25) and pressure is applied by means
of a series of bolts and can be increased up to 130 MPa.
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Pressure bolt

Pressure bar

Stack of cable pieces

Figure 4.25. Schematic view of the cross-section of the stack of four cable pieces placed between two
stainless steel pressure bars.

The sample consists of a stack of four cable pieces each with a length of three times the
cable pitch (i.e. about 350-400 mm). The power loss of the sample (per metre of cable) is
then equal to the power loss fot an infinitely long cable (fullowing section 4.8). The cable
pieces are separated by electrically insulating foils to avoid coupling currents flowing
between the different cable pieces.

Several strain gauges are glued onto the stainless steel bars to verify the change in
pressure during cool-down from 300 K to 4.2 K. The accuracy of the pressure is within
10%. A superconducting dipole magnet provides an AC field with a maximum amplitude of
1 T, homogeneous over the whole sample volume. The stack can be rotated with respect to
the AC dipole so that the loss can be measured as a function of the angle 6 between the
applied field and the y-axis (with ¢=90°, see Fig.4.1). The accuracy in the angle 0 is
within a few degrees.

A bell jar, placed around the sample, collects the helium gas which boils off at the
surface of the sample. The gas is directed through a tube and measured with a mass
flowmeter at 300 K. The mass flowmeter is calibrated by means of an ohmic heater placed
in the bell jar knowing that 1 W at 4.2 K will produce 17.4 liter of helium gas per minute at
300 K.

Additionally, voltage taps and current leads are connected to positions 1 and (N,/2+1)
(see Fig. 4.22) of one or more cable pieces in order to estimate R, by means of the 84
method.

4.10.5 Results and discussion

The R.-values of the following three cables, with SnAg-coated strands, are determined (see

Table 2.4):

— Cable I-2. The stack of cable pieces is heat-treated for about 2 hours at a temperature of
160°C at 30 MPa. The R_-value is deduced by means of the electrical and calorimetric
methods at subsequently 30, 10, 30 and 80 MPa. The pressure is not released in-between
the heat-treatment and the first measurement at 30 MPa, but is released for about
15 minutes in-between the first and second measurement (before applying 10 MPa).
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— Cable 1-4. The stack is not heat-treated. The R -value is deduced by means of the
electrical and calorimetric methods at subsequently 10, 60, 100 and 30 MPa.

— Cable I-4 soldered with PbSn and denoted by cable I-4s. The stack is not heat-treated.
The R,-value is deduced by means of the calorimetric method at subsequently 10, 45 and
90 MPa.

All calorimetric measurements are performed using a triangular (samples I-4 and I-4s) or
sinusoidal (sample I-2) applied field with an amplitude B™ between 25 and 400 mT. The
measurements are corrected for the background boil-off and the very small eddy-current
Joss generated in the press itself. The results of loss measurements on sample I-4 as a
function of the angle 0 are presented in Fig. 4.26 and show that Q;; scales with cos*(0),
which is in agreement with egs. 4.1b and 4.17.

16

12 4

Energy loss, @5, | (J'cycle)
oc

-30 0 30 60 90 120
Angle, 6 (degrees)

Figure 4.26. The ISCL per cycle of cable I-4 as a function of the angle 6 for B"=0.2 and 0.4 T, f=0.12 Hz
and P,=30 MPa. The solid curves are best fits assuming that Qis,, is proportional to cosX(9).

The losses of sample I-4 as a function of the frequency, for fields B, and By with an
amplitude B™ equal to 400 mT and for pressures P, of 10, 30, 60 and 100 MPa, are given in
Figs. 4.27 and 4.28. These figures can now be compared with Fig. 4.21 and the different
loss components can be determined according to the discussion in section 4.10.2. The
hysteresis loss and IFCL are in good agreement with the AC magnetisation measurements.
The variation in the IFCL for different pressures is probably caused by the error in the
calorimetric measurements but does not significantly affect the deduction of R..

The Q,, -f curve is obtained by subtracting the hysteresis loss and the IFCL (i.e. Qyo,y) from
the Oy, -f curve (see eq. 4.44b). The R.-value is determined from the slope of the O, -f
curve for £>0. The time constant is then calculated using eq. 4.45 and denoted by i
The time constant is also deduced from the frequency f,, where Q;, is maximum, as
described above, and referred to as 7., The values of the contact resistances and time
constants are given in Table 4.4.
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Figure 4.27. The energy loss per cycle Ou, of sample I-4 as a function of the frequency for a field
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Figure 4.28. The energy loss per cycle Qi of sample 1-4 as a function of the frequency for a field

The Q,,f curves of samples I-2 and I-4s are determined in a similar way for a field chahge

change By with B"=400 mT for P,=10, 30, 60, and 100 MPa. As a comparison, the loss
deduced from the AC magnetisation on the same cable is included (see section 3.5)
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B, as well as B;. Determination of the slope of the Q;;, -f curve at f=0 in the case of sample
I-4s is too inaccurate, due to its very small R.. Therefore, only the time constants 7., are
determined (see Table 4.4) and the R.-values are deduced using eq. 4.45. The R,-values of
the three cables as a function of the transverse pressure are depicted in Fig. 4.29.
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Table 4.4. Results of the calorimetric and electrical loss measurements on a stack of Rutherford-type
cable pieces in terms of Reur, Re, Tis.sim and Tissc for several pressures. Re,ur denotes the R,
as deduced by means of the UI method. The accuracy in the resistances and time constants
is about 10-20%.

P, (MPa) Re,ur (UQ) R (UQ) Tis,stm (S) Tis,ste (8)
Cable I-2 30+ 5 22 1.8 2.0 20
10+ 5 28 13 0.35 0.28
30+ 5 12 7.0 0.52 0.52
80+ 10 3.6 2.7 1.3 1.3
Cable 1-4: Unsoldered 10 5 11 73 N 49 0.45
30+ 5 5.0 32 1.1 1.0
6010 29 1.6 23 2.1
100+ 10 - 1.3 27 2.5
Cable I-4: Soldered 10+ 5 0272 12
45+10 0.30° 11
90+ 10 0.27% 12

* Estimated according to eq. 4.45 with the time constants Tism

12 4

10 4

Contact resistance, R, (uQ)

0 T T T T 1
0 20 40 60 80 100

Transverse pressure, P | (MPa)
Figure 4.29. The average R. as a function of the applied pressure P, determined using the calorimetric

method. The labels indicate the sample. The dotted line shows R of sample I-2 directly after
the heat-treatment and before the pressure has been released to 0. The lines are fitted curves

which are proportional to P 1'3/ 4,

The R.-value of cable I-4 decreases strongly for increasing transverse pressure and is
proportional to P l-3/4‘ This implies that a representative R, of a coil can only be obtained if
R, is determined at a pressure level that corresponds more or less to the average pressure

level in the coil.
The R,-value of cable I-2 has a similar pressure-dependence as cable I-4 once the
pressure has been released completely (after the heat-treatment). Fig. 4.29 shows clearly
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that R, is reduced significantly due to the heat-treatment. The difference in R, at 30 MPa
(before and after the pressure has been released to 0), corresponds well to similar
measurements (by means of the UI method) on cables with SnAg coated strands
[Oberli, *95]. This implies that a representative R, of a coil can only be obtained if the stack
is exposed to exactly the same sequence of pressure and temperature as the coil.

The R.-value of the soldered cable I-4s is about 0.3 nQ (as deduced from the time
constant of about 12 s) and almost pressure-independent. At large pressures of about 50-
100 MPa, R, is about 5 times smaller than those of the cables with SnAg coated strands.
Note that an R, of 0.3 pQ corresponds well with the contact resistance within the splice (i.e.
about N,20.4 nQ=0.3 pQ for a splice of length L, ).

The R,-values of samples I-2 and I-4 are also determined by means of the UI method,
using eq. 4.46a with the assumption R,=10R,, and presented in Table 4.4. The R -values
determined by means of the UI method are about a factor 1.5 to 2 larger than those deduced
by means of the calorimetric method. The pressure-dependence is similar for both methods.
This shows that the UI method should not be used for determining the exact R, but is useful
for obtaining a first order-of-magnitude estimate.

4.11 Conclusions

The interstrand coupling currents (ISCCs) and power loss (ISCL) in a Rutherford-type cable
are calculated by modelling the cable by means of a discrete network of nodes connected by
strands and contact resistances R, and R.. A new model is written and described which is up
to now the most general and precise model available (section 4.2). It includes transport
current, saturation (with several types of resistive transitions), self-field, self- and mutual
inductances, keystone angle and spatial distributions of resistances and applied field
(variations). Calculations can be performed on single cables (of finite and infinite length),
stacked cables and coils (see chapter 6). For all these geometries the time constants of the
ISCCs can be calculated. With the same model also the characteristics of the boundary-
induced coupling currents (see chapter 5) are calculated by means of the amplitude,
characteristic loop length and characteristic time. The fields caused by the coupling currents
in cables and coils can be calculated.

The ISCCs and ISCL depend strongly on the width of the cable, especially because an
increase in the width often implies an increase in the cable pitch.

In the case of cables where R, varies across the cable width or cables subjected to field
changes which vary across the cable width, no simple formulas can be given for the ISCCs.
A first estimate of the ISCCs and ISCL can be obtained by using the R,- and B -values in
the centre of the cable (sections 4.6 and 4.7). Therefore, a cable with a resistive barrier
between the two layers of the cable exhibits no significant ISCL, unless R, is very small.

The ratio between the average time constant 7 and the coupling power loss P is constant in
the case of a single cable subjected to a given B, and is not significantly affected by a non-
uniform R, -distribution across the cable width. The ratio between 7;; and P, remains also
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~ constant for a stack of cables and is not affected by spatial R -distributions over the cross-

section of the stack (section 4.9). This implies that: '

— the time constant of the ISCCs of any configuration of cables is directly related to the
ISCL in the cables, and conversely,

— the ISCL and the time constant 7, can be calculated for any configuration of cables if the
ISCL or the 7, of a single cable, a stack of cables or a coil is known.

The time constant of the ISCCs in a stack of cables increases with the number of cables in

the stack with a maximum increase of about a factor o, (section 4.9)

An increase in the transport current results in a gradual decrease of the coupling currents /,,
I. and I, as soon as the sum of the strand transport current and the coupling current
reaches the critical current. The total coupling power loss remains more or less constant up
to a transport current close to the critical current of the strand (section 4.5). The place where
the power is generated shifts from the contacts to the filaments.

For a finite piece of cable, subject to a spatially uniform B, the ISCL will vary as a
function of the cable length with a period equal to the cable pitch. The loss in a long cable
can be well deduced from the loss in a short cable if the latter has a length larger than the
cable pitch L, , and preferably equal to an integer times L, ; (section 4.8).

The R.-value of a cable is deduced by calorimetric and electrical methods. The electrical
(or UI) method is sensitive to local variations in R, and R, but is useful for a first estimate
of R. only. The calorimetric method gives .an average R. but is not accurate if the
interfilament coupling loss is much larger than the ISCL (section 4.10).

Both methods are applied to a stack of keystoned Rutherford-type cable pieces to
investigate R, as a function of the transverse pressure. Experimental results are obtained for
two 17 mm wide cables with SnAg coated strands. If no solder is present between the
strands, the average R, decreases about one order of magnitude for an increase in pressure
from 10 to 100 MPa. The R_-values determined by means of the calorimetric method are
about 2-4 nQ at 60 MPa. The R.-values determined by means of the UI method are about
twice as large which shows that the UI method is useful in order to obtain a first estimate of
R,, but that the calorimetric method has to be used to obtain an accurate global R.. The R.-
value decreases to about 0.3 p€ and is pressure-independent, if the cable is filled with PbSn
solder. A heat-treatment of the cable under pressure reduces R, significantly but the
reduction disappears if the pressure is released to O and increased again to the original
value.

The R_-value in coils made of Rutherford-type cables can be estimated by measuring R,
of a stack of cable pieces. It is however very important that the stack is exposed to the same
pressure and temperature cycle as will the cable in the process of cable manufacturing, coil
winding, curing of the cable insulation and operation. R -values obtained without pressure
and without heat-treatment could give a far too optimistic indication of the expected ISCCs
in magnets.

Experimentally obtained time constants of the ISCCs are in very good agreement with
the calculated time constants using the network model, which validates the use of the
network model for simulating the interstrand coupling in superconducting cables.
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Boundary-induced couplmg
currents

In this chapter it is shown that spatial distributions in the field-sweep rate B
and in the contact resistances R, and R, along the length of a Rutherford-
type cable provoke a non-uniform current distribution during and after a
field sweep. The process is described by means of Boundary-Induced
Coupling Currents (BICCs) flowing through the strands over lengths far
larger than the cable pitch. The BICCs are represented by a characteristic
length, time and propagation velocity.

Several longitudinal distributions of B and R, are considered which are
present or likely to be present in accelerator magnets. Attention is especially
focused on the cable-to-cable connections and the coil ends, where the cable
bends around the beam pipe.

The dependence of the characteristics of the BICCs on the strand
resistivity and the contact resistance between strands is calculated.

It is shown that BICCs are always present in coils made of cables with
non-insulated strands and it is discussed whether R.- or B-variations are the
dominant cause.

The BICCs are evaluated by means of a novel experiment in which a
1.3 m long Rutherford-type cable is exposed to a local field variation. The
results clearly demonstrate the existence of BICCs and validate the use of the -
network model for calculating them.
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5.1 Introduction

In chapter 4 the ISCCs are dealt with in the case where the B -variation along the length of
the cable is uniform. However, in all magnets a certain spatial variation of the field is
present along the length of the cable and hence a spatial variation of B during a field
sweep. In this chapter only variations in B (i.e. the field change normal to the large face of
the cable, see eq. 4.1) are considered since the magnitude of the interstrand and boundary-
induced coupling currents is mainly affected by this component.

As an example, the field change B, (in the centre of the cable) along the length z of the
cable in a 1 m long LHC dipole magnet is shown in Fig. 5.1 for a central-field-sweep rate of
0.0066Ts™. Only the cable of the inner coil of one pole, having 13 turns, is shown with a
total length of about 25 m (see also Figs. 2.2b and 2.3).

0.004 B3

wm-ﬂﬂﬂmqqﬂm ﬂBﬁj

0.002 - B5
mwﬂ B6
0.001

0_

Field change, B L (Ts™

-0.001 A

'0.002 1 1 T 1 1
0 5 10 15 20 25

z-Position (m)

Figure 5.1. The field change By along the length of the cable of the inner coil of one pole of a 1 m long
LHC dipole magnet with a 50 mm aperture. The field change is the average field change in
the centre of the cable. The central-field-sweep rate is 0.0066 Ts'!. The labels indicate the
block numbers (see Fig. 2.2b).

The sharp decreases in B, correspond to those parts in the coil where the cable bends
around the beam pipe. The position z=0 denotes the end of the current lead. Part of the
curve (2.1 m<z<6.2 m) is enlarged in Fig. 5.2 in which B, at three different places across
the cable width is depicted versus the scaled axial position of the cable. The spatial Bi-
distribution can be separated into two regimes:

e Strong variations for which IA B)/Azl is of the same order as |Bi na/Lyl, with AB, the
change in B, over the longitudinal length Az and B max the maximum field change. An
example is the average B, -variation between z=20L,; and z=21L, ; (see Fig. 5.2) where
|A B, /AZi=1B| ynz/L, 1=0.0053/0.13=0.04 Ts'm™.




Boundary-induced coupling currents 103

0.006 ~
r=26 mm

0.005 -

0.004 -

0.003 A

0.002 -

0.001 -

Field change, B (Ts™)

0...

-0.001 1

'0.002 i T ¥ ¥ i 1 T
16 20 24 28 32 36 40 44 48

z-Position, z/1. 5,

Figure 5.2. The field change By along the scaled Iength"of the cable of a 1 m long LHC dipole magnet
with a 50 mm aperture. The field changes at three radii are shown (see Fig. 2.2a) for several
turns of block 3 (B3). The central-field-sweep rate is 0.0066 Ts™' and L, is equal to 0.13 m.

e Weak variations for which IAB,/Azl is much smaller than |By ,./L,l. An example is
shown in Fig. 5.1 for the average variation of the field in the entire inner coil of the
magnet, where IABi/A71=0.0025/24=1-10* Ts'm" while |B1 naw/L,,;1=0.0053/0.13
=0.04 Ts'm™".

In accelerator dipole and'quadrupole magnets both cases are present whereas, for example,

in solenoid magnets mainly weak variations occur.

Besides spatial distributions of B spatial distributions of R, are also present in an
accelerator magnet. In section 4.6 the case of a varying R. across the cable width was
discussed, which is due to the keystone angle and the gradient in the transverse pressure P,
across the cable width. However, variations in R, along the cable length also occur and can
be separated in:

e Variations over lengths far larger than L, , which are present in the entire cable since the
transverse pressure varies considerably over the cross-section of the coil. Measurements
of the contact resistances, performed on several sections of the inner coil of two SSC
dipole model magnets, have shown that the contact resistances could vary by more than
one order of magnitude over the turns of one coil [Kovachev, *93a/b,’94].

e Variations over lengths up to a few cable pitches which are present:

— in the coil ends where the transverse pressure P,, that strongly influences R, on the
cable varies significantly; analysis of the cross-sections of coils has shown that in
these parts of the magnet the average contact area between strands reduces to almost
Zero,

— in the soldered connections between different cables in the magnet,

— inlocal ‘shorts’ between strands.
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Recently, the influence of spatial B)- and R.-distributions on the coupling currents in
Rutherford-type cables was also treated by Akhmetov et al., showing that the coupling
currents I, and I, vary periodically with a period equal to the cable pitch
[Akhmetov, *93a/°94/°95].

Egorov also concluded that the coupling currents and power can increase substantially
due to the axial B, -variations although, under certain conditions, it can be imperceptible as
well [Egorov,’94]. The coupling currents can increase up to magnitudes that, in
combination with the transport current, saturate the strand and cause a quench or initiate a
current redistribution.

Also Krempasky and Schmidt have recently shown that non-uniform B -distributions
provoke additional coupling currents exhibiting very long time constants
[Krempasky, ’95a/b]. Their approach was based on the solution of the diffusion equation
which they applied to a two-wire configuration coupled through a transverse conductance.

An analytical solution of the decay of current loops as a function of time is given by
Akhmetov et al. under weak and strong excitation levels [Akhmetov, *93b]. Computations
are made in the case of an SSC dipole magnet, showing that the time constant under weak
excitation can be as large as 10% s and decreases strongly if the transport current reaches
90% of its critical value. i

The above-mentioned approaches demonstrate qualitatively that non-uniformities in the
magnetic flux or cross-contact resistances always results in periodically varying coupling
currents. In this chapter calculations are performed to investigate the current pattern caused
by longitudinal B, - and R,-variations more systematically. The calculations are made using
the network model of a Rutherford-type cable as described in detail in section4.2.
Additional assumptions which are used in the simulations are given in section 5.3. The
current patterns are evaluated by means of a new type of current, the so called ‘Boundary-
Induced Coupling Current (BICC)’, and illustrated in section 5.4.1. The term ‘boundary’
indicates that BICCs are generated by geometrical boundaries, boundaries in B and internal
boundaries such as changes in R, and mainly R.. The BICCs differ from the ISCCs with
respect to: '

— the length over which they flow in the strands, represented by a characteristic length &

— the characteristic time 7;,; which they exhibit,

— the propagation velocity vy,

— the magnitude I;0.

In sections 5.4.1-5.4.4 the results are presented for a straight cable subject to a single ‘By-
step’, which implies that one part of the cable is exposed to a field variation B, while the
other part is not. Several formulas are presented by which the characteristic time and length
of the BICCs can be estimated. In order to draw conclusions with réspect to an entire coil, it
is shown in section 5.4.5 how the results of a single B -step can be applied to estimate the
BICCs in a cable subject to an arbitrary longitudinal B, -variation.

In section 5.5 special attention is paid to the case of a cable which is partially exposed to
a varying field. It is shown that the BICCs can cause a significant enhancement of the
coupling power loss. The large characteristic lengths of the BICCs cause the loss to be also
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dissipated in those parts of the cable which are not exposed to the local Bj. In section 5.6
the case of a cable is investigated with R.>>R, simulating, for example, a cable with a
resistive barrier between the two layers. In section 5.7 the BICCs are calculated for a cable
that is exposed to a uniform B, but has a local R -variation. The calculations are especially
useful for understanding the influence of R_-variations in the coil ends and cable-to-cabie
connections on the magnitude of the BICCs.

In section 5.8 a novel measurement set-up is described for investigating the BICCs in a
straight Rutherford-type cable, subject to a local By, by scanning the magnetic field along
the cable length. The experimental results are compared to the calculations in order to
understand the pattern of the BICCs and to validate the simulations.

In the next section the case of a cable with insulated strands is briefly discussed, since
the current distribution has a certain resemblance to the current distribution as produced by
the BICCs. ‘

5.2 Cables with insulated strands

The current in each strand of a multistrand cable with insulated strands is constant through
the total length of the cable. The current distribution in the cable subject to a homogeneous
field can be easily derived since the current distributes itself among the strands in such a
way that the voltages over all the strands of the cable are equal. The voltage over strand i
consists of a resistive and an inductive part, and is given by:

NX
Ul = U;? +U:nd = I;tr(R.:er + p.:lStr / AXtr)+zMUI]

str

vy, 3.1

=

with I, the strand current, R,,, the series (or joint) resistance of the transfer length near the

current leads, p, the strand resistivity, L, the length of the strand, Ay, the cross-section of

the strand and MY the mutual inductance between strands i and j. This analytical approach

can be used if the cable (with insulated strands) is subjected to a constant field (change) and

is ramped without generating a large self-field compared to the field produced by the other

turns. The transfer length consists of:

— the transfer across the copper of the current lead, the solder and the outer copper sheath
of the strand (until the outermost layer of filaments),

— the transfer from the outermost layer of filaments to the more inner layers.

In general the first transfer traject is the major contribution to the resistance and the joint

resistances can differ by a large amount. Eq. 5.1 shows that, once all the currents are

stabilised (so that the inductive term can be disregarded), the current is distributed

according to the relative values of the series and strand resistances. Hence, the distribution

can strongly depend on: '

— the current level because the strands can have a different voltage-current relation,

— the external field since the contact resistances can be magnetoresistive. '

The strand currents under DC conditions always differ somewhat as it is impossible to

achieve exactly the same soldering [Faivre, *81].
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The contribution of the joint resistance R, and the strand resistance Ry, to the total
resistance R,,, is examined in the case of a dipole magnet. Therefore, both R;,, and Ry, are
calculated for the inner coil of a 1 m long PBD magnet (see Table 2.1).

The joint resistance. The resistance of the soldered connection with length L, between
two Rutherford-type cables is typically 0.4 nQ. For a 26-strand cable this implies about
10 nQ on both ends of the strands, so in total 20 nQ per strand.
The strand resistance. Since the field (and hence the critical strand current) varies
strongly over the cross-section of a magnet, the strand resistance has to be determined
by integration along the total length Iy, of the strand:

l.\‘ll‘

1 ,
Ry, = Jp; (Itr,str ydz  [Q], (5.2)

stro o

with A,,, the cross-section of the strand. The power law of the voltage-current relation
(see eq. 4.8) is used to describe the current dependence of p;. Fig. 5.3 shows Ry, as a
function of the transport current for several n-values in eq. 4.8 (assuming p;= 10" Qm
at I, gr=Ic ). In the case of an operation current that is 90% of the critical current the
resistance Ry, is about 10 to 107 nQ for n=30 and n=10 respectively.

At weak excitation levels the current distribution is dominated by the joint resistance
whereas only for currents very close to the critical current does the strand resistance have to
be taken into account, especially for long magnets made of a cable having a small n-value.
Also in the case of cables with non-insulated strands the current distribution under DC
conditions will be given by the differences in joint resistances among the strands.
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Figure 5.3. The resistance of the strands of an inner coil of a 1 m long LHC-type dipole magnet as
a function of the scaled transport current for several n-values. Ry is almost proportional
to the length of the magnet. The series resistance of 20 nQ, corresponding to two cable-
to-cable connections of 0.4 n€, is independent of the magnet length.
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By changing the cable current, the strand currents will change according to their relative
self- and mutual inductances. In the case of fully transposed cables, in which each strand has
the same self- and mutual inductances with the other strands, the ramping of the total
current will not affect the differences between the strand currents already created under DC
conditions, if of course R, and p, remain constant. In practice, however, a change of the
current also causes a change of the field, and the strand resistivity can increase significantly
due to the dynamic resistivity (see eq. 3.6):

2
Papn = A E,, = s B,, [Qm], (5.3)
I 31¢,,(B,T)

Ir,str

with B, the field change normal to the strand axis (disregarding the small twist angle of the
filaments). The dynamic resistivity can easily be larger than the resistivity p, under DC
conditions. For example, pdy,,=10'15 Om at B;,=0.1 Ts? (for d=10 um, d,=1.3 mm and
Ic,»=1000 A), while p,=10"*Qm at I,,,=0.8Ic,, (for n=20 and p,=10"Qm at
L. r=Ic ). In a coil each strand of the cable has an almost equal dynamic resistivity, so that
a field-sweep will not cause differences between the strand currents due to different pgy,,.

Considering non-fully transposed cables (for example a 6 around 1 cable configuration),
differences between the self- and the mutual inductances are present. During a current ramp,
some strands will carry more current than others which can significantly decrease the
quench current of such a cable if used in AC applications, see for example [Schermer, ’79],
[Faivre, *81], [Knoopers, '85]. These time constants of the (re)distribution process of the
currents depend on the series and strand resistances and on the self- and mutual inductances.
The time constants are therefore current-dependent since Ry, is magnetoresistive and Ry, is
strongly current-dependent.
The current distribution in non-fully transposed cables is not further discussed since all
the strands of a Rutherford-type cable have almost the same length. Small differences in the
_lengths of less than 0.1% can be present due to, especially, the coil ends but they hardly
affect the current distribution.

5.3 Simulating BICCs

The network model, as extensively described in section 4.2, is used to calculate the BICCs
in a Rutherford-type cable. The longitudinal coordinate of the cable is denoted by z. The
cable lengths from z=0 to the ends of the cable are referred to as I .1, for z<0, and [ 4,2,
for z>0 (see Fig. 5.4). The end of the cable is either the physical end (with or without a
cable-to-cable connection) or a part where the strands are in the normal state (and hence
have a relatively large strand resistivity).

Throughout the chapter the strand sections are denoted by the strand position (see
Fig. 5.5) which is independent of the longitudinal position, while the (physical) strands are
denoted by the strand numberi. So, each strand will subsequently pass through all the
strand positions.
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Figure 5.5. Numbering of the strand positions in the cross-section of a 16-strand Rutherford-type cable.

At z=k-L,, (with k an intcger), the strand numbers correspond to the strand position
numbers. Hence, at z=0, strand 1 bends around the edge of the cable while at z=L,/4
strand 1 is located near the centre of the cable.

The calculations are performed assuming that:

The strands in the cable have the same length. This implies that all strands have the
same self-inductance, whereas the values of the mutual inductance depend on the
relative position of the strands in the cable.

The strands have the same series resistances Ry,,.

The strand currents are smaller than the critical current (Iy,,<Ic s i.€. the strands are not
saturated) and the strand resistivity p; is the same for all the strands and is assumed to be
independent of the current in the strand. In the network model the strand resistivity is
included by means of a resistance R, between two nodes as given by eq. 4.11.

A non-uniform current distribution within the strand (due to persistent currents and
interfilament coupling currents) is not taken into account.

Only the field change B; is considered because the field changes By and B, (see
Fig. 4.1) turn out to have a much smaller effect. At a first approximation, the ratio of the
magnitudes of the BICCs for B, and By is equal to the ratio of the magnitudes of the
ISCCs for B, and B (see eq. 4.20).

The contact resistance R, between adjacent strands is much larger than the contact
resistance R, between crossing strands (R,>>R.). Only section 5.6 deals with the
specific case where R,<<R,, simulating the presence of a resistive barrier between the
two layers of the cable.

In the ends of the cable the distribution of the ISCCs is given by the solution for a cable
without longitudinal non-uniformities that is exposed to the local B, which leads to the
solutions obtained in section4.4.1. Other boundary conditions, however, do not
influence the results from a qualitative point of view.
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The assumptions imply that the transport current is uniformly distributed among the strands.
In the following the term ‘steady-state’ denotes the condition that the cable is exposed to a
certain B -distribution for a time much larger than all characteristic times involved.

Most of the simulations are pcrformcd by subscquently changing all the parameters in the
network model, namely A, w, L,,, N,, R, R,, B, and p,. The results are presented as
analytical formulas that describe the dependence of the currents, time constants and decay
lengths on the above-mentioned parameters. Therefore, each analytical relation contains one
or more constants of proportionality that are needed to fit the numerical results to the
analytical expressions. '

Many simulations and, in particular, step-response calculations require a large-size
matrix as shown in section 4.2. To reduce the computing time, the simulations are often
performed on cables with only 8 or 10 strands. Also a large strand resistivity is used in
order to decrease the length over which the BICCs decay (see section 5.4.2) and hence the
matrix size. Extrapolation to cables with more strands and a small strand resistivity could
therefore result in less accurate solutions. The estimated error in the constants of
proportionality are given for each analytical expression.

5.4 Cables exposed to a B, -step

The characteristic BICC distribution in a cable is illustrated in section 5.4.1 by means of a
step increase in B, along the length of the cable. The magnitude of the BICCs as well as the
characteristic length & are dealt with in section5.4.2, the characteristic time T in
section 5.4.3 and the propagation velocity of the BICCs in section 5.4.4.

In section 5.4.5 it is shown how the solution of the BICCs for an arbitrary B, -distribution

can be obtained by considering it as a superposition of B ', -steps. Specific longitudinal

variations, which are likely to occur in a magnet, such as:

— B, which linearly increases from O to a certain value, simulating that part of a magnet
where the cable enters the magnet,

— B, which is small over a certain length of the cable, simulating the coil ends, where the
cable bends around the beam pipe,

can be treated by this approach. Field variations across the cable width only slightly change

the distribution of the ISCCs (see section 4.7) but do not generate BICCs, and are therefore

not dealt with in this chapter.

5.4.1 Characteristic BICC pattern
A 16-strand cable is considered (with R.=1 pQ, R,=10 pQ, d;=1. 3 mm and L, ;= 100 mm)
which is exposed to a field change B, of O for z<0 and 0.01 Ts™ for z=0. The transport
current I, ., in the strands is equal to 20 A.

The characteristic coupling-current pattern in the cable is illustrated by means of the
current in a given strand as well as the current at a given strand position. Fig. 5.6 depicts the
current in two strands (numbers 2 and 12).
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Fignre 5.6. The characteristic pattern of the strand currents in two strands of a Rutherford-type cable
subject to field changes of 0 for z<0 and 0.01 Ts"! for z20 (Regime A: p;=2-10""* Qm).
The transport current is shown by a dotted line. The bold line shows the transport current
and the BICC in strand 2 for z20.

The strand current can be regarded as a superposition of three components:

The transport current which is equal to 20 A all along the strand.

The oscillating term, with an average equal to 0, related to the ISCCs which are mainly
present for z20. The maximum ISCC is about 7 A and corresponds to the ISCC for a
cable without longitudinal variations (see eq. 4.20). The amplitude of the ISCC pattern
remains constant for z=0.

The BICC which is maximum close to the B)-step and decays quasi-exponentially for
z<0 as well as z20 with a characteristic length &, which is equal for all the strands. The
magnitude of the BICCs can be different for z<0 and z=0, as shown in Fig. 5.6 where
the bold line represents the current in strand 2 corrected for the ISCC contribution. The
difference depends on the strand number and its maximum is equal to the maximum
value of the ISCCs.

Fig. 5.7 depicts the same strand currents but now when p; is much smaller. The contribution
of the ISCCs remains the same. The BICCs, however, decay quasi-linearly towards zero
instead of quasi-exponentially and their magnitude is much larger than in the previous case.

Two regimes can be distinguished: '
Regtme A. The BICCs decay quasi-exponentially along the length and approach O clearly

before the end of the cable. In this case a characteristic length & of the BICCs
can be defined as the length over which the BICCs decay to 1/e of their initial
value. The length of the cable is at least several times & and the boundary
conditions at the ends of the cable do not influence the magnitude and the
decay length of the BICCs.
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Figure 5.7. The characteristic pattern of the strand currents in two strands of a Rutherford-type cable
subject to field changes of O for z<0 and 0.01 Ts? for z20 (Regime B: p,=2-10"7 Qm).
The transport current is shown by a dotted line.

Regime B. The BICCs decay quasi-linearly towards the boundary values at the end of the
cable, which therefore influence the decay. In general the boundary conditions
impose that the BICCs are O at the ends of the cable. Different boundary
conditions, however, will give a qualitatively similar behaviour but
quantitatively different results.

The intermediate regime, where the decay of the BICCs is somewhere in-between an

exponential and a linear one, is not dealt with in this chapter. An estimate of the

characteristics of the BICCs can be obtained by assuming a linear decay. In section 5.4.2

the parameters are discussed that define whether the BICCs decay quasi-exponentially or

quasi-linearly.

In order to illustrate the current distribution in the cable more clearly, the strand current at a
given strand position will now be analysed under the same conditions as applied in Figs. 5.6
and 5.7. The strand current at the edge of the cable (position 1, see Fig. 5.5) is depicted in
Figs. 5.8 and 5.9 for regimes A and B. Fig. 5.10 shows an enlargement of Fig. 5.8 for
-2L, ,<z<2L,  for two strand positions.

The average strand current at the edge is equal to [, ,,=20 A for z<0 and is about 13 A
for z=0 which corresponds to the sum of ., and the ISCC (of about -7 A) for a cable
without longitudinal variations shown as a bold line in Fig. 5.8. Hence, the strand current at
a given strand position can be regarded as a superposition of:

— the transport current,
~ an oscillating part from the BICCs,
— the ISCCs of which the value depends on the strand position (see, for example, Fig. 4.6).

This can be seen in Fig. 5.10 where the ISCC is about -7 A at position 1 while it is about

0 at position 5.
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Figure 5.8. The characteristic pattern of the strand current at position 1 of a Rutherford-type cable
subject to field changes of 0 for z<0 and 0.01 Ts for z20 (Regime A: p,=2-10"* Qm).
The transport current is shown by a dotted line, and the ISCC by a bold line.
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Figure 5.9. The characteristic pattern of the strand current at position 1 of a Rutherford-type cable
subject to field changes of 0 for z<0 and 0.01 Ts" for z20 (Regime B: px=2-10'17 Qm).
The transport current is shown by a dotted line.
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Figure 5.10. The characteristic pattern of the strand current at positions 1 and 5 of a 16-strand
Rutherford-type cable subject to field changes of 0 for z<0 and 0.01 Ts! for z20
(Regime A: ps=2- 10 Qm). The transport current is shown by a dotted line.

If the transport currents in the strands are not equal, an additional variation of the current at
a given strand position is present.

A regular pattern exists in the magnitudes of the BICCs. In each cross-section of the
cable opposite strands (for example 3 and 11 or 7 and 15, see Fig. 5.5) carry BICCs with
the same magnitude but with an opposite sign. Adjacent strands have only slightly different
BICCs as shown in Fig. 5.11. For z=0 the maximum BICCs occur in the centre of the cable
i.e. at positions N;/4 and 3N,/4.
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Figure 5.11. Illustration of the magnitude of the BICCs in a 16-strand cable at a certain z-position. The
labels indicate the strand positions as given in Fig. 5.5.
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The regular pattern is typical for BICCs and causes them to generate more pronounced field
errors than in the case of a random current distribution among the strands, such as that
caused by different joint resistances. The magnitudes of the BICCs change mainly due to
cross-over currents /., flowing between the upper (positions 1 to N;/2) and lower layers
(positions N;/2+1 to N,) through the contact resistances R,. The currents in R, contribute
only slightly to the magnitude of the BICCs (for R,=R,). Hence, the currents I, correspond
to the change in the current [, in the axial direction of the strand (see Figs. 5.6 -and 5.7).
This implies that the strands carrying large BICCs are more heated than the strands carrying
small BICCs, which in turn results in a periodic behaviour of I, and, therefore, the coupling
power P, along the cable length.

It is important that the the decay of the BICCs along the length is only quasi-exponential
or quasi-linear if the R, is constant. In the case of a cable with a longitudinal R.-variation,
the change of the BICCs along the cable length will vary according to the local R.. This
implies that, for example, the slope dl;/dz of the linear decay shown in Fig. 5.7 will not be
constant along the length but will locally increase (decrease) in sections with smaller
(larger) R.. This will be discussed in more detail in section 5.8.3.

In Fig. 5.12 the coupling power loss is shown in the entire cable for regimes A and B. At
each z-position the power loss is calculated by the individual losses in each contact summed
over all the (N-1) contacts in one band (see Fig. 4.2). The values are then divided by the
length of one band (=L, ,/N,) to obtain the local power loss per unit length of cable.

In the case of constant B, and R, along the cable length the cross-over currents I, are z-
independent and result in a constant power loss P, of O for z<0 and 2.21-10° Wm'! for z>0
(see eq. 4.17), shown as a dotted line in Fig. 5.12. The BICCs enhance the ISCL since the
average power loss is larger than 0 for z<0 and larger than 2.21-10° Wm for z>0.
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Figure 5.12. The characteristic pattern of the ISCL in a Rutherford-type cable subject to field changes of
0 for z<0 and 0.01 Ts' for z20. Bold line: p;=2-10" Qm, regime A. Normal line:
ps=2-10"7 QOm, regime B.
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The increase is more pronounced if the magnitude of the BICCs is larger, so that the
enhancement of the power loss is larger for regime B than regime A. Note that for regime B
the amplitude of the P_-variations remains constant on both sides of the B, -step while the
amplitude decreases for regime A. The reason for this is that the maximum dI,,/dz per twist
pitch, which is related to the amplitude of the P -variations, remains constant for regime B
while it decreases for regime A (see Figs. 5.6 and 5.7).

It is interesting to see that for regime B the maximum ISCL for z<0 corresponds to the

minimum ISCL for z>0. The same holds for regime A close to z=0. This implies that for
z20 the mean currents through R, (in one band) due to a constant B ), are twice as large as

those due to the B, step. The maximum local ISCL for z20 is therefore (3/2)°=2.25 times

larger than the ISCL without B, -step. For z<0 the maximum local ISCL is (1/2)°=0.25

times the ISCL (at z>0) without B, -step. The enhancement of the ISCL due to a B, -step is

discussed in more detail in section 5.5.

In Fig. 5.13 the coupling power loss in each resistance R, is shown for regime A for
3L,,<z<6L,. A periodic pattern (with period L,) is present where parts having large and
small local power losses alternate.

P (uW)

Figure 5.13. The characteristic pattern of the ISCL across the cable width (with w=10.4 mm) of a
Rutherford-type cable subject to field changes of 0 for z<0 and 0.01 Ts? for z20
(Regime A: ps=2-10"* Qm).

Half of the strands are less heated than the average since they ‘slalom’ in between the hot
spots. These strands correspond to those with small BICCs. The other half of the strands,
which carry large BICCs, are heated more than the average. Hence, the spots with a large
local power loss correspond to those areas where strands with large BICCs cross each other.
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Although the power loss fluctuates strongly, this does not imply that the actual temperature
of the strands fluctuates to the same extent. Due to the good thermal conductivity inside the
cable the temperature will probably be quite uniform under normal operating conditions in
an accelerator magnet.

5.4.2 Magnitude and characteristic length of BICCs under steady-
state conditions

The following analytical relations for & and Iy ,, in regimes A and B are derived by a fit to

the numerical calculations. The errors in the fitting constants are about 5-10%. The

calculations are performed for 8 <N,<40. For larger N, the simulations become too time-

consuming. However, the relations probably also hold for cables with N;>40 although the

indicated errors could increase by a factor 2.

Regime A.
The BICC in strand i (see for example Fig. 5.6) can be approximated by (neglecting
the small periodic signal for z<0):

L (2= L1 Sin@m (i-05)/ N,)e ¥ [A], (54)

where I;¢ is defined as the average between the maximum magnitude of the BICCs
at positive and negative z-positions and is given by:
w _ .
Iio= o.ssf—(pe NAB, [A]. O 65)
(4

The relation can be expressed as a function of the maximum ISCC, I, by
combining eqgs. 5.5 and 4.20, assuming cos(zx/w)=1 and AB, =B, :

(1 _ e—Ns/9.6)I

I0=21 [A]. (5.6)

s,max
p,sts
The impact of these relations for practical cables is discussed later. The
characteristic length & is equal for all the strands in the cable and is given by:
L,
§=OSOT’ R /R, [m]. 6.7

C s
S

For R,=0 the BICCs have to be calculated using the formulas for regime B. The
length & can be expressed in terms of p; by combining egs. 4.11 and 5.7:

[m] . (5.8)

The relation is shown in Fig. 5.14 for several resistivities. £ can be large for practical
superconductors especially for small p; and large R.. It is important that p; denotes
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an effective strand resistivity that the BICCs ‘see’ which could be different from the
strand resistivity that the transport current ‘sees’. A brief discussion and an estimate
of this effective resistivity is given in section 7.7.5. Note that in the case of normal
conducting strands with a large resistivity, £ is very small so that, in fact, no BICCs
are present.
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Figure 5.14. Calculated characteristic lengths & of a 26-strand Rutherford-type cable with d;=1.3 mm
and Ly :=0.1 m.

e

If & is much larger than the lengths [y, (for 2<0) and Iz, (for 220) then the BICCs have
to be calculated using the formulas for regime B. If £ is of the same order as Leap1 (OF Legp2)
then the exact BICC pattern cannot be described by simple analytical relations but the
relations for regime A or B can be used as a first approximation.

Regime B.
A similar expression for I is obtained as eq. 5.4 with the difference being that the

BICCs depend linearly on the cable length:
I (2) = Ly o sin(27i—05)/ N, ) (1-1d/ L) TAT, (5.9)

with Lg,i=la: for z<0 and lg;=la2 for z20. The maximum magnitude of the
BICCs in the cross-section of the cable equals:

wl .
Ibi,o=1-0_cgﬁ(l—€_N‘/9'6)AB_L [A], (5.10)
C
with:
lab,llabZ
Loy =2 [ml]. _ (5.11)

lcab,l + lcab,Z
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Again, the current [;o can be written as as a function of I, by combining
egs. 5.10 and 4.20, assuming cos(zx/w)=1 and AB, =B, :

l

cab,eff ( _e-Ns/9.6)I [A]. (5.12)

Ibi,O =25 1 5,max

p.st's

The maximum magnitude I,; of the BICCs for practical cables (i.e. N; is about 20-40) is, in
first approximation, about a factor £/L, ; (regime A, see eq. 5.6) Or leap, 5/L, s (regime B, see
eq. 5.12) larger than the maximum ISCC. This factor explains the large difference in the
magnitude of the BICCs shown in Figs. 5.8 (with I,;0=50 A) and 5.9 (with I;;0=200 A)

£ince Jeup 4p~1& for the given simulation parameters.

The impact of the BICCs becomes clear by considering a dipole coil, where AB; =B, in the
coil ends (see Fig. 5.1). For large & (regime A) or l.u, . (regime B) the BICCs can attain
very large values, even at small field-sweep rates and large contact resistances. For
example, I;0=92 A for N,;=26, w=0.017 m, £&=10m, R,=10 uQ and AB;=0.0066 Ts?!
(regime A).

Note that the magnitude of the BICCs is proportional to B), provided that & (for
regime A) is independent of B, . This is an important conclusion that is used in chapter 7 in
order to distinguish the field distortions caused by the BICCs and those caused by a non-
uniform current distribution among the strands (due to different joint resistances).

Although the magnitude of the BICCs varies considerably between regimes A and B, the
maximum in the local power loss is the same (see Fig. 5.12), because the slope dl,/dz is the
same for z— 0, and therefore also the local currents I, for z—0.

In this section a constant R, along the cable is assumed. However, as discussed in the
introduction of this chapter, spatial R -variations are always present in a coil. The BICCs
caused by these variations are discussed in section 5.7 in the case of a constant B,.
However, spatial R -distributions also change the magnitude of BICCs provoked by a Bi-
step. In general the local increase of the BICCs, i.e. dl,;/dz, (see for example Figs. 5.6 and
5.7) is inversely proportional to the local R.. This means that all the sections in a cable
having a small R, could enhance the magnitude of the BICCs, even if these sections are
placed in a low-field region of the magnet. A typical example is the joint between the cables
of two poles. An example of the influence of a local decrease in R, on the magnitude of the
BICCs is given in section 5.8.3. Expressions for all typical R.- and B, -variations along the
cable length cannot be given since the number of combinations is much too large.

The BICCs can only attain the steady-state. values if:

~ the total current (i.e. the sum of the transport current, the ISCC and the BICC) in each
strand section remains smaller than the critical current,

— the characteristic time of the BICCs is smaller than the time during which the cable is
exposed to a field change. In the next section the characteristic time of the BICCs is
discussed by means of their step response.
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5.4.3 Characteristic time of BICCs
The development of the BICCs in time is investigated by introducing self- and mutual
inductances between the strands as discussed in section 4.2. As an example, the decay of the
BICCs in an 8-strand cable (with ;=1 mm, p,=1.2-10"* Qm and L, ,=0.1 m) is calculated
for:

t<0: Bi=0 forz<0 and B;=0.01Ts" forz20,

t>0: B,=0 forz<0 and B.=0 for 720.

At t=0 the BICCs have attained their steady-state values and decay quasi-exponentially
along the length (see eq. 5.4). For t>0 the BICCs decay to 0, starting from the initial value
at r=0, as illustrated in Fig. 5.15, where the decay of the BICCs at several z-positions is
depicted as a function of the time. The moment at which the BICCs start to decay
propagates through the cable. Near z=0 the decay is instantaneous, whereas for larger z the
decay starts after a certain time. This propagation is discussed in section 5.4.4.

10 A
2=Lp;
1 .
<
=
~ 0.1 A
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O
m
0.01 1
0.001 ; — . .
0.1 1 10 100 1000
Time, ¢ (s)

Figure 5.15. The decay of the BICC in a given strand as a function of the time at several z-positions. The
dotted line shows the characteristic time at z=6L; i.e. the period during which the BICC at
z=6L,; has decayed to 1/e of its initial value.

The relative decay is identical for all the strands. Since the decay as a function of the time is

not exponential, the following characteristic times are defined:

—  7,;(2): The time during which the BICCs at position z decay to 1/e of their initial values
(see section 5.4.4).

~ Ty The time during which the average of the absolute value of all the BICCs in the
whole cable decays to 1/e of its initial value.

The characteristic times are calculated for both regimes with the same approach as used for
the calculation of T, . (see section 4.4.2), i.e. in the case of a straight cable having strands
with a-round cross-section. The characteristic times increase slightly for cables with a small
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keystone angle or highly compressed cables. The results of the numerical calculations are
expressed by analytical relations which are valid for 8<N,<40 with an error in the constants
of proportionality of about 20%.

Regime A.
The characteristic time 7 5, satisfies:
s L ¢ N d?
Ty gy = 2410 —2=12-107 == [], (5.13)
RS pS

where the constants have the dimensions Qsm. If ps=0 the BICCs should be
calculated using the formulas for regime B so that ey. 5.13 is no lunger relevant. The
times 173 4, are about 30% larger than the times 7;;(0).

Eq. 5.13 shows that 7, is independent of R., which can be understood by
considering the cable as a simple LR-circuit, where L represents the effective
inductance of the strands over a length £ and R represents the effective resistance of
the parallel connected resistances R,. Hence, L is linear in & and R is linear in R, /€.
Since the time constant of an LR-circuit is given by 7=L/R, the time constant T;,, is
proportional to &/(R./E)=E?R,. This implies that ;4 is independent of R, because
52 is linear in R, (see eq. 5.7).

Regime B.
Since the BICCs decay linearly towards the end of the cable, the time constant Ty; 4
is now related to the lengths [, 1 and /.., and can be expressed by:
2
-8 lcab,llcab,ZNs

R

pstic

Tpi gy =02-10 [s], (5.14)

where the constants has the dimension Qsm™. The characteristic time 7y, can be
expressed as a function of the interstrand time constant of a single cable by
combining egs. 5.14 and 4.31:

lcab,llcab 2
2 is,cab

L,

Ty ay =338 [s] for large N,. (5.15)

Note that for Iz, 1=la2=1cas/2 the characteristic time 1;; is about a factor (lca;,/L,,,s)2
larger than 7 cgp. '

The time constant is either limited by the effective strand resistivity (regime A) or by the
lengths and the cross-contact resistance (regime B) as shown in Fig. 5.16 for a 26-strand
straight cable with lengths of 22 m and 110 m (as an example). The horizontal lines show
eq. 5.13 while the lines which are inversely proportional to R, represent eq.-5.14. The bold
curve shows the characteristic time 7y, as a function of R. in the case of a cable
with L.z 1=2 m and l.z»=20 m. If R, is small, the BICCs decay before the end of the cable

s
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8 ps=6e-16
3
N
P o
5 : -
100 {p,=2¢-14
10 : .
1 10 100

Contact resistance, R, (p€2)

Figure 5.16. The characteristic time 7Ty; v as a function of the contact resistance R. The horizontal curves
refer to regime A while the linearly decreasing curves represent regime B (where the two
labels indicate the lengths les1 and Jeas,2). The bold line shows the actual characteristic time

Tyi v in a cable with lop,1=2 m and lea,2=20 m (Ns=26, dy=1.3 mm, L;,s=0.13 m).

(regime A) so that 7, ,, is independent of R, (see eq. 5.13). If R, is large, the characteristic
time of the BICCs is limited by the lengths (regime B). The bold line deviates slightly for
the region in-between regimes A and B. The above implies that similar coils with different
R, exhibit about the same 7; 4, if the BICCs decay over a length & (regime A), while they
exhibit different 7; ,, if the BICCs decay over the whole cable (regime B).

The characteristic times of the BICCs in a coil can change (compared to a straight cable)
due to the mutual inductances between the BICCs of the various turns. The interaction of
the ISCCs between the turns of a stack of cable pieces causes an increase in the time
constant of the ISCCs (see section 4.9) of about a factor 4-5 for LHC dipole magnets (see
section 6.2.3) because the ISCC-distribution across the cable width is similar for each turn.
However, the BICCs at a given strand position oscillate along the length with a phase that
varies for each turn, since the length of each turn is different (see Fig. 2.3). Hence, T av ina
coil depends on the exact geometry of the coil, and can be a few times smaller or larger than
Tyiay in a single straight cable. Of course, in an actual coil a spectrum of 74, is present due
to the numerous B, -variations located at different positions with respect to the cable ends
and possibly in sections with different R,.

In section 3.4 it is shown that the IFCL can be expressed by Py=n T,fB_LYZ/uO with n a
shape factor equal to 2 for strands with a round cross-section. A similar relation is shown to
be present between P, and T . (see eq. 4.36). However, it is important to note that such a
relation is not present between 7, and the enhancement of the ISCL due to the BICCs.
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5.4.4 Propagation velocity of BICCs
In section 5.4.3, the characteristic time 17;;(z) is defined as the time during which the BICCs
at position z decay to 1/e of their initial values. As an example, 7,(z) is depicted in Fig. 5.17
for an 8-strand cable with d,=1.3 mm, L,,=0.1m, R,=0.1pQ and p,=1.1-10"* Qm
(regime A).

160 -

120 4
75 ()
7~

75i(2) (5)
g

40 A

0 20 40 60 80
Scaled z -position, z/L s

Figure 5.17. The time 7;; at which the BICCs decay to 1/e of their initial values as a function of the z-
position. The average propagation velocity vp; . corresponds to the inverse of the slope of
the curve between z=0 and z=¢&.

The characteristic time can be expressed by:

Ty (2) =T (0) + [s], (5.16)

V3 (2)

where v,;(z) is defined here as the propagation velocity of the BICCs through the cable
which increases slightly with increasing z. In other words, the propagation velocity
expresses the time it takes before a strand current at a certain distance from the B non-
uniformity starts to change due to an additional BICC contribution (besides the transport
current and the ISCC). The time dependent behaviour of the BICCs in a cable shows a
- certain similarity with electromagnetic waves that are characterised by a propagation
velocity, and attenuation and dispersion along the length. In a coil the propagation velocity
will probably be imperceptible since the BICCs caused by the numerous non-uniformities
interfere and partially cancel. The increase in the characteristic time is, however,
experimentally observed in a 1.3 m long cable (see section 5.8.3).

In the following an average velocity is defined over a length & (for regime A) and [ca,:/2
(for regime B) as:

¢

—2———— [ms"] for regime A, .17
T b,‘(é )_Tb,' (O)

Vbi ay =
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and:

) Leaby /2
v g pilleap i 12)—T5;: (0)

[ms?] for regime B, (5.18)

with L =l 1 for z<0 and lygp;=lcas» for z20.

The average propagation velocity is numerically calculated for regimes A and B and can
be analytically described by the following formulas which are valid for 8<N,<40 with an
error in the constants of proportionality of about 20%.

Regime A.

‘\) RcRs 1
— [ms], (5.19)
NS

Vi oy = 2210
which is equal to (using the expressions for £ and 7;; ., given by egs. 5.7 and 5.13):

Vpiav =

[ms?]. (5.20)

bi av

Combining eqgs. 5.17 and 5.20 shows that i (E)= Ty + i (0)=2.37;,(0) since
Tpi.av=1.373;(0) (see the remark after eq. 5.13), as can also be seen in Fig. 5.17.

Regime B.

p,sRc
2
s “cab,2

Vyiay =17 107 [ms?] for 20, (5:21)

which can be combined with eq. 5.14 to give:

lcab ,1

Vi av

[ms?] for z>0. (5.22)

bi,av

In a similar way, v; 4, for z<0 is equal to [z, 2/Tpi v

5.4.5 Arbitrary B, -distributions

Due to the discrete nature of the cable, any distribution of B, along the cable length can be
modelled by a multi-step function, the value of which varies at each band (with a length of
L, /N;) of the cable. Hence, there is a total of Np=l.sN;/L, steps, where z=0 corresponds
to the end of the cable (i.e. l,1=0 and l,z2=I4). The multi-step function can be replaced
by Nj single-step functions as long as the set of equations is completely linear, that is as
long as p, is independent of the current through the strand. The steady-state distribution of
the BICCs can then be calculated as a summation of the BICCs of the Np single-step
functions, each with a field variation AB ,. According to eq. 5.4, the BICC in strand
number i for regime A can be written as:
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Np-1 : »
Lii@D= 2, Liom sin(2ﬂ:(i—05+m)/Ns)e_lz—'"L”’xle ¢ 1A, (5.23)
m=0 .
with (see eq. 5.5):
w _ .
Ly 0m =0~88-R£(1~e N’/9'6)ABL,,,, [A]. (5.24)

(4

A similar expression can be derived for regime B by combining egs.5.9-5.11. An
illustration is given in Fig. 5.18 for an 8-strand cable subject to a linear increase in By over
a length [,=5L, /8. Only the single-step functions for which AB, ,,#0 are shown.

Ly

0 0.25 0.5 0.75 1 ' 1.25
z-Position, z/Lp s

Figure 5.18. Representation of a linear increase in B) by a multi-step function and consecutively by five
single-step functions, shifted in the z-direction by a distance of one band length (=Ly,s/N5).

Assuming l,<<l,, and £<<l,, it can be easily seen that for regime A:

— The BICCs are maximum if the B, -transition happens in a single step, since the
summation in eq. 5.23 can never be larger than I;;, as defined by eq. 5.5. The largest
magnitude of the BICCs for an arbitrary B, -variation is therefore directly given by
eq.5.5.

— The magnitudes of the BICCs depend on the length /,. Minima are present for L=k-L,
with. k=1, 2, 3, ... and will be almost zero if E>>1,. Maxima are present for
;i=(k+0.5)-L, ; with k=0, 1, 2, ... and decrease with increasing k.

Also the coupling power loss will have minima and maxima since the power is linear to the

square of the coupling currents. The same conclusions hold for regime B, where the minima

will be almost zero if L., 5>>1;. ‘
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It has been shown in section 5.1 that two types of B -variations can be distinguished in a
magnet:

— strong variations where |A B, /Az| is of the same order as 1B 1 max/Lp sl

— weak variations where |A B, /Azl is much smaller than | B 1 max!Lp,s .

According to eq.5.24, an important conclusion is that the BICCs caused by strong
variations are usually much larger than the BICCs caused by weak variations.

In a similar way it can be shown that a B, -dip over a width [,, i.e.:

- B_L=Bl for z<O0, B
- B=B, for z>0 and z<l,,
- B_L=Bl fOI'Z)l;,
B,k
—_— 2
will also resull in a minimumn of the power loss for L=k-L,, with k=1, 2, 3, ... and a

maximum for [,=(k+0.5)-L, ; with k=0, 1, 2, ...

5.5 Cables that are partially exposed to B,

In the previous sections it is shown that BICCs are present in a cable which is exposed to a
varying B, in the z-direction. The magnitude of the BICCs varies along the length due to
currents through R,, which results in an additional loss, also in those parts of the cable
where B, is equal to 0. The enhancement of the ISCL due to BICCs is dealt with in this
section for a cable with length [.,, which is locally subjected to B, over a length I, (see
Fig. 5.19) centred along the cable.

&
€

v

A

0. 5(1 C ab-l a) < la > 0' 5 (lcab'la)

Figure 5.19. lllustration of a cable with length I, that is exposed to a varying magnetic field B, overa
length /, located in the axial centre of the cable.

The typical enhancement of the ISCL in the case of a very small strand resistivity
(regime B) is investigated as a function of:

— the length [, for a constant cable length I.;;=2 m (case I, see Fig. 5.20),

— the cable length /., for a constant length /,=2.5L, ; (case II, see Fig. 5.21),

with N,=16, L,,=0.1 m, w=8 mm, R,=100 puQ, R.=1 pQ, p,=2.5-10"* Qm, B,=0.01 Ts".
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Coupling power loss (10°W)

0 - T ' '
0 0.2 0.4 0.6 0.8 1
Scaled length, [, N cap

Figure 5.20. The coupling power loss in a cable with length l,»=2 m exposed to a locally applied By of

length 0<l,<2 m. The dotted line shows the power loss for /,=0.25 m and corresponds to
the value as given in Fig. 5.21.

Coupling power loss (10°W)

0 i T T T T 1
0 0.2 0.4 0.6 08 1
Scaled length, [,/ cap
Figure 5.21. The coupling power loss in a cable with length I exposed to a locally applied By of

length [,=0.25 m. The cable length is varied between 0.25m and 2 m. The dotted line
shows the value for lc,»=2 m and corresponds to the value as given in Fig. 5.20.

The power loss P, is equal to the power loss if no BICCs are present and is calculated
using eq. 4.17, multiplied by /,. The dotted lines in both figures correspond to the same case
namely [,=0.25 m=2.5L,, and [ ;=2 m=20L, ;.

The maxima in the power loss of Fig.5.20 correspond to [,=(k+0.5)L,, (see also
section 5.4.5). The ISCL at the minima (I,=k-L,) is larger than P, since the BICCs of the
two B, -steps do not completely cancel due to the longitudinal decrease of the BICCs. The
total loss in the cable increases significantly, especially for small [, compared to /.4-
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The maxima will be less pronounced if the characteristic length of the BICCs is much
smaller than /.4, (regime A).

The relative increase of the ISCL, P_/P,q, for case I varies between two limits as can be
seen in Fig. 5.20. The upper limit is given by the maxima in P, i.e. at [,=(k+0.5)L,
whereas the lower limil corresponds to l,=k-L,,. The relative increase of the ISCL for
case IT gradually decreases for increasing ratio I,/l.4,. The scaled ISCL is depicted in both
cases in Fig. 5.22.

8 -
S 7 Case I, 0.05m< <l g and ! gp=2m
s A/
<0
g 5 Case I, 1,=(k+0.5)L y andly < logy<2 m
3
& 4 /
.%0 lo=kL,y andlg<legp<2m
<5
Q
Q
B 27
S
v 1_ ...............................................................................................
0 T T T T 1
0 0.2 0.4 0.6 0.8 1

la/lcab

Figure 5.22. The relative enhancement of the ISCL in a cable that is locally exposed to By over a length
le. Case L Lp=2m, 0.05lcup<ly<lcap. Case II: [;=2.5L,3=0.25 m, ly<lsp<2 m. The lower
bold line shows also the case ly=2L,s=0.2 m, l;<lcap<2 m.

An important conclusion is that a loss measurement on a cable with [,<[.,, will not result in
a representative ISCL, and hence R.. The enhancement of the ISCL depends on the ratio
between I, and [, and on the magnitude of the BICCs. The difference will be negligible if
the strand resistivity is large so that £<l,. To determine the representative loss of a long
cable, the loss that is locally dissipated at the cable part of length [, has to be measured by
means of magnetisation or calorimetric measurements where the pick-up coils and the bell
jar (which collects the evaporated helium) respectively cover only the length [, of the cable.

In a dipole magnet the increase in the ISCL due to the BICCs cannot be calculated using
the above figures since the B, -distribution is very complicated. However, a simple analysis
shows that the increase is small since the local B;-dips are relatively small compared to the
cable length (see Fig. 5.1). For example, in the case of a 1 m long LHC-type dipole the ratio
1,/l.q is about 0.99 for each B | -dip. The total length of the B, -dips is about 20% of the
cable length and thus [,/1.,;,=0.8. According to Fig. 5.22 the enhancement of the ISCL will
then be about 10% maximum, but will be smaller in practical coils since the BICCs
generated by the various B, -dips will partially cancel. Calculations with the network model
in which the whole B, -distribution is incorporated shows that the increase is smaller than
5% and 1% for dipole magnets with lengths of 1 m and 10 m respectively.
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5.6 B, -steps with R,>>R,

It is shown in section 5.4 that the magnitude of the BICCs can be reduced by increasing R,
where it is assumed that R,>>R,. However, for large R, (for example by placing a resistive
barrier between the two layers of the cable) some BICCs are still generated due to the
presence of the adjacent resistances R,. The following relations describe the characteristic
length and magnitude for regimes A and B deduced from numerical simulations and are
valid for 8 <N,<40. The errors are about 10% for all the fitting constants.

Regime A.
Eq. 5.4 describes the z-dependence of the BICCs with the following new expressions
for I;p and &

WLN .
Iy o =045——=—"=—=AB, [A], (5.25)

N.\' v Rll R." NA\'

and:

R
£ =0058 ‘/R:“Nf"3 [m] . (5.26)

Note that these relations are qualitatively quite different from egs. 5.5 and 5.7 since
R, and R, have, of course, a very different effect on the current distribution in the
cable. Combining egs. 5.5, 5.7 and 5.25 shows that the magnitude ;o if R.<<R, is a
factor F larger than the magnitude if R.>> R, with:

RN, _ RN
F=10 |—==(1-¢ ")~ |25 for large N, (5.27)
R, R,

Regime B.
Eq. 5.9 describes the z-dependence of the linearly decaying BICCs with:
wi .
I, o =22—2% Ap [A]. (5.28)
’ Rll NS

The factor F as defined above is equal to (combining eqs. 5.10 and 5.28):

~NI9.6
O ORN1=e™ )
F =046 X . (5.29)

c

The two values of F clearly show that a resistive barrier between the two layers of the cable
strongly reduces the BICCs, especially for cables with a large number of strands. Assume,
for example, a 30-strand cable with R,=10 pQ, R,=1 pQ. Inserting a resistive barrier and
soldering the cable could result in R,=1 pQ and R.>>R,. The magnitude of the BICCs will
then decrease by a factor F=5.5 (regime A) to 14 (regime B).
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A local decrease in R, (for example in a cable-to-cable connection) does not change the
magnitude of the BICCs significantly (for a characteristic case of R,=1 pQ and R,=100 p<
and 0.5 pQ in the connection).

5.7 Non-uniform Rc-disfributions

In accelerator magnets R, is likely to change across the cable width due to the keystone
angle and the gradient in the transverse stress. This variation, however, does not generate
BICCs as long as the variation is constant along the cable length. Longitudinal R,-variations
can be present along the whole cable of a pole, in the soldered connections, in local ‘shorts’
between strands and in the coil ends (see also section 5.1).

Each longitudinal variation in R, generates BICCs with a characteristic length, a
characteristic time, a propagation velocity and a magnitude in a similar way to that with a
non-uniform B, .

The magnitude of the BICCs is investigated for a cable with a change in R, along the
cable length from R,=R,; for z<0 to R,=R,, for z20. Fig. 5.23 shows the current in the
strand at position 1 (see Fig.5.5) along the length of the cable for R.;=1.5u€ and

R.2=0.5 uQ (N,=16, d,=1.3 mm, I,,,,=0 A, p,=2-10™ Qm, B;=0.01 Ts™).

Note the similarity of the current pattern compared to Fig.5.8. The average strand
currents at the edge are about -4.5 A for z<0 and -13.5 A for 20 and correspond to the
ISCCs for a cable without longitudinal variations. Just as in the case of a step in B, the
BICCs can be regarded as currents that are maximum close to the R. non-uniformity and
decay quasi-exponentially (regime A) or quasi-linearly (regime B) towards 0.

0 PP PSRRI PES P RSP R 4
Iy Ro=1.5pQ)
-4 -
“% I, (Re=05uQ)
R
g
£
3 124
ﬁ Y
H
w2
-16 .
'20 T T T T T T T 1
20 15 -0 5 0 5 0 15 20

Scaled z -position, z/L

v Figure 5.23. The characteristic pattern of the strand current at position 1 of a cable with a change in R
from Rg1=1.5 P for z<0 to R;2=0.5 pQ for z20. The cable is subject to a field change of
0.01 Ts' (Regime A: ps=2-10"" Qm).
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Regime A. ’ -

“ The characteristic length is different for z<0 and z20. The two characteristic lengths
& and & are given by eq.5.7 where R, should be replaced by R.: and R.,
respectively. For 8<N,<40, the decay of the BICCs along the length is given by
eq. 5.4 with £=¢; for z<0 and £=&; for 220 and:

wN R i} L ' :
Iy =117 éeﬂ‘f = (1-"¢)B, 1Al, (5.30)

c.eff
with R.;=R.; for z<0 and R.;=R_, for z20,

Ll o
= Q7. : (5.31)
Rc,ejf Rc,l Rc,2
and: )
£, .
I3
Ep=—"— [m]. (5.32)
7 & +6,

The error in the fitting constant 1.1 is smaller than 10%.

Regime B. ‘
The more complicated relations of I, for regime B are disregarded here as well as
the expressions for 74, and vy, 4, for the two regimes.

BICCs due to a longitudinal R-variation are only generated if, at the place of the R.-
variation, the cable is exposed to a varying field B,. This implies that the R -variations in
the splices and near the coil ends result in BICCs that are much larger than the BICCs
caused by R.-variations in the pole-to-pole connections and the connections between the
cable and the current lead (which are located outside the high-field region of the coil).

In section 5.4.5 it is shown that an arbitrary B, -variation can be regarded as a finite
summation of B, -steps. In a similar way the BICCs for an arbitrary R -distribution can be
calculated by a summation of steps in &4/R. ;. Random distributions of R, will not lead to
considerable BICCs since the BICCs produced by all the small steps will mainly cancel.
Cable sections where the average R, is likely to differ, such as the coil ends and the splices,
can be well simulated by two R.-steps. ‘

The magnitude of the BICCs provoked by an R.-step and a B, -step is investigated by means
of the characteristic case of the coil ends of a dipole magnet. This clarifies whether R.- or
B, -variations are the dominant source of BICCs. In the coil ends, the B, -variation is large
since the cable bends around the beam pipe, and R, is probably large since the strands are in
weak contact. Here the B, - and the R_-variations are assumed to be step-like.
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The following parameters are taken for the characteristic case of a PBD magnet as specified
in Table 2.1: N,=26, w=0.017 m, L,,=0.1 m, d,=1.3mm, AB =B, (see Fig.5.1). The
resistance R, s in the ends is assumed to be much larger than the resistance R, in the
straight part so that R, ,z=R.. Combining egs. 5.5 and 5.30, the ratio F between I in the
case of a B, -step and an R,-step is approximately:

_Iug” 8107

= JR.-step T~ ’
I v Ps

which is much larger than 1 provided that p; is smaller than 10" Qm.

In section 7.7.5 the effective strand resistivity is estimated to be smaller than a few times
10" Qm. An important conclusion is, therefore, that the BICCs in superconducting coils
are mainly caused by B, -variations whereas R,-variations only have a minor effect.

(5.33)

5.8 Experimental observation of BICCs in a 1.3 m long cable
5.8.1 Introduction |

In sections 5.4.1-5.4.5 expressions are given for the characteristic lengths and magnitudes of
BICCs in a straight cable. The formulas are derived for single B, - and R.-steps and it is
shown how more complex B, - and R -distributions can be dealt with. The major problem in
estimating the BICCs in a coil is related to the partial cancelling of the BICCs produced by
the numerous non-uniformities. Also the unknown effective strand resistivity prevents a
good quantitative estimate of the BICCs. The characterisation of BICCs in magnets, by
means of measurements of the magnetic field in the aperture of a magnet (see chapter 7),
can therefore hardly be used to validate the formulas as derived in the previous sections.

In order to prove the existence of BICCs and to validate the formulas a new experimental
set-up has been designed and constructed by which several parameters that affect the
characteristics of the BICCs can be varied independently. It is based upon the measurement
of the magnetic field, caused by the BICCs, along the length of a single straight cable. The
cable can be locally subjected to a B, -variation and the R, of the cable can be spatially
changed. A description of the set-up and the features that can be implemented are given in
section 5.8.2.

A discussion of the experimental results is presented in section 5.8.3. The field caused by
the BICCs, the characteristic time, the propagation velocity and the decay pattern are
analysed as a function of the field-sweep rate for several R-distributions. The results are
compared to the numerically calculated formulas in order to validate the network model for
modelling BICCs. The main purpose is to obtain a good qualitative agreement between the
measurements and the calculations, whereas a good quantitative agreement is probably not
possible since the exact spatial distribution of R, is not well-known.
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5.8.2 Experimental set-up

The test set-up has been designed in such a way that the characteristics of the BICCs, i.e.:
the magnitude, ’

the characteristic time,

the propagation vclocity,

the decay along the length,

can be investigated for various spatial distributions of R, and B; .

The schematic front view and cross-section are shown in Fig. 5.24. The set-up is installed
vertically in a cryostat and immersed in liquid helium at 42 K. A keystoned Rutherford-
type cable (cable I-1, see Table 2.4) with a length of 1.3 m (which corresponds to T0L,, ) is
clamped over a length of 1.1 m (=8.5L, ) between two pressure bars. A transverse pressute
on the cable of 15 MPa maximum can be applied by means of 30 bolts. The R -value can
therefore be easily varied along the cable length. The strands in the two end sections of the
cable, with a length of 10 cm, are in loose contact but can be soldered together to simulate
the influence of the joint resistances on the characteristics of the BICCs.

A stainless-steel heater is fixed on the large faces of the cable in order to drive the cable
from the superconducting into the normal state. The heater is electrically insulated from the
pressure bar and the cable. ‘

The field in the y-direction is determined by an array of eight Hall probes, each having an
active area of about 1 mm?. The centre of the probes is located at a distance of 2 mm from
the narrow side of the cable. The probes are fixed on a small sledge which can move in the
longitudinal direction over two glass guiding rods. The z-position of the sledge can be
adjusted from outside the cryostat by means of a positioning bar with an accuracy better
than 0.2 mm.

Two strands of the cable are connected to a current supply in order to calibrate the Hall
probes. Furthermore, it can be investigated whether the BICCs are affected by an additional
transport current in one of the strands.

A transverse field of 1.4 T maximum can be applied by means of a set of superconducting
coils, located on both sides of the cable. The centre of the magnet is located at z=0. The
cable lengths on either side of the magnet centre are 19 cm (=14L,;) and 11lcm
(=8.5L,,). The B, -distribution along the cable caused by the set of coils when ramped from
0 to 14T in 10s is shown in Fig.5.25. In the following the Bi-value refers to the
maximum field-sweep rate at z=0,
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at A (see a.).
b Heaters and insulation
Pressure bars Cable Hall probes Positioning bar

i

Pressure bolt Glass guiding rods




134 ' Chapter 5

Field-sweep rate, B N (Ts'l)
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Scaled z -position, z/Lp

Figure 5.25, The applied ficld change B( at the centre of the cable (x=w/2, see Fig. 4.1) along the cable
length, for a field sweep of the set of coils from 0to 1.4 Tin 10s.

The distribution of the contact resistance over the cable length can be, in first
approximation, represented by five regions with contact resistances R to Rs (see
Fig. 5.26). The contact resistance R, is assumed to be larger than R, and will be disregarded.

-19 -14 -9 0 , 101 106 1111

R, Ry Ry Rgs

R

Figure 5.26. Approximation of the distribution of the cross-contact resistance along the cable length by
means of five regions with different R.. The z-position (in cm) is shown at the top.

¢l

The central part with a length of 110 cm covers the section which is pressurised at about 10-
15 MPa. According to Fig. 4.29, R, 3 is about 10-20 pQ2. However, due to the steep slope of
the R-P, curve a significant larger value is possible for sections subject to a smaller

pressure.

The end sections of the cable with a length of 10 cm have almost infinite R, since the
strands are in very poor contact with each other. Half of the end sections can be soldered,
resulting in small R,; and R.s. The R, of a soldered cable is about 0.3 p€2, according to
Fig. 4.29. Since in the end sections a small gap is present between the strands of both layers
of the cable, R, is estimated to be a few times larger.
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5.8.3 Results and discussion

The magnitude of the steady-state BICCs for the given B,- and R_-distributions are
calculated by means of the network model. The simulations are performed for a cable with
the same geometry and number of strands as the measured cable. The field caused by the
BICCs is calculated using the approach as discussed in section 7.2. Calculations of the
characteristic time and the propagation velocity for this cable with its specific B, - and R~
variations are not performed. First estimates of the characteristic time and propagation
velocity are made using the formulas given in sections 5.4.3 and 5.4.4 and are compared to
the measured values.

The field By;, produced by the BICCs, and the characteristic time are determined as a
finction of the z-position in the range 0.5L,,<z<7.5L,,. Measurements are performed for
three different R -distributions along the cable length (see Fig. 5.26):

I: acable with unsoldered ends, i.e. R, R.2, R4 and R, are much larger than R_ 3,

II: a cable with one soldered end, i.e. R.; is about 1 uQ, whereas the other R.-values
remain unchanged,

IIT: a cable with two soldered ends, i.e. R.; and R_s are about 1 uQ, whereas the other R.-
values remain unchanged.

The field measured by the Hall probes consists of:

— the stray field of the magnet,

— the field B;; produced by the ISCCs,

— the field By produced by the IFCCs,

— the field By; produced by the BICCs, and

— the field B,, due to the filament magnetisation caused by the stray field of the magnet
and by the field produced by all the coupling currents.

Field By; can be quite easily distinguished from the other field contributions, because:

— the magnitudes of fields B;; and By are negligible compared to the magnitude of the field
By,

— the stray field and the magnetisation due to the stray field can be determined using a
very small field-sweep rate,

— the magnetisation due to the coupling currents is relatively small compared to the
amplitude of field By; itself.

The characteristic fields By; as measured with the Hall probes are shown in Fig. 5.27 at a
field sweep from O to 1.4 T with 0.019 Ts™ for case II (a cable with one soldered end). The
figure shows clearly that the fields By; approach their steady-state values during the ramp
and decay with a characteristic time of about 10 s as soon as the the field-sweep is finished.

Since the characteristic times during and after the field sweep are equal, it can be
concluded that the BICCs are not significantly affected by the dynamic resistivity of the
strand, which is proportional to B, (see eq. 5.3). Measurements at various field-sweep rates
prove that the steady-state fields (and hence the BICCs) are proportional to B, whereas the
characteristic time is independent of B;. Both results agree with the calculations (see
egs. 5.5, 5.10,5.13 and 5.14).
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Figure 5.27. Field By; measured simultaneously by four Hall probes during and after a field sweep from 0
to 1.4 T (see the straight line) with By =0.019 Ts™l. The labels indicate the z-position of the
Hall probe. The dotted lines show the start and the end of the field sweep.

The steady-state By-values are measured along the cable for 0.5L,,<z<7.5L, and depicted
in Fig. 5.28 for casel with B;=0.068 Ts!. The continuous line corresponds to the
calculated field using the network model with a finite and constant resistance R.3, infinite
resistances R, 1, R.2, Rc4, R.s and a very small strand resistivity, so that the BICCs can be

classified in regime B (see section 5.4.1).
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Figure 5.28.Field By; as a function of the z-position for case I with B1=0.068 Ts!. The dotted lines
show the boundaries between the sections with different R (see Fig. 5.26). The continuous
line corresponds to the calculated field using the network model.
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The magnitude of the qiiasi-sinusoidally varying field, which depends in this case only on
R.3, corresponds to the measured field assuming R.3= 100 uQ. This value is large
compared to the expected value of 10-20 pQ, which could be caused by an overall decrease
in the pressure on the cable (see Fig. 4.29), due to different shrinkage of the pressure bolts,
the cable, the heaters and the insulation (see Fig. 5.24b) during cool-down. An increase in
R, near z=0 also results in significantly smaller BICCs even if R, in the rest of the cable is
much smaller.

The shape of the curve (with period L, ;) does not depend on R;3 and corresponds very well
with the measured one. Both the calculated curve and the measured points decay linearly to
0 at the end of the cable which prove that also the BICCs decay linearly to O (see also
Fig. 5.9 as a comparison). The flattening in the maxima of the measured field is caused by
one or a few strands that carry slightly smaller BICCs than expected. This is probably due
to local variations in R,, especially at z<0. Another possibility is that the surfaces of one or
a few strands are more oxidised than the others or that some strands have a large effective
strand resistivity. The linear decay imposes a certain maximum limit to the effective strand
resistivity p,. According to eq. 5.8, p, should be smaller than a few times 107 Qm. If it is
larger, the characteristic length is smaller than 1m which would result in a quasi-
exponential decay.

Fig. 5.29 shows the characteristic time 7 (z) of the BICCs as a function of the z-position,
determined from the decay of the field after a ramp from 1.4 T to 0 with B,=-0.068 Ts™".
The time 7 at postion z is taken as the period during which the field By, at position z has
decayed to 1/e of its steady-state value. The characteristic times are calculated for those
positions which correspond to the maxima and minima in the field By,; of Fig. 5.28.

5 -
@ 4
E Minima of B p; -
£ 3
v-o
2
.“..E 2 1 Maxima of B p;
g
=
O 14
0 T L] T T T T 1
0 1 2 3 4 5 6 7

z-Position, z/Lp,s
Figure 5.29. The characteristic time of the BICCs as a function of the z-position determined after a field
sweep from 14T to 0 with B, =-0.068 Ts!. The T-values are determined at those
positions which correspond to the maxima and minima in By of Fig. 5.28. The lines are
linear fits.
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Both curves are almost parallel, showing that the propagation velocity (see section 5.4.4) is
more or less constant. The average time constant is slightly larger in the minima than in the
maxima. This difference is directly related to the flattening in the curves of Fig. 5.28, since
a flattening implies a larger series resistance in the BICC loop and hence a decrease of the
characteristic time (see eq. 5.14).

It is interesting to investigate whether the formulas given in sections 5.4.3 and 5.4.4, which
are valid in the case of a single B)-step, can also be applied to estimate the average
characteristic time 7;,, and propagation velocity v, for this cable exposed to the Bi-
distribution as shown in Fig. 5.25.

e The average time constant can be calculated using eq.5.14 taking R.=100 pg,
Loap1=0.09 m, l.5,=1.01 m, N;=26 and L,,=0.13 m, which results in Tyim=0.3s. The
estimated characteristic time is about a factor 7 smaller than the measured one (see
Fig. 5.29 at about z=3L, ;).

e The average propagation velocity for z>0 is estimated using eq. 5.21, which results in
vb,-,m,=1.7-107L,,,sRc/(N;2lm,,,2)=0.3 ms'. This value corresponds exactly to the
experimentally obtained vy, as deduced from the average slope of Fig. 5.29:
Voiay=AzIATy=2.4L, 5" =0.3 ms". '

It can be concluded that the observed phenomena, i.e.:

— the linear decrease of the BICCs towards the end of the cable,

— the oscillation of B,; with a period equal to L, ,, and

— the presence of a characteristic time which increases almost linearly along the cable,

agree qualitatively very well with the calculations using the network model. Quantitative

comparison of the average characteristic time and propagation velocity is difficult because
the exact R.-distribution over the length is not known and the formulas 5.14 and 5.21 are
only valid for a B, -step.

In order to investigate the influence of sections with small R, on the characteristics of
BICCs, the R.-distribution along the cable length is changed by soldering the ends of the
cable with SnAg. Field By; is depicted in Figs. 5.30 and 5.31 for cases II (i.e. very small
R ;) and Il (i.e. very small R and R,s).

The magnitude of B,; increases strongly due to the local solderings, whereas the phase
remains constant, in good agreement with the result from the network model. The calculated
field, using the network model, can be fitted to the measurements by assuming a very small
effective strand resistivity and taking:

— R.,1=1.2 pQ and R, 3=100 pQ (case II),

— R,1=1.2pQ, R.3=100 pQ and R s=4 pL2 (case III).

A simple way to estimate R, is by considering the increase in the magnitude of the BICCs
near z=0 of case III compared to case II. Fig. 5.31 shows clearly that the increase is about a
factor 2 (near z=0) which implies that for z>0 about half of the BICCs return through the
resistances R, 3 and the other half through R, s. Assuming a very small p,, this implies that
the equivalent resistance of the parallel R, 3’s is about equal to that of the parallel R.s’s.
Hence, R;3/101=R_s/5 (see Fig. 5.26) or R,s=5 uQ which agrees well with R, 5 as obtained
by the direct simulation using the network model.
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z-Position, z/Lp ¢
Figure 5.30. Field B as a function of the z-position for case Il with By =0.016 Ts™. The dotted lines
show the boundaries between the sections with different R.. The continuous lines
correspond to the calculated field using the network model. The bold line shows the fitted
curve of case I (see Fig. 5.28) scaled to B; =0.016 Ts™.
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Figure 5.31.Field By as a function of the z-position for case IIl with B)=0.016 Ts. The dotted lines
show the boundaries between the sections with different R.. The continuous line
corresponds to the calculated field using the network model. The bold lines correspond to
cases I and II (see Figs. 5.28 and 5.30) scaled to B, =0.016 Ts'.

It can therefore be concluded that a local ‘dip’ in R, influences the magnitude of the BICCs
especially if the ‘dip’ is close to the B, non-uniformity and if R, is locally much smaller
than the mean R, of the cable. Consider, for example, the cable of a dipole coil with a mean
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R, equal to R, and a joint with length [y and R.=R j,ins located at a distance [y from the
B, -variation. The joint will only significantly affect the magnitude of the BICCs (if
classified in regime B) caused by the B, -variation if the distance Ly 1s smaller than a few
times (Rc.cab/ Rc.jaint)ljaint-

If the BICCs are classified in regime A, the joint only affects the BICCs if the distance
between the joint and the B, -variation is smaller than the characteristic length of the
BICCs.

Note that the above discussion is valid for a joint located in a region with B,=0. If,
however, the joint is placed in a varying field, then additional BICCs will be induced (as
discussed in section 5.7) caused by the R -step which is present at the boundary between the
joint and the rest of the cable.

The characteristic times of cases II and III increase, compared to case I, by about a factor 4
and 10 respectively. Although no calculations are performed, the increase can be well
understood by considering that the average loop length of the BICCs becomes larger while
the series resistance in the loops (i.e., in first approximation, the equivalent resistance of the
parallel R.’s) becomes smaller. The propagation velocity of the BICCs remains constant for
0.5L,,<z<7.5L,,. Simulations on small cables show a similar result, where the propagation
velocity at position z is mainly determined by the local R, at position z.

The large characteristic times of up to 30 s (for case III) show that very large 7, ,,-values of
the order of 10° s may occur in magnets, with R,=1-10 pQ and a cable length much larger
than 1 m, if the BICCs are classified in regime B (see also Fig. 5.16). This implies that the
characteristic times of about 100 s which are measured in the aperture of the LHC dipole
model magnets (see sections 7.7.1-7.7.5) have to be attributed to BICCs of regime A,
decaying over much smaller lengths than the actual length of the cable in the magnet.

5.9 Conclusions

So-called Boundary-Induced Coupling Currents (BICCs) are generated in (Rutherford-type)
cables, which are exposed to a varying field, if the field sweep rate or the contact
resistances vary along the cable length.

BICCs differ from the ‘normal’ interstrand coupling currents because they stay in the
strands over long distances of 10-10° times the cable pitch (or the length of the cable).
BICCs propagate through the cable and exhibit large characteristic times of 10-10° s (for
practical cables) which are several orders of magnitude larger than the time constant of the
interstrand coupling currents.

The decay of the BICCs along the length of the cable is either quasi-exponential (regime A)
or quasi-linear (regime B) (section 5.4.1). The type of decay is determined by the ratio
between R, and the effective strand resistivity. For large ratios the decay is quasi-linear
towards O at the ends of the cable whereas for smaller ratios the BICCs decay exponentially
towards O with a characteristic length. The slope of the decay varies according to the local
R, in the cable.
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The BICCs are mainly caused by variations in the field change B, transverse to the cable
width, and their magnitude increases strongly if the lengths of the B, -variations are of the
same order or smaller than the cable pitch (see section 5.4.5). In the case of a dipole magnet
this implies that the field variations in the coil ends cause large BICCs whereas the gradual
variation of B, to which the total cable is exposed only causes relatively small BICCs.

In practical coils, the magnitude of the BICCs caused by B, -variations is much larger
than the magnitude caused by R, -variations (see section 5.7). This implies that the soldered
cable-to-cable connections cause smaller BICCs than the B -variations in the coil ends.
However, local decreases in R. (and hence also cable-to-cable connections) could
significantly increase the magnitude and the characteristic time of the BICCs caused by a
R, -step. This implies that alsn in cables having a large R., BICCs will be present if the
cable is locally soldered (even if the soldered parts are located in a low-field region).

The presence of BICCs causes an additional power loss, also in those parts of the cable
which are not subject to the varying field. The relative increase of the power loss is large
compared to the ‘normal’ interstrand coupling loss if only a small part of the cable is
exposed to a field variation (see section 5.5). In accelerator dipole and quadrupole magnets
the enhancement of the power loss is smaller than 10% of the interstrand conpling loss.

The magnitude of the BICCs can be reduced by increasing the contact resistances R, and
especially R,. Insertion of a resistive barrier in-between the two layers of a Rutherford-type
cable (with originally R,=R.) can reduce the magnitude of the BICCs by about one order of
magnitude (see section 5.6).

The existence of BICCs is experimentally demonstrated in a 1.3 m long Rutherford-type
cable exposed to a small local field change. The characteristics of BICCs, such as the decay
along the length, the decay as a function of the time and the propagation velocity are
qualitatively in very good agreement with the results based on the network model. The
influence of local soldering of the cable, simulating the cable-to-cable connections in a coil,
on the characteristics of the BICCs corresponds to the network results as well. Quantitative
differences of up to a factor of about 5 are probably caused by the unknown variations in R,
along the cable. The fact that the magnitude of BICCs in a single cable is already hard to
assess shows that the BICCs in an entire coil will be even more complicated to calculate,
especially if the spatial R -distribution is not well-known.

Large characteristic times of 10*10° s of the BICCs in accelerator dipole magnets (with
R, of the order of 1-10 p€2) imply that the BICCs are classified in regime B and can attain
large magnitudes if the ends of the cables are soldered, even if the strands in the rest of the
cable are in poor electrical contact. BICCs exhibiting characteristic times of the order of
10%10° s have to be classified in regime A, and their magnitude is much less sensitive to R,
in the soldered ends of the cable. In a coil, a combination of these two regimes is present.

In dipole and quadrupole accelerator magnets the BICCs cause sinusoidally varying field
distortions along the magnet axis with a large characteristic time, an amplitude proportional
to the central-field-sweep rate and a period equal to the cable pitch. These field distortions
will be discussed in detail in chapter 7. The effect of the BICCs on the stability of a coil is
discussed in chapter 8.







Chapter 6

Coupling-current losses in
accelerator dipole magnets

This chapter deals with the losses during ramping in superconducting
magnets and in particular in the LHC-type dipole magnets. The filament
magnetisation, the coupling loss in the wedges and the resistive loss are
briefly discussed.

The interfilament coupling loss (IFCL) is analysed as a function of the
central-field-sweep rate, the time constant of the interfilament coupling
currents and a geometry factor that expresses the field variation over the
cross-section of the coil.

In a similar way, the interstrand coupling loss (ISCL) is investigated as a
function of the field-sweep rate, the cross-contact resistance and a geometry
factor that denotes the ratio between the local field normal to the cable width
and the central field. The increase of the average time constant of the ISCCs
in a coil as compared to a single cable is dealt with as well. The ratio
between the time constant and the coupling power loss is investigated for
several variations of the cross-contact resistance over the cross-section of the
coils.

Characteristic values for the loss of LHC dipole magnets are given in the
case of a nominal field cycle and the distribution of the various loss
components over the cross-section of the coils is illustrated.

Experimental results are presented of the losses during ramping in 11
LHC dipole model magnets, with lengths of 1 and 10 m. The losses are
determined as the difference between the stored energy and the extracted
energy during field sweeps between 0.02 and 0.2 Ts”. Differences in the
coupling loss among the various model magnets are explained by means of
different contact resistances.
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6.1 Introduction

During charging and discharging of superconducting magnets energy is dissipated through
several mechanisms. The main contributions are due to the magnetisation of the
superconducting filaments, the interstrand coupling currents (ISCCs), the interfilament
coupling currents (IFCCs) and the resistive loss in the cable-to-cable connections. Smaller
contributions originate from the magnetisation of the iron yoke and the eddy currents in the
copper wedges and collars.

The induced coupling currents not only cause energy loss but they also cause field
distortions and reduce the temperature margin of the coil during (de-)excitation. A good
understanding of the loss components is therefore important as they have a major impact on
the installed cryogenic power, the allowable excitation ramp-rate, the electromagnetic
stability and the quench-protection scheme.

In section 6.2 the various loss components are discussed.

The filament magnetisation and the IFCL are qualitatively treated by means of the
theory presented in chapter 3. Representative values of the losses during ramping in LHC
dipole magnets are made, using the experimental results on short pieces of LHC-type cables
(see sections 3.3 and 3.5). The field shape over the cross-section of the coils is expressed by
a field geometry factor fB,, which is defined as the local field at the strand divided by the
central field of the magnet.

The ISCL in a coil is calculated by modelling the turns of the coil by means of a network
of nodes interconnected by strand sections and contact resistances R, as discussed in detail
in chapter 4. The turns of the coil are subject to the local field variation and the mutual
interaction between the ISCCs of all the turns is taken into account. The ISCL depends
mainly on the field change B, normal to the cable width and is expressed as a function of
the average contact resistance R, of the cable. The ratio between the perpendicular field
component and the central field is expressed by the factor Bp. The enhancement of the
coupling loss, due to the boundary-induced coupling currents (see chapter 5), is disregarded
since the exact increase is hard to calculate but is at least one order of magnitude smaller
than the total coupling loss.

The ratio between the ISCL of a magnet and the average time constant T;  of the ISCCs
is investigated for various R, -distributions over the blocks of the inner coil. A good under-
standing of the time constants is essential to evaluate time-dependent effects in magnets.

In section 6.3 the method is described by which the losses during ramping of the LHC
dipole model magnets are measured. The method is based on the electrical measurement of
the stored energy during excitation of the coil and the extracted energy during de-excitation.
The advantages of the electrical method as compared to other measurement techniques are
discussed.

In section 6.4 the experimental results of the losses during ramping of 11 LHC dipole
model magnets are presented. The hysteresis loss is compared to the calculated values. The
" coupling-current loss is presented by means of average R.-values. The results are used to
evaluate: -

o The expected energy loss during ‘normal’ excitation of the LHC dipole magnets, and
during a fast de-excitation (in the case a quench occurred in a series connected magnet).
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e The difference between the R.-values of the two apertures and four poles of a twin-
aperture magnet. Large differences imply that the R -distribution over the cross-section
of the coil could vary strongly, which in turn enhances the field distortions caused by the
coupling currents (see chapter 7). -

e The R.-values of similar cables that are used in different magnets.

Furthermore, quantitative knowledge of the average R, of the various magnets is necessary

to correlate: _

~  the ramp-rate induced field errors with the ISCCs, as discussed in chapter 7,

—  the ramp-rate limitation of the quench current with the ISCCs and the ISCL, as discussed
in chapter 8.

6.2 Loss components in magnets

In chapters 3 and 4 the losses at strand and cable levels are dealt with in detail. In this
section the losses .at magnet level are discussed. The calculations are based upon the
formulas obtained in the above-mentioned chapters, taking into account the geometry of the
magnet and the interaction between the turns. The characteristic power-loss distribution
over the cross-section of the coils is illustrated, using the experimentally determined values
for the Jc-B relation (see section 3.3), the interfilament time constant 7 (see section 3.5)
and the cross-contact resistance R, (see section 4.10).

The losses in the mechanical structure are not dealt with in detail but are calculated to be
small compared to the other loss components.

The eddy-current loss in the collar pieces of the LHC dipole magnets is small since they
consist of separate aluminium or stainless steel plates of 5 mm thickness. The energy loss is
about 0.4 J during excitation and 3 J during a fast de-excitation in a 1 m long twin-aperture
magnet, assuming a resistivity of the collars of 10 Qm. This is smaller than 1% of the total
losses during (dis)charging (see Table 6.2).

The magnetisation loss in the iron yoke is estimated to be about 40 mJ per kg iron for a
field cycle between 0 and 1.7 T [Andreyev, '85]. In the case of a 1 m long twin-aperture
magnet, this implies a loss of about 20 J for a nominal field sweep between 0.5 and 8.4 T.
This is about 10% of the expected hysteresis loss in the filaments (assuming a filament
diameter of 5 um) of about 200 J per metre (see Table 6.2).

The mechanical work of the coils due to their deformation during a field sweep is
disregarded.

In sections 6.2,1-6.2.4 the field variation in the coil ends is disregarded and the turns are
considered to be infinitely long. The enhancement of the loss due to the BICCs is not taken
into account.

6.2.1 Hysteresis loss

The hysteresis loss Oy, in the superconducting filaments has already been dealt with in
section 3.2. Here full penetration of the filaments is assumed, which is usually the case in
high-field accelerator magnets because the field is much larger than the penetration field.
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The hysteresis loss (per unit volume) of the filaments for a field cycle with a small field-
sweep rate B is given by eq. 3.8 (at constant temperature):

Oy = JJC (1+ (1, /IC(B))Z)IBlfIdt [Im>/cycle] , (6.1)

where B, ; denotes the local field perpendicular to the filament axis. The relation between
the critical current and the field is given by eqgs.2.16 and 2.17 (or 2.18). A possible
interaction between the filaments of the strand is included in the Ic-B relation since
experimental results are usually obtained on a strand and not on single filaments. The
hysteresis loss depends on the initial and final field values of the cycle and, for low B, not
on the field-sweep rate. The hysteresis loss in the coil ends is not treated here but can be
calculated in exactly the same way by taking into account the field distribution in the ends.

In section 3.5 it is concluded that for small B and high fields (compared to the
penetration field) the hysteresis loss of a single strand is not affected by the other strands of
the cable. This also implies that the hysteresis loss in each turn of a coil is not significantly
affected by the other turns. The hysteresis loss Qy,s; of turn i is therefore equal to the sum of
the hysteresis losses of all the strands in the cable subject to the local field. Likewise, the
hysteresis loss of the magnet is determined by the sum of the hysteresis loss of all the turns.
The average field B, ; of all the filaments in a strand is expressed by the field B,,. Since the
local field B, of each strand varies, it is convenient to write the loss as a function of the
central field B.,. The field geometry factors B, relate the field Bi,,;; at turn i and strand
position j to the central field:

B...=B...B_ I[Tl. (6.2)

strt,j stri,j"ce

The total hysteresis loss of a coil during a field sweep B, 1-Be 2B (at constant
temperature) can then be written as:

Ehys'c""l = f( o1 (B)’ tr? :Bstr,i,j ’ Bce,l ’ Bce,2) 1. ' (6.3)

The coils of multishell magnets are usually made of different cables (in order to obtain a
good grading of the current density) with a different Ic-B relation and possibly a different
filament diameter. The hysteresis loss of each coil is therefore expressed by a relation of the
form of eq. 6.3. Quantitative results of the hysteresis loss of LHC dipole magnets for a
nominal operation cycle are given in section 6.2.5.

6.2.2 Interfilament coupling loss
The power loss density Py in strands with a round or square cross-section in a ramped field
is given by (combining egs. 3.15 and 3.20):
27 3
Py =—ZL g’ . [Wm™], 6.4)
Hy

with B, , the field perpendicular to the strand axis. Eq. 6.4 is valid as long as the field is
large compared to the penetration field and the filaments are not saturated.
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In section 3.5 it is concluded that for small frequencies and large fields (compared to the
penetration field) the IFCL of a single strand is not influenced by the other strands of the
cable. This also implies that the IFCL of a single turn of a coil is not affected by the
neighbouring turns so that the coupling power loss Py; of turn i in a coil is equal to the sum
of the power losses of all the individual strands j in the turn (subject to the local field
change B, ;)- The IFCL of turn i for one aperture of length [ (disregarding the ends) can

then be expressed as a function of the central-field-sweep rate B..:

27, .
f . .
By =—"V,pg. B W], 65)
Ho
with:
V, =4whp_l,, [m’], (6.6)
the volume of turn i, p.,, the packing factor of the cable (about 0.9) and:
1 &
2 2
ﬁstr,i _——_zﬁstr,i,] ’ (6-7)
N, =

The factor 4 in eq. 6.6 refers to the four quadrants of an aperture. Note that w, 4 and p., can
be different for the various coils of a multishell magnet.

The (B,,.)*-values are shown in Fig. 6.1 for two dipole-magnet geometries. The IFCL is
mainly generated in the inner coil and near the pole of the outer coil. The IFCL in a block
and in the coil are equal to the sum of the losses of the individual turns in the block and coil
respectively. The IFCL during a nominal field sweep is given in section 6.2.5.

1

Bl | B2 B3 | B4 B5 B6
081 |-=PBD
-~ WBD
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£
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. Bl | B2 i B3 | B4 {BS
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Turn number

Figure 6.1. The field geometry factor (Bur,)* for each tumn of the PBD and WBD magnets (see
Table 2.1). The labels B1-B6 at the top and B1-B5 at the bottom refer to the blocks of the
PBD and WBD designs respectively (see Fig. 2.2b).
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6.2.3 Interstrand coupling loss

The steady-state ISCL of a cable, subject to a transverse field change, is dealt with in detail
in section 4.4.1. Here the increase of the ISCL due to the spatial distribution of B, along
the cable length as well as the coupling loss in the resistances R, are disregarded. According
to eq. 4.17, the coupling power loss P,,; per turn can then be written as: '

2 2
L, w (N)-N,)
P, ,=849-10° 2" 2

4lMﬂI2’,che [W] » (6.8)

C,i

with R ; the average R, of turn i. The factor 4l is introduced since the ISCL in eq. 4.17 is
given per unit length of cable while the ISCL in eq. 6.8 is given for one aperture of length
Iy which consists of four quadrants.

The factors Bp; are the field geometry factors that express the ratio between the local
effective transverse field of turn i and the central field. Variations of B, across the cable
width that affect the coupling power loss (see section 4.7), are incorporated in the factors
Bp.;. The factors (Bp.,)* for each turn of the PBD and WBD magnets are shown in Fig. 6.2.

B1 B2 i B3 : B4 :BS
0.5 - s i : i
044 |=PBD
- WBD
=~ 0.3
al
=
0.2 -
0.1 - ,
L B3 T T
0 Bl 10 B2 2 30 40

Turn number

Figure 6.2. The field geometry factor (/31»_.-)2 for each turn of the PBD and WBD magnets (see
Table 2.1). The labels B1-B6 at the bottom and B1-B35 at the top refer to the blocks of the
PBD and WBD designs (see Fig. 2.2b) respectively.

The ISCL is mainly generated in the inner coil (B3-B6 for the PBD magnet and B3-B5 for
the WBD magnet) and especially in the turns close to the midplane due to the large field
component perpendicular to the cable width (assuming similar cable pitches and contact
resistances of the inner and outer coils). Note that Bp is very small near the midplane of the
outer coil (B1) because B; changes sign which results in a very small ISCL (see Fig. 4.17).
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The steady-state ISCL of the coil is obtained by summation of the ISCL over all the turns.
A first estimate of the ISCL for an arbitrary coil wound from Rutherford-type cables can be
easily obtained using eq. 6.8 where the factors fp; are calculated by taking the field
component normal to the cable width of turn i in the centre of the cable. In the case of a
cable with R,<<R, eq. 6.8 has to be extended with the power luss P, in the resistances R,
given by eq. 4.16. Note that different field geometry factors have to be used for P, that
express the ratio between the local effective parallel field and the central field.

Due to the mutual interaction between the ISCCs of the various turns, the average time
constant T,y of the ISCCs in a magnet will be considerably larger than the average time
constant ;.0 of the ISCCs in a single cable (see also section 4.9). The time constant T, » is
numerically calculated using the network model where the mutual inductances between all
the strands of the various turns are incorporated. The influence of the ISCCs of the outer
coil is disregarded in order to limit the computing time. This results in an error in the
calculated 7,y of less than 5% if the R -values and cable pitches of the inner and outer coils
are equal.

The mean time constant of the ISCCs in a magnet is then proportional to the time constant
T;y.cap OF the ISCCs in the cable of the inner coil (see eq. 4.31):

Ti.v,M =KTis,cab [S] . (69)

The constant of proportionality K depends on the magnet geometry and is equal to 4.5 for
the PBD magnet and 4.3 for the WBD magnet (both values with an error of about 10%).
Also for other coil configurations, such as the HERA- and the SSC-dipole geometries the
factor K will be about 4-5. The factor K can be roughly approximated by calculating the
ratio Ty p/Tiscap USIng eq. 4.41 taking o=7.5 and N.=16 and assuming Ti; p=Tisr- 1hE
number N,=16 is used since the ISCL in a dipole coil is mainly generated in B3 and B4
which form a stack of 16 cables (for the PBD magnet) for quadrants 1 and 4 or 2 and 3 (see
Fig. 2.2b). The factor K is somewhat smaller than the calculated ratio Tis ! Tis,cap="5 due to
the presence of a wedge between blocks 3 and 4.

It is shown in section 4.9 that, for a given field-sweep rate, the ratio T./P. is almost
independent of the R -distribution among the cable pieces (up to differences of a factor 5).
Here the ratio between the average time constant of the magnet ;) and the coupling power
loss P, is investigated by systematically varying R over the four blocks of the inner coil
of the PBD magnet (see Table 6.1).

Note that these values cannot be easily correlated to the results given in Table 4.3 since
the field change is not constant over the cross-section of the coils. The given time constants
are average values for the blocks or the magnet, since in an actual coil, the current I, in each
strand section of each turn has its own time constant. The factor T um/P.y is almost
independent of the R.-distribution even though R, is varied by a factor of 5. This is caused
by the presence of the wedges which decrease the mutual inductances between the blocks
which can therefore be regarded as independent parts. This can be easily seen in Table 6.1
where a decrease of R, in one block does not affect the time constants of the other blocks.
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Table 6.1. Average time constants of the ISCCs in the four blocks B3, B4, B5 and B6 and in the whole
PBD magnet M, and total coupling power loss (for one aperture with a length of 1 m) for
various R.-distributions over the four blocks ( B,,=0.066 Ts ™, Lps=0.1 m, Ny=26).

R () Tisav (S) TisM Py Tism/PeM
B3 B4 B5 B6 B3 B4 B5 B6 (s) (W) (W
10 10 10 10 046 039 047 030 0.42 1.14 037
2 10 10 10 202 042 048 031 132 3.50 0.38
10 2 10 10 046 174 055 031 1.06 2.86 0.37
10 10 2 10 045 040 200 033 0.58 1.53 0.38
10 10 10 2 046 039 048 127 0.46 1.23 037

Variations of R, within a block lead to variations of the ratio 7;,/P, within the block (as
already discussed in section 4.9), and so to variations of Ty /P, . For large R -variations of
a factor of 10 within one block, the ratio Tj;,»/P. » can change by an average of 10%.

Hence, it can be concluded that, if the power loss is known, the time constant can be
deduced (and conversely) for an arbitrary R.-distribution over the blocks and within the
blocks, with an accuracy of about 10% for R -variations up to a factor of 10. This implies
that the decay of the voltage over a magnet after a field sweep gives the ISCL and therefore
the average R, (if the regulation of the current supply is perfect). However, no information
is obtained about the other loss components of the magnet such as the resistive loss and the
hysteresis loss.

6.2.4 Losses in the connections and the wedges
In the resistive cable-to-cable connections between the poles and the coils an ohmic loss
power:

" P,=I'R

tot

(W1, (6.10)

is generated, where R,,, denotes the sum of the resistances of all cable-to-cable connections
in the magnet (see section 2.2). Note that the resistances, and therefore the power Pg,
depend on the field due to the magnetoresistance and possibly sligthly on the current and
the field-sweep rate. A good approximation of the resistive loss for a given field cycle is
obtained by integration of eq. 6.10 using a value of the resistance at the mean field level
(see section 6.2.5). '

The eddy-current power loss in the copper wedges Py.q of one aperture is inversely
proportional to the resistivity p, of copper and proportional to B..? and satisfies:

=CwedlM a2
Pu(B)

where C,.q depends on the number and geometry of the wedges and the field distribution
over the cross-section of the wedges. Taking one aperture of the PBD magnet, C,,., is about
3-10® m*, so that P, is about 7 mW for p,,=4-10"° Qm and B, =0.01 Ts".

The energy losses in the connections and the wedges during a nominal field sweep are
given in the next section.

W], 6.11)

wed
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6.2.5 Total loss

The energy loss of one aperture of a magnet of length Iy, during a triangular field cycle B, -
B..2-B..1 (with B, >>B,. 1) with constant field-sweep rate B,, is determined by integration
of egs. 6.5, 6.8, 6.10 and 6.11:

NT
0., =th5+;(§ P, ar+dp, i)+ §paredp ar [icyelel, 6.12)
with:
Jf;f ,dt=—(4whpcabz 1282 i|(Bros = Boo)Be =7 BL|  Wleyclel, (6.13)
s L W (N7 =N,)
g{P,“dt—849 1072 41, B2 *
Rc,i
(B s~ Boui)Bo~ Ty yBL| Wieyclel, (6.14)
and:
2R,
g{P a’t—§ el § Rt L B, = (B),~B. ) [cycle], (6.15)
3TMB“ ’

with Ny the number of turns in the coils and Ty, [TA™] the field factor of the magnet. The
loss contributions in the iron yoke and the collars are disregarded here.

Measurements of losses during ramping are usually performed with ramp times (from
B, to B, and reversely) of the order of 10-10%s. The term T,fB . in eq. 6.13 can
therefore be neglected since the time constant 7y (which is of the order of 10-100 ms, see
section 3.5) is much smaller than the ramp time. The term 7;, MBfe in eq. 6.14 should be
taken into account for small ramp times since Ty is of the order of 1-10 s for LHC-type
cables (see section 6.4).

The energy loss in the wedges depends on the relation between the resistivity of the copper
and the magnetic field. A simple expression can be used to estimate the loss by assuming a
field-independent resistivity which is equal to the resistivity of the copper at a field
(Bee2+Bee1)/2, so that:

! : _
§P =g Swed —wed M.(B,,-B,,)B, [cycle]. (6.16)

wed
cu

The ISCL, the IFCL and the hysteresis loss of one aperture of a PBD magnet are depicted in
Fig. 6.3. The resistive loss in the connections is not shown since the loss is locally
dissipated. The losses are calculated for a field cycle between 0 and 2 T and are depicted for
each turn individually. This cycle is chosen as it is often applied in the loss measurements
during ramping (see section 6.4).
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Energy loss (J/cycle)

‘L'urn number

Figure 6.3. The hysteresis loss, IFCL and ISCL for each turn of the straight part of one aperture of a
1 m long PBD magnet (see Fig. 2.b2 for the numbering of the turns and the blocks). The
loss is calculated for a field cycle between O and 2 T with B.=0.1 Ts!, R.=10 ue,
L,,s=0.10 m, Bo=0.31 T, Jo=3.2-10" Am?, dy=10 pm and =25 ms.

The losses in the strand are based on the experimental results of an LHC-type cable with
By=031T, J,=3210" Am?, d=10pum and 7;=25ms (see chapter 3). The contact
resistance R, is taken as 10 p€. Note that:

— the hysteresis loss increases near the pole of the magnet where the field is maximum,

— the hysteresis loss in the outer coil is relatively large compared to the coupling losses
since the hysteresis loss is mainly generated at small fields where the critical current
density is large,

the IFCL in the LHC dipole magnets is about 5 times smaller than the ISCL for R.=10 uQ

and T,=25 ms. A survey of the various loss components during a nominal field sweep of the

. PBD and WBD magnets is given in Table 6.2. The IFCL and the ISCL are calculated using

egs. 6.13 and 6.14 with:

N.
2[35,,,. =51+85=136 , (6.17)
i=1
and:
Ny .
Y B2,=009+404=413 , 6.18)

i=1

where the two numbers indicate the summations over the turns of the outer and the inner
coil respectively.
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Table 6.2. The energy loss of the various components for a nominal field sweep between 0.6 and 8.4 T
with B,,=0.0066 Ts" and a fast exponential de-excitation with a time constant 7;=100s
for the PBD and WBD magnets at 1.9 K. The losses are given per metre for a twin-aperture
magnet. Rc=2 IQ, Ty =25 ms, L,,s=0.12 m. The ISCL is inversely proportional to R.. The
filament diameter is 5 pim for both magnets.

Excitation: 0.0066 Ts! Fast de-excitation: 73=100 s

PBD WBD PBD WBD
Hysteresis loss (J) 210 200 210 200
IFCL (J) 7 6 46 42
ISCL (3) 170 210 1150 1390
Resistive loss (J) 38 26 4.1 2.8
Loss in the wedges * (J) 1.2 , 1.1 8 7
Loss in the collars ® (J) 04 0.4 : 3 3
Loss in the iron yoke ° (J) 20 20 20 20
Total () 450 460 1440 1660
Average heat load (W) 0.38 0.39 144 16.6

® assuming a rcsisﬁviiy that lincarly increases from 2107° Qm at 0.6 T to 1010 Qmat 84 T.
b an estimate assuming a resistivity of the collars of 10° Qm.

¢ an estimate assuming a loss of 20 mJ per kg iron for a mean field sweep in the yoke from O to 1.7 T.

The hysteresis loss is calculated using the I¢-B relations described by egs. 2.16 and 2.18
with By=0.31 T, Jo=3.2-10'° Am™?, C;=112-10% A, C,=7.8-10° AT and T=1.9 K.

The resistive loss is the loss for one twin-aperture magnet and is calculated for four

splices (each with a resistance that linearly increases from 0.3 nQ at 0.6 T to 1.5 nQ at
8.4'T) and three pole-to-pole connections (with a constant resistance of 0.2 n€2). Note that
the resistive loss is independent of the magnet length since the number of cable-to-cable
connections is fixed. ' -
The losses are expressed for a twin-aperture magnet per metre of length. The resistive loss
is divided by the magnetic length of the magnets, i.e. 9 m for the PBD magnet and 13.15 m
for the WBD magnet (see Table 2.1), in order to obtain a representative value of the loss in
a long magnet. During a nominal field sweep the loss is dominated by the hysteresis loss,
the resistive loss and, for small R,, the ISCL. The average heat load, for a total ramp time of
about 1160 s, defined as the energy loss divided by the ramp time, is about 0.37 W, which
can be reduced to about 0.25 W for R.>10 pQ. In the case of a fast de-excitation, the main
contributions are caused by the hysteresis loss and the ISCL and an initial heat load,
calculated by the energy loss divided by the de-excitation time constant, of about 15 W is
present, which can be reduced to 5 W for R,>10 pQ.

At nominal field a stationary heat-load at 1.9 K is present due to heat inleaks, resistive
heating and beam-induced heating, and is estimated to be about 0.35 W per metre of
cryostat [LHC, *93]. Therefore, the heat-load during the ramp to nominal field increases by
a factor of about 2 compared to the stationary situation. During fast de-excitation the
increase is a factor of about 40 for R.=1 pQ and reduces to a factor of about 8 for very
large R, (so that the ISCL is almost 0).
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6.3 Measuring losses of a magnet during ramping

The energy loss of a magnet can be measured by means of the following four methods:

‘Boil-off method’. At an operating temperature around 4.2 K, the energy loss is dedu-
ced from the amount of evaporated helium during continuous field sweeps. The method
is inaccurate when the helium evaporation at constant excitation is large compared to the
dissipation caused by the field sweep. Another draw-back is the time needed to reach an
equilibrium between the power loss and the helium evaporation. This method is applied,
for example, to measure the AC loss of a S0O0kVA AC coil [Akita, *92].

‘Temperature method’. At an operating temperature around 19K, the energy
dissipation during one or more field sweeps is determined from the temperature increase
of the helium bath. When the amount of helium in the cryostat is large, the increase in
temperature is often too small to deduce the loss accurately. The method is used to
determine the loss of an LHC quadrupole magnet {Genevey, *95]. Also the loss of a
toroidal pancake model is deduced by the temperature increase of the helium under
forced-flow cooling [Hosono, *93].

‘Electrical method’. 'I'he energy loss during a field cycle is given by the difference
between the stored energy during excitation and the extracted emergy during de-
excitation. The method is recommended for determining the loss in superconducting
magnets pulsed at low ramp rates [Gémory, *85] and is applied for measuring the losses
during ramping of SSC magnets [Ozelis, 93] and LHC magnets (see section 6.4).

‘Pick-up-coil method’. The magnetisation of the coils can be determined by using pick-
up coils located within the aperture, around the coils or around the collars. However,
assumptions with respect to the mutual inductance between the pick-up coils and the
magnetisation currents in the cable are required. A large error is likely to be present if
R. is small and varies strongly over the cross-section of the coils.

Additionally the following three methods can be used to estimate the mean time constant of
the ISCCs and hence R,:

“Step-response method’. The decay of the voltage signal over the magnet after a linear
field sweep gives the time constant 7. The ISCL can then be deduced since the ratio
between Py and Ty is constant for a given B, and a given coil geometry (see
section 6.2.3). The time constant is difficult to determine from the voltage signal when

- the inductive voltage is large or when the power supply is poorly regulated. The method

is used to deduce the coupling loss of one LHC dipole model magnet [Tixador, *90].

‘Field-distortion method’. In section 7.4 it is shown that the ratio between the dipole
field B;,, induced by the ISCCs in the aperture of a magnet, and the average R, is
constant for a given B.. This implies that the ISCL can be deduced from a
measurement of the field distortion B;; during a field sweep. In chapter 7 this method is
further worked out and is experimentally evaluated for several LHC dipole magnets.

‘Phase-shift method’. The time constant Ty can be deduced from the phase shift
between the current through the cable and the voltage over the cable for a sinusoidally
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varying current. The results of AC loss measurements on a 500kVA AC coil using this
method [Akita, *92} correspond well with the measurements using the ‘boil-off method’
as described above.

Here the energy loss is determined hy means of the electrical method because:

— The loss of both individual magnets in the twin-aperture structure can be deduced and,
therefore, also variations in the ISCL, and thus R,, between both apertures. Also an
estimate of the difference between the mean R, in both poles of the same aperture is
possible. With the ‘boil-off method’ and the ‘temperature method’ only the total energy
loss of the whole magnet can be determined because both apertures are contained in the
same cryostat. '

— All loss components are determined, which is not possible with the ‘step-response
method’, the ‘field-distortion method’ and the ‘phase-shift method’.

— No assumptions have to be made about the distribution of the coupling currents over the
cross-section of the magnet. The electrical method can be regarded as a measurement of
the loss of a ‘black box’. Independent of the location of the loss within the ‘box’, the
loss is equal to the difference between the energy that is needed to charge the magnet
and the energy that is delivered during discharging.

The hysteresis loss, the resistive loss and the total coupling loss (Q;+Q;;) can be separated
by measuring the energy loss per cycle as a function of the central-field-sweep rate Be,.
The method is similar to the one described in section 4.10.2 except that in the case of a
magnet the losses Q; and Q, cannot be separated since the field direction in a magnet
cannot be changed. Hence, the loss Q; is deduced by subtracting the loss Qy (calculated
using Ty as determined from the magnetisation measurement) from the total coupling loss.

A measurement consists of one triangular cycle in which the central field is ramped up with
a given ramp rate B, from B, to B, and ramped down from B.,; t0 B, with -B,..
After the ramp-up and the ramp-down the transport current is kept constant for at least 50 s
in order to let the ISCCs decay to zero. The energy loss of each magnet is determined
during 6 to 20 triangular field sweeps with sweep rates between 0.02 Ts! and 0.2 Ts™. In
order to investigate the field-dependence of the loss components, the energy loss is
determined for two or more cycles with different field levels B, and B,,;.

The transport current I, ., is measured by means of a current transformer (with
Upcer=Cpcerlicar With Cpcer= 10* VA" with a reproducibility better than 20 uV or
0.2 A. During a field cycle the voltage Upcer and the voltage Uy over the magnet are
integrated and the average current and voltage are determined during time intervals Az of
about 0.3 s:

t+AL

1 J'Egﬂd, (Al (6.19)

I =
tr,cab,n
Aty Cpeer

~
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1+AL

1
UMn=——IUMm [vl, (6.20)
A,

1

and stored in a PC as shown in Fig. 6.4.
The loss is calculated by summation of the N incremental energies, so that:

N
O =20 sanlicap Dt Wlcycle], (6:21)

n=1

which can be regarded as the difference between the stored energy during excitation and the
extracted energy during de-excitation.

1
Int Int
All Al2
A22 A21
DCCT
Int Int Int PC
a LT

Figure 6.4. a.The ‘electrical method” for measuring
losses of a superconducting magnets during
field cycle between Be; and Beea.
Simultaneously the voltages over all the
four poles and the whole dipole magnet are
measured.

b.Schematic view of the cross-section of a
dipole magnet, indicating the nomenclature
of the poles. The poles A1l and Al12 form
aperture 1 (or Al) and the poles A21 and
A22 form aperture 2 (or A2).
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The voltages over the poles are measured simultaneously, besides the total voltage over the
magnet, in order to investigate the differences in the losses between the poles. It is
important that the filament magnetisation and the coupling losses, that are dissipated in the
various parts of the magnet, are supplied by the magnetic field. This implies that a local
energy dissipation is measured as an additional voltage in both poles and not only in the
pole in which the energy is dissipated. The ratio of the voltages in both poles is related to
the contribution of both poles to the local field. Energy loss near a pole resuits, therefore,
mainly in an increase of the voltage in that pole while energy loss near the midplane results
in an almost equal voltage in both poles. Only the resistive loss and the transport-current
loss (i.e. the second term in eq. 6.1) are measured as a voltage over the same pole where the
losses are dissipated. Hence, a difference in the measured loss between two poles cannot be
carried back to a ditterence in R, between the two poles since the distribution of R, over the
cross-section of the magnet is unknown. In general, the measured difference is smaller than
the actual difference, since the mutual interaction between the poles causes a levelling of
the loss voltages. 7y

This effect is even more pronounced for the measured loss in the various coils of a
multishell magnet. Although the loss is mainly generated in the inner coil(s), the required
energy is supplied by the magnetic field which is mainly generated by the outer coil(s). So,
even if voltage taps are present on the splice(s) between the various coils, the ‘electrical
method’ will not reveal the actual loss in the separate coils. Of course, the same reasoning
holds for the measured loss of a single block or turn.

The actual filament-magnetisation and the IFCL in the separate coils can be well
estimated from short sample measurements. In the case of the ISCL, R, is assumed to be
constant all over the cross-section of the coils. The ISCL for each turn can then be
determined since Bp (see Fig. 6.2) is known for each turn.

The accuracy of the electrical method depends on:

— The ratio between the stored energy and the energy loss during a cycle. A smaller ratio
results in a more accurate loss measurement. Therefore, the energy loss can be
determined more precisely by using large field-sweep rates, which increases Qy,, and
small fields B, ,, in order to decrease the stored energy.

— The noise and the reproducibility of the power supply.

— The time interval At. A small At results in a more accurate summation in eq. 6.21. It is
possible as well to use non-integrating voltmeters with a high sampling rate. A carefully
adjusted bucking coil, which compensates for the inductive component of the voltage, is
preferable in order to avoid erratic results if the noise of the power supply is large.

— The drift of the voltmeters or integrators in time. Especially at small sweep rates a small
drift could lead to inaccurate results. Correction for a linear drift in time is possible by
performing offset measurements before and after the field cycle.

The above implies that the error of the loss measurements increases significantly for smaller
field-sweep rates. This results in a relatively large error in the determination of the
hysteresis loss, which is deduced from the intercept of the Q- B.. curve at B, =0 (if the
resistive loss is negligible), especially for field cycles with a large ISCL and a small
hysteresis loss. Of course, performing more field cycles decreases the error in the deduction
of the various loss components.
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6.4 Experimentally determined R.-values of LHC magnets

The total energy loss of the 1 m long LHC dipole model magnets for cycles between 0 and
2T is depicted in Fig. 6.5. This cycle is chosen in order to decrease the ratio between the
stored energy and the energy loss and, therefore, to increase the accuracy. The field-sweep
rate B, varies between 0.02 and 0.2 Ts. A smaller B,, leads to a considerable increase in

the relative error.
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Figure 6.5. The energy loss per cycle and per aperture as a function of the field-sweep rate for the 1 m
long dipole magnets CE1, EL3, EL2, AN1, IS1, HO1, KE1 and KE2 (from top to bottom)
for a field cycle between 0 and 2 T. The solid lines represent fitting curves using eq. 6.12.
The calculated IFCL is included assuming 7y=25 ms.

The various loss components are evaluated by fitting the measured Q- B, values with

eq. 6.12, neglecting the very small loss contribution from the wedges.

e The resistive loss of the connections is too small to be deduced, because the currents are
small and the field-sweep rates large. Using eq. 6.15 with R,,,=2 nQ gives a resistive
loss of about 1 J for the given field cycle at the minimum field-sweep rate of 0.02 Ts™.
Voltage measurements across the connections at constant transport current give an
average resistance per connection of typically 0.5 to 1 n€2 (at about 5 T).

e The hysteresis loss is given by the intercept at B..=0 because the resistive loss is
negligible. The error in Qpy, is about 10-50J (per aperture per metre length) and is
mainly due to the noise of the power supply which makes it very hard to perform
accurate measurements at small field-sweep rates. As already discussed in the previous
section, the error increases for magnets with a large coupling loss compared to the
hysteresis loss.
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e The IFCL is calculated using the 7yvalues deduced from the short sample
measurements (see section 3.5) in combination with egs. 6.13 and 6.17. If 7; of a cable
is not known, it is assumed to be equal to 25 ms. The IFCL corresponding to this value
is also shown in Fig. 6.5, demonstrating that the IFCL makes up only a minor
contribution to the total coupling losscs.

e The ISCL results in an average R, in the coil. No distinction can be made between the
R.-values of the inner and outer coils. In the case of similar R, in both coils, the ISCL is
mainly generated in the inner coil and the deduced R, corresponds within 5% to R in
the inner coil. No accurate R, can be determined if the cable that is used in the outer
cable has a much smaller R, than the one used in the inner coil.

'I'he second-order behaviour of the curves (see eq. 6.14) can be clearly seen for the magnets
with a large ISCL (i.e. with a large time constant %, »r).

Loss measurements on the poles show that the hysteresis loss does not vary significantly
among the poles, as expected since the J¢-B relation of the strands of the poles are the
same. An example is given in Fig. 6.6 where the loss of the four poles of the 10 m long
AN?2 model magnet is depicted. The relative difference between the intercepts (that is the
hysteresis loss) of the four curves is less than 5%. The difference in the coupling loss
between the four poles is discussed later.
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Figure 6.6. The energy loss in the four poles of the AN2 model magnet as a function of the field-sweep
rate for a field cycle 0-2-0 T. The fitted curves (using eq. 6.12) show clearly that the four
poles exhibit the same hysteresis loss whereas the ISCL varies by a factor of at least 1.5.

The results in terms of @y, and R, for all field cycles are listed in Table 6.3. The bath
temperature T}, is 1.8-2.0 K unless otherwise indicated. Only the average R. of the whole
magnet is included in the table.
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Table 6.3. Results of the loss measurements on LHC model magnets in terms of the experimentally
determined hysteresis 1oss Qpys,exp. the calculated hysteresis 10ss Qnys,caic, the cross-contact
resistance R. and the time constant T (calculated and deduced from a fit).

Magnet Cool- Br:e,l Beea ths.ew QII_VA'.CHIL' Rc Tis,M,calc Tis, M fit
(see Table 2.3) down T T Jeycle  Jcycle ue s s
1 m models
AN1 2 2.0 75 178 178 2.7 20
4 0 2.0 145 145 37 14
4 2.0 5.8 158 124 3.6 1.5
CEl 2 0 20 144 63 14(1.2% 3.8 4.8
2 2.0 41 51 32 13(1.2% 4.1 53
2 0 3.0 139 78 1.2(1.1% 4.4
3 2.0 6.1 135 49 1.3(1.2%) 4.1
4 0 2.0 149 64 1.7(13% 3.1 4.1
4 2.0 4.1 74 32 1.6 (149 33 42
ELI 2 2.0 7.1 90 195 S 17(19% 3.1
3 0 2.0 132 184 1.8 3.0 . 2.4
3 2.0 62 184 184 1.9 2.8
EL2 2 0 2.0 157 151 3.2 17
2° 0 2.0 116 110 2.8 1.9
2 2.0 5.0 71 107 29 1.8
2° 2.0 4.8 58 67 3.0 1.8
3 0 2.0 128 151 3.0 1.8 1.9
3 2.0 55 113 124 3.1 1.7 1.6
4 0 2.0 140 151 3.0 1.8 1.7
HO1 3 0 2.0 145 180 6.7 0.8
ISt 2 2.0 7.5 65 145 37 (4.0% 14
3 2.7 75 113 129 3.7 1.4
3 2.0 8.2 145 163 3.7 14
4 0 2.0 125 130 3.6 1.5
5 0 2.0 109 130 3.0 1.8 1.6
KE1°© 2 0 . 20 95 6.1
KE2¢ 1 0 2.0 97 76
10 m models
AN2 2 0 2.0 62102  6.5-10? 1.6 3.3 3.5
2 20 41 3.1.10>  3.0-10° 17 3.1 3.4
2 0 41 11-10*  9.5-10° 1.6 3.3 3.5
AN3 1 0 2.0 7910° 6.510? 6.2 0.8
1 2.0 4.1 5.1.102  3.0-10° 6.8 07
NO1 1 0 2.0 68107 6.5-10 4.0 13
1 20 41 6.8102  3.0-10° 43 12

# R, determined by using the calculated hysteresis loss as a fixed point in the fit.
® Measurements performed at T,=4.3 K.

¢ See [Yamamoto, *93] for more details of the different geometry. The hysteresis loss is not calculated.
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The hysteresis loss is calculated numerically using the Kim relation (see eq. 2.16 with By
and Iy=Jy ndfzn/4 as specified in Table 3.1). The parameters By and I, are assumed to be
0.31 T and 3.0-10° Am™ for those cables which are not mentioned in Table 3.1. A linear
relationship is taken between the critical current and the field for fields larger than 2-3 T
(see eq. 2.18 with C,=112-10° A and C,=7.8-10° AT™"). The calculated Ohys.car-values (see
Table 6.3) are in fair agreement with the experimentally determined hysteresis 10ss Qpysexp
taking into account the error in Qyy, .., and the errors in the constants as used in the I¢-B
relation.

The calculated hysteresis loss of the CE1 magnet is a factor 2 smaller than the measured
loss. The difference is probably caused by the large coupling loss (and hence the steep
slope of the Q.- B curve), which increases the inaccuracy in the extrapolated value for
Ohys,exp- The calculated hysteresis losses of one series of field cycles of the EL1 and the JS1
magnets are a factor 2 larger than the measured losses, probably caused by the large stored
energy of these cycles in combination w1tl} the small number of field sweeps. For all these
cycles R, is also determined by taking the calculated hysteresis loss as a fixed point in the
fit. This results in a decrease of R, for the CE1 magnet and in an increase of R, for the EL1
and the JS1 magnets.

The following conclusions hold with respect to the average R, in the magnets:

e R, does not depend on the electromagnetic force on the cable and is not significantly
magnetoresistive. This can be clearly seen by comparing the R.-values deduced from
field cycles at low (ca. 0-2 T) and high (up to 8 T) excitation, performed during the
same cool-down.

® R_ does not depend on the temperature (between 1.9 K and 4.3 K) since the ISCLs at
4.3 K and 1.9 K are equal. This is expected since no parameter that influences R, (see
section 4.3) varies significantly between 1.9 and 4.3 K.

e The average R, of the poles differ for most of the magnets by at least 10-30%. As an
example, the total losses of the four poles of the 10 m long AN2 model magnet are
shown in Fig. 6.6 for a field sweep between 0 and 2 T. The average R.-values for each
aperture are about 1.3 uQ for Al and 2.0 pQ for A2. Average R -values per pole can be
calculated assuming that the loss, as measured on a pole, is generated in the same pole.

- This results in R.-values of 1.2 uQ (A1l1), 1.4 pQ (A12), 2.1 uQ (A21) and 1.9 nQ
(A22). However, the actual differences between R, of the two poles of the same aperture
are probably even larger as explained in section 6.3. This will cause larger skew
harmonics during excitation of the magnets than expected from the estimated average R,
per pole (see chapter 7).

Within the accuracy of the measurement method it cannot be concluded that R, depends on

the number of cool-downs. Magnets that have been remeasured several times over a period

of 2-3 years do not show any clear change in R,.

For several series of measurements the ISCL is sufficiently large to deduce the time
constant T;, by fitting the measurements with eq. 6.12. The time constants T » 5 Obtained
by fitting are in good agreement with the time constants T ... (see Table 6.3) calculated
using the constant ratio between P;; s and 7,y (for a given field-sweep rate). This validates
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the network model for modelling the ISCCs and the corresponding time constants in
superconducting magnets.

Table 6.4 shows a brief survey of the R.-values of all magnets arranged with respect to
the cable as used in the inner coil. Although the number of magnets is too small to perform
and obtain reliable statistics it can be seen that the R.-values of different magnets made with
the same cable correspond rather well for cables I-1, I-2 and I-5. Only in the case of cable
1.3 is there a variation of a factor 3-4 between the magnets EL1, EL2 and HO1. This
difference could originate from any of the circumstances as discussed in section 43. A
different stress level during the curing process and different oxidation levels of the strand
surface (possibly caused by the period between manufacturing the cable and winding the
coil) are the most plausible causes.

Table 6.4. Average values of the cross-contact resistance of the inner coil for 11 LHC dipole model
magnets, assuming that the R-values of the outer coils are of the same order or larger than
those of the inner coils. TA =twin-aperture magnet, SA =single-aperture magnet.

Magnet Type Cable for the Coating/ R.
inner layer soldering ne
AN1 imTA I-1 zebra ® 2.7-3.7
JS1 1mTA I-1 zebra® 3.0-3.7
AN2 10mTA I-2 SnAg 1.6-1.7
CEl 1mTA 12 SnAg 1.1-14
EL1 1mTA I-3 SnAg 1.8-1.9
EL2 1mSA 13 SnAg 2.8-3.2
HO1 1mTA I3 SnAg ) 6.7
KE1 1 mSA I-5 bare 6.1
KE2 1mTA I-5 bare 7.6
AN3 10m TA I-6 SnAg 6.2-6.8
NO1 . 10mTA 1.7 SnAg 4.0-43

a .
see section 4.6

6.5 Conclusions

In the coils of superconducting accelerator magnets the main loss contributions are related
to filament magnetisation, interfilament coupling, interstrand coupling and resistive loss.
Additionally, smaller loss contributions are present in the mechanical structure, in particular
the hysteresis loss in the iron yoke and the eddy-current loss in the collar pieces.

The hysteresis loss in the filaments can be directly estimated from the AC magnetisation of
a single strand. The error between the measured and the calculated hysteresis loss is
generally 20% and is mainly caused by the noise of the power supply which makes accurate
loss measurements at small field-sweep rates very difficult. The hysteresis loss is about a
factor 1.5 larger at 1.9 K compared to 4.3 K for the same field cycle. The enhancement is
due to the increase of the critical current density of NbTi. The filament hysteresis is the
dominant loss contribution for small central-field-sweep rates of the order of 102 Ts™ and
weak-field excitation. '
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For larger field-sweep rates or strong field excitations the coupling losses dominate. The
IFCL and the ISCL of a magnet can be separated once the IFCL of a strand or cable is
known. In the LHC dipole model magnets the ISCL is at least a factor 10 larger than the
IFCL and is mainly generated in the inner coil near the midplane. While the IFCCs are
characterised by a time constant of about 25 ms. the ISCCs exhibit time constants of about
1 to 5 s, attributed to a small contact resistance R, between crossing strands of about 1 to
8 LQ. The effect of such small R, on the field homogeneity and temperature margin during
ramping is discussed in chapters 7 and 8.

The experimentally deduced time constants of the ISCCs correspond well with
calculated values using the network model in combination with the determined R -values.
This validates the use of the network model to calculate the ISCCs and their time constants
in superconducting magnets.

The eddy-current losses in the copper wedges and collar pieces are small compared to
the coupling losses in the cable and the magnetisation loss in the iron yoke is smali
compared to the magnetisation loss in the filaments.

Experimental results on LHC dipole model magnets show that the R -values of cables with

SnAg-coated strands:

— are temperature-independent (between 1.9 K and 4.3 K),

— vary by a factor of up to 1.5 between the two poles of the same aperture,

— do not depend on the field level and therefore do not significantly depend on the
Lorentz force on the cable and on the matrix resistivity.

Three magnets in which the same cable is used have been shown to exhibit an ISCL which

differs by a factor 3-4. The difference in R, is probably due to different stress levels (during

curing) and surface conditions of the strands between the models. Three other cables are all

used in two magnets. No large differences in R, between the two magnets are observed for

these cables.

The energy dissipation during a nominal field sweep from 0.6 to 8.4 T is dominated by the
hysteresis loss, the resistive loss and, for small R, the ISCL and is about 450J (for
R.=2 nQ) per metre for a twin-aperture magnet (see Table 6.2). The average heat-load is
about 0.38 W for excitation in about 20 minutes, A fast de-excitation, with a de-excitation
time constant of 100 s, leads to an energy dissipation of about 15007 (for R;=2 u€Q),
mainly caused by the hysteresis loss and the ISCL, and consequently an average heat load of
15 W. If R.>10 ug, the average heat load can be reduced to 0.25 W for a nominal field
sweep and 5 W for a fast de-excitation.

The losses in superconducting accelerator magnets during ramping can be well determined
by means of the ‘electrical method’, based on the measurement of the difference between
the stored energy and the extracted energy during a field cycle. The method is relatively fast
and accurate, especially for field cycles at low excitation levels where the stored energy is
small. The hysteresis loss and coupling losses can be well distinguished with an accuracy
that is mainly limited by the noise and the regulation of the power supply.







Chapter 7

Coupling-current induced
field distortions

This chapter deals in particular with the additional magnetic fields caused by
the interstrand coupling currents (ISCCs) and the boundary-induced
coupling currents (BICCs) during a field sweep of coils made of multistrand
conductors. Field distortions caused by the interfilament coupling currents
and a non-uniform current distribution are briefly discussed.

Field By, caused by the ISCCs is calculated starting from the ISCC-
distribution as determined in chapter 6. The spatial distribution of the cross-
contact resistance R, in the coils determines which harmonic components are
influenced. A minimum R_-value can be defined in order to ensure that the
field induced by the ISCCs remains below the acceptance limit determined by
the magnet specifications.

The field By; caused by the BICCs is shown to vary sinusoidally along the
magnet axis. The magnitude of the distortions is strongly influenced by small
variations in the magnet length, transposition pitch, R.-distribution and
effective strand resistivity and is therefore very difficult to calculate.

Methods are discussed by which the fields B, and By can be
distinguished from the fields caused by the filament magnetisation, the
fabrication tolerances and a non-uniform current distribution.

Experimental results are presented of B;; and By; in 1 m and 10 m long
LHC dipole model magnets. The magnitudes of the harmonic components of
B, are evaluated and compared with calculated values based on the average
R, in the coils. The magnitude and the characteristic time of By; will be dealt
with, and an estimate is made of the characteristic length of the BICCs and
the effective strand resistivity.
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7.1 Introduction

Especially in accelerator magnets, field distortions are of a major concern since the particle
motion becomes unstable above certain values of the higher harmonics, resulting in
considerable heam losses and a smaller luminosity. Correction magnets are present in
accelerators and are especially suitable for correcting the field distortions that are the same
for all magnets.

A good understanding of the field distortions requires a classification of the various
fields that contribute to the total field in the aperture of a magnet and the origins from which
these fields are created. In superconducting coils made of monolithic conductors the field
distortions are dominated by the following three components:

e The field B,,, rclated to fabrication tolerances of the various components. This field
changes during excitation of the magnet, since the electromagnetic forces change and
cause a deformation of the coils.

e The field B,, caused by the persistent currents in the filaments is, in first approximation,
proportional to the filament diameter and the critical current density J¢(B, T). The field
quality of superconducting magnets at low excitation is therefore strongly influenced by
the persistent currents since the critical current density is large. This phenomenon is well
understood and experimental results and calculations are usually in good agreement (see
for example [Caspi, '87], [Wanderer, *93], [Zhao, '93]) provided that the Jc(B,T)
relation is sufficiently known. If the properties of the superconductor are uniform, field
B, follows the symmetry of the main field so that only the normal -odd harmonics
Bi, B, ... are present. The time dependence of the persistent currents, which is related to
flux creep in the superconductor [Anderson, *62}, [Kim, ’62], is, however, less defined.
Experimental results on the time dependence of the persistent currents in the Tevatron
[Finley, ’87] and in HERA [Briick, ’90] have shown a logarithmic decay in time with a
characteristic change of a few percent per decade. Measurements on short cable pieces
show a similar decay although the time dependence is less pronounced, see e.g.
[Gilbert, ’89], {Marken, ’92].

e The field By, produced by the IFCCs, is linear with the central-field-sweep rate and
inversely proportional to the effective transverse resistivity of the strand and decreases
at higher levels of excitation due to the magnetoresistance of the matrix.

While the preceding field distortions are well understood, the use of multistrand cables in
accelerator magnets has caused additional field errors that exhibit an anomalous time
dependence during and after field sweeps. Sinusoidal variations in the axial direction of the
magnet have been observed in HERA magnets, where the amplitude and phase depend
strongly on the actual and preceding excitation cycles of the magnet [Briick, '91a/°91b].
Results on a RHIC prototype dipole magnet show that the axial variations are caused by
unbalanced currents and not by magnetisation of the filaments [Sampson, '95].
Measurements on SSC dipole magnets at BNL have shown that the amplitude of the axial
variations depends on the central-ficld-sweep rate B., if the contact resistance R, is small,
while the amplitude is almost independent of B. if R, is large [Ghosh, 93/°94].
Measurements on the SSC magnets have also shown that the amplitude of the periodic
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pattern during the ramp increases with time [Devred, *94]. Since the first observation at

HERA, the sinusoidally varying field errors are thought to be related to a Non-Uniform

Current Distribution (NUCD) among the strands due to different joint resistances, locally

very small R, and differences between the inductances of the strands. However, the

observed effects could not be explained by the existing models. With the new description of
the BICCs as presented in chapter 5, it is possible to describe the additional field distortions
in cabled superconductors by three types of fields:

e The field B;; caused by the ISCCs, which is proportional to the central-field-sweep rate
B, and, in first approximation, inversely proportional to the average contact resistance
R, between the strands. This linear dependence of B;; on B, and 1/R, has been observed
in SSC dipole magnets [Ogitsu, *92a/°92b/°93/°94]. In section 7.4 it will be shown that
especially the higher harmonics depend strongly on the spatial R.-distribution in the
coils. The measured multipole components of B; of several SSC dipole magnets are
used to estimate the R -distribution over the cross-section of the coils in these magnets
[Devred, *94]. _

e The field B, caused by a non-uniform distribution of the transport current among the
strands, mainly due to differences hetween the joint resistances of the strands (see
section 5.2). Field B, is invariant to B, and can depend on the excitation level due to
the magnetoresistance of the connections. Field B, has a periodic pattern along the
magnet length with a period equal to the cable pitch.

e The field By, caused by the BICCs, is proportional to B... Also By, varies sinusoidally
along the magnet axis with a period equal to the cable pitch. Field By; can be large if
large gradients in the field-sweep rate are present along the cable in the coil.

The total field in the aperture of a magnet can be regarded as a superposition of the various
field components:

B=B,r+Bgea+Bm+Bif +B,,., B, +B, [T], (1.1)

with B,, the field produced by the transport current, flowing uniformly in the cable. The
coupling-current induced field error B is given by those components that are proportional
to Be,:

B, =B, +B, +B, [T]. (1.2)

This chapter mainly deals with these three field distortions quantified in the straight part of
the magnet.

In section 7.2 the methods are presented by which the fields By, B; and B, are
calculated. In sections 7.3-7.5 the magnitudes of Bj; B; and B, are presented for the
particular case of LHC dipole magnets. It is shown that when R, of the cable is specified,
predictable and limited, the lower field harmonics of B; can meet the requirements
concerning the field quality of a magnet. The effect of a non-uniform R, between the two
poles of an aperture on field B;; is dealt with. Large variations in R, between the two poles
of an aperture are deduced from the loss measurements as presented in chapter 6. It is
shown that the magnitude of B,; is hard to assess since the BICCs are caused by numerous
B - and R_-variations in the various turns of the coils.
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In section 7.6 several methods are discussed by which the coupling-current induced fields
can be determined and distinguished from each other. Experimental results are presented of
the field errors B, observed in four LHC dipole magnets. An estimate is given of the
individual components B;; and By; by analysis of the time dependence and variations in the
axial direction of field B..

7.2 Calculating coupling-current induced field distortions

Field By

According to egs. 3.18 and 3.20, the IFCCs in a strand with a round cross-section, subject to
a ramped field By, normal to the strand axis (i.e. in the y-direction), can be represented by
two net coupling currents:

*

I, =% B, [A], (7.3)
Ho :

flowing at either sidc of the strand. In order to calculate the field caused by these currents,
they are located at their centre of gravity, i.e. at distances x=t7d +/8 from the centre of the
strand [Avest, ter, *91]. The currents Iy in the strands of a coil turn will gradually increase
and decrease since the field varies across the cable width. It is therefore more convenient to
calculate the field By taking the currents in each strand position (see Fig. 5.5) instead of the
currents in each strand. The small field contribution in the z-direction is disregarded here
because the fields in the z-direction caused by all the strand currents in the cable cancel
almost completely (at least in the straight part of the magnet).

According to the law of Biot and Savart, the field at a position z=x+iy caused by a current
I at position r=x;+iy; is:

__Holy

L= T]. 7.4
= or(a—r) [T] (7.4)

The iron yoke which surrounds the collars enhances the field. When the yoke is not
saturated, its permeability is uniform, and the inner boundary is a perfect cylinder. The
increase in the field can then be calculated using the image-current method [Hague, 62],
which implies that for a line current I located at position r inside a yoke of radius R;; and
relative permeability [, an image current I" with magnitude:

I"'=——I=1 [A] foru>>1, (1.5)
u+1
is located at position:
R?
r =—-r [m]. (7.6)
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The field By caused by the current I is thus the sum of the fields created by the current
itself and the image current:

| Ho Iif Ii; |
B,=—|—""—+—"" . .
= om [(z-r)+(z—r )J (1] @7
In the aperture of a magnet, where lzl<Irl, eq. 7.7 can be expanded into a Taylor series:
:uOII n— -
By =-— f[ Z( /r) 1+—2(z/r )"1} [T]. (7.8)
n n=1 n=1
Eq. 7.8 can be rewritten as:
B, = oly 2 (1+ ¢/ R,)?) (z/0)™
n=1
_ Holy 2n) ’ -1
~ ot 2 1+(r/ i) ") (rp /) (z/R)*  [T1, 7.9
To n=1

showing that all multipoles are present in the field produced by a single line current. The
total field By in a magnet is calculated by summation of the individual fields (i.e. eq. 7.9)
over all the strand positions in each turn of the cross-section of the coils.

Field By
In chapter 4 it is shown that the ISCCs can be regarded as currents flowing along a zigzag
path parallel to the cable axis. Away from the cable, the field produced by the zigzag
currents can be well approximated by an infinitely long straight current-line /; located at the
centre of the zigzag path and normal to the x-y plane. Again, the small contribution of the
field in the z-direction is disregarded.

The field B;; caused by the zigzag current I; is then calculated in exactly the same way as
the field By in the case of a current = The total field is calculated by summation of all the
fields caused by all the ISCCs in each turn of the coil.

Field Bb,

The field errors caused by the BICCs are difficult to calculate. First of all, the BICCs in the
whole magnet have to be calculated taking into account the R.- and B, -distributions along
the cable length and across the cable width. Each strand is then subdivided into four
segments per cable pitch corresponding to the four faces of the cable (see Fig. 7.1).

In a strand segment the BICC is assumed to be constant which is valid if E>>L,,02
(regime A, see eq. 5.4) or I z>>L, /2 (regime B, see eq. 5.9). The field at the origin caused
by a current I;; in a segment situated between the positions ry=(x1, y1, z1) and r2=(x,, y2, Z2)
satisfies [Durand, *68]:

I, +r,)r X
bi = #4(? bi (rl r2) 1 XTIy [T] . (7.10)
T nn (Rt )

&4
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Figure 7.1. Calculation of the field in point O caused by a current in a strand of a Rutherford-type cable
by considering the four faces of the cable separately. a. front view of the side face. b. front
view of the top face.

The total field in the aperture of the magnet is calculated by summation of the fields
produced by the BICCs of each strand segment of each turn. The z-component of By; is
disregarded since the fields in the z-direction caused by the four strand segments cancel
almost completely.

A multipole expansion of By; of the order n is obtained by a Fourier analysis of the fields
calculated on at least 2n places at a given radius relative to the magnet axis. All multipole
components of By; exhibit a characteristic time which is related to the characteristic time
Tyiay Of the BICCs. An upper limit of the time constant can be estimated using Fig. 5.16 or
eq. 5.14, assuming that the BICCs flow through the entire cable. For example the maximum
7,; for the inner coil of a 1 m long LHC dipole model with N,=26, L,,=0.13 m, R,=4 pQ,
Leap1=leap1=12m is of the order of 10*s. The characteristic time can be considerably
smaller if the BICCs decay quasi-exponentially and can be estimated using eq. 5.13. The
characteristic time can also be reduced due to the mutual interaction between the BICCs of
neighbouring turns as discussed in section 5.4.3.

Field B ,cq

The field caused by a NUCD among the strands is calculated in exactly the same way as the
field By;. The magnitudes of all the multipole components are unpredictable, since the joint
resistances are unknown and the fields caused by the BICCs in the various turns partially
cancel. Field B, is proportional to the transport current if the ratio between the joint
resistances of the strands is independent of the excitation level, up to currents near the
critical current, where the strand resistivity itself starts to affect the total strand resistance
(see section 5.2). '
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7.3 Field By in dipole magnets

The field By of two LHC dipole magnet designs is calculated for a central-field-sweep rate
B..=0.01 Ts™. The matrix resistivity is assumed to be constant over the cross-section of the
coil so that 7 is also constant. This implics that, during a field sweep, besides a current [y at
position (r,¢), a current Iy is also present at (r,-¢) and currents of magnitude -Ij at (r,7-¢)
and at (r,7+ ¢). Therefore, the I-distribution follows the symmetry of the main field so that
only the normal odd harmonics By, Bs, Bs, ... are generated.

The multipole components of B are presented in Table 7.1 at the reference position
x0=0.01 m, yo=0 in the aperture of the magnet and for a characteristic 7y of 0.025 s (see
Table 3,2),

Similar to the IFCCs, field By is proportional to B, and Ty As a comparison, the total
field B,, due to the persistent currents in the filaments of the strands is also given at a central
field of 0.58 T and a temperature of 1.9 K (calculations of the separate contributions for
each block are given in [Wolf, ’92]).

The results clearly show that for the PBD and WBD magnets, all the multipole
components of By are more than one order of magnitude smaller than those of B,,. During
operation of LHC, the relative harmonic components of By at the start of the ramp (with
B;,;=0.58 T, B.=0.0066 Ts™') are smaller than 10° while at higher excitation levels they
further decrease by more than one order of magnitude. Therefore, the influence of the
IFCCs on the field homogeneity of high-field accelerator magnets is negligible.

Table7.1. Absolute field errors By and B for two LHC dipole designs at x0=0.01 m, yo=0 for
7y=0.025 s, Re=1pQ, L;s=0.1 m and B.,=0.01 Ts? Asa comparison, the field B, (at
1.9 K) due to the persistent currents is included for B..=0.58 T, calculated for the given
filament diameters [Verweij, *92/°94]. Note that the units vary from 10* T to 10° T.

Pink Book Dipole magnet.  Inner coil: dg=5 pm. Outer coil: dp=5 pm.

Bir Bi; (see section 7.4) B
n Units Inner coil OQutercoil Total Innercoil Outercoil Total Total
B 10°*°T  +0.10 +0.041 +0.14 +58 +7.3 +65 -4.2
By 10*T -0.044 -0.013 -0.057 +2.0 +0.1 +2.1 -2.3
Bs 10°T +0.065 -0.0068  +0.058 -1.8° -0.31 -2.1 +1.5
B; 10°T -0.031 +0.0031 -0.028 -0.018  +0.0036 -0.015 -0.92

By 10°T +0.015 +0.00017 +0.015 +0.43 +0.007 +0.44 +0.41

‘White Book Dipole magnet.  Inner coil: dp=7 pm. Outer coil: dp=6 um

By B;; (see section 7.4) Bn
n Units Inner coil  Quter coil Total Inner coil  OQuter coil Total Total
By 104T +0.052 -0.011 +0.041 +51 +9.1 +60 -6.3
By - 10°*T -0.024 -0.013 -0.037 +1.6 +0.016 +1.6 -2.1
Bs 10°T +0.033 -0.0019 +0.031 -0.34 -0.24 -0.57 +1.0
B; 10°T -0.046 +0.0035 -0.043 -0.82 +0.15 -0.67 -1.8

By 10°T +0.012 -0.000015 +0.012 +0.24 +0.0026 +0.25 +0.43
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7.4 Field B; in dipole magnets

It is shown in section 4.4.1 that the ISCCs in a Rutherford-type cable are mainly caused by
a field change B, normal to the cable width. The steady-state distribution of the ISCCs
across the cable width for a uniform B, is given by eq. 4.20:

Lp’sz s -
Is(x)=().()415-—--—R—-—Bl cos(mx/w) [A], (7.11)
(4

where x varies between w/N; and (w-w/N,). The sinusoidal pattern of the ISCCs is slightly
influenced if B, varies across the cable width and is strongly influenced if B, changes sign
across the width (see section 4.7). The steady-state ISCCs can be calculated for each turn
taking into account the local B, -distribution across the cable width. The field change By
for turn i can then be written as a function of the central-field-sweep rate B..:

B ,=pB,B, [Ts'], (7.12)

with f3;; the field geometry factor that depends on the shape of the field variation B, across
the cable width of turn i. The f;;-values are shown in Fig. 7.2.

0.8
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~WBD
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& 04 -
0.2 - ‘B6
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O T 2 ) L) 1]
0 10 20 30 40

Turn number

Figure 7.2. The field geometry factor f; for each turn of the PBD and WBD magnets. The labels
indicate the block number.

The maximum f; of about 0.7 occurs near the midplane and is a representative value of
accelerator dipole magnets with a ‘two-shell’ geometry (see section 2.2). The f;-values of
blocks 1 and 2 can be used to calculate the maximum ISCC in each turn but the pattern is no
longer sinusoidal because B) changes sign across the cable width. The distribution of the
ISCCs -over the cross-section of one quadrant of the 5-block LHC dipole design (WBD

s
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magnet) is illustrated in Fig. 7.3. In the case of excitation of the magnet, the ISCCs near the
aperture for the inner coil, and almost everywhere in the outer coil have the same sign as the
transport current. During de-excitation the ISCCs reverse sign while the transport current, of
course, does not. ’

0 10 20 30 40 50 60

Figure 7.3. The distribution of the ISCCs over the cross-section of a WBD magnet with constant Rc in
the coils. The dark colours indicate large positive or negative currents.

The I-distribution in a dipole coil with a symmetric R -distribution around the midplane
also follows the symmetry of the main field, similar to the IFCCs, so that only the normal
odd harmonics By, Bs, Bs, ... are generated. These multipoles are calculated for the PBD
and WBD magnets with R,=1 pQ and L, ;=0.1 m and presented in Table 7.1. Similar to the
ISCCs, the field errors are proportional to L, and B.. and inversely proportional to R,. The
difference between the fields B of the two designs is small. Field B;; is much larger than
field By (for R,<10pnQ), especially for the lower harmonics. Hence, field By can be
neglected in eq.7.2 compared to field B for all the dipole model magnets given in
Table 2.3.

The relative dipole component at small excitation levels is large which causes a
difference between the dynamic and static main-field component at the start of the ramp.
This causes a tune shift since the fundamentals of the quadrupole and dipole magnets may
change considerably at the start of the ramp. In the case of the LHC dipole magnets R,
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should be at least 50-100 u2 to achieve an acceptable tune shift at the start of the ramp,
assuming a constant field-sweep rate B..=0.0066 Ts" [Verweij, "94]. Also the relative
sextupole component of By is a few times 10 at the start of the ramp and is of the same
order but opposite to that of field B,.. An R-value larger than 10 uQ is preferable in order
to keep all thc higher multipole components of B;; about one order of magnitude smaller
than those of B,,. The results, as surveyed in Table 7.1, show that the main contribution to
field B, is related to the ISCCs in the inner coil. Hence, especially the R, of the inner coil
has to be sufficiently large in order to meet the field specifications of a ‘two-shell’ magnet.

A decrease of the field-sweep rate (especially near injection, where the relative field
errors are large) also reduces Bj, since the ISCCs are proportional to B,.. This, however,
decreases the effective running time of the accelerator and very small field-sweep rates
should therefore be avoided.

Not only should the mean R, in a coil be limited but differences in R, between the
magnets in the accelerator also have to be restricted in order to limit the variation in the
main field between magnets (especially at the start of the ramp). A good reproducibility of
R, in all the cables of the magnets is necessary to meet this requirement.

'I'he calculated dipole and sextupole components uf B;; of other accelerator dipolc magnets
(with a ‘two-shell’ geometry) are presented in Table 7.2.

Table 7.2. The absolute multipole components B; and B3 caused by the ISCCs calcuiated for several
accelerator dipole magnets at xp=0.01 m, yo=0. The central field increases at a rate of
0.01 Ts"\. The fields are calculated for a uniform R, of 1 pQ as well as a uniform Rc" of
2.6 pQmm? (see eq. 4.27).

LHC (PBD) LHC(WBD) SSC* HERA Tevatron®*  RHIC®
Central field (T) 10 8.4 6.6 47 44 35
Cable width (mm) 17 15 12 10 7.8 9.7
Nr. of strands 26 28 30 24 23 30
Lp,s (mm) 100 100 86 95 66 73
R.=1pQ _
B: (10 T) 65 60 62 17 163 6 7
B3 (10%T) 21 16 4 08(07% 03 0.4
R =2.6 pQmm’
B (10*T) 65 45 28 11 2 2
B3 (10*T) 2.1 12 1.8 0.5 0.1 0.1

* [Devred, 94]

The field errors of the various magnets cannot be simply scaled to the cable geometry since
field B;, is a complicated function of both the cable geometry and the magnet geometry such
as the number of turns and the diameter of the aperture. Note that R, of the magnets will
probably be rather different, even for identical surface conditions of the strand, since the
average contact area of R, varies significantly (see eq. 4.33). The fields are therefore also
calculated for constant R, , following RE=R;(N52—NS)/(LP,SW) (see eq. 4.27). The latter values
give a better picture of the variations in the field errors between the magnets for strands
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with the same surface conditions. It is clear that the dipole and sextupole components
increase strongly for an increase in the cable width. In practical accelerator dipole magnets
(with a ‘two-shell’ geometry) the cable width is, in first approximation, proportional to the
central field (see Fig. 1.1). An important conclusion is therefore that the contact resistance
of a cable has to be larger to meet the field specifications in accelerator dipole magnets with
a larger field. For ‘three- or four-shell’ geometries R, can be relatively smaller.

Additional field distortions caused by the ISCCs are present if R, varies over the cross-
section of the coils. In the case that both poles of an aperture have different contact
resistances R, p; and R, p,, skew-even multipoles are induced (as illustrated in section 2.2),
which are given in Table 7.3 for the PBD and WBD magnets.

" Table7.3. Absolute field errors B;s for LHC dipole magnets at xp=0.01 m, yo=0 for B..=0.01 s,
Rep1=2/3 NQ, R;,p2=2 Q2 and L, ;=0.1 m. The normal-odd multipoles are exactly the same
as those given in Table 7.1. Note that the units vary from 104 Tto 10°T.

PBD WBD

Units Inner coil Quter coil Total Inner coil Quter coil Total
Ay 10%T 17 -1.6 -18 -15 24 -17
As 10%T  -19 -0.094 -2.0 -14 -0.11 -15
As  10°T -14 +0.0075 -14 -1.1 +0.00026  -1.1
Ay 10°T  -13 +0.0046 -13 -0.56 -0.023 -0.59

While the normal-odd harmonics are proportional to (1/R.p1+1/R.p), the skew-even
harmonics are proportional to (1/R, pi-1/R. p;). This implies that the sign of the normal-odd
harmonics is likely to be equal for all the magnets in an accelerator while the sign of the
skew-even multipoles of B;; will vary from magnet to magnet if differences in R, of the two
poles have a non-systematic cause. Table 7.3 shows that especially the A; and A4
components of B;; are large compared to values of a few times 10* which are usually
regarded as just acceptable. Hence, the difference between the average R, of the two poles
of an aperture has to be limited in order to meet the field specifications of the magnets.
These harmonics can be reduced by one order of magnitude by using either cables with
R>10puQ or cables for which R, is almost constant and uniform so that
I1/Rp1-1/R, pl < 10° Q.

In practical coils each turn of each quadrant of an aperture is likely to have a different
average R., which implies that a field sweep will also result in normal-even and skew-odd
multipoles. In theory, the R -distribution over the cross-section of the magnet can then be
calculated if the multipole components of B;; are known. In practice, even for small R, B,
can only be determined up to about ten multipoles which implies that there are much more
unknown local R,-values than known multipole components. Only with additional
assumptions (such as minimisation of the difference in R, between adjacent turns) can a
rough estimate of the R_-distribution be obtained. The measured multipole components of
B;, in several SSC dipole magnets have been used to estimate the R.-distribution over the
cross-section of the coils in the magnet {Ogitsu, *92a], [Devred, '94]. This approach is not
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used in this chapter since the results would be too speculative, especially if field By, is large
compared to B;,.

7.5 Field B;; in dipole magnets

It can be calculated (using the method as described in section 7.2) that the field By; caused
by the BICCs in a single straight cable varies with a sinusoidal shape along the cable. Field
B, in a magnet is caused by many BICCs flowing in each turn, and will also have a
sinusoidal shape since a superposition of sine functions is also a sine function.

The magnitude of the BICCs (and therefore the amplitude of B;,) is, however, difficult
to calculate since it depends strongly on the R- and p,-distributions over the cross-section
of the coils, which are both more or less unknown. Furthermore, according to section 3.5,
the magnitude of the BICCs depends strongly on the ratio between the length of the field
variations with respect to the cable pitch. Consider, for example, the BICCs caused by the
two coil ends in one turn of a 10 m long dipole magnet, with a straight part of 100L,, ;. The
magnitude of the BICCs could change completely if the number of twist pitches in the
straight part of the magnet between the two coil ends changes by 0.5. An increase (decrease)
of only 0.5% in L, which implies that the straight part would correspond to 99.5L,;
(100.5L, ), results in a considerable change in the magnitude of the BICCs, and hence By;
(unless, of course, the BICCs decay with a characteristic length smaller than about half the
magnet length, i.e. £<50L,, in this case). Since the fabrication tolerances of the cable pitch
are often larger than 0.5%, the field By, in similar magnets can be rather different.

The following remarks can be made:

e The amplitude of the multipole components of By in high-field accelerator dipole
magnets can easily attain values of 10* t0 103 T for B =0.01 Tsl. Simulations show
that large BICCs usually result in large values of all multipoles of B, It is, however,
possible that only some harmonics are affected while others are not.

e The phase of the sinusoidally varying field By, is usually different for each harmonic
component.

e An amplitude modulation in By; will occur if the transposition twists of the cables in the
inner and outer coils are different since, in that case, the period of the BICC pattern in
both coils is different.

o Large skew-even multipoles of By; are likely to occur due to the 180° symmetry in the
aperture (i.e. the two splices are located at 180° from each other, so either in quadrants
Q1 and Q3 or in quadrants Q2 and Q4, see Fig. 2.2a). This implies that, if a BICC is
present at position (r,¢) it is likely that a BICC is also present at position (r, 7+¢),
which corresponds to the characteristic current pattern of skew-even multipoles.

Note that, although the amplitude of field By; can be large, the integral value of By; over the

entire length of the magnet is almost zero. The effect of sinusoidally varying fields on the

particle motion is not well-known and it is beyond the scope of this thesis to investigate this.

In section 7.7.5 the field B,;, as estimated from the field distortion B, in four LHC dipole

model magnets is presented in order to have a first quantitative estimate of the magnitude of

the field.
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7.6 Experimental methods to determine B,

In the aperture of a magnet, only the sum of the magnetic fields caused by all the currents in

the coil can be measured as given by eq. 7.1. Common methods to measure this field are:

e Rotating pick-up coils (RPCs). The voltage over a coil, rotating in the aperture, is
integrated over given angular intervals. The main field harmonics can be determined
using a fast Fourier transformation of the integrated voltages. Detailed descriptions of
the method are given in the literature (for example [Walckiers, ’92]).

e Fixed pick-up coils (FPCs). Integration of the voltage over a non-rotating coil gives the
flux perpendicular to the coil surface. A field of order n can be determined by a
combination of n FPCs located at intermediate angles of 360°/n in accordance with
Fig. 2.1.

e Hall probes. A specific multipole component can be determined with n Hall probes in a
similar configuration to that for the FPCs.

The various contributions to the total field (see eq. 7.1) can be separated by considering the

characteristics of the currents that cause them. In Table 7.4 these characteristics with respect

to the excitation level, the field-sweep rate and the z-position are presented. The
characteristic time denotes the period during which the fields decay once the field sweep is
finished.

Table 7.4. Survey of the characteristics of the various field distortions in superconducting magnets.
The characteristic times are typical values calculated in the case of an LHC dipole magnet.

Field Origin Dependence  Dependence Dependence on Char. time
onthefield on B the z-position

By,  Fabr. tolerances  Yes No Possible, but not sinusoidal -0

Bn Pers. currents Yes No ' No —o?

By IFCCs Yes Linear No < 02s

Buca NUCD Yes No Sinusoidal with period Ly, >>10s

Bis ISCCs No Linear Possible, but not sinusoidal < 10s

By BICCs Yes Linear Sinusoidal with period Lp,s >>10s

* The estimated effect of the flux creep is about 2% per decade in time

According to Table 7.4, the fields By, B, B and B;, that do not vary sinusoidally in the

axial direction can be determined with a RPC or FPC with a coil length equal to kL, (k=1,

2, 3, ...). A combination of two Hall probes spaced (k+0.5)L, apart in the axial direction

is also insensitive to the magnitudes of B, and By; (if the amplitudes of B,,.; and By; are z-

independent). For small field-sweep rates, the measured field errors are dominated by By,

and B,, which can be separated since:

— B, is relatively large at weak excitation levels while By, is relatively large at strong
excitation levels.

— The persistent currents at 1.8 K are significantly larger than those at 4.3 K (at the same
field) since the critical current at 1.9 K is about 50% larger than at 4.3 K. Field By,
remains unchanged between 4.3 K and 1.9 K.
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The ramp-rate-dependent fields Bj; and B;; can be determined by measuring the field as a
function of the field-sweep rate, as illustrated in Fig. 7.4. Fields By and B, cannot be
separated experimentally. The R.-values of the magnets of which the field errors are
presented in section 7.7 are smaller than 10 u€Q so that B is negligible compared to B;; (see
Table 7.1).

Field distortion

Field-sweep rate, B ce

Figure 7.4. The various field distortions as functions of the field-sweep rate for different lengths of the
pick-up coil. The arrows d indicate that field By; becomes smaller than the steady-state
value if the time of the field sweep is small compared to the characteristic time of the
BICCs.

Fields B,,.; and By; can be deduced from a field measurement with a coil length unequal to
kL,,. Both fields can be separated by performing field measurements as a function of the
field-sweep rate as illustrated in Fig. 7.4. The most accurate method to deduce B,,.; and By,
is by means of RPCs which can move along the magnet axis. The length of the coil should
be small compared to the cable pitch.

Specific field harmonics can also be determined with longitudinally moving Hall probes
or FPCs. The amplitude of the sinusoidally varying field errors is related to B,z and Byi. A
configuration of three Hall probes, which could move along the magnet axis, was
successfully used to determine small variations of the normal- and skew-sextupole
components in the HERA dipole magnets (Briick, *91).

Note that the actual B-B,, curve will deviate from a straight line (see Fig. 7.4) at larger
B,, i.e. at smaller ramp times because the BICCs, having large characteristic times, cannot
attain their steady-state magnitudes during the ramp.

It is possible as well, to distinguish the different field components by analysis of the
decay of the field variations in time, as will be shown in section 7.7.1.
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7.7 Experimental results of field B.. in LHC dipole magnets

In the following sections it will be shown that the ISCCs and the BICCs cause considerable
field distortions in dipole magnets. In sections 7.7.1-7.7.4 experimental results are presented
of fields B;, and By; in four LHC dipole model magnets. Field By is disregarded since the
R.-values of the magnets are between 1 and 6 pQ so that By<<B; (see Table 7.1). The
results are obtained on only a few magnets and are used to obtain a first quantitative
estimate of the ramp-rate-induced field errors.

The presentation is difficult to survey because the field in the aperture of the magnets is
measured by different methods and often under different conditions (see Table 7.5).
Furthermore, the measurements are performed using sets of existing non-ideal pick-up coils,
with lengths varying between 30 nun and 2000 mim.,

Table 7.5. Survey of the type of field measurements which were performed to estimate the field errors
B;; and By; in four LHC dipole model magnets. _
#Pos denotes the number of z-positions and # SR denotes the number of field-sweep rates.

Magnet Length Hall Probe FPC RPC

(m) #Pos #SR ~ Length(mm) #Pos #SR Length (nm) #Pos #SR
CE1 1 1 12 200, 240 5 5 200, 240 5 5
EL2 1 - - - - - 200 3 3
AN2 10 - - 750 1 4 30 9&5®* 1&3*
AN3 10 - - 2000 4" 5 750 4® 4

2 9 positions at 1 field-sweep rate and 5 positions at 3 sweep rates
® 2 positions per aperture

Measurements on two 1m long magnets are performed with pick-up coils at five fixed
positions on the axis of the magnet. Two coils, with lengths of 240 mm, cover the ends of
the magnet and are referred to as H12 (near the connection end, see Fig. 2.3) and H67 (near
the non-connection end). Three coils, with lengths of 200 mm, cover the straight part and
are denoted by H3, H4 and H5. The space between the coils is about 4 mm in the axial
direction. The lengths of the coils in the straight part correspond to about 1.5L,, so that
both B;; and B; are measured.

The measurement bench for the 10 m long magnets is provided with a RPC which can
be moved in the axial direction. Measurements have been performed with a 750 mm long
coil as well as a 30 mm long coil. The axial direction is denoted by z with z=9.252 m the
axial centre of the magnet. The coils can be moved between z=3.625 m (connection end)
and z=12.625 m (non-connection end). Additionally, measurements are performed with
four FPCs of 2000 mm length located in the aperture of the straight part of the 10 m long
AN3 magnet.

In the following four sections the results of the field measurements on four magnets,
specified in Table 7.5, are discussed. The presence of B and By is demonstrated by
analysis of the axial variations and the time dependence of B,.. In section 7.1.5 a survey is
given of the main experimental results.
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7.7.1 1 mlong CE1 magnet

The field component in the y-direction of the CE1 magnet during the second cool-down is
determined using a Hall probe located at x=0, y=23 mm in aperture 1 of the magnet.
During and after a field sweep from B,,,=3 T to B,;=0 T the current as well as the Hall
voltage are simultaneously measured for different field-sweep rates B... In order to express
the field during the field sweep, eq. 7.1 is rewritten, assuming that the coupling currents are
zero at the beginning of the field sweep:

B, ()= B, + By + Byeoy + Bucay + Bo(1= ™" )+ Byol1=7"™) [T1, (7.13)

with 7, and 7, the characteristic times of the ISCCs and the BICCs at position x=0,
y=23 mm and ¢ the. time (with t=0 at the start of the ficld sweep). The last two contributions
can be distinguished by analysing the field after a ramp. A characteristic field variation after
aramp is shown in Fig. 7.5).

0.01
By
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~ B, at-0.01 Ts™
& 001"’
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B, at-0.034 Ts"
-0.03
-0.04 . . |
1 10 100 1000
Time, t4 (s)

Figure 7.5. The field in the y-direction (see Fig. 2.2a) measured using a Hall probe located at x= 0,
y=23 mm in aperture 1 of the CE1 magnet after a ramp from 3 T to 0 T with Be. equal to
-0.01 Ts"' and -0.034 Ts. The time #;=0 corresponds to the end of the ramp. The field
produced by the transport current is smaller than 0.1 mT after the field sweep.

Note that the total field still varies, although the cable transport current is O (so that also By,
is 0 and fields B,,,, and B, ., are constant). Assuming that field By, nuca remains constant after
the ramp, the decay of the field, for all field-sweep rates, can be written as:

B, (t,,t;) = C+Byo(1—e /s )e /% 1 By, o(1- ¢/ )e™/™  [T], (7.14)
with C a constant, t,=(B.2-Bce1)/ B, the total time of thé field sweep and #, the time after

the field sweep. For all sweep rates the time constants 7; and 7;; are deduced to be 10 s and
1.0-10% s respectively.
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Fields B;.o and By, which are depicted in Fig 7.6, are proportional to B,, and have
opposite sign. Both the local field B;;o and the local time constant 7; are a factor of about 3
larger than the calculated mean values, assuming a uniform R of 1.3 u€2 as deduced from
the AC-loss measurements (see Table 6.3). The difference implies that locally near the Hall
probe R, is smaller, which can be expected since the last turn of biock 6 of this particular
magnet is soldered and shunted by a copper strip. The calculated field for R.=0.5 pQ is
shown in Fig. 7.6 as well.

This result shows that fields B, and B, can be distinguished by analysis of the time
dependence of the total field after (but also during) a field sweep. Since the field is only
measured at one longitudinal position, the amplitude of B,; remains unknown.
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Field-sweep rate, B . (Ts™h)

Figure 7.6. The field errors Biso and Byio as functions of the field-sweep rate for the CE1 model,
using a Hall probe located at x=0, y=23 mm. The line through the measured points
By is a best linear fit. The line through the measured points Biso is the calculated field
error for R.=0.5 uQ.

The FPCs are used to obtain a global value of B, in aperture 1 of the CE1 magnet (during

the fourth cool-down). Field B, is determined with the coils H12, H3, H4, HS and H67 for

field cycles between 2 and 5.4 T at five sweep rates between 0.027 and 0.082 Ts™. The field

error B, at a certain field during the ramp is deduced from the B~ B.. curve (see Fig. 7.4)

and depicted in Fig. 7.7.

Field By, is very small compared to field B;;, (so that B..,,=B,;,) because:

— Field B, decays exponentially to O after the ramp with a time constant of about 6 s.
There is no field contribution present that decays with the expected characteristic time of
the BICCs of the order of 10” s.

— Field B,,, is proportional to B.., also for small ramp times of only 40 s. According to
Fig. 7.4 this implies that field B, is dominated by the field contribution caused by the
ISCCs.
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Figure 7.7. The field error By in aperture 1 of the CE1 magnet as a function of the field-sweep rate,
determined by means of FPCs located at five z-positions. The fields deduced using coils H3
and H5 correspond to within 1% of each other. The calculated field distortions for

R:=1.3 pQ are shown by a dotted line.

Field B,.,, and hence R, are field-independent (between 2 and 5.4 T), which is expected
according to the loss measurements (see Table 6.3). Field B, is small in the coil ends
because the field component perpendicular to the cable width is small in the ends.

The calculated field distortion Bj, (using Table 7.1 with R.=1.3 p€) as given by
Table 6.3) agrees very well with the average field B, in the straight part of the magnet
(that is the average of the fields determined using coils H3, H4, H5). An important
conclusion is therefore that the field error B;;, can be well calculated from the average R,
and conversely.

The higher harmonics of B,, are determined by means of RPCs for field cycles between 0.4
and 8.2 T at five field-sweep rates between 0.0068 and 0.034 Ts™. A characteristic series of
measurements is shown in Fig. 7.8 where the skew-quadrupole field a, (normalised to the
central field) is depicted during the ramp-up and ramp-down for several field-sweep rates.
The a, component increases with decreasing field since the ISCCs (and hence the skew-
quadrupole field A,) are field-independent. Note that a, for B..=0.0066 Ts™! (as anticipated
for the operation of LHC) is larger than 107 at small fields and therefore about one order of
magnitude larger than the value that is usually regarded as being acceptable.

The magnitudes of the harmonic components of B, are deduced from the B,-B,. and A,-

B.. curves, as illustrated in Fig. 7.4. The multipole components for n=2, 3,4 and 5 are
shown in Fig. 7.9, scaled to a field-sweep rate of 0.01 Ts ™.
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Figure 7.8. The normalised skew-quadrupole component of the CE1 magnet at xo=10 mm, yo=0 during
field cycles between 0.4 and 8.2'1' with B,=0.0068, 0.014, 0.020, 0.027 and 0.034 Ts'.

The field is measured using the RPCs H3 and H4 in series.
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Figure 7.9. The field errors B in aperture 1 of the CE1 magnet at xo=10 mm, yo=0 and B,=0.01 s,
measured by means of the rotating pick-up coils H12, H3, H4, H5 and H67.

Coils H12 and H67 cover the coil ends where the field normal to the cable width is small.
Hence, field B;, is small as already observed for the total field (see Fig. 7.7). Coils H3, H4
and H5 cover the straight part of the magnet. Fig. 7.9 shows clearly that most of the
multipole components vary considerably over the straight part, which is caused by:
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— variations of the R, -distribution over the cross-section of the coil,
— the contribution from the BICCs, since l,y#kL,; so that a certain part of the
sinusoidally varying field B,; is measured.

Evaluation of the time constants of B, after the field sweep (in a similar way as is carried
out for the measurements with the Hall probe) shows that most of the variations are due 0
the BICCs while small differences can be attributed to a varying spatial R -distribution
along the magnet length. A very rough estimate of fields B;; and By; is obtained by assuming
that both B;, and the amplitude By; ., are constant along the magnet length. Field B, for a
given B_. can then be written as:

B,.(2)=B, +B, . sin(2m(z-2)/ L,,) [T]. (7.15)

For each component the field contributions caused by the ISCCs and the BICCs as well as
the phase 2 71zo/L, ; can be deduced by fitting eq. 7.15 to the measured field distortions. The
errors in the fields can be large, especially for the higher harmonics, since Bjs and By, pax are
assumed to be z-independent. The results of the fits are given in section 7.7.5.

7.7.2 1 m long EL2 magnet
Only the higher harmonics are measured for this magnet. Field B, is determined by means
of the RPCs H3, H4 and HS, for field cycles between 2 and 7.5 T at field-sweep rates of
0.0082, 0.016 and 0.033 Ts!. Coils H12 and H67 are not used to measure the field since the
evaluation of the B, is too difficult due to the complex geometry of the coil ends.

The multipole components for n=2, 3, 4 and 5 of B, at xo=10 mm, y0=0 are shown in
Fig. 7.10 scaled to B,,=0.01 Ts.
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Figure 7.10. The coupling-current induced field B. of the EL2 magnet at x=10mm, yo=0 and
B..=0.01 Ts™, measured by means of the rotating pick-up coils H3, H4 and H5.




Coupling-current induced field distortions 185

The field distortions are of the same order as those observed in the CE1 magnet except for
the A, component which is about one order of magnitude smaller. This implies that the
difference | 1/R.p1-1/R;p> l in the EL2 magnet is smaller than in the CE1 magnet.

Analysis of the time dependence of the harmonics shows that the components B;, A; and A;
are dominated by the fields caused by the BICCs while the fast decay of the Bs component
after a ramp implies that this multipole is mainly caused by ISCCs. The almost constant B;
implies that R, is almost z-independent. The octupole and decapole components are small
compared to the lower harmonics and are not further discussed. Fields B;, and B, are
estimated by fitting eq. 7.15 to each multipole component, and presented in section 7.7.5.

7.7.3 10 m long AN2 magnet

In the case of the AN2 magnet, field B, is determined using the 750 mm long FPC (so that
Loa=5.8L,) located near the axial centre of the magnet. By using such a long pick-up coil
the measured field B, is likely to be dominated by Bj,, since the enclosed flux caused by
the BICCs is relatively small. Field B, is measured during four field cycles between O and
4.1 T at four different field-sweep rates and shown in Fig. 7.11.
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Figure 7.11. The field error By in aperture 1 of the AN2 magnet as a function of the central field during
field cycles between 0 and 4.1 T at four field-sweep rates.

Field B,., is field-independent and exhibits a time constant of about 4 s, which is about
twice as large as the time constant 7 deduced from the loss measurements during ramping
(see Table 6.3). The absence of large characteristic times shows that B, is mainly caused
by the ISCCs, as expected from the large coil length. The field error is about 10% more than
the value calculated using Table 7.1 with an average R, of 1.3 p< in aperture 1 (see Fig. 6.6
and the text below this figure). :
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An important conclusion is therefore that a measurement by means of a long FPC of field
B as a function of B, results in a good estimate of R.. At the same time it is possible to
investigate the field dependence of R,.

In the rest of this section field By; is investigated by means of the 30 mm long RPC. The
decay of the higher field harmonics is measured at nine z-positions after a field sweep from
7.5T to 0.4 T at -0.034 Ts™". As an example the decay of the B; component is depicted in
Fig. 7.12.

12 1

10s

B 3 component (10 T)

"8 1 L i T T T
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z-Position (m)

Figure 7.12. Decay of the B; component in aperture 1 of the AN2 magnet at xo= 10 mm, yo=0 after a
ramp down from 7.5 T t0 0.4 T at B=-0.034 Ts™". The field is measured by means of the
30 mm long RPC at nine z-positions spaced 30 mm apart.

During the decay the average Bs-value decreases from about 2-10*T to O in the first
seconds due to the decay of the ISCCs. What is left after a few seconds is a sinusoidally
varying field which can be regarded as a superposition of fields By; and By The former
decays with a characteristic time 7; of about 107 s. The latter remains constant in time until
the measurement ends after 600-1000s. An important conclusion is that 7; is about the
same as the T3; of the 1 m long CE1 and EL2 magnets. Therefore, the characteristic time 1j;
seems to be independent of the length of the magnet.

Note, that not only the amplitude but also the phase of the sinusoidal pattern changes during
the decay since By; and By, have a different phase. Most of the multipoles show a similar
decay with characteristic times:

— of several seconds related to the decay of the ISCCs,

— of about 10? s related to the decay of the BICCs,

— much larger than 10° s attributed to a NUCD.
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In order to investigate whether the remaining field pattern is really independent of B, as
expected from Table 7.4 in the case of a NUCD, field B,. is determined at three different
field-sweep rates ( B, =0.014, 0.024 and 0.034 Ts). The central field is cycled between 0.6
and 7.5 T and the field is measured at five z-positions. Fig. 7.13 depicts the characteristic
decay of the normal quadrupole after a ramp up with B, =0.014 and 0.034 s,

27 - 0.034Ts', 05
,.0.654 Ts!, 46 s. 0.014Ts",0s
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Figure 7.13. Decay of the B; component in aperture 1 of the AN2 magnet at Xo=10 mm, Yo=0 after a
ramp up from 0.6 T to 7.5 T. The field is measured using the 30 mm long RPC at five z-
positions. The labels indicate the field-sweep rate and the time after the end of the ramp.

The field caused by the ISCCs is very small, since the average B,-value remains constant
during the decay. The amplitude of the B, component, caused by the BICCs, increases with
increasing field-sweep rate and decays with a characteristic time 1j; of about 10%s. After a
time #,;>> 1, the field pattern becomes constant and independent of the field-sweep rate of
the preceding ramp. The remaining field pattern is therefore caused by a non-uniform
current distribution among the strands exhibiting very large characteristic times.

The harmonic coefficients of B, are determined from the slope of the B- B.. curve in the
same way as for the CE1 and EL2 magnets. The results, scaled to B.,=0.01Ts, at five z-
positions are shown in Fig. 7.14.

Note the very strong variations of especially the B,, A; and B; components caused by the
BICCs. The magnitudes of the multipole coefficients of By and B,; individually, are
estimated by fitting eq. 7.15 to the values of each component of B, at the five z-positions.
The results of the fits and the conclusions are presented in section 7.7.5.
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Figure 7.14. The field B in aperture 1 of the AN2 magnet at xo=10 mm, yo=0 and B,=0.01 Ts™,

wieasured by means of the 30 mm long RPC, ocated at five 7 positions spaced 30 mm
apart.

7.7.4 10 m long AN3 magnet

The coupling-current induced field B, of the AN3 magnet is evaluated from the field
determined by the 750 mm long RPC using cycles between 0.6 and 8.2 T at B,,=0.0068,
0.014, 0.024 and 0.034 Ts™. Note that the enclosed flux due to the BICCs is probably small
compared to that caused by the ISCCs since the coil length is 6.25 times the cable pitch.
The field determined in both apertures at two different z-positions is shown in Fig. 7.15.
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Figure 7.15. The field B of the AN3 magnet at xo=10 mm, yo=0 and B,=0.01 Ts" determined by
means of the 750 mm long RPC located at two z-positions in the apertures Al and A2.
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The signs of the fields are relative to the sign of the main field in that aperture. This implies
that, according to Table 7.1, the B; and Bs components are positive. Note that the much
smaller B; component compared to the AN2 magnet, is inherent to the much larger R, of the
AN3 magnet (see Table 6.4).

The opposite sign of the A, and A, multipoles in both aperturcs indicates that the R,-
values in the poles A1l and A21 are larger than in the poles A12 and A22 respectively (see
Fig. 6.4b). :

The difference in the magnitude of the A, and A, components in the two apertures shows
that the difference between R, in the two poles of aperture 1 is smaller than that in the two
poles of aperture 2.

7.7.5 Evaluation of fields B;; and B;;

In Table 7.6 a survey is given of the coupling current induced field errors B;; and By; which
are determined by fitting eq. 7.15 to the measured field errors B,.. The fit is only made for
the CE1, EL2 and AN2 magnets.

Table 7.6. Survey of the harmonic distortions B and Bs; (in 10™ T) at xo=10 mm, yo=0 in four LHC
dipole model magnets at B,=0.01 Ts™ The By-value is determined by means of the FPCs
while the higher harmonics B»-As are determined by means of the RPCs.

1 m long CE1, Aperture 1 1 m long EL2
Repi=16pQ Rep1=2.8 pQ
Repr=2.0 uQ R;p2=3.0 uQ2
Bis,exp Bbi,exp Bi.\',calc Bix.zap Bbi,e,m Bix,calc
By +64 - +67 - - +30
B2 +0.047 85 - +0.87 13 -
Az +6.9 14 +2.6 +0.70 16 +0.61
Bs3 +2.6 15 +1.52 +19 0.31 +0.94
As -0.88 73 - -0.37 2.8 -
By +0.032 1.1 - +0.10 0.69 -
As +1.4 1.9 -0.29 +0.033 0.60 +0.068
Bs +0.76 1.6 -0.15  +0.22 0.84 -0.094
As -0.18 1.1 - -0.028 0.51 -
10 m long AN2, Aperture 1 10 mlong AN3, Aperture I 10 m long AN3, Aperture 2
Rep1=1.2 uQ R;p1=6.2 nQ R;p1=6.8 uQ
Repp=1.4pQ R p1=6.0 uQ Rcp1=5.7pQ
Bis,e,q; Bbi,e)p Bix,calc Bcc,&'rp Bis,calc Bcc.exp Bis,culc
By +75 - +68 - +13 +9.1 +13
B -0.17 35 - -0.94 - +0.50 -
Az +12 9.9 +3.8 +0.74 +0.12 -1.6 -0.61
Bs +4.5 24 +2.1 +0.79 +0.41 +0.58 +0.41
As -030 1.0 - -0.16 - -0.088 -
By +0.49 0.58 - -0.11 - +0.030 -
Az +1.0 1.2 +042  -0.067 +0.013 -0.13 -0.068
Bs +1.9 0.46 -0.21  +0.037 -0.041 -0.0026 -0.041

As -035 037 - -0.016 - +0.00051 -
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The error in the presented values is about 10% for B,, and about 20-40% for the higher
harmonics. In the case of the AN3 magnet, field B;, is deduced from the average field B,
measured by means of the 750 mm long RPC at the two z-positions. Field By, is disregarded
since the total length of 1.5 m is about 11.5L,,.

The normal-odd harmonics of By, are calculated using Table 7.1 with an average R, based
on the results of the loss measurements. The skew-even harmonics of B;, are calculated
using Table 7.3 with contact resistances R.p; and R_p, in the two poles of an aperture
estimated from the loss measurements on the separate poles.

Table 7.6 shows that the calculated and experimentally determined values of B,
correspond well, while for the B; component differences of about a factor 2 are observed. In
order to meet the field accuracy, it is therefore preferable to have an R,-value of the cable
which is about a factor 2 larger than the calculated minimum value (see section 7.4 ).

Large A, components are observed for the magnets with large differences between R, of
the two poles of the same aperture. Because the resistances R.p1 and R p, are estimated
values, the skew-even harmonics cannot be calculated exactly. However, the measurements
on the AN3 show that for R.:>10 pQ (as stated in section 7.4) the A, and A, multipole
components will probably be smaller than 10 T.

In the case of the higher multipoles the discrepancy between the measurements and the
calculations becomes larger due to the stronger sensitivity of the multipoles to local R,
variations.

No direct correlation is present between R, and the estimated field By;. Especially the
amplitude of the quadrupole and sextupole components (both the skew and the normal) are
well above 10 T at xy=10 mm, ¥0=0.

The results of these incidental measurements on the four magnets show that the time
constant of about 10* s seems to be independent of R, and the length of the magnet. This
implies, according to egs. 5.13 and 5.14, that the BICCs should be classified in regime A,
and hence flow over an average characteristic length which is much smaller than the length
of the cable. The effective strand resistivity and the characteristic length can be roughly
estimated by using the formulas for a straight cable (eqs. 5.13 and 5.8):

g N d? _
p,=2-10°—=—=28.10"* [Qm], - (7.16)

and:

7.17)

Since the various turns probably cause a reduction of the average time constant compared to
a straight cable, p; can decrease to about 10* Qm and & can increase by about a factor 2.
This leads to a characteristic length of about 0.5 to 2 m for 1<R,<7 ne.
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The origin of the large effective strand resistivity that the BICCs ‘see’ is not well-known. It
is certain that it cannot be attributed to the dynamic resistivity, which is linear to the field
change By, (see eq. 3.6), since 7;; and hence p; are independent of the field-sweep rate.

According to the treatment of BICCs in chapter 5, BICCs can only decay exponentially
along the cable length if a certain voltage is present over the strand sections between iwo
nodes of the network model. In the network model, this implies that the strand sections have
to be resistive since the voltages over the resistances R, are assumed to have no x- or z-
components. However, a current through R, has to flow from the filaments of one strand to
the filaments of the other strand and in this process will pass through the copper outer shell
of the strands (see Fig. 2.9a) and through part of the matrix. This transfer causes not only a
voltage in the y-direction but locally also a voltage in the axial direction (as well as in the x-
direction). It has to be investigated in detail whether the large effective strand resistivity can
be attributed to the small axial resistive voltage caused by the currents through R,.

7.8 Conclusions

In a magnet made of a multistrand superconductor three field components are present which
depend linearly on the central-field-sweep rate Be., namely:

— the field By produced by the IFCCs,

~ the field B;; produced by the ISCCs,

— the field B, produced by the BICC:s.

Field By can be calculated by representing the screening-current density in the strands by
two currents of opposite sign located at the centre of gravity of half a strand. The field Byin
the aperture of an LHC dipole is smaller than 0.1-10* T at xy=10 mm, yo=0 for all
multipole components (assuming the characteristic values 7,=0.025 s and B.=0.01 Ts ™,
and is negligible compared to the field produced by the filament magnetisation and the field
distortions caused by fabrication tolerances.

Field B, is calculated by representing all the zigzag ISCCs as infinitely long straight line
currents. Field B, is inversely proportional to the cross-contact resistance R, and increases
strongly for increasing cable width. Since the ISCCs follow the symmetry of the field
generated by the transport current, only the normal-odd harmonics are affected if the R,-
distribution is uniform over the cross-section of the magnet. Calculations and measurements
of various LHC dipole magnets are in good agreement and show that mainly the B; and B;
components are large. Characteristic values are about 24-10* T and 0.7-10* T respectively
(at xo=10 mm, y,=0) for R,=3 uQ and B =0.01 Ts™. The measurements have shown that
R, varies by less than 10-20% along the length of the straight part of a coil and that R, is
independent of the current and field levels. '

In the case of non-uniform R -distributions the other field harmonics are also affected.
Especially the skew-quadrupole component can be large due to a difference in R, between
the two poles of an aperture. In the LHC dipole model magnets A,-values of up to 10- 10T
(at %=10 mm, y,=0) at B=0.01 Ts! are observed. The measured fields are in fair
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agreement with calculated values based on the average R -values as deduced from the loss
measurements. While the B; and B; components have the same direction in all the coils, the
sign of the skew-even harmonics is probably non-systematic.

Reduction of B;; is possible by a decrease of the field-sweep rate and by an increase of
Rc. An R -value of 10 p€2 would limit the field errors in LHC dipole magnets to acceptable
values while the total ramp time from injection field to operation field remains below
30 minutes.

An important conclusion is that the contact resistance between the strands of a cable has
to be increased for dipole magnets (with a ‘two-shell’ geometry) having a larger central
field in order to meet a field homogeneity of the order of 10,

Field By; can be determined by calculating the BICCs taking into account the exact spatial
field distribution in the coil. The pattern of B, along the magnet axis is always
(quasi-)sinusoidal with an amplitude proportional to B, and a period equal to the
transposition length. The amplitude of By, is difficult to calculate since the magnitude of the
BICCs depends strongly on the exact geometry of the magnet and on spatial variations of
the contact resistance and the strand resistivity. Simulations show that especially the
quadrupole and sextupole components (both normal and skew) can attain large values.
Experimental results on LHC dipole magnets show that the amplitude of these multipoles
can be as large as 20-10* T (at xp=10 mm, ¥0=0 and B, =0.01 Ts™). In the absence of
sufficient measurements it is not sure what causes the differences in B,; between the four
magnets that are measured.

The BICCs of the 1 m as well as the 10 m long LHC dipole model magnets exhibit
characteristic times of about 10*s. These times seem to be not only independent of the
magnet length but also of R,.. This implies that the BICCs decay with a characteristic length
& which is much smaller than the length of the cable. For the four investigated magnets the
characteristic length is estimated to be about 0.5-2 m. Calculations demonstrate that, in this
case, the BICCs cause a voltage over the strands which would correspond to an effective
strand resistivity p, of about 10"* Qm. This resistivity can be related to the diffusion
process of the coupling currents from the contacts into the filaments, but a more detailed
investigation of this process is required in order to support this explanation.

In coils made of multistrand conductors a third additional field B, is present, besides
fields B;; and By;, caused by a non-uniform distribution of the transport current among the
strands. This field varies sinusoidally along the magnet length with a period equal to the
cable pitch and exhibits a characteristic time which is much larger than 10° s. The value of
the field is independent of the field-sweep rate of the preceding ramp.

Sinusoidal variations of the field along the magnet axis as observed in superconducting
magnets are a superposition of fields B and B,,.,. Which of these fields is dominant
depends mainly on the excitation level, the field-sweep rate, the spatial R~ and p,-
distributions and the uniformity of the soldered cable-to-cable connections. In general, field
B,; becomes relatively more important when the size of the cable increases and the contact
resistances between strands decrease.




Chapter 8

Ramp-rate limitation of
dipole magnets

In this chapter the effect of interfilament-, interstrand- and boundary-induced
coupling currents on the ramp-rate limitation (RRL) of the quench current in
dipole magnets is investigated.

A significant reduction of the quench current as a function of the field-
sweep rate can be observed in magnets with a large as well as a small
contact resistance between crossing strands.

The RRL in magnets with small contact resistances is shown to be mainly
related to the power loss, generated in the contact resistances, especially in
coils with poorly cooled conductors. In this case, the RRL of the magnet can
be used to estimate the thermal conductivity of the cable insulation.

The RRL in magnets with large contact resistances is shown to be mainly
attributed to the presence of boundary-induced coupling currents. The
magnitude of these coupling currents can be influenced by performing field
precycles (before the actual ramp to quench).

The results of the RRL of a few 1 and 10 m long LHC dipole model
magnets are evaluated. The temperature of the cable is calculated as a
function of the average coupling power loss assuming a uniform contact
resistance over the cross-section of the coils and uniform temperature within
each turn of the magnet. It is shown that the temperature increase in the coil
due to beam losses can be well estimated by a detailed analysis of the RRL.
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8.1 Introduction

Accelerator dlpole magnets are normally operated at a low central field-sweep rate of the

order of 102 Ts". Higher field-sweep rates of up to 10" Ts! occur during a fast de-

excitation in the case of a quench in one of the series-connected magnets. During a field
sweep the temperature increase in the cable and the induced coupling currents should be as
small as possible in order to ensure a good stability of the superconductor.

The effect of the coupling currents on the electromagnetic stability is investigated by
means of the Ramp-Rate Limitation (RRL) of the quench current. Three types of coupling
currents are dealt with in sections 8.2.1-8.2.3:

— The Interfilament Coupling Currents (IFCCs) which are induced within a strand subject
to a varying magnetic field B (see section 3.4).

— The Interstrand Coupling Currents (ISCCs) which are induced in and between the
strands of a cable subject to a varying magnetic field B (see chapter 4).

— The Boundary-Induced Coupling Currents (BICCs) which are generated due to spatial
variations of B (and, to a smaller extent, the cross-contact resistance R.) along the cable
length (see chapter 5). The BICCs strongly influence the current distribution among the
strands of the cable and therefore the maximum transport current.

The temperature increase in the cable (during a field sweep) is investigated in section 8.2.4.
It is assumed that the heat is generated by the IFCCs and ISCCs. The enhancement of the
interstrand coupling power loss (ISCL) due to the BICCs is disregarded as well as the losses
in the filaments, wedges, collars and yoke as they all are relatively small compared to the
ISCL.

The reduction of the quench current as a function of the field-sweep rate is calculated for
the PBD magnet as specified in Table 2.1. Experimentally obtained values for the time
constants of the IFCCs and the cross-contact resistances of cables are used to obtain a first
qualitative estimate of the RRL. It is shown that the main cause of the RRL can be deduced
from the shape of the curve relating the quench current and the field-sweep rate.

In sections 8.3-8.5 the RRL is presented which is experimentally observed in several
LHC dipole model magnets. The analysis of the RRL is focused on the following questions:
— Do the BICCs affect the temperature margin of the cable and what is the magnitude of

the BICCs during ramping of the magnets?

— What is the expected increase of the cable temperature due to beam losses in the coils?
— What is the maximum allowable de-excitation rate of the magnets?

The methods described in this chapter and the experimental results show which possibilities
the analysis of the RRL offers with respect to the understanding of the electrodynamics of
superconducting magnets. Specific conclusions about the observed RRL in the LHC model
magnets are difficult to draw. Firstly, because the RRL of only a few magnets is determined
and secondly because the quench current is strongly affected by local variations in the
coupling currents and power loss as well as variations of the local critical current density in
the cable. Investigation of the RRL is therefore much more complicated than the analysis of
the coupling loss (chapter 6) or the coupling-current induced field distortions (chapter 7)
which both represent a more average effect over the coils.
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8.2 Calculation of the RRL of magnets

In section 2.4 an empirical scaling law is presented that describes the relation between the
critical current I of NbTi superconductors as a function of the applied field B and the
temperature T [Lubell, *83}:

I, =(c1—clel)[1—

with:

———} [A] for |Bl>B', (8.1a)
T,.(B,1=0)

)0.59

T,.(B,I=0)=9.2(1-|Bl/145 K], (R.1h)

where B" is about 3 T. The relation for the critical current for B<B' is disregarded here
since the treatment of the RRL is focused on high-field magnets with quench fields well
above 3 T. Egs. 8.1a and 8.1b can be rewritten for an arbitrary strand section in the cable of

a coil:
7:.‘0
-T2

with By, the local field at the given strand section and T, the temperature of this strand
section. The field B, is composed of the field B,, produced by the transport current, and the
field B, caused by the ISCCs and the BICCs:

I

=(¢,-¢,|B

str

B.rtr

C,str

059 .
/145) [Al for |BI>B", 82)

sgn(B,,) [T, (8.3)

Bstr

= lBtr +Bcc = B‘strTMN I +

ster,str

BCC

with Ty, the field factor of the magnet and f3;, the ratio between the local field (at the given
strand position) and the central field (see Fig. 6.1). The vector summation is transformed
into a scalar operation since the orientation of the fields B,, and B is basically in the y-
direction for the blocks near the midplane where almost all quenches are located (see
section 8.3).

The quench current I, of a strand is here defined by the maximum transport current
I, ur.max that a section of the strand can carry in the presence of additional coupling currents.
Assuming that:

— the weakest strand determines the quench current of the entire magnet,

— the transport current is uniformly distributed among the strands,

the quench current of the magnet is defined by:

I,=NJ,, [Al, (8.4)
and the quench field by:
B, =TyI, I[T]. (8.5)

The current I, and the field B, denote the quench current and quench field respectively if
the coupling currents are zero.
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The following assumptions are made:

— Ramp-rate-induced quenches are not initiated by a conductor movement or a transient
energy pulse from the environment.

— The temperature T, of the cable does not vary over the cross-section of the cable and
along the length of a given turn. The influence of the coil ends on the temperature
distribution in the cable is not taken into account.

— The quench starts in the sirand section in which the total current becomes equal to the
critical current at the given field and temperature.

— A quench that occurs locally in a strand section causes a quench of the whole coil.
Recovering of the quench due to, for example, redistribution of the strand currents after
a quench is not taken into account.

— The cross-contact resistance R, is constant over the whole cross-section of a coil.

— The resistive loss, generated in the cable-to-cable connections, the eddy current loss in
the copper wedges and the collars and the magnetisation loss in the filaments and the
iron yoke are disregarded. These loss contributions are relatively small at the field and
field-sweep rate used in the quench experiments (see sections 8.3-8.5).

— The voltage over a strand is assumed to be O up to [yr=Ig o A variation of the coupling-
current distribution at strong cxcitation (see section 4.5) is therefore disregarded.

— The transport current is uniformly distributed among the strands.

In sections 8.2.1-8.2.4 the influence of the various coupling currents and the coupling power
loss on the quench current is presented. The discussion is illustrated by means of
calculations of the RRL in a PBD magnet (see Table 2.1) using C1=1.12-105 A and
C,=7.79-10° AT in eq. 8.2. Other values for the constants C; and C, give basically the
same results if the quench currents are normalised to the maximum values ;0. A 26-strand
cable is considered with a cross-section of 17x2.04/2.50 mm” and a cable pitch L,,=0.13 m.
The reduction of the quench current is estimated for the anticipated average field-sweep rate
of about 0.0066 Ts” and initial field-sweep rate of -0.084 Ts' in the case of a fast
exponential de-excitation.

8.2.1 Influence of IFCCs on the RRL
In section 3.4 it is shown that the maximum transport current in a strand is affected by the
IFCCs flowing in the outer layer of filaments, and can be expressed by:

* 2
(md)'1y |

Itr,str,max = C.str str [A] ) (86)

IC,str :u'OLp,f

with I¢,, as defined by eq. 8.2 and B, = B, , by which the small twist angle of the cable is
disregarded. The quench current is then given by the condition that the transport current is
equal to the maximum transport current, S0 Iy o= 1li,sir=1lr,str,maxs and is iteratively calculated
by combining eqs. 8.2, 8.3 and 8.6.

As an example, the characteristic relative reduction of the quench current of the PBD
magnet is depicted in Fig. 8.1 as a function of B, for L,y/=25mm, d +=1.2 mm, T,=1.9 and
4.3 K and 7,=50 and 100 ms. The cable temperature is constant and equal to T}.
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Fignre 8.1. Calculation of the relative quench current of the PBD magnet caused by the IFCCs as a
function of the central-field-sweep rate. Curves for two Ty-values (in seconds) are depicted
at bath temperatures of 1.9 K and 4.3 K.

The quench origin is located in block 6 near the aperture (at r=25 mm, see Fig. 2.2a) since
the local field and therefore also By, (=i, B.., see also Fig. 6.1) are maximum in this part.
In the case of dipole magnets with other geometries or cables with other characteristics the
reductions are different since parameters such as S, d;, L,s and 7y are incorporated in
egs. 8.2 and 8.6, The RRL due to the presence of IFCCs can be easily calculated for any
magnet geometry if 7y is known. Fig. 8.1 shows that the reduction is a factor 1.5 larger at
43 Kthanat 1.9 K.

The reduction of the quench current of the LHC dipoles at B, =0.0066 Ts™ will be smaller
than 0.01% (for 7,;=0.05 s) whereas at fast de-excitation (B.=-0.084 Ts) it is still smaller ,
than 0.1%. Only for magnets which are subject to very large field-sweep rates, does the
reduction of the quench current due to the IFCCs have to be taken into account.

8.2.2 Influence of ISCCs on the RRL

It is shown in section 4.4.1 that the ISCCs in Rutherford-type cables are mainly created by a

field change B, normal to the cable width (see Fig. 4.1). Here the case of a positive field-

sweep rate is dealt with (see section 8.5 for negative field-sweep rates). The critical part of

the coil with respect to the quench current is near the aperture, in the strand sections that

bend around the edge of the cable, because:

— fields B,, and B, are maximum,

— the ISCCs flow in the same direction as the transport current and are maximum (see
eqs. 7.11 with x=w/Nj).

According to eq.7.11, the maximum ISCC in turn i at the edge of the cable can be

expressed by:
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5,i,max

LNWNS .
1 =O.O415-—R———ﬁ,,,.Bcecos(7c/Ns) [A], 8.7

c,i

with B; the field geometry factor that depends on the magnitude and the shape of the field
variation B, across the cable width of turn i (see Fig. 7.2).
The quench current in a strand section:

Iq,str = IC,str - I:,ma.x [Al, (8.8)

is calculated iteratively using I, =1, in eq. 8.3. The quench origin will depend on B..
since I, ;,, depends on f,,, and B; which both vary over the cross-section of the coils.

The relative teduction of the quench current of the PBD magnet is depicted in Fig. 8.2
for R.-values of 1, 2 and 5 uQ and bath temperatures of 1.9 K and 4.3 K. If B, is small
then the ISCCs are also small and the quench starts in block 6 where S, is maximum (and
hence I, is minimum). The ISCCs become larger for increasing B, and the quench origin
shifts therefore to block 3 where fB; is maximum. Note that the relative quench reduction is a
factor 1.5 larger at 4.3 K than at 1.9 K. In the case of cables with a different geometry, the
RRL is proportional to I .., and hence to L, wN;/R..

R, T
{- Quench starts in B6 ¢ b
5 19
...................................................... S 4'3
0.96 - 2 19
0.92 4 Quench starts in B3 2 43
o
&
K 0.88 1 1 19
0.84
0.8 1 43
0-76 T ¥ T
0 0.1 0.2 03

Field-sweep rate, Bee (Tsh

Figure 8.2. Calculation of the relative reduction of the quench current of the PBD magnet caused by the
ISCCs as a function of the central-field-sweep rate. Curves for three different Re-values (in
1Q) are depicted at bath temperatures of 1.9 K and 4.3 K. The dotted line illustrates the two
different quench origins.

The reduction of the quench current of the LHC dipole magnets at B,.=0.0066 Ts" will be
smaller than 0.15% (for R.=1 uQ). At fast de-excitation, there is no reduction because the
transport current and the ISCC have opposite sign near the aperture where the field is
maximum (see section 8.5).
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8.2.3 Influence of BICCs on the RRL

In chapters 5 and 7 it has been shown that the BICCs exhibit large characteristic times 1,
and that their magnitude is proportional to B,.. Therefore, the magnitude of the BICCs at
the moment of the quench depends not only on B, but also on the time ¢, of the ramp. This
large characteristic time results in a different evaluation of the RRL caused by the BICCs
compared to the ISCCs, for which 7;,<<#, The BICCs during the ramp can be expressed by
(assuming that their magnitude is equal to 0 at r=0):

I, =Cy,B (1-¢ ") [A], 8.9)

with ¢ the time from the beginning of the ramp and Cj; a constant with dimension AsT .
Note that this exponential expression for the BICCs does not describe their real time-
dependent behaviour as discussed in sections 5.4.1-5.4.4. It is, however, the most practical
approximation by which the effect of the BICCs on the RRL can be investigated. The
constant Cy; is rather unpredictable since it is determined by the integral effect of many
BICCs induced by the numerous Bj-variations along the cable in the coil. The order of
magnitude of Cp; can be estimated by calculating the magnitude of the BICCs (using
eg. 5.5) due to the variation of By in one turn of the coil. This would give a Cj; of about
5.10° AsT™ for a PBD magnet with £=1m (as estimated at the end of section 7.7.5) and
R.=3 nQ.

Fig. 8.3 illustrates the calculated current [;; during a linear ramp from /,;,,=0 to 500 A at
small and large ramp rates ([, =1 and 10 As™) with 7,=100 s and 7;,=4 s. The steady-
state magnitude of the BICC is a factor 5 larger than that of the ISCC. Note that for a large
ramp rate the BICC has not yet achieved its steady-state value at the end of the ramp. It is
assumed that the strand quenches if the total strand current ,, exceeds 500 A. Comparing
both figures it is clear that the reduction of the quench current (i.e. the maximum transport
current) will no longer be proportional to the ramp rate as in the case of the IFCCs and the
ISCCs.

The quench current in a given strand section in the presence of BICCs:

Iq,str = IC,str - Ibi (Al, (8.10)

is iteratively calculated by using I, 4=1, . in eq. 8.3. The typical shape of the Iq,x,,—Bce
curve is depicted in Fig. 8.4 in the case of the PBD magnet with Cp=5-10°, 1-10* and
2:10* AsT, 7,,=100 and 200 s and for an initial transport current of 0 A.

. The quench current decreases rapidly for small B, whereas the reduction becomes
milder for large B... The initial slope of the curve is related to Cj,; and is independent of 1.
The shape of the curve is related to Cj; as well as 7;;. The initial slope is a factor 1.5 larger
at 4.3 K than at 1.9 K, which is similar to the case of the reduction due to the IFCCs and the
ISCCs. '
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Figure 8.4. Calculation of the relative reduction of the quench current of the PBD magnet caused by the
BICCs as a function of the central-field-sweep rate. Curves for three different Cy-values (in
AsT ™) are depicted for 7;=100 (normal lines) and 200 s (dotted lines), T»=1.9 K.
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The reduction is influenced by the excitation history of the magnet if the BICCs, that are
induced during the preceding sweeps, are not yet negligible. As a working rule, any field
sweep that is performed in the past and not longer ago than a few times 17;;, can increase as
well as decrease the RRL. In general, preceding field sweeps with a positive (negative) sign

increase (reduce) the RRL.

An illustration is given in Fig. 8.5 where the ramps shown in Fig. 8.3 are preceded by a
field sweep with negative ramp rate. Comparing Figs. 8.3 and 8.5, it is clear that the quench
current is significantly larger if the preceding ramp has opposite sign and the time of the
final ramp is comparable or smaller than 1.

Figure 8.5.

Simulation of the three
contributions Iy, qr, Iy and I; to
the total strand current Iy
during a cycle of Iy, of 500-0-
500 A, with:

a: a small ramp rate,

b: a large ramp rate.
The ISCC (with 7;=4 s) and the
BICC (with 17,;=100s) are
assumed to be O at r=0. The
dotted lines show the transport
current at which the strand
current is equal to 500 A.
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This increase in the quench current due to a partial compensation of the BICCs is further
investigated in the case of a PBD magnet for several values of 7,; and Cp;. The conditions
are the same as used in Fig. 8.4 but now the ramp-to-quench is preceded by a ramp from I,

to O A (see Fig. 8.6).
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Figure 8.6, Calculation of the relative reduction of the quench current of the PBD magnet caused by the
BICCs as a function of the central-field-sweep rate. Curves for three different Cpi-values (in
AsT?) are depicted for 7,;=100 (normal lines) and 200 s (dotted lines), T»=1.9 K. The
ramp to quench is preceded by a ramp from Iy to 0.

The ratio I,/I,¢ attains a minimum which depends on Cj; as well as 7. The slopes of the
curves for B, —0 are independent of 7;; and are the same as those of Fig. 8.4 (for quenches
without a precycle), because the time of the ramp is much larger than 7 so that the BICCs
approach their steady-state values before the end of the ramp. In the case of larger field-
sweep rates the difference in the quench currents with and without precycles increases
steadily as can be seen easily from Figs. 8.4 and 8.6 (see also section 8.2.5).

8.2.4 Influence of ISCL on the RRL

In section 4.4.1 it is shown that the ISCL in Rutherford-type cables is mainly generated in
the contact resistances R, caused by a field change normal to the cable width. The ISCL
(per metre of cable) depends on the time ¢ from the start of the ramp, and can be expressed
by (for a uniform B)):

2 2
2L, W(N=-N) . _
P, =85.107 2 RS LB A-e)? (W] (8.11)

C

Eq. 8.11 leads to the power density in turn i of a coil as a function of B..:

L w(N’-N) . .
P, =8510" 22— hR‘ = Ba B (e

C\i

—tlt, 2

wiy% (wm?, (8.12)




Ramp-rate limitation of dipole magnets 203

with Bp the field geometry factor as given in Fig. 6.2. In the following, the R, ;- and T,-
values are assumed to be the same in all the turns of the coil and equal to R, and ;.

The enhancement of the ISCL due to the BICCs is disregarded here. The increase is
estimated (see also section 5.5) to be much smaller than the ISCL due to the ISCCs. ‘The
periodic pattern of the local power loss (see Figs.5.12 and 5.13) does not cause a
significant spatial variation of the cable temperature within a turn because the thermal-
conductivity of copper (about 250 Wm'K™) is about four orders of magnitude larger than
that of the cable insulation. Due to the good electrical contacts between the strands, also the
heat transfer from strand to strand will be much better than that from the strand to the
helium outside the cable. Hence, the difference between the average cable temperature and
the helium bath temperature is at least one order of magnitude larger than the temperature
differences between the strands. In the following all strands in a turn are assumed to have
the same temperature, equal to the average cable temperature T,

To what extent the ISCL will heat up the (strand of the) cable depends, besides the
parameters used in eq. 8.12, also on the heat transfer from the cable to the helium. The main
thermal barrier is formed by the cable insulation (see Fig. 2.8). The heat transfer through the
kapton layers and the glass-fibre tape cannot be predicted theoretically but has been
determined by the following two experiments carried out by CEA-Saclay and CERN.

1. The temperature T, of the cable is determined as a function of the generated heat in the
cable. Instead of a NbTi Rutherford-type cable, a stainless steel bar is used in which the
heat is uniformly generated by means of resistive dissipation. The temperature increase
of the central conductor in a stack of five conductors is depicted in Fig. 8.7 (curve 1) for
a bath temperature T;=1.9 K [Meuris, 91/°93]. The increase of T, vs. the resistive
power loss is small up to a power-loss density of about 7 mW/cm®, where T, reaches
the lambda point T, and increases strongly for larger power losses. It is concluded that a
large part of the heat is transferred through the small faces of the conductor
[Meuris *91].

2. A certain heat flux is passed transversely through a stack of insulated copper cable
pieces of which one side is kept at a constant temperature T,. The measurements are
performed in vacuum. The effective thermal conductivity A, of the total insulation is
determined from the temperature difference between both sides of the stack
[Dauguet, *92]. The coefficient A,,, increases linearly as a function of the temperature
and is equal to about 0.006 and 0.010 Wm'K" for Ty equal to 1.8 and 42K

‘ respectively. The relation A;,(Tp) is used to estimate the increase in the cable
temperature due to a uniform heat dissipation in the cable, assuming that the heat
transport occurs only through the two small faces of the cable. The results are shown in
Fig. 8.7 (curve 2).
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Figure 8.7. The temperature increase of a cable (at Tp=1.9 K) with an insulation as specified in Fig. 2.8
according to:
1. [Meuris, 93],
2.[Dauguet, *92], assuming that the heat is only transferred through the two small faces of
the cable,
3.eq. 8.10 with =10 WK'm™.

Note the initial small temperature increase of curve 1, for Teg< T,, due to very high thermal
conductivity of superfluid helium. It is beyond the scope of this thesis to treat the thermal
behaviour of the cables in detail. However, in order to obtain representative values of the
current reduction as a function of the ISCL, a simple linear approximation of the curves 1
and 2 is used, in the range of experimental interest, i.e. for power densities larger than
0.01 Wem™ (see section 8.4). The cooling power is assumed to increase linearly with the
temperature difference between the cable and the bath (see curve 3 in Fig. 8.7):

P, =q(T,~T,) [Wm’, | (8.13)

with g the effective thermal-conductivity coefficient per unit volume between the cable and
the helium bath. A fit of eq. 8.13 to the experimental curves 1 and 2 shows that ¢ is about
10* WmK™" under steady-state conditions for 7,=1.9 K and P>0.01 Wem™. The linear
approximation will be used to estimate the reduction of the quench current as a function of
the dissipated power.

The temperature T, of turn i under steady-state conditions (t>>T; and P,=P.,) is
calculated by combining eqs. 8.12 and 8.13:

2
L, wN-N
T, =T, +85107° —F— (-1,

cai

2 52
B [KI. (8.14)
hR, ,q Brif.
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The quench field is then determined by solving eq. 8.2 with T, as defined by eq. 8.14. In
Fig. 8.8 the results are given of the calculated relative reduction of the quench current of the
PBD magnet due to the ISCL, as a function of B, for constant g and steady-state
conditions. Note that the reduction depends on the factor (R.g), so that the reduction for
R.=1pQ and g=2-10* Wm K is identical to that for R,.=2 pu€2 and g= i-i0* wm*K™.

1

R.=5, q=2e4
0.8
R, =5, q=le4
o 061 ] N
& .
0.4 - '
\ 7 TR =2, g=2e4
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Figure 8.8. Calculation of the reduction of the relative quench current of the PBD magnet due to the
ISCL as a function of the central-field-sweep rate. Various curves for different R. (in p<2)
and g (in Wm K"} are shown for T,=1.9 K and 4.3 K (dotted lines).

If B, is small then the ISCL is also small and the quench starts in block 6 where By is
maximum (and hence I¢;, minimum). Should B, be large then the ISCL also increases and
the quench origin shifts to block 3 where fp is maximum.

The generated coupling power loss causes a reduction of the quench current which is, in
first approximation, linear with B, %/(gR.), and is larger at 4.3 K than at 1.9 K. Note that for
increasing B, the reduction of the quench current by temperature, due to the ISCL, is much
larger- than the reduction by over—currént, due to the ISCCs, for the estimated cooling
conditions and R, -values between 1 and 10 pQ.

8.2.5 Discussion _

In practical dipole magnets the RRL is mainly caused by a combination of the IFCCs, the
ISCCs, the BICCs and the ISCL. In section 8.2.1 it is shown that the reduction of the
quench current due to the IFCCs is smaller than 0.1% for sweep rates up to 0.1 Ts™, and can
be disregarded for the operation of accelerator dipole magnets. The quench current is then
given by (assuming steady-state conditions):

Iq,str (Bstr ’ Bce’T;ab) = IC,str (B.vtr’Tcab)_ Iis(Bce)— Ibi (Bce) [A]. (8.15)
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The cooling conditions of the magnet, the heat capacity of the cable (and the helium in the
voids of the cable), the field-sweep rate, the B, -distribution and the contact resistance are
the main factors that determine which coupling currents or losses are the main cause of the
RRL. Another important factor is the time scale of the field sweep as compared to the time
constants T;; and 7;;. Since most of these parameters vary strongly over the cross-section of
the coil and even along the length of a turn, it is impossible to calculate the RRL of a
magnet accurately. _

The dominant cause of the reduction can be deduced from ‘the shape of the
experimentally obtained Iq-Bce curve. The ISCCs initially cause a linear decrease (see
Fig. 8.2), the BICCs a concave decrease (see Fig. 8.4) and the ISCL a convex decrease (see
Fig. 8.8). In practice, however, it is probably a combination of the three causes that
determines the RRL of a magnet. An example of a characteristic reduction of the quench
current, caused by both the BICCs and the ISCL, is shown in Fig. 8.9 for the PBD magnet
with R.=5 pQ, Cy=10* AsT™, g=10* Wm?K"' and T,=1.9 K.
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Figure 8.9. Calculation of the relative quench current due to a combination of the ISCL and the BICCs
as a function of the field-sweep rate. The dotted line shows the milder decrease which
occurs if the time of the ramp is too small to attain thermal equilibrium.

If B, is small the reduction is caused by the BICCs, according to the initial slope of
Figs. 8.4 and 8.6, whereas for a larger B, the reduction is mainly caused by the ISCL. A
precycle reduces the RRL for larger field-sweep rates. The shape of the curve changes if the
ramp time f, becomes too small to reach the steady-state conditions, that is thermal
equilibrium. In this case the quench current will increase (see the dotted line) compared to
the steady-state value. In the case of ramps with a precycle this increase is less pronounced
because the ramp to quench is preceded by a ramp-down so that the total time to reach
thermal equilibrium is much larger. For normal excitation of an accelerator magnet the RRL
caused by the BICCs can be reduced by decreasing the field-sweep rate toward the end of
the sweep (during a period of a few times 17;).
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The difference in quench currents with and without a precycle is shown in Fig. 8.10. By
presenting experimental quench results of a coil in this way, it is possible to estimate the
magnitude of the BICC, that causes the quench, and its characteristic time. This approach is
followed in section 8.3.

2500 -

2000 A

1500 A

Iq,p 'IG"P GV

0 . r > )
0 0.1 0.2 0.3

Field-sweep rate, B ce (Ts™h

Figure 8.10. Calculation of the difference in the quench current between quenches with and without a
precycle as a function of the field-sweep rate. The RRL is due to a combination of the ISCL
and the BICCs. The dotted line shows the milder decrease which occurs if the time of the
ramp is too small to reach thermal equilibrium.

The following points are important with respect to the stability and RRL of superconducting
magnets, but a detailed evaluation falls beyond the scope of this thesis:

In sections 8.2.1-8.2.4 it is assumed that the whole cable cross-section, i.e. all the
strands, quenches if locally the current in a single strand exceeds the critical current.
However, since the strands are in electrical contact with each other, the strand currents
could redistribute as soon as some resistive voltage is built up over the strand. This
leads to a decrease of the ISCCs whereas the total power loss remains the same (see
section 4.5) so that the RRL could be less severe than calculated. A similar conclusion
holds for the BICCs, of which the magnitude can also decrease once the total strand
current approaches (or exceeds) the critical strand current. The process of redistribution
probably depends strongly on the excitation level, the thermal properties of the cable
and the characteristic times and magnitudes of the coupling currents.

R, and R, also influence the temperature sharing between the strands and the heat
transport between the strands and the helium. Hence, it can affect the sensitivity of the
coil in the case of small transient heat pulses.

The presence of coupling currents and ISCL always reduces the temperature margin of
the coil for positive B.,. Small transient heat pulses which would not lead to a quench
under DC conditions could, therefore, provoke a quench while ramping the magnet. This
stability effect should be considered carefully when designing a magnet, by estimating
the decrease of the temperature margin caused by the coupling currents and the power
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loss, especially of magnets for which the field-sweep rate is fixed. In accelerator
magnets the field-sweep rate can be reduced near the end of the excitation where the
temperature margin is small. A decrease in the initial field-sweep rate in the case of a
fast de-excitation is not possible.

e A non-uniform current distribution due to different joint resistances (see section 5.2)
further decreases the temperature margin of the coil.

o The quench current, or the temperature margin, as a function of the field-sweep rate has
to be estimated taking the smallest R, and R, and the worst cooling conditions that are
expected to be present in the coil. Variations in the ISCL and the cooling conditions
over small lengths (several cm) of the cable do not have to be taken into account since
the high thermal conductivity of the cable results in a levelling of the cable temperature.

Often these points are closely related and several authors have dealt with these stability

effects, recently for example [Amemiya, '94], [Lvovsky, *95], [Ono, '95], [Vysotsky, *95al.

It is clear that the analysis of the RRL of magnets, in terms of the various coupling currents,

power losses and cooling conditions, is very complicated. Although it is possible to clarify

the mechanisms, it is difficult to extract specific conclusions. However, even rough
estimates of the following topics are very interesting in order to optimise the performance of
superconducting magnets:

— The influence of BICCs on the RRL, and in particular for the expected field-sweep rates
during operation.

— The temperature increase of the cable as a function of the dissipation in the coils. This
leads to an estimate of the required temperature margin in the case of beam losses in the
coils. '

— The RRL in the case of a fast de-excitation of the magnet.

These aspects will be evaluated in the subsequent three sections for the LHC dipole model

magnets. The analysis is based on a limited number of quenches, performed on a few

magnets. Nevertheless, the experimental results clearly demonstrate the basic mechanisms
determining the quench behaviour of magnets during a field sweep.

8.3 Influence of BICCs on the RRL in LHC dipole magnéts

The RRL of the LHC dipole model magnets is investigated by means of two different
current sequences:

Quenches without a precycle (see Fig. 8.11a). The transport current is:

— ramped up from O to I; with a small field-sweep rate,

— kept constant for a time #; equal to 600 s,

— ramped up from I; to the quench current I, with a constant ramp rate.
Quenches with a precycle (see Fig. 8.11b). The transport current is:

— ramped up from O to I; with a small field-sweep rate,

— kept constant for a time #; equal to 600 s,

— ramped down from /; to I, with a constant ramp rate,

— kept constant for a time ?,, )

— ramped up from I; to the quench current I, with a constant ramp rate.
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Figure 8.11. Current sequences for performing quenches a. without and b. with a precycle.

The waiting time #; of 600 s is chosen in order to stabilise the cable temperature and reduce
the magnitude of the BICCs, which are observed to exhibit a characteristic time of about
107 s (see sections 7.7.1-7.7.5). The influence of the waiting time #, on the RRL can reveal
the time constant 7, The quench current will be maximum if #, is equal to O and will
decrease, in first approximation, exponentially to the minimum value I, for £,>> 7.

In the case of quenches with precycle, the current I; is chosen close to the expected
quench current I, (usually within 500 A).

The reproducibility of the quench current is about 100 A for identical bath temperature
and current history. Figs. 8.12 and 8.13 show the relative quench current as a function of
B, for quenches without precycle at T,=1.8-2.0 K and T;=4.3 K respectively.

1 4

0.2 T 1 ] LI ¥ 1
0 0.05 0.1 0.15 0.2 0.25 0.3

Field-sweep rate, B, (Tsh)
Flgure 8.12. The relative quench current as a function of the central-field-sweep rate for quenches

without precycle at T,=1.8-2.0K and I;=3kA for several magnets as specified in
Table 2.3.
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Figure 8.13. The relative quench current as a function of the central-field-sweep rate for quenches
without precycle at Tp=4.3 K and I; =3 kA for several magnets as specified in Table 2.3.

Ramp-rate-induced quenches at T,=1.8-2.0K and B..<0.02 Ts? could often not be
performed since the training curve was not completed so that the quench current was not
initiated by the coupling currents or the ISCL.

The quench currents are scaled to the measured quench current I, at B..=0.001 Ts™.
The average I, for the magnets is about 11500 A at 4.3 K and 15000 A at 1.9 K (N.B.: the
I, o-values for the KE1 magnet, made from a cable with a smaller cross-section, are about
14% smaller). If the training curve at 1.9 K is not completed, the current I, is estimated
from the quench current at 4.3 K multiplied by the empirical factor 1.3 observed on a few
magnets [Walckiers, *93]. Due to a possible error in Ipo it is not certain whether all the
curves at 1.9 K are properly scaled. Hence, the strong reduction in the quench current for
B..<0.05 Ts™, especially for the EL1 magnet, can be caused by the BICCs (see Fig. 8.9)
but can also be inherent to the scaling. At 4.3 K the initial reduction in I, ,, is very likely to
be attributed to the BICCs since I, is experimentally well determined.

The origins of almost all ramp-rate-induced quenches are located (by means of pick-up
coils in the aperture of the magnets, see [Leroy, "93b], [Siemko, ’95]) in the blocks 3 and 4
(see Fig. 2.2b) [Siemko, 94]. However, the quenches of each curve are not always located
in the same aperture and the same quadrant.

The reduction of the quench current is about 20-80% larger at 4.3 K than at 1.9 K for
large B, . Since the calculated difference is about 50% (see section 8.2.4), this implies that
the heat transfer (or cooling) is about the same at T,=1.9 K and T;,=4.3 K (for large Bee).
The thermal transfer between the cable and the helium is discussed in more detail in
section 8.4.

The shapes of the curves show that the RRL is mainly affected by the ISCL for
B.,>0.05 Ts'. Due to the apparent sharp reduction at small B.., the BICCs have probably
also a large effect (see Fig. 8.4). However, since the scaling can be quite inaccurate it is
preferable to investigate the presence of BICCs by performing quench experiments after a
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current precycle. The increase in the quench current if the ramp-up is preceded by a ramp-
down (with £,=0 s, see Fig. 8.11b) is shown in Fig. 8.14 for two magnets at T,=4.3 K.

1A

I4p (with precycle)
0.8 4
e I
S ] q.np
i. 0.6 (without precycle)
Py
0.4 1
0.2 T T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Field-sweep rate, B ce (Ts'l)
Figure 8.14. The quench currents, with and without a precycle, of the CE1 and EL2 magnets as functions
of the central-field-sweep rate (Tp=4.3 K, ,=0, =0 s).
It can be clearly seen that the quench current with a precycle is much larger than without,

especially for intermediate field-sweep rates, due to the partial compensation of the BICCs.

The difference in quench currents (I, ,-I, ;) at T,=1.9 K and 4.3 K is depicted in Figs. 8.15
and 8.16 respectively.
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Figure 8.15. The difference in'quench currents performed with and without a precycle as a function of

the central-field-sweep rate at T,=1.8-2.0 K (12=0, I;0~15kA). The labels indicate the
ramp time #, for maximum difference (Iyp-Iynp).
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Figure 8.16. The difference in quench currents performed with and without a precycle as a function of

the central-field-sweep rate at Tp=4.3 K (2=0, £2=0, I0=11.5 kA). The labels indicate the
ramp time f, for maximum difference (Igp-Ig,np)-

The figures show that a precycle causes an increase in the quench current up to a maximum
of about 1000 A. This corresponds to the expected curves shown in Fig. 8.10 (note that the
differences at small B, could not be determined). The differences become smaller at larger
field-sweep rates i.e. at ramp times . smaller than about 50-200s, and they can even
become negative as observed on the EL2 magnet. The most plausible explanation for the
shape of the curves is that the temperature of the cable is not yet stabilised for the quenches
without a precycle as shown in Fig. 8.10. The maximum of the curves for the CE1 magnet
oceurs at a smaller ramp time at T,=1.9 K than at T,=4.3 K, which suggests that the time
required for temperature stabilisation is larger for the quenches at 4.3 K, probably caused
by the different thermal properties of the helium or the larger heat capacity of the cable at
43K

The rising parts of the curves are used to estimate the magnitude of the BICCs, by fitting the
simulations, which are presented in section 8.2.3, to the curves. Values for C,; are found
between 2:10° to 5-10° AsT ™! and correspond well with the rough estimate of Cj; as made at
the beginning of section 8.2.3. According to eq. 8.9, this implies that during excitation of
the LHC dipoles with 0.0066 Ts, BICCs will flow in the strands with steady-state values of
up to 30 A, which is about as large as the transport current in the strands at injection
(Ir.sr=35 A) and about 7% of the transport current at nominal field (I;=470 A). At fast
de-excitation the BICCs can even attain values of about 400 A. However, due to the large
characteristic time, the BICCs at the start of the de-excitation, where the current margin is
still small, are much weaker (see also section 8.5).
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The enhancement of the quench current due to a precycle will reduce if the time #, (see
Fig. 8.11) between the precycle and the sweep to quench is large compared to the
characteristic time 1;; of the BICCs. The difference in quench currents (I, ,-I,,,) between
quenches with and without a precycle should therefore have a maximum for £,=0 and
decrcasc towards O for f,—yeo. The characteristic time of the decrease is, in first
approximation, equal to 7.

The effect of the waiting time #, on the quench current at T,=1.9 and 4.3 K is shown in
Figs. 8.17 and 8.18. The quenches have only been incidentally performed on a few magnets.
A very systematic analysis of the results is therefore not possible.
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Figure 8.17. The difference in quench currents performed with and without a precycle as a function of
the waiting time #; at T,=1.9 K. The labels indicate the central-ficld-sweep rate and the
current .

The reduction of the quench current for increasing #, is clearly visible for all magnets except
the EL2 magnet (for I,=5 kA). Two types of curves are observed:

- curves for which I, gradually decreases with characteristic times of the order of 10° s,

— curves for which I, ,, shows a peculiar sharp ‘step’ with a ‘width’ of less than 10 s.

The gradually decreasing curves correspond to expectations. The large characteristic time is
probably caused by the spectrum of characteristic times that is present in a coil. In chapter 5
it is shown that 7,; depends not only on the cable geometry but also on the effective strand
resistivity and on the contact resistance. In a coil, each BICC exhibits a different
characteristic time which usually increases if the average magnitude of the BICCs increases.
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Figure 8.18. The difference in quench currents performed with and without a precycle as a function of

the waiting time #, for T,=4.3 K. The labels indicate the central-field-sweep rate and the
current .

Since the quench is likely to be caused by large BICCs, the characteristic time deduced

from Figs. 8.17 and 8.18 could be much larger than the average characteristic time as given
in sections 7.7.1 and 7.7.3.

The reason of the peculiar ‘step’ in two I, ,-, curves is not understood. The quench values
on the ‘left’ and ‘right’ sides of the step are very reproducible but the origins of the
quenches on both sides of the step are different. During the waiting time f, there is no
anomalous signal on any of the pick-up coils. A sudden current redistribution during , is
therefore probably not present. The most plausible explanation is that, during the ramp-up,
part of (a strand of) the cable becomes normal which causes a quench on the right side of
the step but recovers on the left. Field measurements (with a high sampling rate) during the
ramp-up could perhaps reveal the exact reason.

This ‘step’ phenomenon could be related to the observed ramp-rate sensitivity on a CIC
conductor where small sections of the cable seem to quench due to current loops in the

cable [Vysotsky, *95b]. In this conductor the quenches recover due to a fast redistribution
of the current.
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8.4 Estimate of the temperature increase of the cable due to
power losses in the coil

In order to estimate the temperature of the cable due to the coupling loss, the Iq—Bce curves
have to be converted into Tpe-P. curves.

The field-sweep rate can be replaced by the estimated coupling-power density in the turn
or block where the quench starts using eq. 8.12 assuming thermal equilibrium. Average R.-
values are used for this estimate, which are determined by means of the loss measurements
and listed in Table 6.3.

The cable temperature just before the quench can be deduced from the quench current
by combining eqs. 8.2, 8.3 and 8.14 assuming that I,;=0. This assumption causes an error in
the calculation of 1., which 1s larger for quenches without a precycle than for quenches
with a precycle. This is shown clearly in Fig. 8.19 where the T,,-P. relation as deduced
from the Iq—Bce relation is shown in the case of the JS1 magnet at 1.9 and 4.3 K.
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Figure 8.19. The estimate of the increase of the cable temperature caused by a steady-state heat
dissipation in the cable of the JS1 magnet, deduced from the RRL with and without a
precycle at T,=1.9 and 4.3 K.

At 1.9K, no quenches could be performed at small B, that is small P, because the
training curve was not completed. Fig. 8.19 clearly shows that the conversion from a I,- B,
curve to a T,,-P. curve results in relatively large errors if no precycle is performed,
because it is obvious that T,z (B —0)=T), if no BICCs are present. Extrapolation of the
lower curves (deduced from the I, ,-values) supports this condition while extrapolation of
the upper curves gives offset temperatures of about 1 K. Therefore, only the quenches with
a precycle will give representative values for the temperature increase of the cable due to
heat dissipation in the coil. The current of quenches performed without precycle can be
strongly affected by the BICCs, which subsequently results in an overestimate of Te.
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Quenches with a precycle have only been performed on a few magnets. Figs. 8.20 and 8.21
show the relations T,g,-P, as deduced from the quench currents at 1.9 and 43 K. A linear
approximation according to eq. 8.13 is given as well.
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Figure 8.20. The estimate of the increase of the cable temperature due to a heat dissipation in the cable
of the CE1 and JS1 magnets, deduced from the RRL with a precycle at 7,=1.9 K (t2=0).
The linear dotted line shows the calculated relation using eq. 8.13 with g=6.5-10° Wm K.
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Figure 8.21. The estimate of the increase of the cable temperature due to a heat dissipation in the cable
of the CEL, EL2 and JS1 magnets, deduced from the RRL with a precycle at 7;=4.3 K
(=0, ,=0). The linear dotted line shows the calculated relation using eq. 8.13 with
¢=6.0-10° Wm K.,
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Fig. 8.20 shows that at T,=1.9 K the cable temperature increases by about 1.5 K for a heat
dissipation of 10 mW/cm®. The error is estimated to be smaller than 0.5 K and is mainly
caused by:

— the use of an average R, that is too large or too small compared to the local R, in the turn
where the quench starts, which results in a decrease, respectively increase, of the
calculated power loss,

— additional BICCs in the cable, which results in an increase of the calculated cable
temperature.

It is very encouraging that the temperature increase of about 1.5K at P.=10 mW/cm’
corresponds within 0.5 K to that deduced from the two experiments on small stacks of cable
pieces (see Fig. 8.7). This proves not only that the temperature increase of a cable can be
deduced by combining the electrical loss measurement and RRL of a coil, but also that the
main mechanisms determining the RRL of magnets are well evaluated. Furthermore, the
quantitative agreement between the various methods shows that the effective cooling
surfaces of the cable in the coil itself and in a single stack are about the same (for power
losses larger than P.=10 mW/cm?®), although the stress levels in a coil are much higher
which could in fact reduce the size of the cooling channels considerably.

The evaluation of the temperature increase can be improved by supplying the turns in the
coils, -especially those near the midplane where the quenches start, with temperature
sensors. The time required for thermal equilibrium of the cable can then be determined as
well.

Quenches at a lower level of power losses can be induced at 4.3 K since the training
sequence of the magnets is completed. A similar temperature increase is observed as at
1.9K with a temperature increase between 1.3 and 23K for P.=10 mW/cm’. The
difference in temperature increase at 1.9 and 4.3 K may be due to a different thermal
conductivity or a different effective cooling surface. In the case of small power-loss
densities, the curves deviate slightly from the expected linear decrease towards 0, caused by
the BICCs which are not well compensated since the ramp time becomes large.

It is important that the coupling power loss can be directly related to the expected beam
losses in the magnets since both types of losses are dissipated in the cables near the
midplane of the magnet. Therefore, Fig. 8.20 shows directly the estimated temperature
increase of the cable as a function of the beam losses in the coil windings. A precise
estimate in the range between 0 and 10-mW/cm®, which is expected in the LHC magnets, is
possible if the training sequence of the magnets is completed, which has unfortunately not
been the case for the investigated magnets.

The accuracy of the method can be further improved by reducing the magnitude of the
BICCs. This can be achieved by slowly increasing the average central field while an
additional AC transport current causes a small AC field. The slowly increasing field will not
cause significant losses and BICCs. The AC field causes the large B.. required for
generating the power loss without provoking large BICCs as long as the period of the AC
current is much smaller than the characteristic time of the BICCs.
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8.5 Negative field-sweep rates

The maximum negative ramp rate in accelerator magnets is important since it determines
 the maximum possible de-excitation rate of the magnets if there is a quench in one of the
" series-connected magnets. '

In this section the effect of the coupling currents and power loss on the maximum de-
excitation rate is discussed. The very few results of quench currents, that are available on
several 1 m long LHC dipole model magnets, are presented at the end of this section.

The RRL due to the IFCCs is not significantly influenced by the sign of the field-sweep
rate, since the time constant 7 is very small and the IFCCs almost immediately reach the
steady-state value. The reduction of the quench current, as discussed in section 8.2.1, is
about 0.1% (at the expected ficld-sweep rate B.,=-0.084 Ts™), and is negligible compared
to the available margin of at least 10% between operating current and critical current.

The effects of the ISCCs, the BICCs and the ISCL on the RRL is different for negative
and positive B_. and are discussed in more detail.

ISCCs

If B, is negative the transport current and the ISCCs have opposile sign near the aperture,
where the field is maximum. This implies that the ISCCs cause a decrease of the strand
current in the parts of the coil with the highest fieid, and hence they cause an increase of the
margin of the coil (not taking into account the loss generated by the ISCCs). Only for very
large negative B, in combination with a very small R; can the ISCCs cause a significant
reduction of the quench current. However, these large field-sweep rates are not attained in
accelerator magnets.

BICCs

The influence of the BICCs on the RRL is much smaller for negative B, than positive B..
since the characteristic time T, is large. This means that at the start of the de-excitation,
when the field is high, the BICCs are still small. At increasing ramp time, the magnitude of
the BICCs increases but the critical current I, also increases because the field decreases.
Fig. 8.22 shows an example of the change in the strand currents as a function of the time
during a linear de-excitation (in the case of the PBD magnet with R.=1 pnQ, 7,=4s,
Cyi=2-10°AsT?, 7,,=200 s, constant T,=1.9 K). :

At =0 the strand current is about 30% smaller than the critical current which
corresponds to an operation field of about 85% of B,. The strand current increases because
the increase of the current Ij; is larger than the decrease of the transport current Ly -
However, the strand will not quench since the critical current I¢ s remains larger than I,
during the entire ramp. The magnitude of the BICCs is difficult to evaluate since the BICCs
caused by the numerous non-uniformities in a coil partially cancel. This implies that the
RRL due to the BICCs is difficult to estimate as well. An increase of R, and R, of the cable
will definitely reduce the magnitude of the BICCs, but-could, on the other hand, worsen the
stability of the cable (see chapter 9). Hence, a certain optimum of R, and R, has to be found
for which the BICCs are sufficiently small, without affecting the stability of the cable too
much.
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Figure 8.22. Simulation of the currents Iigr, Icar Jlur and Iy during a ramp-down from 550 to 0 A in
100 s (only the first 60 s is shown). The BICC is assumed to be O at t=0. The increase of Iy;
is larger than the decrease of the transport current. The critical current, however, increases
still faster than the strand current and no quench will occur during the ramp-down.

It is preferable to investigate the effect of the BICCs experimentally by actually measuring
the RRL of the magnet. Note that the magnitude of the BICCs could vary significantly
among almost identical coils made of the same cable, due to small variations in the cable
pitch and local R,-, R.- and pg-distributions. The maximum de-excitation rate of a single
magnet is therefore not representative for a series of magnets wound from the same cable.
Hence, the RRL of several magnets has to be determined in order to be more or less sure
that the BICCs will not cause a preliminary quench in any of the magnets of an accelerator
ring during a fast de-excitation.

ISCL

The power loss caused by the coupling currents is independent of the sign of B,.. However,
in the case of a negative B, the time constant T, of the ISCCs implies that the ISCL will be
relatively small during the first part of the ramp, where the difference between the currents
Ics and [, is still small, and hence the temperature margin. A quench can only occur
during the time that the temperature T, of the cable is still increasing (assuming constant
BICCs). This is illustrated in Fig. 8.23 by means of a simulation of a fast de-excitation of
the PBD magnet with R.=1uQ, 7,=4s, ¢g=10*Wm>K"', B.=-0.1Ts', C,=0 and
T,=19 K. The temperature increase of the cable causes Ic, to decrease faster than I, .
After about 6 s a quench occurs when I, o,,=I¢ -
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Figure 8.23. Simulation of the currents Iy, and Ic,q» and the temperature Teap during a linear ramp-down
from 550 to O A in 100 s. A quench will occur at £=6 s where Ly, I,

In practice, the time required for temperature stabilisation not only depends on the

dissipation and the time constant 7; but also on:

— the heat capacity of the cable and the helium which is present within the voids of the
cable,

— the effective time constant of the heat transfer through the insulation. This time constant
is estimated to be about 3-20 s for the LHC dipole model magnets and depends on the
energy dissipation in the cable and the bath temperature [AT-MA, ’93]. Figs. 8.15 and
8.16 indicate that complete temperature stabilisation takes about 100 s for field-sweep
rates comparable to the initial de-excitation rate.

It is beyond the scope of this thesis to investigate the process of temperature stabilisation in
a cable. In first approximation, it can be concluded that a quench due to the ISCL is likely
to occur in the first 20 s of the de-excitation (for R,>1 pQ so that 7,<5 s). It is, however,
possible that, due to a combination of the ISCL and the BICCs, a quench can occur after
more than 20 s.

A few results of quenches on 1m long LHC dipole model magnets are presented in
Fig. 8.24, where the smallest (or critical) field-sweep rate B.. .- is shown at which a quench
occurs as a function of the average R, of the magnet. In all cases the de-excitation starts at
an initial current equal to about 0.91,¢. The quenches are performed using a constant field-
sweep rate, instead of an exponentially decreasing one (with a time constant of about 100 s)
as is the case during a fast de-excitation of the dipole magnets in LHC. This does, however,
not affect Bce,c,, since all quenches occur during the first 15 s, which is much smaller than
the de-excitation time constant.
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Figure 8.24. The critical de-excitation rate for a few LHC dipole model magnets. The fast de-excitation
rate as anticipated for the LHC dipole magnets is shown by a dotted line.

The critical de-excitation rate of each magnet is larger than the anticipated fast de-excitation
rate of LHC of about -0.084 Ts™\. It is interesting to see that a correlation exists between the
RRL for positive and negative B, (see Figs. 8.12 and 8.24). This implies that probably also
the AN1, EL1 and EL2 magnets, which exhibit a smaller RRL than the CE1 magnet can
withstand negative field-sweep rates of at least -0.15 Ts™ without quenching.

The number of magnets, of which B, ., is measured, is still too small to draw a conclusion
about the correlation between B . and R.. If Bce,c, is only determined by the ISCL, a
linear increase of Bce,c, as a function of R, is expected. In this case Biocr of the HOL
magnet is much too small, which could be due to large BICCs or a small R, locally in one of
the turns. The fact that no clear correlation exists between B, ., and R, shows that a certain
variation in Bce,c, can be present for magnets with the same average R..

8.6 Conclusions

The ramp-rate limitation (RRL) of dipole magnets, and in particular LHC dipole magnets, is
investigated as a function of the coupling currents and coupling loss in the cables. The
presence of coupling currents and coupling loss always reduces the temperature margin of
the coil during a ramp with positive field-sweep rate. Small transient heat pulses which
would not lead to a quench under DC conditions could, therefore, provoke a quench while
ramping the magnet. This stability effect is especially important in magnets for which the
field-sweep rate is fixed. In accelerator magnets the field-sweep rate can often be reduced
near the end of the excitation where the temperature margin is small.

The reduction of the quench current as a function of the ramp rate is very difficult to
calculate since it is strongly dependent on the local variations in the heat dissipation and
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cooling conditions. In addition, the process of current redistribution is unknown in case the
strand currents locally exceed the critical current.

In general, the reduction of the quench current of accelerator magnets is not significantly
affected by the interfilament coupling currents.

The shape of the I- B.. curve between the quench current and the field-sweep rate
shows whether the interstrand coupling currents (ISCCs), the boundary-induced coupling
currents (BICCs) or the interstrand coupling loss (ISCL) are the main cause of the quench.
The ISCCs result in a linear I- B,, curve while the BICCs and the ISCL cause concave and
convex shapes respectively.

Ramp-rate-induced quench experiments make it possible to estimate the magnitude of the
BICCs and the increase of the cable temperature due to beam losses. For this purpose, the
RRL of a few LHC dipole model magnets is evaluated at bath temperatures of 1.9 and
43K

The reduction of the quench current in the LHC dipole models at high ramp rates is
mainly attributed to the interstrand coupling loss. The relative reduction of the quench
current as a function of the ramp rate is about 50% larger at 4.3 K than at 1.9 K. All the
quenches start in the inner coil near the midplane. At lower ramp rates, the reduction of the
quench current caused by the BICCs can be significant. In the model magnets the magnitude
of the BICCs is estimated to be about 30 A at 0.0066 Ts™ (section 8.3) which corresponds
to about the transport current in the strands at injection (I,»=35 A) and about 7% of the
transport current at nominal field (I ,,,=470 A).

The temperature increase of the cable of the inner coil is estimated to be about 1.5 (0.5) K
for a heat dissipation of 10 mW/cm® (section 8.4). The cable temperature at smaller levels
of dissipation could not be deduced. In the LHC magnets, beam losses will be present of up
to 10 mW/cm®. The temperature increase will then be too large to ensure a proper
performance of the magnets. A temperature increase smaller than 0.25 K is required in order
to keep the coils at a temperature below the lambda temperature and benefit from the good
thermal properties of superfluid helium. Hence, either the porosity of the cable insulation or
the beam shield has to be improved.

The maximum de-excitation rate of a magnet has to be determined experimentally since
calculations are too speculative. Several magnets have to be investigated to be sure that
variations in the cooling, heat dissipation and BICCs, which are likely to be present, even in
identical magnets made of the same cable, will not cause a preliminary quench during a fast
de-excitation. The RRL of the LHC dipole model magnets for positive and negative field-
sweep rates B, seem to be correlated. A large RRL for positive B, implies a large RRL
for negative B,,. All the model magnets can probably be discharged with a field-sweep rate
of -0.084 Ts! (as anticipated for a fast de-excitation of the LHC magnets) without
quenching. Quench experiments on more model magnets are required to draw specific
conclusions concerning the correlation between the maximum de-excitation rate and R.. A
good understanding of this correlation is necessary to specify the contact resistance for
accelerator magnets.




Chapter 9

General conclusions and
recommendations

The main issue of this thesis has been the influence of especially the
interstrand- and boundary-induced coupling currents on the power loss, field
homogeneity and stability of accelerator dipole magnets. The main
conclusions of the thesis are presented in the final sections of each chapter.

In chapters 4 and 5 the coupling currents have been dealt with by means
of a network model in which the strands are connected by contact
resistances. General conclusions concerning the modelling of coupling
currents are reviewed here and possible extensions and further improvements
discussed.

It has been shown in chapters 6, 7 and 8 that most of the electrodynamic
effects in a magnet, caused by the coupling currents, can be directly related
to the contact resistance. In this chapter it is discussed how an optimum can
be found for the contact resistances in order to limit undesired time-
dependent effects without affecting the electromagnetic stability of the cable
too much.

The contact resistances are determined by several parameters during the
process from cable winding to excitation of the magnet. Recommendations
are given for controlling the contact resistances and for measuring them on a
single cable piece, in order to obtain accurate and representative values of
the resistances in the coil itself.

Finally, it is briefly discussed how the results of the thesis can be applied
to other types of cables and magnets.
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9.1 Modelling of coupling currents in multistrand cables

Coupling currents in and between the strands of a superconducting Rutherford-type cable
can be well calculated when the cable is modelled as a 3-dimensional network of nodes
interconnected by strand sections and contact resistances. Two types of contact resistances
are present in a cable: contact resistances R, between adjacent strands and contact
resistances R, between crossing strands. Several network models have been developed in
the past 20 years. Using these models it turned out that one type of current, called the
interstrand coupling current (ISCC), is induced if the cable is subject to a varying field.

An improved model is described in detail in chapter 4 of which the main improvements
are the possibilities to calculate the time-dependent behaviour of the coupling currents and
to include many types of non-uniformities which are likely to be present in the cable of a
coil. Calculations as a function of time can be performed since the mutual- and self-
inductances between all strand sections are incorporated in the network model. The non-
uniformities can be classified in four types, shown in Table 9.1.

Table 9.1. Survey of the causes of various types of non-uniformities in the contact resistances and the
field-sweep rate which are present in a coil.

Variations across the cable width Variations over the cable length

Non-uniformities in the Variation in the transverse pressure  Soldered connections

contact resistances on the cable Strong variations of the transverse
Keystone of the cable pressure in the coil ends
Manufacturing tolerances Weak variations of the transverse

pressure over the entire cable
Manufacturing tolerances

Non-uniformities in the Inherent to the magnet design, and Strong variations in the coil ends
field sweep rate present everywhere in the coil and the terminals
Weak variations over the entire cable

All these non-uniformities are inherent to the cable and magnet geometries except for the
manufacturing tolerances. These might lead to variations across the cable width as well as
over the cable length. Especially local spots in the cable with smaller electrical contacts
between the strands could strongly increase the coupling currents.

A detailed evaluation of the various non-uniformities in a cable has shown that besides
the well-known ISCC a second type of coupling current is generated. These currents are
induced during a field sweep due to the variations (or boundaries) in contact resistance and
field-sweep rate along the cable length and are named ‘Boundary-Induced Coupling
Currents (BICCs)’. Variations across the cable width do not cause BICCs but only change
the ISCC-distribution.

Both types of induced currents differ with respect to the effective loop length, the
characteristic time and the magnitude. The effective loop length of the ISCCs is equal to the
cable pitch, whereas the BICCs can flow through large sections of the cable. The large loop
length also leads to a characteristic time which can be one or more orders of magnitude
larger than that of the ISCCs.
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. The magnitudes of the ISCCs and the BICCs in Rutherford-type cables are:

— proportional to the field-sweep rate B and especially its component B, normal to the
cable width,

~ inversely proportional to the contact resistances R, and R, (or the root of the contact
resistances in the case of BICCs with a small loop length).

The magnitudes of the BICCs usually increase for increasing gradients d Bldz (and

especially the component d B, /dz), and d(R,")/dz, with z the coordinate along the cable axis.

This implies that in accelerator magnets the BICCs are mainly caused by the coil ends,

where the cable bends around the beam pipe, which leads to a locally very small B, over a

Iength of the order of one cable pitch. Also the cable-to-cable connections between the two

layers of a coil and the coil terminals, where the electrical contact between the strands is

locally very small, will lead to large BICCs.

Both types of induced currents increase strongly for increasing cable width and twist length
of the strands. In accelerator magnets, the cable width is restricted within a factor of about 2
in order to limit the inductance of the magnet. This implies that the cable width increases
with increasing design operating field. Once the cable width is set, the cable pitch is also
more or less fixed since the cable has to be mechanically stable. Hence, the coupling
currents and consequently the time-dependent effects in the magnets become more
pronounced with an increasing operating field of accelerator magnets. The main parameter
by which the magnitudes of the ISCCs and the BICCs can be significantly changed is the
contact resistance because the width and cable pitch are strongly correlated to the design
field of the magnet. The magnitudes of the ISCCs and BICCs are especially influenced by
R, whereas R, will only be relatively important if R,<<R, or if the field is applied parallel to
the cable width.

It is shown in chapter 5 that the magnitudes of the BICCs and their characteristic times are
also related to the effective strand resistivity that the BICCs ‘see’. In the 1 m long LHC
dipole model magnets the effective resistivity is deduced to be of the order of 10
10 Qm. The diffusion of the coupling currents from the contact points into the filaments
of the strands as well as the exact current pattern of the coupling currents over the cross-
section of a strand have to be investigated in order to understand this effective resistivity.

Modelling BICCs by means of a network model is much more time-consuming than
modelling ISCCs. The reason for this is that the distribution of the ISCCs can be calculated
for a given field change assuming that it will not vary in the z-direction. The actual ISCC
distribution in the cable along the length can then be calculated by scaling the currents to
the local field change.

Steady-state calculations of the ISCCs in single cables take just a few seconds CPU time
on a 10 MFlops machine (for cables having 10-60 strands) and it takes still less than a few
minutes for stacks of cable pieces or coils. The computing time required to calculate the
time constants of the ISCCs depends strongly on the number of mutual inductances that are
involved and hence on the number of strands in the cable and the number of cables in the
stack or coil. The CPU time can be significantly reduced by decreasing the number of time
steps and disregarding the mutual inductances between strands- that are located at a
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relatively large distance from each other. The calculation of time constanté, with an
accuracy of about 10%, then takes usually less than a minute CPU time for a 40-strand cable
and up to half an hour for an entire coil with about 40 turns wound from a cable having 30
strands.

In order to calculate the BICCs it is necessary to model the entire cable, which means that
an array with about 5N; 2 variables per twist length has to be solved. In the case of pract1ca1
coils, made of cables having typically 20-40 strands and with a length of the order of 10%-
10* times the cable pitch, this implies that millions of variables have to be solved. Steady-
state calculations are possible but take hours of CPU time. Furthermore, the required large
array sizes of up to several GByte are difficult to handle and, therefore, have to be split in
smaller subarrays which have to be solved subsequently.

Evaluation of time-dependent effects requires large computing times especially for long
cables having many strands. Because the characteristic time of the BICCs depends strongly
on the longitudinal position in the cable (see section 5.4.3), more time steps have to be
taken than in the case of ISCCs. Calculation of the characteristic time 17; of the BICCs in a
14-strand cable with a length of 10 times the cable pitch requires several minutes CPU time,
while it already takes about an hour for a 26-strand cable with a length of 20 times the cable
pitch. A good estimate of 7;; in long cables can be obtained by extrapolating the results
obtained on short cable pieces. In this way, the order of magnitude of 7, can be estimated,
even for an entire coil, if of course the effective strand resistivity and the R,-, R,- and B-
distributions along the cable length are known.

Further extensions of the network model are possible with respect to the thermal behaviour
and electromagnetic stability of the cable. The temperature in each strand section can be
calculated in a similar way as the currents are calculated, if the thermal conductivity and the
heat capacity of the conductor are known as well as the heat transfer coefficients between
the strands and between the strands and the helium (inside and outside the cable).

The effect of the coupling currents on the electromagnetic stability of the cables requires
the use of a non-linear U-I relation of the strands. In section 4.5 it is shown that the ISCCs
could redistribute, without generating a larger power loss, as soon as one of the strand
sections reaches the critical current. The impact of strand saturation, caused by the BICCs
or a non-uniform current distribution, on the current distribution and the dissipated energy
has to be investigated in order to improve the actual picture of stability in multistrand
cables. The effect of strand saturation can be evaluated with the network model presented in
section 4.2 without any further improvements.

The computing times for each simulation will be of the order of hours CPU time, since
the currents for each time step have to be calculated iteratively (due to the non-linear U-I
relation of the strands). A qualitative understanding of the influence of R, and R, on the
electromagnetic stability can be obtained by modelling cables with a small number of
strands.

The principle of the BICCs in combination with the geometry of the cable force that BICCs
will not only occur in and between the strands of a cable but also in and between the
filaments of the strands. The BICCs at strand level are not dealt with in this thesis since
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their impact on the performance of accelerator magnets is probably very small (like the
impact of the interfilament coupling currents is small compared to that of the ISCCs). For
other types of magnets, where R, and R, are large and the cable is exposed to large field-
sweep rates, the BICCs within the strands could play a significant role.

9.2 Restrictions of the contact resistances

During a field sweep, the ISCCs and the BICCs affect the performance of the coil with
respect to the power loss, field distortions and stability. Before winding a coil, the optimum
R,- and R -values have to be estimated, which lead to sufficiently small coupling currents
during (de-)excitation of the coils.

e The effect of R, on the interstrand coupling loss is dealt with in chapter 6. The R -value
can be well specified if the maximum allowable dissipation is known, since the
calculated and measured power losses correspond well.

o The effect of R, on the field distortions caused by the coupling currents is dealt with in
chapter 7. The main field distortions caused by the ISCCs in an accelerator dipole
magnet are the normal-dipole, skew-quadrupole and normal-sextupole components. The
minimum R, can be calculated if the allowable field errors are specified, since the
calculated and measured values of the above-mentioned field errors correspond within a
factor 2. The field distortions caused by the BICCs vary sinusoidally along the magnet
axis with a period equal to the cable pitch. Their magnitudes are hard to assess (since it
is the net result of a superposition of the fields produced by numerous BICCs) but can
easily become one order of magnitude larger than the errors caused by the ISCCs. The
effect of sinusoidally varying field distortions on the particle motion is not well-known
and has to be investigated in order to put constraints on the maximum allowable
magnitude of the BICCs. At present it is thought that the influence of the BICCs on the
particle motion is much smaller than that caused by the filament magnetisation and the
ISCCs, as long as the integral value of the field distortion caused by the BICCs is much
smaller than 10° T.

e Two effects are considered concerning the influence of R, on the electromagnetic

stability of the cable (see chapter 8):

— The coupling currents (especially the ISCCs) cause an energy dissipation (or
interstrand coupling loss, ISCL) which results in a temperature increase of the cable
and, therefore, decrease the temperature margin of the coil. The temperature increase
of the cable can be roughly estimated if R, and the heat transport through the cable
insulation are known.

— The coupling currents (especially the BICCs) affect the current distribution among
the strands which could locally saturate or quench the strands. The magnitude of the
BICC:s is difficult to predict but can be estimated by testing prototype magnets.

It is clear that the ISCL, the field distortions and the stability problems can be decreased by
increasing R, and R.. This does reduce the coupling currents but, on the other hand, could
also reduce the cryogenic stability of the cable against transient heat pulses, since:
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— - an increase in R, can reduce the current redistribution among the strands in the case of a
local transition in a strand section from the superconducting to the normal state,

— coatings, resistive barriers, solder and resin affect the thermal conduction and heat
transport between the cable and the helium and can change the mechanical behaviour of
the cable and could, therefore, change the process of frictional heating and heating in the
cable surroundings.

Both effects are not dealt with in this thesis, since a profound treatment would probably take

several years, but could play a role in the quench behaviour (i.e. in the training curve) of a

coil in the case of small transient heat pulses. A certain optimum in R, should be found for

which the power loss, field errors and stability during ramping can be tolerated without
affecting the cryogenic stability too much.

In the 1 m long LHC dipole model magnets no correlation is observed hetween the
number of training quenches and R.. However, the cables used in these magnets are quite
similar with respect to the strand coating, and all have R.-values between 1 and 6 pQ.
Hence, a correlation can still be present for cables with much smaller or larger R..

The above implies that it is preferable to wind model and prototype coils from cables
having contact resistances which are just largc cnough to reduce the undesired effects
related to the ISCCs (i.e. the effects which can be well predicted), instead of making them
from cables having much smaller or much larger R, and R,. The testing of several model
and prototype coils makes it then possible to estimate the magnitude of the BICCs and their
effect on the stability and the field homogeneity of the magnet. Only if in the coming years:
— the effect of the contact resistances on the stability of the coil will be understood,

— the behaviour and magnitude of the BICCs become more clear and predictable,

it will be possible to specify R, and R, even before constructing the first models.

Of course, the coupling currents can also be reduced by decreasing the field-sweep rate
during excitation. This implies an increase in the ramp time and therefore a decrease in the
effective operating time of the accelerator. It should be investigated whether an increase in
the excitation time would have an effect on the final luminosity at operating field.

The excitation procedure can be improved by using a variable field-sweep rate, being
small at small fields, in order to limit the relative field errors. At intermediate fields the
field-sweep rate can be larger while at large fields it should again be small, in order not to
affect the stability too much.

" The temperature increase of the cable due to the coupling currents cannot only be reduced
by increasing the contact resistances or by reducing the field-sweep rate but, of course, also
by improving the heat transfer through the cable insulation. The constraints on this
improvement are that the cable insulation has to withstand the voltages that occur during a
quench and has to be strong enough to avoid breakage during winding.

Accelerator magnets often have to be de-excitated with a high field-sweep rate in the case of
a quench in one of the series connected magnets. A quench-back in other magnets during
this fast de-excitation has to be avoided but can occur if the ISCL is large and the cooling of
the cable is poor. Additionally, large BICCs will further enhance ramp-rate limitation (i.e.
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reduce the critical field-sweep rate). The mechanisms that influence the ramp-rate limitation
are discussed in chapter 8. The maximum de-excitation rate depends strongly on local
variations in the power loss, cooling properties and BICCs and is therefore very difficult to
predict and quench experiments on prototype magnets are necessary to determine this value
as well as possible variations among the magnets.

9.3 Controlling and measuring contact resistances

Once the minimum R, and R, are specified, it has to be investigated how these values can be
obtained. It is important that R, and R, should not only be limited but, preferably, also be
more or less constant over the cross section of the coils in a magnet. During excitation this
reduces the unexpected field distortions whereas during de-excitation it reduces the
possibility of having locally large energy losses. The R,- and R.-values should also be
reproducible from magnet to magnet in order to facilitate the field-correction methods
during excitation.

The contact resistances depend on various parameters (see section 4.3), and in particular on:
— the pressure on the cable,

— the type of coating,

— the strand deformation,

— the surface conditions and level of oxidation of the strands,

— the temperature and pressure cycle during coil manufacturing.

Large differences in R, of several orders of magnitude are observed if the above-mentioned
parameters are changed. Therefore, the requirement of reproducible R, and R, among the
magnets in an accelerator implies that all the strands and cables have to be produced, stored
and processed by identical and well-controlled methods. Furthermore, also the prestress and
the curing cycle have to be the same for all the magnets.

In accelerator magnets the Rutherford-type cables are highly compacted and often
keystoned in order to attain a high overall current density and to improve the uniformity of
the coils, which is important to reduce training. The high compaction factor causes a large
deformation of the strands and hence a large contact area between the strands which reduces
the contact resistance. The keystoning of the cable probably causes a variation of R, and R,
over the cable width, resulting in the smallest resistances near the smallest edge of the cable.
The magnitude of the ISCCs and the ISCL is dominated by R, and R, in the centre of the
cable, and are, therefore, almost not affected by the keystone angle.

R, and R, can be changed by means of strand coatings or intrastrand barriers. The use of
an (additional) resistive barrier between the two layers in the cable enables to vary R, and
R, independently. Thin sheets of, for example, stainless steel or nickel increase R,
significantly and could make R, more predictable and reproducible.

A first estimate of R, and R, of a cable can be obtained by means of the UI method (see
section 4.10.3) performed on a short cable piece. The method is cheap and fast but
unfortunately quite sensitive to local variations in the contact resistances. Once an idea is
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formed about the type of strand and cable, which would lead to the desired R, and R, a
more accurate determination of the global R, and R, should be made by means of the
calorimetric method (see section 4.10.2) on a short sample with a length at least equal to the
cable pitch. '

For hoth methods it is important to determine R, on a cable piece which is and has been
exposed to the same pressure and temperature cycle as will the cable in the total process
from manufacturing, winding, cool-down and operation. Results of measurements have
demonstrated that R, in a coil is, in first approximation, independent of the temperature
(between 1.9 and 4.3 K), the magnetic field and the Lorentz force on the cable during
operation..

9.4 Effect of coupling currents in other magnets

Detailed knowledge of the electrodynamic properties of the cable are essential for magnets,
wound of large-size cables, which need to have a high field homogeneity (such as beam-
guiding magnets), or are subject to a large field-sweep rate (such as fusion magnets, pulsed
SMES systems and AC generators). The emphasis in this thesis is on Rutherford-type cables
as used in accelerator dipole magnets, but a similar analysis of the electrodynamic
properties can be made for other types of magnets as well.

For all coils made of Rutherford-type cables, the formulas at strand and cable level remain
unchanged. The steady-state ISCCs and ISCL in each turn of a coil can be calculated by
using the expressions given in section 4.4.1, while the time constants of the ISCCs in a
cable and stack cables are given by egs.4.31 and 4.39. The total ISCL in the coil is
obtained by summation over all the turns. The field errors caused by the ISCCs can be
calculated using the approach given in section 7.2. By doing so, both the ISCL and the field
caused by the ISCCs can be estimated within about 20% (for given R, and R.), which is
often smaller than the accuracy by which the contact resistances are determined.

A qualitative estimate of the BICCs can be made according to the expressions given in
sections 5.4.2-5.4.4 and the approach given in section 5.4.5. However, since the cause and
the magnitude of the effective strand resistivity are both unknown, it remains necessary to
test model magnets to quantify the BICCs and their effect on the magnet performance.

For coils made of other types of cables, the discussion of the interfilament coupling and
filament magnetisation remains unchanged. The different internal configuration of the cable
requires a same type of modelling, however with a different cable-specific network, in order
to calculate the ISCCs and BICCs. Hence, the network model as discussed in section 4.2 has
to be modified accordingly. In general, the expressions for the coupling currents, power
losses and time constants will be qualitatively similar but quantitatively different due to the
different geometry.

Fig. 1.3 can be well used as a guideline in the design of cables and magnets of which the
performance is susceptible to coupling currents, power losses and field distortions, or
magnets of which the operation margin is likely to be strongly reduced due to coupling
currents and power loss.
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n" relative skew multipole component
enclosed surface

n™ multipole skew component
cross-section of a strand

n® relative normal multipole component
magnetic field

applied magnetic field

field caused by the BICCs

critical magnetic field

field caused by the coupling currents
central field in the aperture of a magnet
field caused by geometrical deviations
induced field

field caused by the IFCCs

injection field

field caused by the ISCCs

field caused by the filament magnetisation
n™ multipole normal component

field caused by a NUCD

penetration field

quench field

field in the interior of a strand

field caused by the transport current
constant in the Kim relation

diameter filament

diameter strand

diameter of the outer layer of filaments in a strand
electric field

electric field caused by the dynamic resistance
frequency

height of a cable (thick edge and thin edge)
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surface current density

net interfilament coupling current
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quench current obtained without/with a precycle
coupling current in a strand

total strand current

transport current

transport current in a cable

transport current in a strand
maximum transport current in a strand
constants in the Kim relation

current density

critical current density

transport current density

cable length
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harmonic component
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n-value of the resistive transition
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number of cable pieces in a stack

number of bands for the calculation of mutual inductances

number of strands in a cable
number of turns in a coil

packing factor of a cable

power loss

power loss in the resistances R,
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power loss in the connections
power loss in the strands
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Nomenclature

P, . power loss in the wedges

q effective thermal-conductivity coefficient
Ohys hysteresis loss

Oy interfilament coupling loss

Qi interstrand coupling loss

Oior total loss

r radius

ro reference radius

R resistance

R, contact resistance between adjacent strands
R, contact resistance between crossing strands
R ur R -value determined by the Ul method
R resistance of the matrix

R, strand resistance

t time

1y ~ decay time

tn time at the discrete step m

t, ramp time

T temperature

T, helium bath temperature

T. cable temperature

Tc critical temperature

Ty field factor of a magnet

U voltage

U.. voltage between the strands at both edges of a cable
Uina induced or inductive voltage -

Uz resistive voltage

U voltage over a strand

V1, Vo, v3  volume fractions

\% volume

w width of a cable

X2 cartesian coordinates

X0, Yo reference point

Greek symbols

Ceond aspect ratio of a monolithic conductor

oy keystone angle

Oy aspect ratio of a cable

(o) aspect ratio of a cable having strands with a round cross-section
o, coefficient of magnetoresistivity

B field geometry factor for the ISCCs

Bp field geometry factor for the ISCL
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field geometry factor at a strand position
volumetric proportion of superconductor in a composite
angle (see Figs. 4.1 and 2.2a)

copper to superconductor (Cw/SC) ratio
thermal conductivity coefficient of copper
thermal conductivity coefficient of a cable insulation
permeability

effective permeability

permeability of vacuum

characteristic length of the BICCs
resistivity of copper

effective transverse resistivity of a strand
effective resistivity of a cross contact
matrix resistivity

effective resistivity of a strand

stress

time constant

characteristic time of the BICCs

time constant of the IFCCs

time constant of the ISCCs

angle (see Figs. 3.5 and 4.1)

angular frequency (=27xf)

Common subscripts

1
i
a

Str
st
tot
tr

normal component
parallel component
between adjacent strands
average
boundary-induced
between crossing strands
cable

effective

turn number
interfilament

interstrand

magnet

strand

stack

total

transport

rad s’




Nomenclature

Abbreviations

Al, A2

AT1, A12, A21, A22
B1,B2,...,B6
BICC

FPC

H12, H3, H4, HS5, H67
IFCC

ISCC

IFCL

ISCL

LHC

NUCD

PBD

PC

RPC

RRL

SA

TA

WBD
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Nomenclature of the apertures (see Fig. 6.4)
Nomenclature of the poles (see Fig. 6.4)
Block numbers (see Fig. 2.2b)
Boundary-Induced Coupling Current

Fixed Pick-up Coil (see scetion 7.6)
Pick-up coils (see section 7.7)
InterFilament Coupling Current
InterStrand Coupling Current
IntesFilament Coupling Loss

InterStrand Coupling Loss

Large Hadron Collider

Non-Uniform Current Distribution

Pink Book Dipole magnet (see Table 2.1)
Persistent Current

Rotating Pick-up Coil (see section 7.6)
Ramp Rate Limitation

Single-Aperture

Twin-Aperture

White Book Dipole magnet (see Table 2.1)







Samenvatting (Summary in Dutch)

In circulaire versnellers worden de °deeltjesbundels met dipoolmagneten in hun
evenwichtsbaan gehouden en met quadrupoolmagneten rond deze evenwichtsbaan
gefocusseerd. Verhoging van het dipoolveld is essenticel om de botsingsenergie van
versnellers te verhogen. Op het CERN is momenteel de Large Hadron Collider (LHC) in de
ontwerpfase. De LHC zal ongeveer 1100 supergeleidende dipoolmagneten bevatten met een
veldsterkte van 8-9 T en een lengte van 14 m. De platte (of Rutherford) kabels, waarmee de
spoelen van deze magneten zijn gewikkeld, bestaan uit getwiste draden (of strands), die zijn
opgebouwd uit getwiste supergeleidende filamenten, ingebed in een kopermatrix.

In een versneller worden de dipoolmagneten opgeregeld van het injectieveld, het veld
waarbij de deeltjes vanuit een voorversneller worden geinjecteerd, tot het operatieveld. Als
gedurende de werking van de versneller een magneet quencht, d.w.z. zijn supergeleidende
eigenschappen verliest, wordt de stroom door deze magneet uitgekoppeld en vervolgens met
alle in serie geschakelde magneten snel afgeregeld. Tijdens het op: en:afregelen staan de
kabels bloot aan een veldvariatie B, waardoor verschillende typen Zs.fschermstromen in de
kabel worden geinduceerd. Centraal in dit proefschrift staat de vradg in welke mate deze
stromen de werking van supergeleidende magneten beinvioeden. Hoewel het onderzoek is
toegespitst op de dipoolmagneten ten behoeve van LHC, zijn de resultaten ook toepasbaar
op andere typen spoelen die van Rutherford kabels zijn gemaakt. De uitgewerkte modellen
zijn tevens geldig voor spoelen die gewonden zijn van andere typen kabels.

De verschillende aspecten van de strand, de kabel en de magneet welke in het algemeen van
invloed zijn op de elektrodynamika van de kabel worden besproken. Hierbij wordt ingegaan
op de struktuur, produktiewijze, veld- en krachtverdeling, kabelconnecties en quenchgedrag
van de magneten alsmede de struktuur van de kabels en de strands. Vervolgens worden de.
afschermstromen op strandniveau en kabelniveau behandeld die experimenteel zijn
onderzocht aan de hand van metingen aan korte stukken geleider.

In de daarop volgende hoofdstukken wordt de invloed van deze stromen op de werking
van versnellerdipoolmagneten onderzocht. Drie aspecten komen hierbij aan de orde: het
energieverlies, de veldfouten en de stabiliteit. Deze aspecten worden theoretisch behandeld
en zijn experimenteel geévalueerd voor 11 LHC dipool modelmagneten van zowel 1 m als
10 m lengte. S

Stroomverdeling in strands.

e ‘Persistent Currents (PCs)’. De PCs stromen binnenin de filamenten van de strands en
schermen het binnenste gedeelte van de filamenten ten dele af tegen een extern veld.
Deze stromen blijven bestaan nadat het externe veld constant geworden is.

o ‘Interfilament Coupling Currents (IFCCs)’. De IFCCs stromen in de filamenten van de
strands en via de normaal-geleidende matrix. Hierbij schermen zij het binnenste gedeelte
van de strand af tegen de externe veldverandering. De IFCCs lopen door de filamenten

245



Om de verliezen, veldfouten en stabiliteit in de magneten ten gevolge van de PCs en de
IFCCs te qQuantificeren, zijn deze twee stromen in eep aantal strands bepaald door meting
van de magnetisatie ip €en variérend Mmagneetveld. Tevens is nhagegaan of de stromen i
aanliggende strands van eenzelfde kabel elkaar onderling beinvloeden

Stroomverdeling in kabels,

In kabels waarin de strands onderling elektrisch contact maken zuljep stromen in en tussen
de strands van de kabel geinduceerd worden die het binnenste gedeelte van de kabel ten
dele afschermen van de externe veldverandering. Met toenemende botsingsenergie van
versnellers nemen tevens de afmetingen van de kabels toe, hetgeen grotere afschermstromen
op kabelniveay tot gevolg heeft. De PCs en IFCCs zijn daarentegen vrijwel onathankelijk
- van de kabelgeometrie,

De Stroomverdeling in de Strands van een kabe] ig berekend met behulp van een
Computerprogramma waarin de kabe] is gemodelleerd middels een elektrisch netwerk van
knooppunten verbonden door middel van strand-secties en contactweerstanden tussen
aanliggende en kruisende strands, Belangrijke vegbeteringen vergeleken met bestaande
modellen zijn de mogelijkheden om tijdaﬂlankelijk gedrag te onderzoeken ep om
onge]ijkmatige ruimtelijke verdelingen in de kabelparameters €n externe factoren op te
leggen. De stroomverdeling bestaat uit drie bijdragen:

per strand wanneer de Strands verschillende

serieweerstanden hebben, veroorzaakt door inhomogene soldeerverbindingen tussen
kabels onderling of tussen kabels en stroomtoevoerdraden,

¢ ‘Interstrand Coupling Currents (ISCCs)’, De ISCCs stromen door de contactweer-

standen en in de strands over een karakteristieke lengte gelijk aan de twistlengte van de

Strands. Speciale aandacht wordt besteed aan de tijdconstanten van deze koppelstromen

waarin een 1.3 m lange rechte kabel is onderworpen aan eep lokale veldverandering en -

plaatselijk is voorzien van lagere contactweerstanden. Hiermee is het bestaan van BICCs
in én enkele kabe] voor het eerst experimentee] aangetoond,
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Invloed van de stroomverdeling op de werking van magneten.

Energieverlies. In een versneller zal iedere warmte-ontwikkeling in de magneten
uiteindelijk gecompenseerd moeten worden door de cryogene installatie. Naast de
bundelverliezen, de warmte-inlek en de resistieve verliezen in de kabelconnecties
ontstaat een bijkomend verlies gedurende excitatie. Dit verlies bestaat voornamelijk uit
het hystereseverlies inherent aan de PCs en het koppelverlies ten gevolge van de IFCCs
in de matrix en de ISCCs en—BICCs in de contactweerstanden. Elektrische
verliesmetingen aan 11 LHC magneten zijn uitgevoerd om de verschillende bijdragen te
bepalen en om verschillen tussen de magneten en tussen de vier polen van een magneet
te onderzoeken.

Veldfouten. In versnellermagneten kunnen veldfouten resulteren in een instabiele
deeltjesbeweging en dientengevolge in hogere bundelverliezen en een lagere
luminositeit. In dit proefschrift gaat de aandacht voornamelijk uit naar de veldfouten die
door de koppelstromen veroorzaakt worden. Het veld als gevolg van de IFCCs is
verwaarloosbaar is ten opzichte van de velden veroorzaakt door de ISCCs en de BICCs.
De ISCCs genereren velden die vrijwel constant zijn over de lengterichting (z) van de
magneet en waarvan de multipoolcomponenten afhangen van de grootte en de verdeling
van R, over de dwarsdoorsnede van de spoel. De BICCs resulteren in veldfouten die
sinusvormig variéren over de lengte van de magneet. De ddor de koppelstromen
gegenereerde velden zijn in de boring van een viertal LHC magneten gemeten. De
verschillende veldcomponenten zijn gescheiden na evaluatie van de tijdconstanten en de
B- en z-afhankelijkheden van de stromen. '

Stabiliteit van de geleider. Temperatuurstijgingen van de kabel en lokaal hogere
stromen dan gemiddeld resulteren in een kleinere marge tussen de lokale stroom en de
kritiecke stroom. Dit betekent dat de stabiliteit van de geleider afneemt zodat
kortstondige externe warmtepulsen eerder tot een quench kunnen leiden. De afname van
de stabiliteit ten gevolge van de koppelstromen is onderzocht aan de hand van de
reductie van de quenchstroom als functie van B. In combinatie met de resultaten van de
verliesmetingen is de temperatuur van de kabel als functie van het koppelverlies
berekend. Tevens is de effectieve warmteoverdracht tussen de kabel en het helium
bepaald en is de te verwachten temperatuurstijging van de kabel ten gevolge van
bundelverliezen afgeschat.

In het afsluitende hoofdstuk worden de mogelijkheden van het modelleren van stroom-
verdelingen in kabels met behulp van een netwerk model kort besproken en worden de’
restricties ten aanzien van de contactweerstanden samengevat. Het specificeren van een
minimale waarde van de gemiddelde contactweerstand in de kabels is vereist om grote
verliezen en veldfouten ten gevolge van de koppelstromen te vermijden. Tevens moeten de
contactweerstanden zo constant mogelijk zijn over de dwarsdoorsnede van de spoelen en
over alle magneten in de versneller om:

— lokale vermindering van de stabiliteit (als gevolg van de ISCCs en BICCs) zo veel

mogelijk te voorkomen,

— de veldcorrectie (als gevolg van de ISCCs en BICCs) te vereenvoudigen.
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