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SYLLABUS

The quest for elementary particles has promoted the development of particle accelerators

producing beams of increasingly higher energies. In a synchrotron, the particle energy is

directly proportional to the product of the machine's radius times the bending magnets' field

strength. Present proton experiments at the TeV scale require facilities with circumferences

ranging from a few to tens of kilometers and relying on a large number (several hundred to

several thousand) high field dipole magnets and high field gradient quadrupole magnets. These

electro-magnets use high-current-density, low-critical-temperature superconducting cables and

are cooled down at liquid helium temperature. They are among the most costly and the most

challenging components of the machine.

After explaining what are the various types of accelerator magnets and why they are

needed (lecture 1), we briefly recall the origins of superconductivity and we review the

parameters of existing superconducting particle accelerators (lecture 2). Then, we review the

superconducting materials that are available at industrial scale (chiefly, NbTi and Nb3Sn) and

we explain in details the manufacturing of NbTi wires and cables (lecture 3). We also present

the difficulties of processing and insulating Nt>3Sn conductors, which so far have limited the

use of this material in spite of its superior performances. We continue by discussing the two-

dimensional current distributions which are the most appropriate for generating pure dipole and

quadrupole fields and we explain how these ideal distributions can be approximated by so-

called cos0 and cos20 coil designs (lecture 4). We also present a few alternative designs

which are being investigated and we describe the difficulties of realizing coil ends. Next, we

present the mechanical design concepts that are used in existing accelerator magnets (lecture 5)

and we describe how the magnets are assembled (lecture 6). Some of the toughest

requirements on the performance of accelerator magnets are related to field quality. Lecture 7

summarizes the different sources of field errors (lecture 7). We follow by a brief overview of

the cooling schemes which have been implemented in the various accelerator rings and we

discuss the issues related to quench performance (lecture 8). Finally, we detail the quench

protection schemes which are needed to ensure safe operations of the magnets (lecture 9).
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LECTURE 1:
MAGNET SYSTEMS FOR LARGE

CIRCULAR ACCELERATORS
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1.1 On the need of high energy accelerators
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ON THE NEED OF HIGH ENERGY
ACCELERATORS

- The main activity in nuclear and high
energy physics is the study of the internal
structures of charged particles.

- The research is carried out by smashing
particles into pieces and by analyzing the nature
and characteristics of the pieces.

- The particles are broken by accelerating
them to high momenta and either by blasting
them against a fixed target or by colliding them
among themselves.

- To achieve high event rates, the particles
are bunched together and the bunches are
formatted into high intensity beams.

- The more elementary the particles, the
higher the energy needed to smash them:
experiments at the proton scale require beam
energies of the order of 1 TeV or more (1 TeV «
1.6 10-7 J).
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1.2 Accelerator types

_ WW

Lecture 1 - 9



ACCELERATOR TYPES

There are two main types of accelerators:

• Linear Accelerators (linacs)

In a linac, the charged particles travel along a
mostly straight trajectory and go successively through
a large number of accelerating stations.

Example: The 2-mile-long linac at Stanford
Linear Accelerator Center (SLAC), capable of
producing electron or positron beams with energies up
to 50 GeV.

• Circular Accelerators

In a circular accelerator, the beam is circulated
many times around a dosed orbit.

A circular accelerator only relies on a few
accelerating stations, through wich the charged
particles go at every turn, but it requires a large
number of guiding elements which are distributed
over the accelerator arcs.

Example: The Large Electron Positron (LEP)
Collider at the European Laboratory for Particle
Physics (CERN). It has a 27 km circumference and is
operated as an electron/positron collider with an
energy of about 100 GeV per beam.

Lecture 1 - 11
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ACCELERATOR CHAINS

- The most powerful machines are made up
of several stages, which progressively raise the
beam energy.

- Each stage is a fully fledged accelerator
which can be of either type.

Example: The CERN Accelerator Complex.
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CERN Accelerators

4LEPH OPAL

electrons
positrons
protons
antiprotnos
Pbkms L£YDiv.PS 02.09.96

LEP: Large Electron Positron Collider
SPS: Super Proton Syachrotroii
AAC: Antiproton Accumulator Complex
ISOLDE: isotope Separator Online Device
PSB: Proton Synchrotron Booster
PS: Proton Synchrotron

LPI: Lep Pre-Injector
EPA: Electron Positron Accumulator
LDL: Lep Injector Lioac
LINAC: linear Accelerator
LEAR: Low Energy Antiproton Ring
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CERN ACCELERATOR RINGS

Protron Synchrotron Booster (PSB)

- Diameter: 50 m

- Maximum Proton Energy: 1 GeV

Protron Synchrotron (PS)

- Diameter: 200 m
- Maximum Proton Energy: 26 GeV

- Commissioning: 1959

Super Proton Synchrotron (SPS)

- Circumference: 6.9 km
- Tunnel Depth: 25 to 65 m
- Maximum Proton Energy: 450 GeV
- Commissioning: 1976

Large Electron Positron (LEP) Collider
- Circumference: 27 km
- Tunnel Depth: 50 to 150 m
- Maximum Energy (per beam): 100 GeV
- Commissioning: 1989
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LHC AT CERN

- In December 1994, CERN has approved the
construction in the LEP tunnel of the Large
Hadron Collider (LHC).

- LHC will be a proton/proton collider with a
maximum energy of 7 TeV per beam that will use
the PSB, PS and SPS as injector chain.

- Commissioning is planned for 2005.

Lecture 1 - 17



LEP EXPERIMENTS AT CERN

- The electron and positron beams of LEP are
designed to collide at four interaction points.

- Each of the four interaction points are
surrounded by experiments, made up of a large
magnet system embedded in numerous arrays of
detectors.

Example: The ALEH experiment includes a 7-m-
long, 5-m-inner-bore superconducting solenoid,
producing a 1.5 7 central field with a stored energy of
140 MJ.

Lecture 1-18
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1.3 Synchrotron-type accelerators
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ACCELERATOR MAIN RING

- In this series of lectures, we only consider
accelerator systems whose last stage is a closed-
orbit ring and we limit ourselves to the study of
the guiding elements distributed over the ring
arcs.

- Such a ring is operated in three phases:

• Injection, during which the beam, which has
been prepared in various pre-accelerators, is injected
at low energy,

• Acceleration, during which the beam is
accelerated to nominal energy,

• Storage, during which the beam is circulated
at nominal energy for as long as possible and is made
available for physics experiments.

- Such a ring can be used for two types of
experiments:

• Fixed-target experiments, for which a single
beam is extracted from the main ring to be blasted
against a fixed target,

• Co Hi ding-be am experiments, for which two
counter-rotating beams are blasted at each other.

Lecture 1-27



SYNCHROTRON-TYPE
ACCELERATORS

- The main ring of an accelerator chain is
designed as a synchrotron-type acceler-
ator where the beam is circulated on a closed
orbit which remains the same throughout
injection, acceleration and storage.

- It includes a small series of accelerating
elements, which are located in one ring section,
and through which the charged particles go at
every turn.

- It also includes a large number of
guiding elemente, which are distributed over the
ring arcs, and which are used to circulate and
control the beam around its design orbit.
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ACCELERATION

- The charged particles are accelerated by
means of electric fields.

- The force, F o exerted by an electric field,
E, on a charge, q, is given by Coulomb's law

—>
Fc = q E

and results in an acceleration parallel to E.

- In most particle accelerators, the
accelerating stations are made up of Radio
Frequencies (RF) cavities which can be
superconducting.

Example: 12-m-long superconducting RF cavity
modules for LEP2 at CERN. The modules are made up
of 4 sections of 4 quasi-spherical cells, with an
operating electric field of 6 MV/m.
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BENDING

- The particle beam is guided and focused by
means of magnetic flux densities.

- The force, FL, exerted by a magnetic flux
density, B, on a charge, q, traveling at a velocity,
v , is given by Lorentz1 law

—>
= q v x B

It is perpendicular to the direction of v and B
and its only action is to bend the particle
trajectory.

- In synchrotron-type accelerators, the
magnetic flux densities are provided by
electromagnets distributed around the ring.

Example: 6-m-long superconducting magnets for
the Tevatron at Fermi National Accelerator Laboratory
(FNAL).

Lecture 1 - 32



Lecture 1 - 33



CIRCULAR ORBIT

- If v and B are perpendicular, the particle
is deviated on an arc of a circle tangent to v and
of radius, %, which can be estimated as

x * 0.3 qe B

Here, % is in meters, B is the amplitude of B in
teslas, cje is the particle charge in units of
electron charge, and £Gev is the particle energy
in giga electron volts (GeV).

- The above equation shows that, to maintain
a constant radius of curvature as the particle is
accelerated, B must be ramped linearly with

Lecture 1-34



BEAM ENERGY VERSUS
BENDING RADIUS

- Let us use the equation for % to dimension a
10 TeV proton accelerator:

Low Field
Med. Field
High Field

B(T)

2
6

10

X (km)

16.7
5.6
3.3

Circumf.
(km)
105
35
21

- This simple computation shows that when
designing a large synchrotron-type accelerator a
trade-off must be found between the availability
of land and the tunnelling costs, on one hand,
and the faisability and the costs of the
electromagnets, on the other hand.
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BEAM ENERGY VERSUS
BENDING RADIUS (CONT.)

- For the LHC at CERN, the x-value is limited
by the radius of curvature of the existing LEP
tunnel.

- In the present (1999) design, % is worth
2784.32 m and the magnetic flux density of the
bending magnets in the storage/collision phase
is set to 8.386 T.

- It follows from that the maximum proton
energy is 7000 GeV.
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1.2 Accelerator tvpes

1.4 Layout of large circular accelerators
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MAGNET LATTICE

- The main ring of an accelerator system
includes a large number of electromagnets
which are distributed over its arcs. These
magnets have two main functions:

• Bending of the beam on a closed and
constant orbit,

• Focusing of the beam to achieve a proper
size and intensity.

- In large machines, the bending and
focusing functions are separated: the former is
provided by dipole magnets whereas the latter is
provided by pairs of focusingl defocusing
quadrupole magnets.

- The magnets are arranged around the ring
arcs in a regular lattice of cells, each made up of
a focusing quadrupole, a string of bending
dipoles, a defocusing quadrupole and another
string of bending dipoles.

- Several correction magnets are also
implemented within each cell to allow better
control of the beam optics.

Example: Present (1999) magnet lattice for the LHC
arcs.
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LHC LAYOUT

- The LHC ring is divided into 8 bending arcs
separated by 8 qtiasi-straight insertion regions.

- The ring circumference is 26658.883 m and
the length of the insertion regions is about
528 m.

- The two counter-rotating proton beams are
circulated around the eight arcs and cross at the
middle of four of the insertion regions.

- The accelerating RF cavities are located in
one of the insertion regions where the beams do
not cross.

- The points where the two beams cross are
referred to as interaction points and the space
around them is available for physics
experiments.

Lecture 1-40
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LHC ARCS

- Each of the 8 bending arcs includes 23
magnet cells, and each cell is made up of 6
dipole magnets, 2 qtiadrupole magnets and
several corrector magnets.

- The arc dipole and quadrupole magnets
have two apertures, one for each beam, and are
referred to as twin-aperture magnets.

- The arc dipole magnets are 14.2 m long and
the arc quadrupole magnets are 3.1 m long. The
cell length is of the order of 106.9 m.
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LHC INSERTION REGIONS

- In addition to the arc dipole and
quadrupole magnets and to the arc corrector
magnets, an accelerator such as the LHC
includes a number of other electromagnets,
which are used to handle the beams in the
insertion regions.

- In particular, there are sets of strongly
focusing quadrupole magnets located near the
interaction points.

- The design and fabrication of the insertion
dipole and quadrupole magnets are similar to
those of the arc dipole and quadrupole magnets.
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LHC EXPERIMENTS

- At present (1999), two high energy physics
experiments are being developed for the LHC:

• ATLAS, which stands for Air core Toroid for
Large Acceptance Spectrometer, and includes a large
toroid, made up of 8 racetrack-type coils, which are
25 m long and produce a useful field of 1 T for a total (8
coils) stored energy of 1.1 GJ. (The peakfield on the
conductors is of the order of 4 T.)

• CMS, which stands for Compact Muon
Solenoid, includes a 12.5-m-long solenoid with an inner
bore of 6 m, which produces a useful field of 4 T for a
stored energy of 2.7 GJ. (The peakfield on the
conductors is of the order of 4.6 T.)

- The technology of detector magnets is very
different from the technology of accelerator
magnets and will not be discussed in the present
lectures.
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MAGNET SUMMARY

- A machine such as the LHC requires a large
number of superconducting magnets of various
kinds.

- These magnets are by far the most
challenging and the most costly items of the
accelerator.

- They must be as reliable and as cost-
effective as possible.
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Table 1: Total number of magnets

Name

MB
MBS

MBT

MBRS

MBRT

MBW

MQ
MQR

MQL
MQLT

MQX

MQXT

[MQY

MOW

MOS

MSCBH

MSCBV

MO

MCB

MCBM

MCBX

MCBY
MCBW

MCQS

MCS

MCD

MCDD

MCDDS;

Equipment description

Arc dipole

Separation dipole

; Separation dipoie

SeDaration diooie

Separation dipole

Warm separation dipoie

•

Arc quadrapole

RF quadrapole
DS quadrapole

DS trim quadrupole

Inner triplet quadrupole

Inner triolet trim auadruooie

Wide aperture quadrupole

Cleaning warm quadrupole

Skew quadrupole

Arc sextupole/dipole corrector (horizontal)

Arc sextupole/dipole corrector (vertical)

Arc octupole

Dipole corrector

Mid-arc dipole corrector

Inner triples (h/v) dipoie corrector

Wide aperture dipole corrector

Warm dipole corrector

Inner triplet (a2) corrector ;

Sextupoie corrector

Decapoie corrector

Inner triplet (b6) corrector

Inner triplet (a6) corrector •

Total Number

1232

8

8

8 '

16

3861

24

112 :

68
32

16

6 i

48

96

360

36?
« • • • »

360

228 !

16

16

8

2- 1
8 1

— i
2464 1

16 |

8 |

179
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COORDINATE SYSTEM
DEFINITIONS

**•" *̂  *̂
- Let (Q, X, Y, Z ) designate a rectangular

coordinate system, and let us consider an
accelerator ring whose design orbit is planar and
is located in the (Q, X, Z ) plane.

- Let O be a given point of the design orbit,
and let (O, x , y , z ) designate a rectangular
coordinate system associated with O, such that
y and Y are one and the same and z is tangent
to the design orbit at O.

- In the following:

• The x-axis defines the horizontal direction,

• The y-axis defines the vertical direction,

• The z-axis corresponds to the main direction
of particle motion.
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COORDINATE SYSTEM
DEFINITIONS (CONT.)
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NORMAL DIPOLE MAGNET

- An ideal normal dipole magnet whose
center is positioned at O is a magnet, which,
within its aperture, produces a two-dimensional
magnetic flux density parallel to the ( x , y)
plane and such that

Bx = 0 and By =

where Bx and By are the x- and y-components of
the magnetic flux density and Bt is a constant
referred to as the dipole field strength (in teslas).
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FIELD LINES OF AN IDEAL
NORMAL DIPOLE MAGNET

o

- The field lines of an ideal normal dipole
magnet are straight lines parallel to the y-axis.
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EFFECT OF A NORMAL DIPOLE
MAGNET ON A BEAM

OF CHARGED PARTICLES

- A charged particle traveling along the
direction of the z-axis through the aperture of a
normal dipole magnet of length, Id/ describes an
arc of circle parallel to the horizontal ( x , z )
plane.

- This effect can be compared to that of a
prism on a light ray.
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BENDING ANGLE
OF A NORMAL DIPOLE MAGNET

OB

- The angular deflection, <p, of the particle
trajectory can be estimated as:

0.3 ld h<p »

where </> is in radians, h and % are in meters, qQ is
in units of electron charge, Bi is in teslas, and
£cev is in GeV.

Lecture 1-62



BENDING ANGLE
OF LHC ARC DIPOLE MAGNETS

- For the storage/collision phase of the LHC
at CERN, we have:

B1 = 8.386 T, ld = 14.2 m, and £Gev * 7000

- It follows that a single arc dipole magnet
bends the proton trajectory by an angle:

0 3 qe Bt h . - •^ 1 _ 52 mrad

- A full (2n) rotation requires a number, Nd, of
dipole magnets, where:

2%
Nd = — * 1232t
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NORMAL QUADRUPOLE MAGNET

- An ideal normal quadrapole magnet whose
center is positioned at O is a magnet, which,
within its aperture, produces a two-dimensional
magnetic flux density parallel to the (x , y)
plane and such that

Bx = gy and By = g x

where ^ is a constant referred to as the
quadrupole field gradient (in teslas per meter).
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FIELD LINES OF AN IDEAL
NORMAL QUADRUPOLE MAGNET

- The field lines of an ideal normal
quadrapole magnet are hyperbolae of center O
whose asymptotes are the first and second
bisectors.
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EFFECT OF A NORMAL
QUADRUPOLE MAGNET

ON A BEAM
OF CHARGED PARTICLES

Qoadmpoie
Magnet

- A beam of positively charged particles
traveling along the direction of the z-axis through
the aperture of an ideal normal quadrupole
magnet with a positive gradient is horizontally
focused.

- This effect is similar to that of a focusing
lens on a light ray.
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EFFECT OF A NORMAL
QUADRUPOLE MAGNET

ON A BEAM
OF CHARGED PARTICLES (CONT.)

F,
Quadrupole

ro

- A beam of positively charged particles
traveling along the direction of the z-axis through
the aperture of an ideal normal quadrupole
magnet with a positive gradient is vertically
defocused.

- This effect is similar to that of a de focusing
lens on a light ray.
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FOCUSING/DEFOCUSING
QUADRUPOLE MAGNETS

- In summary, a beam of positively charged
particles traveling along the direction of the z-
axis through the aperture of an ideal normal
quadrupole magnet is horizontally focused and
vertically defocused when g is positive.

- Conversely, the beam is vertically focused
and horizontally defocused when g is negative.

- In reference to its action along the x-axis
(on a beam of positively charged particles
traveling in the positive z-direction), a magnet
with a positive gradient is called a focusing
quadrupole magnet, while a magnet with a
negative gradient is called a defocusing
quadrupole magnet.

- To obtain a net focusing effect along both x-
and y-axes, focusing and defocusing quadrupole
magnets must be alternated in the magnet
lattice.
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FOCAL LENGTHS OF NORMAL
QUADRUPOLE MAGNETS

- By analogy with optical lenses, the focusing
effect of a normal quadrupole magnet of length,
1^ can be characterized by the focal length, f,
given by

- Similarly, the defocusing effect of a normal
quadrupole magnet can be characterized by the
focal length,/', given by

Here / and / ' are taken from the magnet end
where the beam ex
gradient defined as
where the beam exits and *cg is the normalized

where % is in (rad/m)2, qe is in units of electron
charge, g is in teslas per meter, and
is in GeV.
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FOCAL LENGTHS OF LHC
ARC QUADRUPOLE MAGNETS

- For the storage/collision phase of the LHC
at CERN, we have:

g = 223 T/m, lq = 3.1 m, and £cev * 7000

- It follows that

KS « 0.01 (rad/m)2

fx * 32.7 m

fY « - 34.8 m

- The LHC arcs count a total number of 386
quadrupole magnets.
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LECTURE 2: SUPERCONDUCTIVITY
APPLIED TO PARTICLE

ACCELERATOR MAGNETS

2.1 Why superconductivity? 2-3

2.2 Origin of Superconductivity and critical
temperature 2-9

2.3 Magnetic states of superconductors and
critical fields 2-27

2.4 Transport properties of superconductors
and critical current density 2-51

2.5 Critical State Model 2-63

2.6 Review of superconducting particle
accelerators 2-85

2.7 Prominent features of superconducting
accelerator magnets 2-107

2.8 Superconducting accelerator
magnet R&D 2-119
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WHY SUPERCONDUCTIVITY?

- For a synchrotron-type accelerator, the
particle energy is directly related to the product
(xB), where % is the bending radius and B is the
bending magnetic flux density.

- To achieve higher energies, one must
increase either the accelerator radius or the
strength of the arc dipole magnets (or both).

- Increasing the bending radius means a
longer tunnel, while increasing the bending
magnetic flux density above 2 T implies the use
of superconducting magnets.

- The trade-off between tunneling costs,
magnet development costs and accelerator
operating costs is, since the late 1970fs, in favor
of using superconducting magnets generating
the highest possible fields and field gradients.
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WHAT IS SUPERCONDUCTIVITY?

- Superconductivity is a unique property
exhibited by some materials at low temperatures
where the resistivity drops to zero.

- As a result, materials in the
superconducting state can transport current
without power dissipation by the Joule effect.

Lecture 2 - 6



ADVANTAGES OF
SUPERCONDUCTIVITY

- Superconductivity offers at least two
advantages for large magnet systems such as
those needed in high energy accelerator rings:

• A significant reduction in electrical power
consumption,

• The possibility of relying on much higher
overall current densities in the magnets coils.
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DRAWBACKS OF
SUPERCONDUCTIVITY

- There are at least three drawbacks in using
superconducting magnets:

• Superconductors generate magnetization
effects which result in field distortions that have to be
corrected (see lecture on field quality),

• To reach the superconducting state, the
magnets must be cooled down and maintained at low
temperatures, which requires large cryogenic systems
(see section on magnet cooling).

• It can happen that an energized magnet,
initially in the superconducting state, abruptly and
irreversibly switches back to the normal resistive state
in a phenomenon referred to as a quench (see lecture
on quench performance).

The occurrence of a quench causes an
instantaneous beam loss and requires that all or part
of the magnet ring be rapidly ramped down to limit
conductor heating and possible damage (see section
on quench protection).

Once the quenching magnet is discharged, it
can be cooled down again and restored into the
superconducting state, and the machine operations
can resume.

A quench is seldom fatal but is always a serious
disturbance. All must be done to prevent it from
happening and all cautions must be taken to ensure
the safety of the installation when it does happen.
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NORMAL CONDUCTORS

- Metals and alloys of metals are conductors
of electrical current.

- In a simple model, a normal metal can be
represented by a lattice of positively charged
ions, connected with each other by springs,
through which free electrons flow.

- The free electrons move at velocities of the
order of the Fermi velocity, v?.
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RESISTANCE
OF NORMAL METALS

AT ROOM TEMPERATURE

- At room temperature, the ions of the lattice
are oscillating around their positions (thermal
motion) and, from time to time, the free
electrons flowing through the lattice hit the ions.

These repeated shocks reduce the
electrons1 momenta and increase the ions'
vibrations.

- For an external observer, the lattice's ions
oppose a resistance to the flow of current and
the metal heats up.
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RESISTANCE
OF NORMAL METALS

AT LOW TEMPERATURES (CONT.)

- As the temperature of a normal metal is
decreased, the thermal motion and thus, the
vibrations of the latticed ions, reduce. As a
result, the free electrons experience less and
less shocks and the resistivity decreases with
decreasing temperatures.

- If the ions* lattice was ideal (i.e., had no
irregularities and no impurities), the resistivity
would drop to zero when the temperature
approaches the absolute zero.

- In practice, the ions1 lattice exhibit
dislocations due to cold work and not all of the
impurities can be removed from the original
ores. As a result, it appears that at low
temperatures, the resistivity levels off and
reaches a plateau. This plateau is called the
residual resistivity.

- The residual resistivity is representative of
the amount of impurities and of cold work in the
metal: the purer the metal, and the less cold
work, the lower the residual resistivity.
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RESIDUAL RESISTIVITY RATIO

- The behavior of a normal metal at low
temperatures can be characterized by the
Residual Resistivity Ratio, RRR, defined as

p(273 K)
RRR = v

p(low temp.)

where p(273 K) is the resistivity at 273 K and
p(low temp.) is the residual resistivity at low
temperatures.

- The higher the RRR, the purer the metals.

- For applications in superconducting
magnets, one uses OFHC copper, with RRR of
the order of 100.
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SUPERCONDUCTORS

- Some materials are such that, when they are
cooled down, their resistivity abruptly drops to
zero below some temperature, referred to as the
critical temperature.

- These materials are called superconductors.

Lecture 2 - 1 8
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COOPER PAIRS

- In the superconducting state, the electrons
are bound into so-called Cooper pairs.

- The origin of the binding force between the
two electrons of a Copper pair is as follows: the
first electron moves through the lattice and
attracts the positive ions. As a result, the lattice
is deformed, creating an accumulation of
positive charges, which, in turn, attracts the
second electron.
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COOPER PAIRS (CONT.)

- Due to the inertia of the latticed ions, the
deformation is not instantaneous but lags
behind the passage of the first electron. This
time lag can be estimated as

In

where (On is the Debye frequency of the lattice.

- If the first electron moves at the Fermi
velocity, v?, the maximum lattice deformation
follows at a distance, d, behind the first electron,
where

In
a « V~ETV » X ? F —

(On

- As a result, Cooper pairs are very extended
objects, which may be several 100 or 1000 lattice
constants apart, and which overlapp each other.
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ENERGY GAP
AND CRITICAL TEMPERATURE

- The binding energy of Cooper pairs is very
small, and the pairs can only exist at
temperatures where this energy is not overcome
by thermal agitation.

- The critical temperature, Tc (at zero field
and zero current), is related to the so-called gap
energy, A(0) (at zero temperature), by

A(0) * 1.76 JCB Tc

where KB is Boltzmannfs constant (1.38 10-23 J/K).

- A(0) and Tc are mainly determined by the
chemistry of the material.
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VANISHING RESISTANCE
OF SUPERCONDUCTORS

- As long as cooper pairs exist, the bound
electrons no longer scatter on impurities, lattice
dislocations or thermal lattice vibrations, and
the material can transport current without
dissipation.
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STATES OF A SUPERCONDUCTOR

- Superconductors are characterized by a
critical temperature above which they are no
longer superconducting. Their behavior is also
strongly affected by magnetic field.

- Depending on temperature and magnetic
field conditions, and on material type,
superconductors can be found in three different
states:

• Meissner state
• Mixed state
• Surface current state

- There are two main types of
superconductors:

• Type I superconductors include many
pure metals and some compounds. They only exist in
the Meissner state or the surface current state and are
not suitable for use in high field accelerator magnets.

• Type II superconductors include most
superconducting alloys and compounds. They exhibit
all three states and are used for magnet applications.
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MEISSNER STATE

- Let us consider a slab made of type-I or
type-II material, initially in the superconducting
state, and let us assume that this slab is placed
in an uniform background field which is raised
progressively from zero to a low value.

- When the external magnetic field is varied,
the superconductor reacts in order to shield its
inner core from these variations. Screening
currents are generated at the slab periphery
which create their own field, equal in strength
but opposite in direction to the external field. As
a result, the magnetic flux density in the
material bulk is nil.

- In this state, called the Meissner state, the
superconductor totally excludes or expells the
magnetic flux lines from its interior, and acts as
an ideal diamagnetic material.
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LONDON PENETRATION DEPTH

- In the Meissner state, the field only
penetrates at the periphery of the
superconductor, and decreases exponentially
with depth. The characteristic length of the
exponential decay is referred to as the London
penetration depth,

- For a type-I superconductor like lead (Pb),
is about 30 nano-meters, while for a type-II

superconductor like NbTi, AL is about 10 times
longer (300 nano-meters).

- In the Meissner state, both types of
superconductors can transport current without
losses, but the current flow is limited to the
London penetration depth at the material
periphery.
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MEISSNER STATE LIMITATIONS

- Let us again consider a slab of type-I or
type-II material, initially in the Meissner state,
and let us keep raising the external field. Upon
exceeding a certain field value, the
superconductor leaves the Meissner state. For a
type-I material, this field value is called the
critical field and is noted Hc, while for a type-II
material, it is called the lower critical field and is
noted Ha- The values of Hc or Ha depend on
temperature.

- When the field applied to a type-I material
exceeds Hc (at a given temperature), the
shielding breaks down and the material reverts
abruptly to the normal, or non-superconducting
state. In the case of a type-II superconductor,
the material enters the so-called mixed-state
where it remains superconducting and can still
carry current without losses.

- It follows that type-I materials are only
superconducting for fields below the critical
field. Given the low values of (pJEfc) (no more
than a few hundredths of tesla at 4.2 K), these
materials are not useful for magnet applications.
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MIXED STATE OF A TYPE-II
SUPERCONDUCTOR

- Let us now consider a slab of ideal type-II
superconductor, and let us assume that the
external field has been risen above ffci (at a
given temperature).

- Then, the field starts penetrating the
interior of the superconductor in the form of
tubes of magnetic flux known as fluxoids.

- Each fluxoid carries a quantum of flux,
where:

2.07 1015 Wb
2e

Here, h is Planckfs constant (6.63 10-34 j . s) and e
is the electron charge (1.6 10-19 Q .
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FLUXOIDS IN A TYPE-II
SUPERCONDUCTOR

- A fluxoid can be represented as a tube
carrying a quantum of magnetic flux, <po,
surrounded by annular currents. These currents
shield the outside of the fluxoid from the
magnetic flux it carries.

- The field profile associated with a fluxoid is
of a bell-type. It is centered on the fluxoid axis
and goes to zero on the fluxoid outside. As for
the Meissner state, the field variations occur
over a distance of the order of the London
penetration depth, AL. Hence, the field
perturbation associated with a fluxoid extends
over (2AL).

- In addition, the core of the fluxoid is in the
normal state. Hence, when approaching the
fluxoid axis, the density of Cooper pairs, n^
decreases and goes to zero. This decrease takes
place over a length, f, known as the coherence
length.
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COHERENCE LENGTH

- Let us consider a piece of superconducting
material which is half in the normal resistive
state and half in the superconducting state. At
the inferface between the two, the density of
Cooper pairs does not rise abruptly from zero,
but increases progressively over a length
referred to as § and called the coherence length.

- The coherence length, as the London
penetration depth, is an intrinsinc property of
the material.
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GINZBURG AND LANDAU
PARAMETER

- V.L. Ginzburg and L.D. Landau introduce
the parameter, K, defined as:

K =

and they show that, type-I superconductors are
characterized by:

while type II-superconductors are characterized
by:

K
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TYPICAL VALUES OF
PENETRATION

AND COHERENCE LENGTHS

- The table lists values of penetratioii depths,
, and of coherence lengths, §, for typical type-I

and type-II superconductors.

Material

Indium (In)
Lead (Pb)
Tin (Sn)

Niobium (Nb)
NbTi

Nb3Sn

Type

t-H

I
I
II
II
II

Penetration
Depth (10"9m)

24
32

-30
32
300
65

Coherence
Length (10"9m)

360
510

-170
39
5
3
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IDEAL TYPE-II
SUPERCONDUCTORS

- In an ideal type II superconductor, the
fluxoids occupy a triangular lattice.

- For fluxoids arranged in a triangular lattice
and producing an average magnetic fux density,
<B>, we have:

where Wf is the density of fluxoids and d{ is the
fluxoid spacing.

- As the external field is raised, the density of
fluxoids in the material increases and the
spacing between the fluxoids decreases.
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UPPER CRITICAL FIELD
OF TYPE-II SUPERCONDUCTORS

- Let us keep raising the external field
applied to a type-II superconductor in the mixed
state.

- The density of fluxoids in the materials
keeps increasing and the spacing between the
fluxoids keeps decreasing, until the fluxoids start
to overlapp.

- The fluxoids have a normal core which
extends over a distance of the order of fj. When
the spacing, di, between the fluxoids becomes of
the order of f, the bulk superconductivity
disappears and the material ends up in the
normal resistive state.

- The field for which the bulk
superconductivity disappears is called the upper
critical field,
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SURFACE SUPERCONDUCTIVITY

- It was shown in the early sixties that
superconductivity can persist close to the
surface of a superconductor in contact with an
insulator (including vaccuum), even in a
magnetic field whose strengh is sufficient to
drive the bulk material normal.

- The surface superconducting layer persists
in applied magnetic fields up to a certain field
strength, referred to as Ho- The value of Bo
depends on the angle the applied magnetic field
makes with the surface. For a type-II
superconductor, it varies between Ha and
(1.69 Ha) (the maximum is obtained when the
applied field is parallel to the surface).

- Surface superconductivity is not a special
property of type II superconductors, but also
appears in a number of type I superconductors.

- In the surface superconductivity state, the
material is still able to carry a very small,
resistanceless current, but this current is rapidly
decreasing with H.

- As surface superconductivity only occurs at
the interface between a superconductor and a
dielectric, it does not appear in practical wines
and cables used in superconducting magnets
where the superconductor is embedded in a
matrix of normal metal.
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SUMMARY OF TYPE-II BEHAVIOR

- The behavior of a type-II superconductor in
a magnetic field can be summarized as follows:

• For fields below Hey the superconductor
is in the Meissner State, and it expels the magnetic
flux lines from its interior.

• For fields between HQL and BQ, the
superconductor is in the mixed state, and it is
penetrated by the magnetic flux in the form of
fluxoids.

• For fields above Ha, the bulk
superconductivity disappears. If the superconductor is
in contact with an insulator (including vaccuum), there
remains a surface superconductivity state at the
interface for fields up to Ho.

- The values of Ha, Hc>and H o all depend on
temperature.
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TYPICAL VALUES OF
CRITICAL FIELDS AND

TEMPERATURES

- The following table lists the values of the
critical temperature at zero field (T<̂  and of the
lower and upper critical magnetic flux densities
at 4.2 K [Bci = (fAoffci) and B Q = (p^ffo)] for some
type-II superconducting materials:

Material

Nb
NbTi
Nb3Sn
Nb3Al
Nb3Ge

rc
(K)
9.2
9.5
18
19
23

Bo
(T)

0.125
0.01

0.017

Bci
(T)
0.26
11
23
30
35
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TYPE-II SUPERCONDUCTORS
CARRYING TRANSPORT CURRENT

- Let us now consider a type-II
superconductor in the mixed state, and let us
assume that it carries a transport current of
density, J.

- The combination of transport current and
magnetic flux density generates a Lorentz-like
force, Fv

where nt is the density of fluxoids (which
depends on the external field strength).

- The lorentz-like force acts on the fluxoids
and tends to move them.
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FLUX FLOW IN TYPE-II
SUPERCONDUCTORS

- In an ideal type-II superconductor, nothing
prevents the fluxoids from moving. The fluxoids1

motion engenders dissipation and the material
heats up. Then, the material behaves as if it had
on ohmic resistance and soon reverts to the
normal, non-superconducting state.

- This dissipative phenomenon, referred to as
flux flow, limits the amount of transport current
that can be carried by an ideal type-II
superconductor.
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PINNING IN TYPE-II
SUPERCONDUCTORS

- In practice, the motion of the fluxoids can
be prevented by pinning them at certain sites in
the lattice.

- The pinning mechanisms are not fully
understood. They usually take place at sites
where there is a defect in the lattice or where
there is a local area of lower (or zero)
superconducting properties.

- These sites exert a pinning force, FP, on the
fluxoids, which hold them in position as long as

FL < FP

- The pinning force depends on temperature :
the lower the temperature, the stronger the
pinning.
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CRITICAL CURRENT DENSITY OF
PRACTICAL SUPERCONDUCTORS

- Let us consider a practical type-II
superconductor at a temperature, T, subjected to
an external magnetic flux density, B, and
carrying a transport current with a density, J.

- The presence of the external magnetic flux
density results in the creation of fluxoids, with a
density nAB), which are pinned with a force FAT),

- The circulation of the transport current
results in a Lorentz-like force, FL, acting on the
fluxoids and such that

FL ~ J
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CRITICAL CURRENT DENSITY OF
PRACTICAL SUPERCONDUCTORS

(CONT.)

- As long as FL is lower than FP/ the material
can transport current without dissipation, but
when FL becomes larger than FP, the fluxoids are
liberated from the pinning sites and start to
move. The material then progressively reverts to
the normal resistive state.

- The density of transport current for which FL

is equal to FP is called the critical current
density, Jc.

- From the above equations, we have:

FP(T)
lc ~ nf(B)

- Jc is a function of T (the higher the
temperature, the lower the pinning force, and
the lower Jc), and of B (the higher B, the larger
the density of fluxoids, and the lower Jc).
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CRITICAL SURFACE OF
PRACTICAL SUPERCONDUCTORS

- In practice, the boundary between the
superconducting state and the normal resistive
state of a practical superconductor can be
represented by a three-dimensional surface
which depends on operating temperature,
applied magnetic flux density and transport
current density. This surface is called the
critical surface.
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SUPERCONDUCTOR
MAGNETIZATION

- We have seen that, in the mixed state, the
magnetic flux penetrates within the bulk of
type-II superconductors in the form of fluxoids.

- We have seen also that, in practical type-II
superconductors, defects are introduced in the
lattice to pin down the fluxoids and prevent them
from moving.

- Let us now describe how the pinning sites
are populated when rising the applied magnetic
field above the lower critical magnetic field, Hey
and how a type-II superconductor gets
magnetized.
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SEMI-INFINITE SLAB MODEL

- Let (O,x,y,z) designate a rectangular
coordinate system, and let us assume that the
half-space x < 0 is occupied by a semi-infinite
slab of type-II superconductor, while the half-
space x s= 0 is in a vacuum.

- Let us also assume that the superconductor
includes pinning sites, and let n^(x) designate
the pinning site density at abscissa x.

- Initially, the superconductor is at an
uniform temperature, To, below the critical
temperature, and no magnetic field is applied.
Hence, the superconductor is in the
superconducting state and the pinning sites are
all empty. The superconductor is said to be in a
virgin state.
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PINNING SITES POPULATION

- Let us now assume that an uniform
magnetic field is risen in the whole space from 0
to Ho. Let us assume that the direction of Ho is
parallel to the z-axis and that its amplitude is
between Hci(T0) and HG(T0).

- As the superconductor enters the mixed
state, fluxoids are created near its surface, which
drift towards the negative x and start to occupy
the pinning sites.

- Let Np(x) designates the density of pinning
sites which are occupied at abscissa x. The
function Np increases with Hoand decreases with
negative x: the further away from the interface,
the less pinning sites are likely to be occupied.
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SUPERCURRENT DENSITY

- Let xt and x2 designate the abscissas of two
(hypothetically) adjacent rows of pinning sites,
and let A be an observer located at an abscissa x,
between Xt and x^, and looking in the direction of
the t/-axis.

Observer A sees, on his right-handside, the
row x1 of pinning sites which are occupied by a
density Np(xi) of fluxoids. These fluxoids are
surrounded by annular supercurrents, which, for
the observer, seem to flow along the ^-direction
and coming towards him.

Similarly, Observer A sees, on his left-
handside, the row x2 of pinning sites, which are
occupied by a density Npfe) of fluxoids. These
fluxoids are surrounded by annular
suppercurrents, which, for the observer, seem to
flow along the y-direction and going away from
him.
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SUPERCURRENT DENSITY (CONT.)

- In summary, Observer A sees a net density
of supercurrents, flowing along the i/-axis, which
is proportional to the difference [Np(x<>) -

- In more physical terms, the distribution of
fluxoids results in a macroscopic current density,
Jy(x,Bo), parallel to the y-axis, and such that:

dNp(x,BQ)
~ ^

vx
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EQUILIBRIUM OF FLUXOID
DISTRIBUTION

- As we have seen, an uneven fluxoid
distribution results in a macroscopic current
density, Jy(x,Bo), parallel to the y-axis.

- The combination of this current density with
the magnetic flux carried by the fluxoids, results
in a lorentz-like force which tends to move the
fluxoids along the x-axis. This Lorentz-like force
is responsible for the fluxoids1 drift towards the
interior of the material.

- As we described earlier, an equilibrium is
reached when the Lorentz-like force becomes
equal to the pinning force. By definition, we
have then:

Jy(xfB0) = JC(T,BQ)

where JC(T,BO) is the superconductor critical
current density at the given temperature and
field.

- Hence the fluxoids redistribute themselves
and drift towards the interior of the
superconductor until the macroscopic current
density seen by Observer A reaches JC(T,BQ).
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CURRENT AND FIELD PROFILE IN
A SEMI-INFINITE SLAB

- According to Maxwell-Ampere's equation,
the macroscopic field B is related to the
macroscopic current density, Jc,

V x f = \iofc

- In our case, the above equation reduces to:

dx " ~

where Bz is parallel to the z-axis.

This yields:

Bz(x) = BQ+
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CURRENT AND FIELD PROFILE IN
A SEMI-INFINITE SLAB (CONT.)

- When starting from a superconductor in a
virgin state, there is no reason why, for x < 0, Bz
should drop below zero. It follows that field
variations are limited to a depth, dv, called the
penetration depth, given by:

1*0 Jc

- It follows also that the magnetic flux density
is nil for x, x < -*fp, and that no pinning sites are
occupied beyond the depth dv.
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CRITICAL STATE MODEL

- When describing the macroscopic behavior
of a type-II superconductor subjected to an
external magentic flux density change, there is
no need to go back to the fluxoids and on how
they distribute themselves among the pinning
sites.

- The results described in the previous slides
can be summerized as follows: when the
magnetic flux density applied to a type-II
superconductor is varied, the superconductor
reacts by generating currents at its periphery
which shield its core from the external field
variation.

- The density of the shielding currents is the
superconductor critical current density at the
given temperature and magnetic flux density.
Their distribution is such that they produce
within the superconductor, a magnetic flux

density, Bj, exactly opposite to the applied field

variations, AB©:

= 0

Lecture 2-76



CRITICAL STATE MODEL (CONT.)

- In the case of a semi-infinite slab, the
application of this simple model leads directly to
the current and field profiles derived in the
previous slides.

- This simple model is called the critical state
model and was first proposed by C.P. Bean in
1964.

- Note that the shielding currents which are
produced are proportional to the amplitude of
applied field change but do not depend on the
rate of field variations. Also, once they are
produced, they do not decay with time. These
shielding currents are very different in nature
from the conventional eddy currents. They are
called persistent magnetization currents.
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MAGNETIZATION OF A
SUPERCONDUCTING FILAMENT

- Let us now consider a rectilinear and
infinite superconducting filament, initially in a
virgin state, and let us vary the aplied field from
O to J50 where B® is perpendicular to the filament
axis.

- Several models have been developed to
determine the persistant magnetization current
distribution generated in the filament. In the
simplest ones, the magnetization currents flow in
a shell at the filament periphery with an
elleptical inner boundary. The ellipse
excentricity decreases as a function of the
applied field, until the filament is fully
penetrated.
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PENETRATION FIELD

- The field at which the magnetization
currents fill up the whole filament is called the
penetration field. For a field ramp from the
virgin state, the penetration field is determined
by the implicit equation.

it

where \iQ is the permeability of vacuum, Jc(To,Bp)
is the superconductor critical current density at
the given temperature, To and Bp, and n is the
filament radius.

- If the applied field is increased beyond, Bp/
the distribution of magnetization currents
remains the same.

- In practice, Bp is rather small. For a
filament with a radius of 5 jim and a critical
current density of 2500 A/mm2, we get:

Bp » 0.01 T.

Hence, for most applications, the filaments can
always be considered as fully penetrated.
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2.6 Review of superconducting particle
accelerators
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TEVATRON

- The first large scale application of
superconductivity was the Tevatron. It includes
one large ring made up of about 1000
superconducting dipole and quadrupole
magnets.

Site:
Type:
Circumference:
Energy:
Commissioning:

FNAL, near Chicago, IL
Proton/antiproton collider
6.3 km
900 GeV per beam
1983

- The Tevatron arc dipole and quadrupole
magnets were developed at FNAL.

Aperture:
Dipole Field:
Dipole Length:
Quadrupole gradient:

3" (76.2 mm)
4T
6.1 m
76T/m

Quadrupole Length: 1.7 m
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HERA ;

- The next large particle accelerator to rely
massively on superconducting magnet
technology was HERA (Hadron Elektron Ring
Anlage). It includes two large rings: (1) an
electron ring, relying on conventional magnets
and (2) a proton ring, relying on superconducting
magnets.

Site:

Type:
Circumference:
Energy:

Commissioning:

DESY, near Hamburg,
Germany
Electron/proton collider
6.4 km
30 GeV for the electron
beam and 820 GeV for the
proton beam
1990

- The arc dipole magnets of the proton ring
were developed at DESY, while the arc
quadrupole magnets were developed at
CEA/Saclay.

Aperture:
Dipole Field:
Dipole Length:
Quadrupole gradient:
Quadrupole Length:

75 mm
4.68 T
8.8 m
91.2 T/m
1.9 m

Lecture 2-93



Lecture 2-94



Lecture 2-95



UNK

- Since the early 1980fs, the Institute for High
Energy Physics (IHEP) located in Protvino, near
Moscow, Russia is working on a project of proton
accelerator named UNK (Uskoritelno-
Nakopitelniy Komplex). UNK includes a single
ring of superconducting magnets.

Site: IHEP, near Moscow, Russia
Type: Proton synchrotron
Circumference: 21 km
Energy: 3 TeV in fixed target mode
Commissioning: undecided

- The arc dipole and quadrapole magnets are
developed at IHEP.

Aperture: 70 mm
Dipole Field: 5.0 T
Dipole Length: 5.S m
Quadrupole gradient: 70 T/m
Quadrupole Length: 3.0 m
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ssc
- In the mid 1980fs, the USA started the

Superconducting Super Collider (SSC) project.
The last stage of the SSC complex would have
been made up of two identical rings of
superconducting magnets installed on top of
each other. The project was eventually cancelled
in October 1993 by decision of the United States
Congress-

Site: SSCL, near Dallas, TX
Type: Proton/proton collider
Circumference: 87 km
Energy: 20 Tev per beam
Commissioning: Cancelled

- The SSC arc dipole magnets were developed
by a collaboration between SSCL, BNL and
FNAL, while the arc quadrupole magnets were
developed by a collaboration between SSCL and
LBNL.

Aperture: 50 mm
Dipole Field: 6.79 T
Dipole Length: 15 m
Quadrupole gradient: 194 T/m
Quadrupole Length: 5.7 m
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Superconducting Super Collider Project
N-15 Construction Site

1. ASST Compressor Building
2. ASST String Endo^jre
3. ASST Cryogenic Refrigeration

Service BuiWing

4. Rtegnet Pamet Suppty Con&ol Room 7. Magnet Test Laboratory
5. Magnet Oeiveiy Shaft 8. Personnel Shaft
6. Magnet Development Laboratory 9. u«ity Shaft
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RHIC

- BNL is completing the construction on its
site of the Relativistic Heavy Ion Collider
(RHIC), which includes two identical rings of
superconducting magnets.

Site:
Type:
Circumference:
Energy:

Cornmissioning:

BNL, on Long Island, NY
Heavy ions collider
3.8 km
Up to 100 GeV per beam
and per unit of atomic
mass
1999

- The RHIC arc dipole and quadrupole
magnets were developed at BNL.

Aperture: 80 mm
Dipole Field: 3.4 T
Dipole Length: 9.7 m
Quadrupole gradient: 71 T/m
Quadrupole Length: 1.1 m
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LHC

- In December 1994, CERN has approved the
construction of the Large Hadron Collider
(LHC). LHC will have a single ring of twin-
aperture superconducting magnets, housing
within the same mechanical structure, the pipes
for two counter-rotating proton beams.

Site: CERN, at the Swiss/French
border near Geneva

Type: Proton/proton collider
Circumference: 27 km
Energy: 7 TeV per beam
Commissioning: 2005

- The LHC arc dipole magnets are developed
at CERN, while the arc quadrupole magnets are
developed at CEA/Saclay.

Aperture: 56 mm
Dipole Field: 8.36 T
Dipole Length: 14.2 m
Quadrupole gradient: 223 T/m
Quadrupole Length: 3.1 m
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2.7 Prominent features of superconducting
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PROMINENT FEATURES OF
SUPERCONDUCTING

ACCELERATOR MAGNETS

- The magnets used in superconducting
accelerators around the world rely on similar
design principles.

- The field is produced by saddle shape coils
which, in their long straight sections,
approximate cosO conductor distributions for
dipole magnets and cos20 conductor
distributions for quadrupole magnets.

-The coils are wound from Rutherford-type
cables made of NbTi multifilamentary strands
and are mechanically restrained by means of
laminated collars.

- The collared-coil assembly is placed within
an iron yoke providing a return path for the
magnetic flux.
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PROMINENT FEATURES OF
SUPERCONDUCTING

ACCELERATOR MAGNETS (CONT.)

- In the case of the Tevatron, the collared-coil
assembly is cold while the iron yoke is warm.

- Starting with HERA, the iron yoke is
included in the magnet cryostat and the cold
mass is completed by an outer shell delimiting
the region of helium circulation.

- In the case of LHC, the cold mass includes
two collared-coil assemblies within a common
iron yoke.

- Tevatron, HERA, UNK, SSC and RHIC
magnets are cooled by boiling helium at
1 atmosphere (4.2 K) or supercritical helium at 3
to 5 atmosphere (between 4.5 and 5 K).

- LHC magnets are cooled by superfluid
helium at 1.9 K.
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COMPARISON OF PARAMETERS
OF SUPERCONDUCTING

ACCELERATOR MAGNETS

Laboratory FNAL DESY IHEP SSCL BNL CERN

Name Tevatron HERA UNK SSC RHIC LHC

Circumference (km)
Particle type

Energy/beam (TeV)

Number of dipoles

Aperture (mm)

Magnetic length (m)

Reid (T)

Number of quadrupoles

Aperture (mm)

Magnetic length0) (m)

GradientT/m)

Commissioning

a) per unit of atomic mass
") two-in-one magnets

6.3

PP

0.9

774

76.2

6.1

4

; 216

88.9

1.7

76

1983

c) qaadrupoles come in several lengths

6.3
ep

0.82

416

75

8.8

4.68

256

75

1.9

91.2

1990

21

PP

3

2168

70

5.8

5.0

322

70

3.0

97

undecided

87
pp

20

7944

50
15

6.79

1696

50

5.7

194

cancelled

3.8
heavy
ions

uptoO.P)

264

80

9.7

3.4

276

80

1.1

71

1999

27

PP

7

1232b)

56

14.2

8.36

386b)

56

3.1

223

2005

- Major Trends (with the exception of RHIC):

• Decrease in magnet aperture (to limit
conductor volume and minimize cost of
superconductor),

• Increase in dipole field strength and
quadrupole field gradient,

• Increase in magnet length (to limit
number of magnet interconnects).
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HIGH FIELD ACCELERATOR
MAGNET R&D

- In recent years, several dipole magnet
magnet models have crossed the 10 T threshold:

• MFISC, a short, 56-mm-twin-aperture
dipole magnet model built and cold-tested at CERN in
1995 (using NbTi cables), which reached 10.53 T at
1.77 K in a limited number of quenches,

• MSUT, a short, 50-mm-single-aperture
dipole magnet model built at Twente University and
cold-tested at CERN in 1995 (using Nb3Sn cables),
which reached 11 T on its first quench at 4.4 K,

• D20, a short, 50-mm-single aperture dipole
magnet model built and cold-tested at LBNL (also
using NbsSn cables), which, after a number of training
quenches, reached a record dipole field of 13.5 T at
1.8 K.
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LHC Magnet Test and Analysis MFISC.V2 November 96
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HIGH FIELD ACCELERATOR
MAGNET R&D (CONT.)

- A number of laboratories are presently
involved in R&D work on high field or high field
gradient accelerator magnets. Among them are:

• CEA/Saclay: demonstration M?3Sn quadrupole
magnet model,

• FN AL: 12-T dipole magnet for VLHC,

• INFN/LASA: conceptual design of IR
quadrupole magnet for LHC upgrade,

• L B N L: dual-bore, ractrack dipole magnets,

• Texas A&M University: 16 T, block-coil dual
dipole magnet,

• Twente University: 10-T, beam-separator
dipole magnet model for LHC upgrade.
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- Nb3Sn Dipole Model
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Field: 12.3 Tat 18.1 kA

-Ciood field region: AB/B<t(>4 @ (jK3cm

Design: two-layer cosO type

-Coil diameter: 45 mm

-Minimized coil eross-scction

-Magnet length: I m

-Strand: Nb^Sn (IGC, IT), 01.00 mm,

Jc(lZI';4.2K)=l886A/rnin;

-Cable: N=28, 1.800mm* 14,24 mm

Insulation: high temperature ceramics

New magnet assembling technology
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Figure. 1: Schematic of "Common-Coil" Magnet
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system characteristics

operating field @ 4.4 K
max. field on conductor
operating current
inner bore diameter
outer diameter
self induction
resulting forces per quadrant Fx

Fy
Fz

10.0
10.8
13
88

650
3.1

3.32
-1.62
0.55

T
T

kA
mm
mm

mHfm
MN/m
MN/m
MN

Nb3Sn-Dl coil characteristics

conductor
strand diameter
twist pitch
Cu percentage
number of filaments
filament diameter
filament twist pitch
cable dimensions (bare)
pt steel core dimensions
pumber of strands
cable insulation
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NBTI ALLOYS

- The most widely used superconductor is a
ductile alloy of niobium and titanium (NbTi).

- Niobium and titanium have very similar
atomic sizes and are mutually soluble over a
wide composition range.

- At high temperatures, they combine into a
body-centered cubic phase, referred to as /J-
phase. When cooled down to temperatures
below about 10 K, the p-phase becomes a type-II
superconductor.
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PINNING IN NBTI ALLOYS

- When the NbTi alloy is severely cold-
worked and presents a large number of lattice
dislocations, heat treatments at moderate
temperatures lead to precipitations of other
phases at grain boundaries.

- Among them is an hexagonal close packed
phase, rich in titanium (of tide order of 95% in
weight), referred to as a-phase.

- The a-phase remains normal resistive at
low temperatures and has been shown to be a
significant source of fluxoid pinning sites.

- The a-Ti precipitates can be engineered to
achieve high critical current densities in the
desired ranges of operating field and
temperature.
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CRITICAL TEMPERATURE
AND FIELD OF NBTI ALLOYS

- The critical temperature, Tc, and the upper
critical magnetic flux density, Bo, of niobium-
titanium are mainly determined by the alloy
composition and are little affected by
subsequent processing.

- The Ti content of practical conductors is in
the range 45 to 50% in weight and corresponds to
an optimum in BQ-

- For such alloy compositions, the critical
temperature at zero magnetic flux density, TCQ, is
between 9 and 9.2 K and the upper critical
magnetic flux density at zero temperature,
is about 14.5 T.
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TERNARY NBTI ALLOYS

- The upper critical magnetic flux density of
NbTi alloys can be raised slightly by addition of
a high-atomic-number ternary component such
as tantalum.

- The increase in BQ is small at 4.2 K (0.1 to
0.2 T) but can reach 1 T at 2 K.

- Little work has been carried out on
optimizing the critical current density of ternary
NbTi alloys and, at present (1999), their Jc are
lower than those of binary NbTi alloys.
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NB3SN COMPOUNDS

- The only other superconducting material
that is readily available at (small) industrial
scale is an intermetallic compound of niobium
and tin, having a well defined stoichiometry
(Nb3Sn), and belonging to the A15
crystallographic family.

- The A15 compounds, A3B, have a simple
cubic structure, with 2 B atoms in the unit cell at
the body center and at the apical positions and
six A atoms paired on each face of tike cells.

- All A15 compounds (including NbaSn) are
very brittle and must be handled with care.
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Figure 3.19 The unit cell of the A15 compound
A3B showing B atoms at the apical and body center
positions and A atoms in pairs on the faces of the
cube (Vonsovsky et ah, 1982, p. 260; see also Wyckoff,
1964, p. 119).
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TERNARY NB3SN COMPOUNDS

- The critical temperature at zero magnetic
flux density and zero strain, Tcom, of binary
NbsSn is of the order of 16 K, while its upper
critical magnetic flux density at zero
temperature and zero strain, Bczomr is of the
order of 24 T.

- An addition of a few percents in weight of
titanium or tantalum in the niobium boosts
to about 18 K and Boomto about 28 T\

- The most commonly used
compounds are ternary compounds.

Lecture 3-19



t
O

CD

60

50

40

30

20

10

1

\

Nb 3 Al^^*O

~ \

i i i t

/ G d 0 2 Pb Mo6 S8

\ / N b 3 G a

^ \ /Nb3 (A{Ge)

8 12
0C(K)

16 20

H.W.

Lecture 3-20



PINNING IN NB3SN COMPOUNDS

- The dominant source of flux pinning in
NbSn compounds is believed to be grain
boundaries.

- To achieve high J o it is therefore necessary
to produce fine grain structures.
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for a Nb3Sn conductor produced via the
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STRAIN SENSITIVITY
OF NB3SN COMPOUNDS

- In addition to being brittle, NbsSn exhibits a
strong strain sensitivity.

- The critical temperature, the upper critical
magnetic flux density, and the critical current
density of NbsSn depends on strain, £.
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HIGH TEMPERATURE
SUPERCONDUCTORS

- Although great progresses have been made
in the development of the so-called High
Temperature Superconductors (HTS), such as
bismuth copper oxydes, Bi2Sr2CaCu2Ox and
(Bi,Pb)2Sr2Ca2Cu3Ox, and yttrium copper oxides,
YBa2Cu3O7, these materials are not ready yet for
applications requiring low costs, mass-
production and high critical current densities.
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SUPERCONDUCTING
MULTIFILAMENTARY

COMPOSITES

- For practical applications, the
superconductor is subdivided into fine filaments,
which are twisted together and embedded in a
low resistivity matrix of normal metal.

- The subdivision into fine filaments is
required to eliminate instabilities in the
superconductor known as flux jumping.

- The filament twisting is introduced to
reduce inter-filament coupling under time-
varying fields.

- The low resistivity matrix is used as current
shunt in the case of transition of the filaments to
the normal resistive state, thereby limiting power
dissipation and conductor heating.
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FLUX JUMPING

- Flux jumping is an instability that occurs in
the mixed state of type-II superconductors. This
instability arises as follows:

Small thermal perturbation,
=> Temperature rise in superconductor
bulk,
=> Decrease of pinning force and Jo
=> Fluxoid redistribution to accomodate
this decrease,
=> Energy dissipation by moving fuxoids,
=> Further temperature rise,
And so on.

- It can be shown that the energy per unit
volume dissipated by moving fluxoids during a
flux jump is proportionnal to the square of
superconductor size.
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PREVENTING FLUX JUMPING

- Flux jumping can be prevented by
subdividing the superconductor into fine
filaments (to reduce superconductor size) and by
embedding the filaments into a matrix of normal
metal (to improve handling and heat removal
capabilities by conduction through the normal
matrix).

In practical superconducting
multifilamentary composite, filament diameter
is less than 50 jxm.

Lecture 3-36



INTRASTRAND
COUPLING CURRENTS

- Let us consider a superconducting
multifilamentary composite. In the steady state,
the transport current flows in the
superconducting filaments whose resistance is
nil.

- When subjected to a time-varying magnetic
flux density, the presence of a low resistivity
matrix between the filaments can allow the
formation of current loops which are
superimposed to the transport current.

- The current of such a loop circulates along a
first filament, crosses the low resistivity matrix to
reach a second filament, comes back along the
second filament and crosses again the low
resistivity matrix to get back to the first filament.

- These current loops are referred to as
intrastand coupling currents.

Lecture 3-37



c

J

H

Lecture 3-38



J-5

1li

Lecture 3-39



REDUCING INTRASTRAND
COUPLING CURRENTS

- Intrastrand coupling currents can be greatly
reduced by twisting the filaments together.
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SUPERCONDUCTING WIRES
FOR PARTICLE ACCELERATOR

MAGNETS

- Accelerator magnets rely on cables made
from round wires of superconducting
multifilamentary composites.

- Wire diameter ranges from 0.5 to 1.3 mm.

- Except for a few R&D magnet models, the
filaments are made of binary niobium-titanium
alloy and the matrix is high purity copper.

- The filament diameter of HERA wires is of
the order of 15 jrni while that of SSC, RHIC and
LHC wires is of the order of 5 fim. The use of fine
filaments is required to limit field distortions
resulting from superconductor magnetization
(see lecture on field quality).

- There are several thousand filaments per
wire.

- The copper-to-superconductor ratio, rCus,
(defined as the ratio of the area of copper to the
area of niobium-titanium in the wire cross-
section), varies from 1.3 to 1.8, except for RHIC
wire where it is 2.25.
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Annex'
g * C A i S Tjg 0 m-

Wire: H# 1

Cross ĉti<Ma of me wire before reaction

Diameter
Number of filaments
Filament diameter

Twist pitch
Co/Nan Cii (rakrographles)

Ca/Non Cti (cstching)

0.78 mm
1890
SjUIB

10 mm
1,7 ±0,02
1,69 ±0,02
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Wire Performance:
• 1 meter helical samples
• Highest Ic(4.2K, 01) = 141 A
Jc(4.2K, OT) = 93 kA/cm2

• Highest Ic(4.2K, 1ST) = 43 A
Jc(4.2K, 1ST) = 28 kA/cm2

• 250 m piece lengths

Cable Performance:
• 19 Strand Ic(4.2K, 6T) = 950 A
Jc(4.2K, 6T) = 32.6 kA/cm 2
• 18 Strand Ic(4.2K, 6T) = 920 A
Jc(4.2K, 6T) = 33.3 kA/cm 2
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TRANSITION OF
SUPERCONDUCTING WIRES

- The maximum current-carrying capacity of
a superconducting multifilamentary composite
wire at a given temperature and field can be
determined by measuring the voltage-current
curve of a wire short sample.

- To do so, the wire short sample is mounted
on a test fixture providing a mechanical support.
It is equipped with potential taps and is
connected to current leads. Sample and holder
are then inserted into the bore of a magnet
providing the background field and are cooled
down (using liquid helium) to the desired
temperature.

- In the case of NbsSn wires, great care must
be taken in the sample preparation to ensure
that the NbsSn filaments of the wire are at a
known and reproducible strain (VAMAS
standard).
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VOLTAGE-CURRENT CURVE

- The transition from the superconducting
state to the normal resistive state is not abrupt
but takes place over a certain current range:

• At low transport currents, the voltage,
V, across the wire short sample is nil,

• Then, as the current, I, is increased,
there appears a domain where V becomes non-
zero and starts to rise.

At the beginning, the voltage rise is
reversible, i.e., if the current is lowered, the
voltage decreases following the same curve as
during the up-ramp.

However, above a certain current, the
phenomenon becomes irreversible, and the
voltage takes off rapidly and uncontrollably.
Such irreversible voltage run-away is the
signature of a quench.

- The current at which the run-away occurs is
referred to as the wire short sample quench
current, I c
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INTERPRETATION OF V-I CURVE

- The bottom (reversible) part of the V-I
curve of a superconducting multifilamentary
composite wire corresponds to the progressive
release of the fluxoids from the pinning sites
under the effect of the Lorentz-like forces. The
released fluxoids start to move and their motion
is accompanied by energy dissipation.

- As more and more fluxoids are released and
move, more and more energy is dissipated,
which, in turn, heats up the filaments, decreases
the pinning forces (while the Lorentz-like force
keep increasing) and causes the release of even
more fluxoids.

- At some point, the conductor heating
resulting from fluxoid motion becomes too large
and the sample quenches.

- From this simple description, it appears
that the bottom part of the V-I curve is mainly
determined by the pinning characteristics at the
given temperature and field, while the top part
of the curve is strongly affected by the cooling
condition of the wire sample, which depends on
the experimental setup.

- The question then arises of what
engineering value to use to characterize the
maximum current capability of a wire.
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CRITICAL CURRENT

- The engineering value used to characterize
the maximum current capability of a
superconducting wire is referred to as critical
current, Ic, and is defined by relying on empirical
criterions.

- Let us consider a wire sample of length, L,
cross-sectional area, S, and non-superconductor
to superconductor ratio, r, and let V designate
the voltage across the sample. An apparent
electrical field, E$, and an apparent resistivity of
the superconductor, ps, can be defined as

V _ I A - S Z
h8 - L ana ps -

- For NbTi and NbsSn wires, the two criterions
the most commonly used to define the critical
current are:

• The current value corresponding to an
apparent electrical field, Ec, of 0.1 jxV/cm,

• The current value corresponding to an
apparent resistivity of the superconductor, pc, of
10" 1 4 Qm.

- For measurements on a wire short sample,
Ic is usually lower than
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CRITICAL CURRENT DENSITY

- The critical current determined by either of
the aforementioned criterions can be translated
into an average critical current density in the
superconductor, JC/ by writing

Ic = Jc —
1+r

Ic and Jc both depend on T and
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RESISTIVE TRANSITION INDEX

- To fully characterize the wire, it is also
interesting to quantify the sharpness of the
transition from the superconducting to the
normal resistive state. This can be done by
plotting ln(F) [or In(ps)], as a function of ln(I).

- It appears that ln(F) [and similarly, ln(ps)]
increases quasi-linearly as a function ln(I) over a
broad range (typically from Ec to 10Ec or pc to
10pc).

- Hence, the onset of the resistive transition
can be fitted by simple power laws of the form:

V (Iy fh

where F c is the voltage across the wire sample
corresponding to Ec:

Vc = Eel

- The index N is referred to as resistivity
transition index, or more simply, N-value.

- The N-value is representative of the
curvature of the voltage-current curve: the larger
N, the sharper the transition.
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FACTORS INFLUENCING
THE N-VALUE

- The IV-value, like Ic, depends on
temperature and field.

- In the case of NbTi wires, there is a clear
correlation between filament distortions, often
referred to as sausaging, and 1ST-value: the wider
the distribution of filament diameters in the wire
cross-section, the lower the N-value.
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FIELD DEPENDENCE OF AT-VALUE

- The field dependence of the N -value can be
used as a criterion to determine if the critical
current is limited by:

• intrinsic factors, related to fluxon-
microstructure interactions within the
superconducting material,

• extrinsic parameters, related to
macroscopic irregularities, such as local
reductions in filament cross-sectional areas.

Lecture 3-63



X
0

••C

c
o

c
o
L

s

150

140-

120-

100-

20

0
0.0 0.2 0.4 0.6 0. S 1.0

Reduced Magnet.ic F i e l d (H/H g)

Rcpure 1 The n-H plot for a series of wires with increasing
extrinsic limitations to the 4- The composites shown are fa)
intrinsica% limited; {b} mtidiy sausaged; ?cj badly sausaged

fer
VJ

Lecture 3-64



r-1

3
I

ON

Fig,

t

SEH loicrogiaph
of high quatlty
CBAL wire, n •>
40, J c » 2000
A/nm2.

Fig, ttk SEM micrograph
of fUmaeiits of
low quatlty v l io .

1400

\i\
5 0

•10

(0
> 30

I

l ie

.1 I I I I

ST) a 2000

m

4 G 0
B, Tes1 a

Fig. 5 n v s B for CBA
wires of vary-
ing filament
uniformity,



ot Crchcal CucrecJr

X •. Cas* ©£ oo

V=o

Cor X > T

M. O.C

Lecture 3-66



cf Cn'ViCol

r^ It-. Case ov a CondbcW
a

f

Crthcod

X *vy*\<k

-j A*Kf I Can

A. Ufornts <ktA t>C.

Lecture 3-67



OJ

00

HotV Common

10 12 14 1« II 20
Current (amps)

22 24 IB 21 » 32

Figure 9 The /« distributions for SC4164 1 HT for magnetic fields from 2 to 10 T. At oach field, the value for the high se

(10~14 Qm) measurement of the critical current, /„, is shown, as well as the average critical current* </„>, and the most common
current, Vcp, as derived from the differential analysis

O.C.



. A i ' S

3.4 Manufacturing of NbTi Wires

ui:-:..

Lecture 3-69



MANUFACTURING
OF NBTI WIRES

- NbTi alloys are very ductile and have very
low work-hardening coefficients making them
easy to co-process with copper.

- A multifilamentary wire is fabricated in
three main steps:

• Production of high homogeneity NbTi
alloy by consummable arc vacuum melting.

• Extrusion and drawing of a mono-filament
billet made up of a cylindrical ingot of NbTi alloy
inserted into a copper can.

At the last dawing pass, the mono-filament
rods are given an hexagonal shape.

• Extrusion and drawing of a multi-filament
billet, made up of hexagonal, mono-filament rods
stacked into a thick-walled copper can.

The wire twist is applied prior to the final
drawing pass, with a typical twist pitch of 25 mm.
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Production of M ultifi lament ary
Superconducting Wire for the SSC

(3 ) TI10 extruded rod is drawn
down In multiple passes
to a smaller size.

A monoiilament billet consists of a single niobium-titanium
bar of about 15-cm diameter and 50 to 75-cm long,
wrapped with niobium foil and inserted into a
20-cm diameter thick-walled copper can.
Top and bottom end caps are
attached by electron-beam
welding. The sealed can is
evacuated and compressed.

The monofilament billet is hot-extruded
at 600-700 C to a composite rod
approximately 3-5 cm
in diameter.

Resulting bar is compacted
to a hexagonal-shaped cross
section about 3.6 mm across,
cut into 80 to 7^cm lengths,
and cleaned.

>A multifilament billet Is now formed from approximately 7,200 hexagonal
monofilament rods (for inner SSC cable) or 4,200 rods (for outer
SSC cable). The rods are tightly packed into another 30-cm
diameter thick-walled copper can, with a center copper
island and filler copper added at the edges to
reduce the voids. The billet goes through
the same process of compaction,
extrusion and drawing as described
earlier, except that now tho wire is
drawn to the final wire size needed
for cable production. During the drawing,
the wire is heat treated several times to optimize
its current-carrying capacity. The wire is twisted just before
the last drawing step.

Thus, one multifilament billet for inner wire yields approximately 80,000
meters of wire, sufficient for about 2 SSC dipoie magnets. One billet for
outer wire yields ~ 130,000 meters of wire, again sufficient for 2 dipoles.

Final muHWfamentary wire,
0.648 or 0.806 mm in diameter
with 6 jim diameter filaments.
The conductor for the SSC
dipoles will subsequently be
cable from 30 or 36 such
composite NbTi wires.

TIP0M05
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PROCESS SCHEDULE
FOR NBTI WIRES

- The drawing-down of the billets is realized
in multiple passes and heat treatments are
applied at well defined strain intervals
(corresponding to integer numbers of standard
die passes).

- The cold-work and heat treatment schedule
is established so as to produce the desired
lattice of a-Ti precipitates in order to match the
parameters (size and spacing) of the fluxoid
lattice.

As the characterisitcs of the fluxoid lattice
depends on temperature and field, the process
schedule may be different for different
applications with different operating conditions.

- At the end of drawing, the wire copper is
severely cold-worked and it is preferable to
include in the process schedule an annealing
step on the wire at final size.

This annealing step should not be too
aggressive to prevent alterations of the NbTi
microstructure and degradations of the critical
current density (heating of the NbTi
microstructure results in a growth of the p-phase
grains which affects the distribution of a-Ti
precipitates).
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NB BARRIER

- For the production of fine filament wires,
such as those used for SSC, RHIC and LHC, the
niobium-titanium ingot of the mono-filament
billet is wrapped with a niobium foil.

- The niobium barrier prevents the formation,
during the multiple heat treatments, of hard and
brittle intermetallic compounds such as TiCu4.

- The TiCu4 compounds do not deform well,
resulting in filament sausaging and, ultimately,
wire breakages upon subsequent drawing
operations.
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DOUBLE STACKING VERSUS
SINGLE STACKING

.- When the number of filaments is very large,
rods made from a drawn-down multi-filament
billet can be re-stacked into a new multi-
filament billet, which, in turn is extruded and
drawn. Such process is referred-to as double-
stacking as opposed to single-stacking.
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MAIN ISSUES
FOR NBTI WIRE DESIGN

- The main issues for NbTi wire design are:

• Copper-to-supetconductor ratio, which
should not be too small to limit conductor heating in
case of a quench and should not be too large to
achieve a high overall critical current,

• Filament size, which should be optimized
to limit field distortions resulting from superconductor
magnetization while keeping wire processing cost
down,

• Inter-filament spacing, which should not
be too large to allow mutual support of the filaments
during wire processing and should not be too small to
avoid proximity effect coupling.

- In addition, it is desirable to leave a copper
core at the wire center and a copper sheath at
the wire periphery to protect the
multifilamentary area from cabling degradation.
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SSC AND LHC WIRE DESIGN

- For SSC and LHC wires, the filament
diameter is 6 \im, the interfiiament spacing is of
the order of 1 jim, the cross-sectional area of the
copper core is less than 10% of the total wire
cross-sectional area, and the thickness of the
copper outer sheath is in the range 50 to 100 \im.
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MAIN ISSUES FOR NBTI WIRE
MANUFACTURING

- The main Issues regarding wire
manufacturing are:

Piece length,

Critical current optimization.
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PIECE LENGTH REQUIREMENTS

- Breakages during wire drawing are
unavoidable, resulting in multiple piece lengths.

- Most magnet builders prefer to wind coils
with weld-free cables made from single-piece
wires. Hence, the average wire piece length
must be at least equal to the cable length
needed for a coil.

- In addition, a low breakage rate in wire
production is an assurance of quality and
uniformity.

Example: For LHC, wires are accepted on a billet
basis, and it is required that, for each billet, at least 90%
of the final-size pieces be longer than 1 km.
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FACTORS INFLUENCING
PIECE LENGTH

- The factors influencing piece length are:

• Cleanliness of billet assembly, to avoid
inclusions of foreign particles,

• Precipitation of unwanted, hard-to-draw
phases in NbTi alloy, which must be prevented,

• Formation of TiCu4 compounds at the
matrix I filament interface, which must also be
restricted.
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FACTORS INFLUENCING
CRITICAL CURRENT DENSITY

- The factors influencing critical current
density can be classified into two categories:

• Intrinsic factors, related to NbTi alloy
microstructure and affecting nuxon pinning,

• Extrinsic factors, related to macroscopic
irregularities and causing local reductions in filament
cross-sectional areas.

- A way of determining if the critical current
of a wire is limited by intrinsic or extrinsic
parameters, is to study the evolution of its N-
value as a function of field (see section on
transition of multifilamentary wires).
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INTRINSINC FACTORS

- Among the intrinsinc factors influencing the
critical current density are:

• Homogeneity of the NbTi ingots used for the
mono-filament billets, which must be tightly controlled
(typically +/-1% in weight of Ti),

• Parameters and schedule of cold-work and
heat treatment cydes during wire production.
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EXTRINSINC FACTORS

- The extrinsic factors influencing the critical
current densityare basically the same as the
factors influencing piece length.

- In addition, it is preferable to maintain a
small inter-filament spacing, so that the NbTi
filaments, which are much harder than the high
purity copper matrix, can support each other
during the multiple drawing operations.

Lecture 3-89



' . <*s~

3.5 Manufacturing of Wires

v ic"c:

s in

S Vi.

:s on

Lecture 3-91



MANUFACTURING
OF NB3SN WIRES

- Because of its brittleness, NbsSn cannot be
fabricated by a wire-drawing process, but must
be formed in situ in the wire at final size.

- There four main methods of producing
multifilamentary NbsSn wires:

Bronze

Internal Tin

Modified Jelly Roll (MJR)

Powder in Tube (PIT)
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BRONZE METHOD

- The most traditionnal method of producing
wires is the so-called bronze method.

- It is done in two steps:

• Production (by extrusion and drawing)
of a multifilamentary composite wire made up of
Nb filaments (doped with Ti or Ta) embedded in
a bronze (CuSn) matrix,

• Heat treatment on the wire at final size
(or even preferably on the cable wound in its
final coil shape) during which the tin diffuses
through the bronze matrix and reacts with the
niobium filaments to produce
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HEAT TREATMENT
FOR NB3SN WIRES PRODUCED

BY THE BRONZE PROCESS

- The heat treatment parameters for
wires produced by the bronze process must be
optimized in order to achieve:

• good stoichiometry and full reaction of
NbsSn filaments for high Tc and Ba (which
requires long heat treatment at high
temperature),

• fine grain structures for high Jc (which
imposes upper limits on the duration and
temperature of the heat treatment to limit grain
growth).

- A typical heat treatment for a wire produced
by the bronze method is: 570 °C for 144 hours
followed by 650 °C for 200 hours.
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LIMITATIONS
OF BRONZE METHOD

- To remain ductile enough for wire drawing,
the bronze of the billet must contain no more
than 15% of tin.

- Given this tin concentration, a full reaction
of a volume, V, of Nb requires the equivalent of
tin contained in a volume of the order of (4F) of
bronze.

- Furthermore, after heat treatment, the
depleted bronze around the filaments has very
poor electrical and thermal conductivities, and is
not sufficient to stabilize the wire. Hence, a
copper sheath must be added at the wire
periphery.

- The unfavorable local CuSn/NbsSn ratio in
the multifilamentary area and the addition of
the copper sheath results in a reduction of the
overall critical current density of the wire.
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INTERNAL TIN METHOD

- One expedient to limit the reduction of the
overall critical current density of the wire is to
incorporate pools of pure tin within the wire
cross-section, as is done in the so-called
internal-tin method.

- In this case, the wire is made up of sub-
elements surrounded by metallic barriers and a
copper sheath. The sub-elements themselves
are made up of a large number of Nb filaments
(doped with Ti or Ta) positionned within a copper
matrix around a tin pool.

- As in the bronze method, the NbsSn is
formed by subjecting the wire at final size (or the
wound coil) to a lengthy heat treatment, during
which the tin migrates through the matrix
copper, which turns into bronze, and reacts with
the Nb filaments. (The role of the barriers is to
prevent tin pollution in the copper outer sheath.)

- A typical heat treatment for a wire
produced by the internal-tin method is: ramp at
6 °C up to 660 °C, followed by a plateau at 660 °C
for 240 hours.
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INTERNAL TIN VERSUS BRONZE

- The pools are dimensioned to supply all the
tin needed to fully react the filaments and the
local CuSn/Nb3Sn ratios in the multifilamentary
areas are much smaller than for bronze-
processed wires.

As a result, the overall critical current density
of internal-tin-processed wires can be much
larger than for bronze-processed wires.

- However, the tin diffusion through a closely
spaced array of filaments, somewhat deformed
by the extrusion and drawing processes, results
in filament bridging.

The filament bridging causes, in turn, the
filaments to react more or less collectively when
solicited by an external magnetic flux density.

This collective behavior engenders
magnetization effects that can be significantly
larger than what is expected from the physical
size of individual filaments.

As a result, the effective filament diameter to
be taken into account when computing the
persistent magnetization currents can be much
larger, and is much more difficult to control,
than for bronze-processed wires.
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ESTIMATING THE EFFECTIVE
FILAMENT SIZE OF NB3SN WIRES

- An estimate of the effective filament
dimater, dear of NbsSn wires can be obtained by
measuring the wire losses under a slowly-
varying, tansverse magnetic flux density (the
field ramp must be slow enough to limit
instrastrand coupling currents).

- Let w designate the losses per unit length
and per unit of cross-sectional area measured
during a magnetic flux density cycle between
(-Bo) and (+Bo). It can be shown that, if Bo is
large enough

3 % w
8 Jc(Bo) Bo

where Jc is the critical current density of the wire
(normalized to the same unit of cross-sectional
area as w).

- In practice, w and /c are normalized per unit
of non-copper area in the wire cross-section.
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R&D DEVELOPMENT FOR ITER

- In recent years, a significant R&D work has
been carried out to improve the performance of
NbsSn multifilamentary wires, thanks to the
International Thermonuclear Experimental
Reactor (ITER) program

- Following ITER specifications, it is
customary to show plots of zv(±3 T) versus JcCL2 T)
at 4.2 K.
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MJR METHOD

- The MJR method differs from the two
previous methods by the billet assembly process.

- Instead of starting from niobium tubes
which are inserted into holes drilled in a bronze
or copper matrix, the niobium is made in the
form of a sheet of expanded metal which is
rolled up with a sheet of bronze, like a jelly roll.

The jelly roll is then packed and sealed in a
copper can to be extruded and drawned down
the usual way.

During extrusion and subsequent drawing,
the junctures in the niobium sheet are elongated
and the material develops a multifilamentary
structure.

- The tin provided by the bronze sheet can be
supplemented by the addition of a tin core at the
center of the jelly roll.

- In practical wires, many tin core MJR units
are rebundled to reduce the tin diffusion
distance from the core of each jelly roll.
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Figure 3. Bronze route K3R wire from Billet ML22, overall cross section
and close vp of the V+NblTi expanded metal diffusion barrier.
The bronze to KblTi ratio in this unreacted .036" dia. wire
is 3.02:1. Of the non-Cu volume, 23.2% is Nbl?i, 70-3% is
CuiS.SSn, and 6-5% is the diffusion barrier. The diffusion,
barrier thickness is II microns.

Figure 4. Overall and close up irdcrographs of tin core X3R billet
CrelO82 at 0.033" dia. (A) overall, (3) close up, unreactec,
showing cccxsentric V/Nb diffusion barrier, and (C) close up,
reacted 650 C/160 hrs.

D.
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MJR VERSUS INTERNAL TIN

- The MJR method is potentially more cost
effective than the internal-tin method, but the
efffective filament diameter is even more
difficult to control.
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PIT METHOD

- An alernative method to produce
multifilamentary wire is the so-colled Powder In
Tube Method, developed by the Netherland
Energy Research Foundation (ECN).

- In this process, Nb2Sn powder of particle
size less than 3 \im is mixed with tin powder and
packed into a thick-walled copper tube.

The filled tube is reduced in diameter to
densify the powder and is put into a niobium
tube surrounded by a copper tube.

The assembly is extruded and drawn down to
a rod of hexagonal cross-section.

The rod is cut into lengths and the lengths are
re-stacked in a copper can, which is again
extruded and drawn down to produce the final-
size wire.

- As for other methods, the NbsSn compound
is formed by subjected the wire at final size (or
the wound coil) to a heat treatment.

During heat treatment, the tin contained in
the powder cores migrates through the copper
tubes, turning them into bronze, and reacts with
the inner surfaces of the niobium tubes to create
a growing NbsSn layer.

Note that the copper-turning-into-bronze
liners positioned within the niobium tubes are
necessary to ensure the formation of NbsSn at a
suitable temperature.
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Powder-In-Tube NbjSn wire
manufactured by ShapeMetal Innovation B.V.
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ADVANTAGES OF PIT METHOD

- Given the proximity of the tin sources to the
niobium, the required heat treatment is short:
typically, 680 °C for 47 hours.

- Another advantage of the PIT method is
that the niobium tubes can be made thick
enough to ensure that the tin does not react right
through the tube wall and does not pollute the
outside copper.

Then, the outside copper remains pure
enough to ensure wire stabilization and no other
copper addition is required.

- As a result, the achieved critical current
densities per unit of non-copper area can be very
large, with more than 2000 A/mm2 (non-copper)
at 4.23 K and 11 T.
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DISADVANTAGES
OF PIT METHOD

- Limited number of filaments (~ 500) with
large physical diameter (10 to 20 jxm).

- Costly.

- At present (1999) only a small Dutch
company is able to produce PIT NbsSn wires.
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PARAMETRIZATION OF CRITICAL
TEMPERATURE AND FIELD

OF NBTI ALLOYS

- For NbTi, Bczis related to T and Tc is related
to B by *

T> U (
rio

coj J

T (T>\ _ T (tC\& ) — 1 CO ] 1 - £
C20

Example:

T
Bc2

OX
24.5 T

L9X
23.5 T

42 K
10.7 T

B
Tc

or
9.2K

5T
72 K

9T
52 K

HS.
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CRITICAL CURRENT DENSITY
PARAMETRIZATION FOR NBTI WIRES

n
c

- The critical current density per unit area of superconductor, Jc, can be
parametrized as a function of temperature, T, magnetic flux density, B, and
critical current density at 4.2 K and 5 T, JQtei, using *

JcCB,
Jcref B

B
BC2(T)

a

BC2(T)

where C0/ «/ )3 and y are fitting parameters.

- Since the time of Tevatron, a factor of about 2 has been gained on the
critical current density at 4.2 K and 5 T, thanks to the understanding of the
role played by a-Ti precipitates in pinning mechanisms. Values of Jcxet in
excess of 3000 A/mm* are now obtained in industrial production.
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CRITICAL CURRENT DENSITY
PARAMETRIZATION FOR NBTI WIRES (CONT.)

r4

a
e

tCO
I

- Typical fitting parameters values for LHC strands are:

Co = 31.4 T, a = 0.63, p = 1.0 and y = 2.3

This yields for / c (in A/mm2):
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- The ft/c versus Bl! curve is shifted by about +3 T when lowering the
temperature from 4.2 K to 1.9 K.
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ŝ
 500

400

C
ri

ti

i
00

300

200

100

0

x Extracted @4.2 K
i Extracted 91.8 K

4 8 6 7 8 9 10 11 12
Applied Field (T)



CRITICAL FIELD OF NB3SN COMPOUNDS

- The upper critical magnetic flux density, BC2, of binary or ternary Nb3Sn
can be parametrized as a function of temperature, T, and strain, 8, using*

I

B C2o( &)
1-0.31

Jco(8)

2r . j
1 - 1.77 lnl —

where BC2o is the upper critical magnetic flux density at zero temperature:

BC20 BC20m
1.7

and TCo is the critical temperature at zero magnetic flux density:

Tcco ' )

Here, a = 900 for 8 £ 0 (compressive strain) and a = 1250 for 0 £ 8 (tensile
strain), Besom is the upper critical magnetic flux density at zero temperature
and zero strain and TCom is the critical temperature at zero magnetic flux
density and zero strain.
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CRITICAL CURRENT DENSITY OF NB3SN WIRES

- The critical current density per unit area of non-copper, Jo can be
parametrized as a function of temperature, magnetic flux density, B, and
strain, £, using *

C(£)

Bci(T,e)
O

<*> where

C(B) = Co(l

Here Co is a fitting parameter (AT1/2m2).

TCo(£)



CRITICAL CURRENT DENSITY
OF NB3SN WIRES (CONT.)

- For binary compounds, TOM and Bĉ m are of
the order of 16 K and 24 T, while for ternary
compounds, they are of the order of 18 K and
28 T.

- The strain in a freestanding, reacted Nb3Sn
wire is estimated at about -0.25%.

- Following the ITER program, critical current
density values of 700 to 750 A/mm2 at 4.2 K and
12 T with effective filament diameters of 15 to 20
fim are now reached in industrial production
(such values correspond to a Co of the order
12000 AT1/2mrn1.

- Higher critical current densities can be
achieved when relaxing the specification on
effective filament diameter.

- The "Jc versus B" curve shifts by only 1 to
1.5 T when lowering the temperature from 4.2 K
to 1.9 K.
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3.7 Rutherford-Type Cables

T'~2 Cables

Lecture 3 -131



RUTHERFORD-TYPE CABLES

- Superconducting particle accelerator
magnet coils are wound from so-called
Rutherford-type cables.

- A Rutherford-type cable consists of a few
tens of strands, twisted together, and shaped into
a flat, two-layer, slightly keystoned cable.

- As explained in the lecture on magnetic
design, the slight keystone is introduced to allow
stacking of the conductors into an arch and
forming coils of the desired shape.
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Câble supraconducteur pour dipôles LHC » Couche externe
NbTi Superconducting cable for LHC dipoles - Outer layer

o
Oí CARACTERISTIQUES

Câble trapézoïdale.

40 brins de diamètre 0,04 mm.

Supraconducteur etamé 1/2.

Grande épaisseur ; 1,67 mm.

Petite épaisseur : 1,30 mm.

Largeur ; 17 mm.

Non »maillé,

CHARACTERISTICS

Keystone type cable.

40 strands 0.B4 In diameter

Hall-tinned SC wires.

Thick edge thickness : 1.67 mm.

Thin edge thickness : 1,30 mm.

Width : 17 mm.

Not enamelled.
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WHY USING A CABLE?

- The small radii of curvature of the coil ends
preclude the use of a monolithic conductor
because it would be too hard to bend.

- A multi-strand cable is preferred to a single
wire for at least four reasons:

• It limits piece length requirement for
wire manufacturing (a coil wound with a N-strand
cable requires piece lengths which are 1/N shorter
than for a similar coil wound with a single wire),

• It allows strand-to-strand current
redistribution in the case of a localized defect or
when a quench originates in one strand,

• It limits the number of turns and
facilitates coil winding,

• It limits coil inductance [the inductance
of a coil wound with a N-strand cable is (1/N)2 smaller
than that of a similar coil wound with a single wire].

A smaller inductance reduces the voltage
requirement on the power supply to ramp-up the
magnets to their operating current in a given time and
it limits the maximum voltage to ground in the case of
a quench (see lecture on quench protection).

- The main disadvantage of using a cable is
the high operating current (over a few thousand
amperes) which requires large current supplies
and large current leads.
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CABLING MACHINE

- Spools of strands are distributed on a
rotating drum.

- The strands are twisted together around a
cabling mandrel shaped like a screwdriver.

- As the cable leaves the blade of the screw
driver, it enters a TurkVhead roller die, which
consists of four rollers arranged at given angles
to form a trapezoidal orifice.

- The TurkVhead die squeezes the cable into
its final configuration.

- The cable is driven by a caterpillar-type
pulling device that is perfectly synchronized with
the drum rotation.
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MAIN ISSUES FOR CABLE DESIGN
AND MANUFACTURING

- The main issues for cable design and
fabrication are:

• Compaction, which should be large
enough to ensure good mechanical stability and high
overall current density while leaving enough void
(typically of the order of 10% in volume) for liquid
helium cooling,

• Control of outer dimensions to achieve
suitable coil geometry and mechanical properties,

• Limitation of critical current
degradation due to strand and filament degradations
at the cable edges,

• Control of interstrand resistance, which
should not be too small to limit field distortions
induced by interstrand coupling currents while
ramping (see lecture on field quality) and should not
be too large to allow current redistribution among
cable strands.
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CABLE COMPACTION

- Cable compaction is not uniform for a
keystoned cable.

- It is customary to define an overall
compaction, P, as the ratio of the sum of the
areas of undeformed strand cross sections to the
area of the enclosing trapezoid.

As the strands are twisted together, their
cross-sectionnal area is computed in a plane
perpendicular to the cable axis and we have:

Nnd*
P =

4:WtmCOS1p

where N is the number of cable strands, d is the
strand diameter, w is the cable width, tm is the
cable midthickness, and ip is the cable pitch
angle, given by:

2w

Here, I is the cable pitch length.
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EXAMPLE
OF CABLE COMPACTION

- For the cable used in the outer layer of the
LHC dipole magnet coils we have:

w = 15.1 mm and L = 100 mm

which yields:

ip = 16.8°

- Furthermore, we have:

N = 36, d = 0.825 mm, and tm = 1.48 mm,

and we get:

P * 90%

- The manufacturing of the LHC coils
requires about 4600 km (736 metric tons) of this
cable. The specification on the minimum overall
current capacity is 12960 A at 9 T and 1.9 K and
the minimum unit length is 750 m.
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CABLE DIMENSIONS

- Cable dimensions must be tightly controled
during production.

- Measurements are performed on-line and
can be cross-checked using stacks of 10
conductor samples (which are alternated to
compensate keystone angle).
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CABLING DEGRADATION

- Cabling of the strands result in strand
deformations at the cable edges, where the
strands are bent in a hairpin-like manner.

- The deformations are accentuated at the
thin edge of keystoned-cables.

- These deformations can result in local
reductions of the filament areas, therebye
lowering the critical current of the cabled wires
with respect to that of un-cabled wires.

- The introduction of a copper core and of a
copper sheath in the wire design has been shown
to reduce cabling degradation.

- The cabling degradation is a strong function
of keystone angle.
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3.8 Interstrand Resistances in Rutherford-
Type Cables
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INTERSTRAND RESISTANCES

- A rutherford type-cable presents two types
of interstrand contacts:

• Discrete contacts at the crossovers
between strands of the two layers,

• Continuous contacts between adjacent
strands of a same layer.

- The strand deformations due to cabling and
the high pressures applied to the coil during
magnet assembly can result in low contact
resistances.
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INTERSTRAND
COUPLING CURRENTS

- When a Rutherford-type cable is subjected
to a transverse, time-varying field, the network of
interstrand resistances is the seat of current
loops, referred to as interstrand coupling
currents.

- The interstrand coupling currents produce
field distorsions in the magnet bore and
dissipate power in the interstrand resistances.

- The field distortions are very damageable
for accelerator operation, even for a slow-
ramping machine, such as the Large Hadron
Collider (LHC). (The LHC current ramp rate is
10 A/s, which, for dipole magnets, corresponds to
a field ramp rate of about 7.5 mT/s.)

- At high ramp rates, the power dissipated by
interstrand coupling currents can degrade
quench performance.
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RUTHERFORD-TYPE
CABLE MODEL

- An N-strand Rutherford-type cable in the
steady state or subjected to a magnetic field
varying at a constant rate can be represented by
a simple equivalent electrical circuit.

- In this model, the strands are represented
by equipotential lines.

Over a twist pitch, each strand crosses two
times every other strands. The crossings are
represented by elementary resistances, referred
to as crossover resistances, Rc*

The points where the crossover resistances
are connected to the lines define the network
nodes.

Furthermore, the continuous contacts
between adjacent strands are represented by
discrete elementary resistances, referred to as
adjacent resistances, Ra/ connected to the
network nodes.

- Over a pitch length, each strand encounters
(2N-2) crossover resistances and is connected to
each of its neighbors by (2N) adjacent
resistances.
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RA VERSUS RC

- When subjecting an N-strand Rutherford-
type cable to an uniform, transverse field, Bt,
varying at a constant rate, the power, F o
dissipated in the crossover resistances can be
estimated as

N2wL
ie w

120fmRc { dt J

where w is the cable width, tm is the cable
midthickness and L is the cable pitch length.

- Similarly, the power, Pa , dissipated by the
coupling currents in the adjacent resistances can
be estimated as

wL (dBt\2

x a ^

- The above equations show that, to obtain
similar levels of power dissipation, Ka and Rc

should be in the ratio (20/N2).
For N = 36, this implies that Ka must be about

65 times smaller than Re-

- The interstrand coupling currents of regular
cables (without internal cores) are usually
dominated by crossover resistances.
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INTERSTRAND RESISTANCE
REQUIREMENTS

- The effects of interstrand coupling currents
can be limited by preventing interstrand
resistances from being too low.

- However, it is also desirable to keep the
strands from being electrically insulated from
each other, to preserve the possibility of
interstrand current redistribution,

- A compromise must be found between
these conflicting demands, and the cables must
be designed and manufactured so as to ensure a
suitable, reproducible and uniform level of
interstrand resistances in the magnet coil
assemblies.

- For LHC cables, the target value of
crossover resistance is: 20 p,Q ± 10 \xQ.
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CONTROLING
INTERSTRAND RESISTANCES

- The interstrand resistance can be modified
by oxidizing or by coating strand surface.

- Also, a thin, insulating foil (such as stainless
steel) can be inserted between the two layers of
cable strands in order to increase the resistances
at the strand crossovers.

- The interstrand coupling currents of cored
cables are dominated by adjacent resistances.
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CONTROLING INTERSTRAND
RESISTANCES OF NBTI CABLES

- Half of the strands of the Tevatron cable are
coated with a silver-tin solder, called stabrite,
while the other half are coated with ebanol, a
chemical that favors the development of black
copper oxide.

The stabrite- and ebanol-coated strands are
alternated, yielding a pattern of black and silver
stripes. Such cable is referred to as zebra cable.

- The strands of the UNK, SSC and RHIC
cables are bare.

- The strands of the HERA and LHC cables
are stabrite-coated.

- In addition, the LHC cables are subjected,
at the end of cabling, to a heat treatment at
200 °C for 8 to 12 hours on special reels allowing
air circulation.

This heat treatment is optimized to prevent
alterations of the niobium-titanium alloy
microstructure, while favoring oxidation of the
staybrite coating to achieve the desired level of
crossover resistance (20±10 JAQ).

Also, it contributes to a last annealing of the
high purity copper of the strand matrix (to
recover from the cold-work produced by the
cabling operation).
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CONTROLING INTERSTRAND
RESISTANCES OF NB3SN CABLES

- Control of interstrand resistances is even
more difficult for NbsSn cables, because of the
required heat treatment that is usually
performed in situ, on wound coils.

- If nothing is done, the heat treatment can
result in a sintering of the strands, engendering
undesirably low interstrand resistances (less
than 1 \iQ for

- To prevent sintering, the ITER program has
considered chromium-plating of the strands.
However, for accelerator magnets, the chromium
plating may yield too high interstrand
resistances (more than 100 |xO for

- An alternative is to use a cable made from
bare strands but with a stainless steel core.

Such a cable should yield a low Ra (of the
oder of 1 ixQ) and a high Re (of the order of
100 p,Q), therebye reducing the most damaging
crossover coupling currents, while still allowing
the possibiliy of current redistribution through
the adjacent resistances.

CEA/Saclay and University of Twente are
considering such a cable for their NbsSn model
magnets.
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3.9 Critical Current Measurements on
Rutherford-Type Cables
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CRITICAL CURRENT
MEASUREMENTS ON CABLES

- Similarly to wires, the maximum current-
carrying capacity of cables can be determined
from measurements on short samples.

- The voltage-current curves of cable short
samples are similar to that of wire short samples
and the cable performances can be
characterized using the same definitions of
critical current and N-value.

Lecture 3-173



CRITICAL CURRENT
MEASUREMENTS
ON NBTI CABLES

- BNL has developed a cable short sample
test facility that is widely used as a bench mark
for NbTi Rutherford-type cables.

- The critical current values measured a t
BNL provides accurate estimations of the
maximum quench currents of accelerator
magnets.
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CRITICAL CURRENT
MEASUREMENTS

ON NB3SN CABLES

- The critical current of Nb3Sn Rutherford-
type cables has been shown to be sensitive to
transverse pressure and requires elaborate test
setups to be measured in conditions relevant to
accelerator magnet operations.
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Table Characteristics of 5hc Nt^Sn Rutbcrfbni type of cabled conductors.

Type:
Production:
Model:
Dimensions [mm]:
Number of strands: 36
Number of filaments: 192
Diameter strand [mm]: QSQ
Matrix: . €s
% Ca [%J 57
Htch cable [mm] 120
Measured k@HT [kA]:165

1PT

(1) ccn Ihc-b (2) cca sultan twca/lbl (3)
powder in tide powder in tube

rectangnlar
(1J82/1J2}182 021/251)17.0
36- 26
192
LOO
Cu
55
160
19£
2^,45 FT

1J29
Ca/CuSn/barr.
48
119

twca/lbl (4)
MJR48

{L07/L29)15.8
48
36 subclements
065
Cu/CuSn/barr.
56
109
3J
6MJR48

vac-lhc-a (5}

(2.19/2.69)16.8
24
50000
138
Cu/CuSrVbarr.
29
150
15.1
10,11 BR

Lecture 3-181



v

A T -

. e l l TcS

"\ C

d-s- cr :

3.10 Cable Insulation
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CABLE INSULATION
REQUIREMENTS

- The main requirements for cable insulation
are:

• good dielectric strength in helium
environment and under high transverse pressure (up
to 100 Mpa),

(Note that, although the dielectric strength of
liquid helium at 42 K is fairly good, that of helium gas
is significantly worse and keeps degrading with
increasing temperature.)

• Small thickness (to maximize overall
current density in the magnet coil) and good
physical uniformity (to ensure proper conductor
positioning for field quality),

• Retention of mechanical properties
over a wide temperature range,

• Ability to withstand radiations in an
accelerator environment.

- In addition, the insulation system is
required to provide a mean of bonding the coil
turns together so as to give the coil a semi rigid
shape and facilitate its manipulation during the
subsequent steps of magnet assembly.

- It is also desirable that the insulation be
somewhat porous to helium and/or offers good
heat transfer for conductor cooling.
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INSULATION OF NBTI CABLES

- The insulation of Tevatron, HERA and UNK
magnets, of most SSC magnets and of the early
LHC magnet models is made tip of one or two
inner layers of polyimide film, wrapped helically
with a 50-to-60% overlap, completed by an outer
layer of resin-impregnated glass fiber tape,
wrapped helically with a small gap.

- The inner layer is wrapped with an overlap
for at least two reasons:

• The polyimide film may contain pin
holes which have to be covered (the probability of
having two superimposed pin holes in the overlapping
layer is very low),

• The Tevatron experience has shown
that it was preferable to prevent the resin
impregnating the glass wrap from entering in
contact with the NbTi cable (the energy released by
cracks in the resin is believed to be sufficient to initiate
a quench).

- The outer layer is wrapped with a gap to set
up helium cooling channels between coil turns.
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INSULATION OF NBTI CABLES
(CONT.)

- The resin is of thermosetting-type and
requires heat to increase cross link density and
cure into a rigid bonding agent.

- The curing is realized after winding
completion in a mold of very accurate
dimensions to control coil geometry and Young's
modulus.
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ALL-POLYIMIDE INSULATION
OF NBTI CABLES

- RHIC magnets and the most recent LHC
magnet models use a so-called all-polyimide
insulation where the outer glass fiber wrap is
replaced by another layer of polyimide film with
a polyimide adhesive on its surface.

- The all-polyimide insulation has a better
resistance to puncture but the softening
temperature of the adhesive can be higher than
the temperature needed to cure a conventional
resin (225 °C for RHIC-type all-polyimide
insulation compared to 135 °C for SSC-type
polyimide/glass insulation).
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HEAT TRANSFER THROUGH
CABLE INSULATION

- For NbTi cables operated in superfluid
helium, it has been shown that the heat transfer
through the insulation (upon static heat
deposition on the cables simulating the effects
of synchrotron radiation) was strongly influenced
by:

• The number of layer wrap,

• The percentage of overlap of each
wrap.
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INSULATION OF NB3SN CABLES

- The insulation of NbsSn cables is usually
based on a glass fiber tape or a glass fiber sleeve
put on the un-reacted conductor prior to
winding. Upon winding completion, the coil is
heat-treated to form NbsSn. It is then
transferred to a precision molding fixture to be
vacuum impregnated with resin.

- The glass fibers used for the tape or the
sleeve must be able to sustain the heat
treatment without degradation.

- Also, all organic materials, such as sizing or
finish, must be removed from the fibers to
prevent the formation of carbon compounds that
may lower the dielectric strength. The sizing
removal is performed by carbonization in air
prior to conductor insulation.
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INSULATION OF NB3SN CABLES
(CONT.)

- The implementation of such an insulation
system adds to the difficulty of manufacturing

coils for at least two reasons:

• De-sized glass fiber tapes or sleeves
are fragile and easy to tear off by friction,

• Vacuum impregnation is a delicate
operation.

- Furthermore, a full impregnation prevents
any helium penetration in the coil, thereby
reducing greatly cooling capabilities.
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Table : Technical data of the fabric tapes selected for the tests

Tape- Type at
number nbet

1
2
3
4
5

liber
size

1
5
9
5
4

Fiber number
wsip woof

15
14
20
12
23

11x2
6x2
6x2
5

10

T&pe
thickness

[mm]

6.16
0.23
0.33
0.33
0.30

SpedMc
weight

244
333
362
232
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CONDUCTOR MODEL AND
PROBLEM SYMMETRY

- Let (O,~x,~y,~z) designate a rectangular
coordinate system and let us consider an
ensemble of conductors parallel to the z-axis and
uniform in z.

- Let E designate the conductor surface and
let V(2) designate the volume inside the
conductors [note that 2 and V(E) may be multiply
connected].

- Furthermore, let us assume that the
conductors carry a constant current density,
parallel to the z-axis and uniform in z.

- Finally, let G designate a given point of
space and let JG designate the current density at
G. We have:

U = J<Jx,y) t for G, G E V(2)

and

~* = 1?

where JG)Z is the z-component of JG.
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CONDUCTOR MODEL AND
PROBLEM SYMMETRY (CONT.)

- Given the problem symmetry, the magnetic
—>

flux density, BM, produced at a given point M of
space by the currents carried by the conductors
is expected to be uniform in z.

- Hence, we can write:

ry) ~x + BM,y(xfy) ~y

where BM*, BM,Y and BM* are the %-, y- and z
components of BM-
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COMPONENTS OF MAGNETIC
FLUX DENSITY

- According to Biot and Savarfs law, BM can
be computed as:

/ / ;

where G is a given point of V(2), dVG is an
elementary volume in the vicinity of G, and GM
is the absolute value of GM.

- It follows that:

G~M
j o o r ' " • = * >—» ^

B M = z x

which shows that the magnetic flux density is
perpendicular to the z-axis and that:

BM/Z(*,t/) = 0 for all x and all y

- In the following, we drop the indices M and
G and we simply refer to the current density and
the magnetic flux density at a given point of
space by J and B.

Also, we designate by T the intersection of 2
with the (O,x",y) plane and we designate by I(T)
[respectively, EOT)] the interior (respectively,
exterior) of T.
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PROPERTIES DERIVED FROM
MAXWELL-GAUSS' EQUATION

- According to Maxwell-Gauss1 equation, the
magnetic flux density, B , everywhere satisfies:

V.B = 0

It follows that:

ox oy y
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PROPERTIES DERIVED FROM
MAXWELL-AMPERE'S EQUATION

Let us assume that the magnetic
permeability of the entire space [including V © ]
is that of vacuum, \JLQ = 4 it 10'7 H/m.

- Then, the magnetic field, H , is everywhere
related to the magnetic flux density, B , by:

H = - B

- Furthermore, according to Maxwell-
Ampere^ equation, H is everywhere related to
the current density, J , by:

Vxit = X
which yields:

VxB = T

- We get:

dBY(x,y) dBx(x,y
—§;-*- - — g ^ -

for ix,y), fey) G I (D
and

dBY(x,y) _ dBx(x,y)
dx dy ~

for (x,y), (x,y) G E (D
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COMPLEX MAGNETIC FLUX
DENSITY OUTSIDE THE

CONDUCTORS

- Let us consider the exterior of the
conductors, EOT), and let s designate the complex
variable defined as:

s = x + i y

- Furthermore, let us introduce the complex
magnetic flux density, B, defined as:

B(s) = By(x,y) + iBx(x,y)

- The real and imaginary parts, Re(B) and
Im(B), of B are simply:

Re(B) = By(x,y) and Im(B) = Bx(xfy)

Lecture 4 - 1 1



PROPERTIES OF COMPLEX
MAGNETIC FLUX DENSITY

- The complex function, B, is continuous and
single-valued over the entire space.

- Let us show that it is differentiable on EOT).
To do so, let us demonstrate that Re(B) and
Im(B) satisfy Cauchy-Riemannfs conditions.

- On one hand, we have:

dRe(B) _ 31m(B) _ dBy(x,y) _ dBx(x,y)
dx ~ dy ~~ dx dy

which, by combination with Maxwell-Ampere's
equation over the conductors1 exterior, yields:

dRe(B) _ dlm(B)
dx dy ~

for

- On the other hand, we have:

3Re(B) dlm(B) _ dBY(x,y) dBx(x,y)
dy dx ~ dy dx

which, by combination with Maxwell's Gauss
equation yields:

dRe(B) dlm(B)
— + — _ Q

dy dx
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PROPERTIES OF COMPLEX
MAGNETIC FLUX DENSITY

(CONT.)

- It follows from the above equations that B is
a single-valued, analytic function on E(F).

- Note that to derive Cauchy-Riemannfs
conditons from Maxwell's equations, the
complex magnetic flux density must be defined
as (By + iJBx) [or (Bx - iBy)] and not as (Bx + iBy).
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POWER SERIES EXPANSION

- Let us again consider an ensemble of
conductors parallel to the z-axis and uniform in
z, and let us assume that these conductors are
located outside a cylinder whose generator are
parallel to the z-axis and whose director is a
circle, T\, of center, O, and radius, Rlr located in
the (O,xfy) plane. This case is representative of
a coil assembly around the aperture of an
accelerator magnet.

- Within the cylinder, the current distribution
produces a two-dimensional magnetic flux
density which can be represented by the single-
valued and analytic function B defined in the
previous section.

- Furthermore, let DCTi) designate the disk of
center, O, and of radius, Ry based on IV The
analytic function, B, can be expanded into a
Taylor's series around the disk origin:

-fOO

B(s) = T B(n)(0) JJ for s, I s 1 <
^ n

where B(rt)(0) is the w-th derivative of B with
respect to s.
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CUSTOMARY NOTATIONS

- In the United States (US), it is customary to
re-write the previous power series expansion
under the form:

4-00

B(s) = y (Bn+ iAJ i«—in for s, i s ! <Rt

where Kref is a reference radius and An and Bn are
constant coefficients related to B(n)(0) by:

gQ
Bn+iAn = nl RJ1 £01 n,n > 0

- In the European Community (EC), most
authors prefer to re-write the power series
expansion under the form:

+00

B(s) = 2 (Bn + i A j f ^ - f 1 f o r s , l s I < K i

Here, An and Bn are related to B(nl>(0) by:

ioin,n >
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ON THE USE
OF POWER SERIES EXPANSION

- The representation of the magnetic flux
density by a power series expansion is that used
in the accelerator physics community to
compute beam orbits through magnet strings
and to carry out particle tracking simulations.

- In the following, we shall (mostly) rely on EC
customary notations.

Lecture 4-20



DIPOLE FIELD COEFFICIENTS

- Let us first consider a magnet such that, in
the series expansion of B, all the coefficients are
nil, except Bx. Then we have:

B :=: JDy + 1 Bx
 = 2>1

The magnetic flux density is thus uniform and
vertical. This corresponds to a pure normal
dipole magnetic flux density with a pole axis
parallel to the y-axis.

- Let us now consider a magnet such that, in
the series expansion of B, the only non-zero
coefficient is A1. Then we have:

B = By + i Bx — i At

The magnetic flux density is thus uniform and
horizontal. This corresponds to a so-called pure
skew dipole magnetic flux density, with a pole
axis rotated by an angle (-3t/2) with respect to the
y-axis.

- Although A1 and Bt have the dimensions of
magnetic flux densities, it is customary to refer
to them as skew and normal dipole field
coefficients.
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QUADRUPOLE FIELD
COEFFICIENTS

- Let us now consider a magnet such that, in
the series expansion of B, all the coefficients are
nil, except B2. Then we have:

The i/-component of the magnetic flux density
is thus proportional to x, while the ^-component
is proportional to y, and the coefficients of
proportionality are equal.

This corresponds to a pure normal
quadrupole magnetic flux density, with pole axes
parallel to the first and second bisectors of the
x-y plane.

The quadrupole field gradient, g, is defined as

B2
g = ^ref

The units of g are teslas per meter.
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QUADRUPOLE FIELD
COEFFICIENTS (CONT.)

- Let us now consider a magnet such that, in
the series expansion of B, the only non-zero
coefficient is A2. Then we have:

B = JBv + iJBx = ~E (~"V •** i #)
y K r e f ^

This corresponds to a so-called pure skew
quadrupole magnetic flux density, with pole axes
rotated by an angle (-Jt/4) with respect to the first
and second bisectors.

Here, the gradient, g, is given by:

_ A*,

- The coefficients A2 and B2 are called skew
and normal quadrupole field coefficients.
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2N-POLE FIELD COEFFICIENTS

- Similary to the cases n = 1 and n = 2, it can
be shown that the coefficients An and Bn
correspond to pure 2n-pole magnetic flux
densities, and that the pole axes of the magnetic
flux density associated with An are rotated by an
angle l-n/(2n)] with respect to the pole axes of
the magnetic flux density associated with Bm

- The coefficients An and Bn are called skew
and normal 2n-pole field coefficients.
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REFERENCE RADIUS

- The definitions of the multipole field
coefficients show that, except for n = 1, they
depend on the reference radius, and their values
change when the reference radius is changed.

- Let An et Bn designate the multipole field
coefficients defined for a reference radius, Kref,
and let An' et Bn' designate the multipole field
coefficients defined for a different reference
radius, Rref\ We have:

Lecture 4 -27



CHOICE OF REFERENCE RADIUS

- The choice of reference radius has evolved
in time.

- It was 1 inch (25.4 mm) for the magnets
developed for the Tevatron, which had a 3-inch
(76.2-mm) aperture, and it was 25 mm for the
magnets developed for HERA, which had a 75-
mm aperture. In those days, the rule of thumb
was to take for Rtei one third of the magnet
aperture.

- For the magnets developed for SSC and for
the early LHC prototypes and models, the value
of Kref was taken to be 10 mm, while the magnet
apertures were 40 to 56 mm.

- There are no compelling reasons to prefer
one definition over the other, except the fact
that, for a given magnetic design, the smaller the
reference radius, the smaller the multipole field
coefficients, and, therefore, the more politically
correct they may appear...

- The LHC reference radius was recently
(1998) increased to 17 mm.
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COORDINATE SYSTEM
TRANSLATION

- Let us consider a rectangular coordinate
system, (O1,~x\~yt), such that It and l?f are one
and the same, "y" and ~yf are one and the same,
and:

OOf = Ax 1? + Ay "y"

- Furthermore, let sf and Bf designate the
complex variable and the complex magnetic flux
density associated with the new coordinate
system. We have:

B = B! and s = s1 + Ax + i At/

- Starting from the power expansion of B as a
function of s, we get:

Bf(s)
s1 + Ax + i Ayf-1

« *
+ o ° (w-l)l (8\k (Ax + i Ay)

fci(n-l-fc)! i R j ( Rre( j
n-i-fci

-f-oo (fc-D! (Ax + i Ay ,? ji-i

R,czx&z \ * * - —*.̂  ^ \ • » - • •• /• J I * \ -».•-.x^cx i \ —"•*• r c f .

where we recognize the multipole field
expansion of Bf around the new origin.

Lecture 4-29



y J

Ay

cr

y,

o'

Ax

y • y\

e

a

Lecture 4-30



COORDINATE SYSTEM
TRANSLATION (CONT.)

- Hence, the multipole field coefficients, An
f

and BJ, in the new coordinate system are related
to the multipole field coefficients, An and Bw in
the old coordinate system by:

Ay

Ax + i

- The above equation shows that the 2#-pole
field coefficients in the translated coordinate
system are equal to the 2w~pole field coefficients
in the original coordinate system plus so-called
feed-down terms from higher order multipole
field coefficients.
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COORDINATE SYSTEM ROTATION

- Let us now consider a rectangular
coordinate system, {O',~x\~y1), such that Of and O
are one and the same and the x- and i/-axes are
rotated by an angle 6 with respect to the x- and y-
axes.

- Let again s1 and Bf designate the complex
variable and the complex magnetic flux density
associated with the new coordinate system. We
have:

B = B< eie and s = sf eie

- Starting again from the power series
expansion of B as a function of s, we now get:

Bf(s) = (Bn+ l

- The above equation shows that the
multipole field coefficients in the new coordinate
system, AJ and Bn

f, are rotated by an angle (n&)
with respect to the multipole field coefficients, An
and Bw in the old coordinate system:
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MAGNETIC FLUX DENSITY
PRODUCED BY A SINGLE

CURRENT LINE IN FREE SPACE

—9s
- Let (O, x , y , z ) designate a rectangular

coordinate system and let (0,5^,5^,1?) designate
a cyclindrical designate coordinate system
deduced from (O/x/y,lt) by a rotation of angle,
6, around the z-axis,

- Furthermore, let us consider a current line
of intensity, (-1), parallel to the z-axis, and
crossing the (O,7 ,^ ) plane at O. (The choice of
a negative current line intensity will be
explained later.)

- Given the problem symmetries, the
magnetic flux density, B, produced by this
current line is expected to be uniform in 6 and z.
Hence, we can write:

if = Bt(r) JJh + B6(r) i e + Bz(r) ~z

where Bx, Be, and Bz are the radial, azimuthal and
z-components of B.
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MAGNETIC FLUX DENSITY
PRODUCED BY A SINGLE

CURRENT LINE IN FREE SPACE
(CONT.)

- By writing Biot and Savarfs law, we get

Bz(r) = 0 for all r

- By applying Gauss1 theorem to the surface
of a cylindrical element, whose generators are
parallel to the z-axis, whose director is a circle of
center, O, and radius, r, located in the (O,x,y)
plane, and which extends between two planes
perpendicular to the z-axis, it can be shown that:

Bt(r) = 0 for all r

- Finally, by applying Ampere's theorem to a
circle, F, of center, O, and radius, r, located in
the (O/x*,^) plane, and by assuming that the
magnetic permeablity of the entire space is \iQ, it
can be derived that:

Be(r) =

- Going back to the rectangular coordinate
system, we get:

LLQI — fXo!

Bx = -— sin© and Bv = —; cos©
2itr ' 2itr
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COMPLEX MAGNETIC FLUX
DENSITY PRODUCED BY A SINGLE

CURRENT LINE IN FREE SPACE

- From the above equations, it follows that the
complex magnetic flux density, B, produced by
the current line at a point, s = r eie, different from
0 is given by:

B(s) = BY(x,y) + mx(x,y)

2nr (cos® - i sin®)

23tS

- Furthermore, it is straightforward to derive
that the complex magnetic flux density, B,
produced by a current line, (-I,R,a)f of intensity,
(-1), parallel to the z-axis, and crossing the
(O,~x,~y) plane at a point, a, a = R elo> different
from O is given by:

B(s) = - — ;r—^ for s, s * a
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POWER SERIES EXPANSION
FOR A SINGLE CURRENT LINE

IN FREE SPACE

- The expression of the complex magnetic
flux density produced by a single current line,
(-I,R,a) in free space can be re-written:

B(s) = ™ *
In a ., (S\

- Furthermore, we have:

+OO

for s, Is 1 < la
H=0

which yields:
+O0

B(s) = 2 ffin+iAJ ^— fors, Isl < la
n=l

where:

H-t
)

2%RTQi { a J

[cos(na) - i sin(na)]

(Note that the current line intensity was
chosen to be negative in order to get a positive
factor in front of the second member of the
above equation.)
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SINGLE CURRENT LINE WITHIN
A CYLINDRICAL IRON YOKE

- Let us now assume that the current line
considered previously is located inside a
cylindrical iron yoke of inner radius, Ry.

- The contribution of the iron yoke to the
magnetic flux density can be shown to be the
same as that of a mirror current line, of intensity,
(-la,), and position, aw in the complex plane,
where:

Im = —7 I and

Here \i designates the relative magnetic
permeability of the iron yoke and a* designates
the complex conjugate of a.

- Note that the mirror image method is only
applicable if the iron yoke is not saturated and
as long as its permeability is uniform.
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QUADRUPLET OF CURRENT LINES
WITH DIPOLE SYMMETRY

- Let us now consider the quadruplet of
current lines with a "dipole symmetry": (-I,R,a),

and

- The magnetic flux density produced by this
quadruplet can be estimated by summing the
contributions from each current line. We get:

+ iBx = X B2k+i i« I for s, I s 1 < R

where

cos[(2Jc+l)a]

- The first term (k = 0) of the series
corresponds to a pure normal dipole field
parallel to the y-axis.

- The Bi, B$, Bs..., Bac+v— coefficients are
called the allowed multipole field coefficients of
this current distribution.
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OCTUPLET OF CURRENT LINES
WITH QUADRUPOLE SYMMETRY

- Similarly, the magnetic flux density
produced by an octuplet of current lines with a
"quadrapole symmetry" can be shown to be:

^ s ^
iBx = 2! £4k+2i^r--i fors, Is I <R

where:

- Here, the first term (k = 0) of the series
corresponds to a pure normal quadrupole field
whose axes are parallel to the first and second
bisectors.

- The allowed multipole field coefficients of
this current distribution are are the normal
2(4fc+2)-pole field coefficients (B2, Be, B1Q...).
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COSP0 CURRENT SHEETS

- Let us now consider a cylindrical current
sheet of radius, R, carrying a linear current
density of the form l-jcos(pd)] where / is a
constant (in A/m).

- The magnetic flux density produced within
the cylinder can be computed by dividing the
sheet into elementary current lines of intensity
l-jRcos(p6)dd] and by integrating their
contributions over (2JC). We get:

fors, Is I <R

where:

R

- Hence, a cosip 0)-type current sheet
produces a pure normal 2p-pole field.
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SINP0 CURRENT SHEETS

- Similarly, a cylindrical current sheet of
radius, R, carrying a linear current density
I+/sin(p0)], produces a pure skew 2p-pole field:

( ] fors, Isl <R

where:
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CYLINDRICAL CURRENT SHELLS

- Let us now consider a cylindrical current
shell of inner radius, Ry outer radius, RO/

extending between the angles (-cQ and (+a0) in
the half-space x, x > 0 and between the angles
(3t~Oo) and (it+Oo) in the half-space x, x < Q, and
carrying an uniform current density (-/) for x,
x > 0, and (+/) for x, x < 0.

- The magnetic flux density produced within
the cylinder can be computed by dividing the
shell into quadruplets of current lines having a
"dipole symmetry" and carrying intensities
[+JRd#dR], and by integrating the quadruplet
contributions over a shell quadrant. We get:

S ,2fc

—I f o r s , Is l <R

where:

(Ro
it

and:

*(2fc+l)<2Jfc-l) U Ki J li<oj j
for k,k > 1

- Note that B3 (first allowed multipole field
coefficient after Bi in a current distribution with
a dipole symmetry) is nil for 60 = 3t/3.

Lecture 4-46



Lecture 4-47



CYLINDRICAL CURRENT SHELLS
WITH QUADRUPOLE SYMMETRY

- Similarly, the magnetic flux density
produced by a cylindrical current shell with a
"quadrupole symmetry" is given by:

, Isl

where:

B2 = ™ ln i^ i sin2ceo

and:

i>4k+2 - Ijclc(4fc+2) Ll
for k, k > 1

- Note that B6 (first allowed multipole field
coefficient after B2 in a current distribution with
a quadrupole symmetry) is nil for m = m/6.
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CYLINDRICAL CURRENT SHELLS
WITHIN A CYLINDRICAL

IRON YOKE

- Let us now assume that the current shell
with a "dipole symmetry" considered previously
is located inside a cylindrical iron yoke of inner
radius, Ky.

- the contribution of the iron yoke to the
magnetic flux density can be shown to be the
same as that of a mirror current shell, of inner
radius, Rim, and outer radius, KOm, where:

Rj
„ and KOm = -o.Rim = T> and KOm =

and carrying an uniform current density, Jm, such
that:

2R2
Ro2 - Ri2

 7 M - l K0
2Rj

J- Kim2

Here \i designates the relative magnetic
permeability of the iron yoke. [The above
eauation expresses that the total intensity of the
current circulating in the mirror shell is the
same as that circulating in the original shell
times the ratio (JU-I/JU+1).]
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CYLINDRICAL CURRENT SHELLS
WITHIN A CYLINDRICAL

IRON YOKE (CONT.)

- Then, it is easy to show that the contribution
of the iron yoke to the 2#-pole field coefficient,
Bj1**, is:

JU-1 (RiRo\
n shell

n

where Bn
 e is the 2w-pole field coefficient

produced by the current shell alone.

- Hence, the presence of the iron yoke results
in an enhancement of the multipole field
coefficients which can be estimated as:

Example: for Ri = 40 mm, Ro = 50 mm and Ry = 60
mm (RHIC arc dipole magnet design), the computed
enhancement (without saturation) is about 56% on Bjf

17% on B3,and 5% on B5. In practice; yoke saturation
reduces the enhancement to about 35% on B\.

- Note that the above equation remains the
same for a cylindrical current shell with a
"quadrupole symmetry".
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CYLINDRICAL CURRENT SHELLS
WITH ANGULAR WEDGES

- Let us finally consider a cylindrical current
shell with a "dipole symmetry", but let us assume
that it includes four angular wedges dividing
each shell quadrant into two current blocks.

- It is straightforward to show that the
magnetic flux density produced by this current
distribution is again given by:

, s ,2k

iBx = X BacfiijQ fors, Isi <Ri

where:

B1 = (Ro - Ri) [sinao - sinai +

and:

2p,oJRref

Lecture 4-52



Lecture 4 -53



ON THE USE
OF ANGULAR WEDGES

- We have seen that in the case of a
cylindrical shell with a "dipole symmetry" and no
angular wedge, the sextupole field coefficient,
B3, could be set to zero by choosing a pole angle,

aQ, such that:

sin(3oo) = 0.

This gave: a0 = 60°.
- The main interest of angular wedges is that

they provide additional free parameters to set to
zero other high order, allowed multipole field
coefficients.
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ON THE USE
OF ANGULAR WEDGES (CONT.)

- For instance, in the case of a cylindrical
shell with a dipole symmetry and one angular
wedge per quadrant, the angles aQf at and a2 can
be chosen to have simultaneously:

- This yields the following system of three
equations and three unknowns:

sin(3ao) - sin(3ai) + sinOaJ = 0
sin(5ao) - sin(5ai) + sin(5a2> = 0

and
sin(7a0) - sin(7ai) + sin(7a2) = 0

- The solutions of the above system are:

aQ * 67.2753°, at * 52.1526° and a2 * 43.1791
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ON THE USE
OF ANGULAR WEDGES (CONT.)

- Implementing a second wedge per quadrant
(which divides each quadrant into three current
blocks) provides two additional parameters
which can be determined to obtain:

3 — JD5 — X>7 — £>9 — i 5 l l — U

And so on.

- In theory, N wedges allow to set to zero up
to (2N+1) allowed multipole field coefficients.

- Note that the angular wedges introduce a
spacing in the current distribution which, on a
circle of radius, R, where R, R{ < R < Ro, tends
towards the ideal cos0 current sheet distribution
that was shown to produce a pure dipole field.
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ON THE USE
OF ANGULAR WEDGES (END)

- In a similar fashion, angular wedges can be
implemented into cylindrical current shells
having a quadrupole symmetry.

- In the case of one angular wedge per octant,
dividing each octant into two current blocks, the
angles OQ, at and a2 can be chosen to get
simultaneously:

T> T» fk
6 — & 10 — i> 14 — U

- This yields the following system of three
equations and three unknowns:

sin(6a0) - sin(6ai) + sin(6a2) = 0
sin(lOao) - sindOaJ + sindOaJ = 0

and
sin(14oo) - sin(14ai) + sinCMaJ = 0

- The solutions of the above system of
equations are one half of the solutions of the
system of equations for cylindrical current shells
with a "dipole symmetry".
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SYMMETRY CONSIDERATIONS

- The field computations presented in the
previous slides have shown that current
distributions with "dipole symmetry" {i.e., even
with respect to the x-axis and odd with respect to
the i/-axis) were suitable for generating dipole
fields, whereas current distributions with
"quadrupole symmetry" (i.e., even with respect to
the x- and i/-axes and odd with respect to the first
and second bisectors) were suitable for
generating quadrupole fields.

- Starting from these premises, the coil
geometry can be optimized to obtain the
required dipole or quadrupole field strength
within the desired aperture.

- In addition, in most accelerator designs, it is
required that the high order multipole fields be
as small as possible. Hence, the coil geometry
optimization is also carried out to minimize the
contributions from non-dipole or non-
quadrupole terms.
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COMMONLY USED COIL DESIGNS

- The coil geometries the most commonly
used for dipole and quadrapole magnets are
approximations of the intersecting circles or
ellipses discussed in lecture 1.

- The approximation is obtained by stacking
into an arch the slightly keystone d cables
described in lecture 3.
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Approximating a pure normal dipole field
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HOW TO ACHIEVE THE REQUIRED
FIELD STRENGTH?

- We have seen that the dipole field
component produced by a cylindrical current
shell is of the form:

B1 * ^ (Ro - Rd sinao

where J is the overall current density in the shell,
(Ro - Ri) is the shell radial width and OQ is the
pole angle.

- The above equation shows that B\ is an
increasing function of / and (Ro - Rd* In
practice, however, the value of / is limited by the
critical current density of the superconductor
and the cable radial width is limited by cabling
wind-ability considerations.

- The cabling wind-ability problems are
circumvented by using multiple layer coils whose
field contributions add up. (Besides, multipole
layer coils can provide better approximations of
the intersecting-circles-or-ellipses current
distributions).

- Increasing the high-field critical current
density of the superconductor requires either to
lower the operating temperature (e.g., from 4.2 K
to 1.9 K) ot to change of material (e.g., from NbTi
to Nb3Sn).
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EXAMPLES OF COIL DESIGNS

- The low-field magnets for RHIC rely on a
single coil layer wound from NbTi cables
operated around 4.5 K.

- The moderate-field Tevatron, HERA, UNK,
and SSC magnets rely on two coil layers wound
from NbTi cables operated around 4.5 K.

- The high-field LHC magnets rely on two coil
layers wound from wide NbTi cables operated at
1.9 K.

- The high-field LBNL dipole magnet model
D20 counts four layers wound from NbSn cables.
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HOW TO ELIMINATE HIGH ORDER
MULTIPOLE FIELD COEFFICIENTS?

- The Tevatron coils do not include angular
wedges, and the only geometric parameters
available for cross-section optimization are the
pole angles of the two layers. Hence, only a
small number of high order multipole field
coefficients can be tuned up.

- Starting with HERA, the magnet coils
include several angular wedges which are used
to eliminate all the high order multipole field
coefficients which need to be eliminated.
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COS0 AND COS20 COIL DESIGNS

- As explained in previous slides, the angular
wedges are introduced in the magnets coils to
eliminate high order multipole field coefficients
and approach the ideal cos0 and cos20 current
distributions.

- By analogy, such coil geometries are often
referred to as cosB and cos26 designs.

- The cosB and coslB designs are very
compact and make the most effective use of
conductors by bringing them close to the useful
aperture.
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CABLE KEYSTONING
REQUIREMENT

- In the case of Tevatron, HERA and UNK
magnets, the cable keystone angle is large
enough to allow the formation of an arch with the
desired aperture.

Furthermore, each coil turn lies along a
radius vector pointing toward the aperturefs
center.

- In the case of SSC and LHC magnets, the
coil aperture is reduced to minimize the
required volume of superconductor. This results
in a keystone angle requirement deemed
unacceptable from the point of view of cabling
degradation.

Hence, in these magnets, the cables are not
sufficiently keystoned to assume an arch shape
and the wedges between conductor blocks must
be made asymmetrical to compensate for this
lack.

Also, the coil turns end up being non-radial,
which is not favorable to support the effects of
the Lorent forces.

Examples: Short LHC dipole magnet models
MBSMS 5 blocks and 6 blocks. In the 6-block design,
the conductors of the inner coil block next to the pole
are more radial than the in the 5-block design. This
may have contributed to the better quench
performance of these models.
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FIELD COMPUTATIONS

- The magnetic flux density produced by a
magnet coil can be accurately computed by
dividing each turn into two rows of elementary
current lines parallel to the z-axis and
approximately equal in number to the number of
cable strands.
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FIGURE 14: Current-line model for the calculation of the transport-current field
produced by a given turn of a two-layer cosine-theta coil wound with
Rutherford-type cables.
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IRON YOKE CONTRIBUTION

- The coils of particle accelerator magnets
are usually surrounded by a cylindrical iron
yoke, which provides a return path for the
magnetic flux while enhancing the central field
or field gradient.

- We have seen that the the smaller the yoke
inner radius, the larger the field enhancement.
However, there are two limitations on how close
the iron can be brought to the coils:

• Room must be left for the support structure,

• Iron saturates for fields above 2 T, resulting
in undesirable distortions (see lecture on field quality).
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IRON YOKE CONTRIBUTION
(CONT.)

- As already mentioned, the Tevatron
magnets use a warm iron yoke (i.e., placed
outside the helium containment and vacuum
vessel), but starting with HERA, the iron yoke is
included within the magnet cold mass.

- For SSC dipole magnets, the field
enhancement due to the yoke is of the order of
20%.

- In LHC magnets, two coil assemblies
(powered with opposite polarity) are placed
within a common iron yoke. This twin-aperture
design results in left/right asymmetries in the
yoke around each coil assembly taken
individually. These asymmetries must be taken
into account when calculating field quality.
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FACTORS INFLUENCING
OVERALL CURRENT DENSITY

IN MAGNET COIL

- To achieve high fields and high field
gradients, it is desirable to maximize the overall
current density in the magnet coil. This can be
done by three means:

•Maximizing superconductor performance,

• Minimizing copper-to-superconductor ratio
in cable strands,

• Minimizing turn-to-turn insulation
thickness.

- As explained in previous lectures, there are
lower bounds on the values of copper-to-
superconductor ratio and insulation thickness in
order to limit conductor heating in case of a
quench and to ensure proper electrical
insulation.
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PEAK FIELD IN MAGNET COIL

- Regarding superconductor performance,
the upper limit is determined by the critical
current density at the operating temperature
and magnetic flux density.

- The magnetic flux density to which the
conductor is exposed is non-uniform over the
magnet coil, but the maximum current-carrying
capability of the conductor is determined by the
section where the magnetic flux density is the
highest.

- In most cases, the so-called peak field is
located in the pole turn of the innermost coil
layer.
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MAXIMUM QUENCH CURRENT
OF MAGNET

- Let Bp = /(I) designate the peak magnetic
flux density on the coil as a function of supplied
current, I, and let Jc = f(B,T0) designate the
supposedly known cable critical current as a
function of applied magnetic flux density, B, at
the operating temperature, To.

- The intersection between these two curves
determines the maximum quench current of the
magnet at To, I<,n(To).
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OPERATING CURRENT MARGIN

- In practice, magnets must be operated
below Iqn so as to ensure that the entire coil is in
the superconducting state and as to limit the
risks of quenching.

- Let lop designate the operating current.
Then, the operating current margin of the
magnet, m^ is defined as
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CURRENT MARGIN
REQUIREMENTS

- The excellent quench performance of the
HERA magnets suggests that the current margin
can be set to as little as 10%, but it is safer to aim
for 20%.

- In comparison to other superconducting
magnets, such as solenoids for magnetic
resonance imaging, a current margin of 10 to 20%
is quite small.

- This implies that accelerator magnets are
operated very close to the superconductor
critical surface and are very sensitive to any kind
of disturbances that may cause the magnet to
cross the critical surface and lead to a quench.
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HERA quadrupole magnets,quench data
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CONDUCTOR GRADING

- A particularity of two-layer, cosd dipole
magnet coil designs is that the peak magnetic
flux density in the outermost layer is quite a bit
lower than in the innermost layer.

- Hence, when using the same cable and
current for both layers, the outer layer is
operated with a much higher current margin
than the inner layer, which can be considered as
a waste of costly superconductor.

- The conductor used for the outer layers of
SSC and LHC dipole magnet coils is smaller than
the conductor used for the inner layers.

This results in a higher overall current density
in the outer layer and reduces the difference in
current margins. Such action is referred to as
conductor grading.

- The main disadvantage of grading is that it
requires splices between the cables of the two
layers, which, of course, are connected
electrically in series (and require only one power
supply).

- It should be noted that for two-layer, cos20
quadrupole magnet coil designs, the peak
magnetic flux density is almost the same for the
two layers and that there is no point in conductor
grading.
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SADDLE-SHAPED COILS

- One of the main difficulties of cosO and
eos20 designs is the realization of coil ends: in
the coil straight section, the conductors run
parallel to the magnet axis, but, in the ends, the
conductors must be bent sharply to make U-
turns over the beam tube inserted within the
magnet coil assembly.

- This confers to the coil a saddle shape.
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COIL END DESIGN

- If nothing is done, the peakfield is located
in the turnaround of the coil pole turn and the
coil ends can add significant contributions to
some of the multipole field components.

- Starting with HERA, the coil ends include
spacers which are used to lower the field over the
ends and to tune up the multipole contents (in
that respect, end spacers play a role similar to
that of angular wedges in the 2-D cross-section).
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x0 =

If
c

Normal
Harmonic
Coefficient

Soxtupole

Octupole

Decapolo

12-pole

14-pole

18-pole

22-pol«

Skew
Harmonic
Coefficient

Sextupole

Octupole

Deoapole

12-pole

14-pole

18-polo

22-pole

-7.86 2.81

-0.18 0.93

"2.06 1.42

-0.07 0.36

5.07 0.52

-12.44 0.36

3.60 0.32

-0.43 1.78

-0.11 1.55

0.05 0.50

-0.11 0.59

-0.19 0.42

0.04 0.62

-0.04 0.38

13.39 2.70

-0.10 0.85

•1.11 1.38

-0.07 0.39

5.63 0.49

-12.57 0.37

3.79 0.40

0.12 1.26

-0.08 1.43

-0.08 0.52

-0.01 0.5?

-0.05 0.40

-0.03 0.59

0.08 0.39

-7.80 2.74

-0.3? 0.93

-1.57 1.40

-0.05 0.35

5.25 0.51

-12.34 0.36

3.79 0.36

0.63 1.56

-0.10 1.48

-0.25 0.51

-0.10 0.61

-0.15 0.37

-0.02 0.59

0.1? 0.3?

Average
mean rma

0.48 2.66

-0.20 0.81

-0.64 1.33

-0.06 0.32

5.35 0.46

-12. '»6 0.30

3.70 0.26

0.12 1.19

-0.10 1.42

•0.10 0.45

-0.06 0.55

-0.12 0.29

-0.08 0.36

0.07 0.23

Upstrean
Downstream
Difference
rma

1,22

0.83

0.58

0.33

0.39

0.35

0.40

0.85

0.4?

0.42

0.49

0.85

0.53

Table 1. Values of mean and
standard units as defined in

rma of distributions of hamonio coefficients,
the text.

All values are In
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COIL END DESIGN (CONT.)

- Starting with SSC, the electromagnetic
computations are coupled with 3-D mechanical
computations so as to determine the conductor
trajectories minimizing strain energy.

Nevertheless, the end spacer design often
requires winding tests to determine correction
factors.

- The end spacers used in SSC and LHC
magnet coils are precisely machined and turn
out to be very costly items.

- In comparison to saddle-shaped coils, the
ends of racetrack-type coils are far simpler.
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MAGNETIC DESIGN
OF INTERCONNECTS

- In magnet with tight field quality
requirements, the trajectories of the conductors
moving in and out of the coils must be optimized
to avoid the production of unwanted multipole
coefficients.
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LIMITATIONS
OF COS© COIL DESIGN

- The cosB coil design has been very
successful until now, with a record dipole field of
13.5 T reached by the LBNL short dipole magnet
model D20 (using Nb3Sn cables at 1.8 K).
However, it has two main drawbacks:

• Coil ends are difficult to make,

• Due to the Lorentz force distribution,
there is a stress accumulation in the azimuthal
direction which results in high transverse pressures
on the midplane conductors of the coil assemblies.

- For very high field magnets, requiring the
use of A15 (or even possibly HTS)
superconductors, which are strain sensitive, the
high transverse pressures at the coil midplane
may result in significant critical current
degradation.
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OTHER MAGNET DESIGNS

- A number of alternative coil designs have
been investigated which may allow a better
management of the Lorentz stress within the
magnet coil.

- All of these designs make a less effective
use of superconductor.
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CO

Main parameters

• Maximum Held strength

• Minimum field strength

r • Operating temperature
CO

% * Operating current at max field
Z • Inductance, both bores

i

• Stored energy, both bores

• Mass of dual dipolc

• Overall size of cold mass

• multipoles: b(

16
0.5

4.2

9,200

81

3.47

1?457

64

-0.53

+0.36

-0.06

+ 1.05

T
T

°K

A

niH/m

J/m

kg/m
cm
cm:1

cm*2

cm"3
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Separate Nb3Sn, Cu in cable,
Use NbTi cable in low-field segment
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SAGITTA

- To limit the number of coil ends and of
magnet interconnects around the accelerator
ring, the arc dipole and quadrupole magnets are
made as long as possible.

- As we have seen, the circulation of a
charged beam in a dipole magnet, of magnetic
length, la, results in an angular deflection,
given by:

0 3 qe Bt ld

where Bi is the dipole field strength, qe is the
particle charge in units of electron charge, and
£cev is the particle energy in giga electron
volts (GeV).

- Consequently, the long dipole magnets used
in large accelerator rings must be bent slightly to
accompany the particle trajectory. This bending,
which is implemented in the (x ,z ) plane, is
referred to as sagitta.
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COMPONENTS OF THE LORENTZ
FORCE

- The high currents and fields in an
accelerator magnet coil produce a large Lorentz
force on the conductors.

- In a dipole coil, the Lorentz force has three
main components:

• an azimuthal component, which tends to
squeeze the coil towards the coil assembly midplane
[which, in the coordinate system defined previously,
corresponds to the horizontal (~x ,~z) plane],

• a radial component, which tends to bend
the coil outwardly, with a maximum displacement at
the coil assembly midplane (along the horizontal x-
axis),

• an axial component, arising from the
solenoidal field produced by the conductor
turnaround at the coil ends and which tends to stretch
the coil outwardly (along the z-axis).
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STABILITY AGAINST
MECHANICAL DISTURBANCES

- Because accelerator magnets are operated
close to the critical current limit of their cables,
their minimum quench energy, referred to as
MQE, and defined as the minimum energy
deposition needed to trigger a quench, is very
small.

- As a matter of fact, the MQE of accelerator
magnets is of the same order of magnitude as
the electromagnetic work produced by minute
wire motions in the coil.

- If the motions are purely elastic, no heat is
dissipated and the coil remains
superconducting, but if the motions are
frictional, the associated heat dissipation may be
sufficient to initiate a quench.

- This leaves two possibilities:

• Either to prevent wire or coil motion by
providing a rigid support against the various
components of the Lorentz force,

• Or to reduce to a minimum the friction
coefficients between potentially moving parts of
magnet assembly.

Lecture 5 -9



CONCEPTUAL DESIGN

- The mechanical design concepts used in
present accelerator magnets are more or less the
same and were developed at the time of the
Tevatron.

- In the radial direction: the coils are
confined within a rigid cavity defined by
laminated collars which are locked around the
coils by means of keys or tie rods.

- In the azimuthal direction: the collars are
assembled so as to pre-compress the coils.

- In the axial direction: the coils either are
free to expand or are restrained by means of stiff
end-plates.

Lecture 5 - 1 0
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ON THE USE
OF LAMINATED COLLARS

- The use of laminated collars, pioneered at
the Tevatron, was a real breakthrough in
achieving a rigid mechanical support while
keeping tight tolerances over magnet assemblies
which are a few meters in length and which must
be mass-produced.

- The laminations are usually stamped by a
fine blanking process allowing a dimensional
accuracy of the order of one hundredth of a
millimeter to be achieved.
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AZIMUTHAL PRE-COMPRESSION

- As we have described, the azimuthal
component of the Lorentz force tends to squeeze
the coil towards the midplane.

- At high fields, it may happen that the coil
pole turns move away from the collar poles,
resulting in variations of coil pole angle, which
distort the central field and create a risk of
mechanical disturbances.

- To prevent conductor displacements, the
coils are pre-compressed azimuthally.

- This azimuthal pre-compression is
acchieved by squeezing the coils into cavities
which are smaller than their sizes at rest The
cavities are defined by the inner boundaries of
the collars which are assembled and locked
around the coils.

- The pre-compression is applied at room
temperature and must be sufficient to ensure
that, after cooldown and energization, there is
still contact between coil pole turns and collar
poles.

Lecture 5-17



PRE-COMPRESSION
REQUIREMENTS

- To determine the proper level of room
temperature azimuthal pre-compression, at least
three effects must be taken into account:

• Stress relaxation and insulation creep
following the collaring operation,

• Thermal shrinkage differentials
between coil and collars during cooldown (if any),

• Stress redistribution due to the azimuthal
component of the Lorentz force.

- In addition, the collaring procedure must be
optimized to ensure that the peak pressure seen
by the coils during the operation (which may be
significantly higher than the residual pre-
compression) does not overstress the insulation.
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Stress Measurement Technique T.O. KEK/Acc. Dlv.
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HOW TO LIMIT PRE-
COMPRESSION REQUIREMENTS

- Insulation creep is unavoidable (especially
given that the yield point of the most commonly
used polyimide insulation is 69 MPa at 3%
elongation and 296 K).

- Azimutal component of the Lorentz force is
given by the electromagnetic design.

- The only parameter left is the pre-
compression loss during cooldown.
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PRE-COMPRESSION LOSS
DURING COOLDOWN

- The pre-compression loss during cooldown,
ACT, can be estimated from:

ACT » Eco

where £COii is the coil Young's modulus in the
azimuthal direction, and aCOii and acouar are the
thermal expansion coefficients of the coil (in the
azimuthal direction) and of the collars,
integrated between room and operating
temperatures.

Note that the above equation is derived with
the assumptions that Ecoo does not depend on
temperature and that the collars are infinitely
rigid.
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INTEGRATED THERMAL
EXPANSION COEFFICIENTS

- Typical values of integrated thermal
expansion coefficients (between 4.2 K and room
temperature) are (in mm/m):

Stack of insulated cables 5.1a>

(polyimide/glass)

Stack of insulated cables
(all-polyimide)

Copper
(OFHC)

Aluminum

Stainless steel
(304/316)

5.

3

4

2

6a)

.1

.2

.9

Low carbon steel 2.0

a ' transverse direction; SSC inner cables.
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CHOICE OF COLLAR MATERIAL

- To limit cooldown loss, it is preferable to use
for the collars a material whose integrated
thermal expansion coefficient matches more or
less that of the coiL

For NbTi coils with polyimide/glass or all-
polyimide insulation, this suggests aluminum
alloy.

- However, and as will be described in the
section on radial support, it is also desirable that
the collars be as rigid as possible or have an
integrated thermal expansion coefficient
approaching that of the low carbon steel used for
the yoke.

This favors austenitic stainless steel, which
has a lower integrated thermal expansion
coefficient and whose Youngfs modulus is
195 GPa at room temperature and 203 GPa at
4.2 K, compared to 72 GPa at room temperature
and 80 GPa at 4.2 K for aluminum alloy.

- Note also that austenitic stainless steel
presents a better resistance to stress cycling at
low temperature, but has a higher density
(7800 kg/m3 compared to 2800 kg/m3 for
aluminum alloy) and is thus more expensive.
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CHOICE OF COLLAR MATERIAL
(CONT.)

- There is no ideal choice between stainless
steel and aluminum alloy and magnets with both
types of collar materials have been built

• HERA dipole magnets and early LHC
dipole magnet prototypes use aluminum alloy
collars,

• Tevatron dipole magnets, most SSC
dipole magnet prototypes and coming (1999)
LHC dipole magnet prototypes rely on stainless
steel collars.

- In any case, and whichever collar material is
chosen, a thorough mechanical analysis of the
structure under the various loading conditions is
required.
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COIL MECHANICAL PROPERTIES

- The coils of accelerator magnets consitute a
highly composite medium and their stress-strain
curves present large hystereses between loading
and unloading branches.

- The first loading-unloading cycle on a virgin
coil is usually different from subsequent ones,
but, after 2 or 3 cycles, the stress-strain curve
becomes more or less reproducible.

- The amplitude of the hysteresis depends on
the maximum pressure reached during the
loading cycle.

- The loading branch of the stabilized curve is
usually more or less linear while the unloading
branch can be approximated by a second order
polynomial.

Example: for a LHC dipole magnet coil package,
the loading spring rate is 3709 MN/m2, the unloading
spring rate is of the order of 7045 MN/m2 at 80 MPa, it
decreases to 5140 MN/m2 at 65 MPa and 4435 MN/m2

at 50 MPa.

- The amplitude of the hysteresis is smaller at
liquid helium temperature than at room
temperature and the loaded coils are 20 to 30%
stiffer.

- The coil mechanical properties strongly
depend on the choice of insulation system.
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Mechanical Properties of NbTi Cables
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INFLUENCE OF PEAK STRESS ON
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Mechanical Properties of NbTi Windings
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Mechanical Properties of different Windings at Room Temperature
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ORIGIN OF MECHANICAL
HYSTERESIS

- The mechanical hysteresis has at least four
origins:

• Plastic deformations in the high purity,
and thus, soft, copper of cable strands,

• Friction between cable strands,

• Plastic deformations in cable
insulation,

• Friction at the interface between
insulation and cable strands.
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T.O. KEKfAccDiv.

ORIGIN OF MECHANICAL
HYSTERESIS IN COIL STACK
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T.O. KEK/Ac&OiT.

ORIGIN OF MECHANICAL
HYSTERESIS IN COIL STACK

part II
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PRE-STRESS COMPUTATIONS

- Problem: What mechanical properties to
use for the coils in the finite element
computations (especially during cooldown)?
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Simulation of Coil Stress History
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Lecture o - 47



DIPOLE MAGNET COLLARING

- Dipole magnets rely on collar pairs, which
are designed to be mated.

- To facilitate and speed up assembly, the
collar pairs are usually stacked into packs, held
together by rods.

- The packs are also assembled by pairs, one
top and one bottom, so that, when placed
together around the coil assembly, the collars of
a given pair of packs fit into one another.

- Once the pairs of packs are put in place,
they are locked arround the coil assembly either
by means of full-length tie rods housed at the
collars1 midplane or by means of short length
keys inserted at the collar sides.

- The use of full-length tie rods requires a
full-length collaring press, while the insertion of
short length keys can be done in section.
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TWIN-APERTURE DIPOLE
MAGNET COLLARING

- In the course of the twin-aperture dipole
magnet R&D program for LHC, CERN has
considered various collar designs:

• Common, aluminum collars held by
full-length tie rods (in a 2-piece, vertically-split
yoke),

• Separate aluminum collars held by full-
length tie rods (in a 2-piece, vertically-split
yoke),

• Separate, stainless steel collars held by
short length keys (in a 3-piece vertically split
yoke).

At present (1999), the preferred design relies
on common, stainless steel collars held by full-
length tie rods (in a 2-piece, vertically-split
yoke).
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GERN Model

.c.diameter 50mm

0600

LHC cables (17mm)
Inner cable 26 x 1.29 mm cu : sc 1.6

Outer cable 40 x 0.84 mm cu : sc 1.8

S . C . Filaments 5 \nn
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QUADRUPOLE MAGNET
COLLARING

- Various collar designs have been used for
quadrupole magnets:

• Alternated 2-piece, 180° collars, which
requires a vertical collaring.

Examples: HERA and LHC arc quadrupole
magnets developed at CEA/Saclay.

• 4-piece, 90° collars, which requires a 4-
way, horizontal collaring.

Example: SSC arc quadrupole magnet
prototypes developed at LBNL.

• Dipole-like collars with inner spacers,
which can use existing dipole tooling.

Example: UNK quadrupole magnet model
and SSC interaction region quadrupole magnet
prototype.
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LIMITING RADIAL DEFLECTIONS

- As we have described, the radial component
of the Lorentz force tends to bend the coil
outwardly, with a maximum displacement at the
coil assembly midplane.

- At high fields, this bending results in shear
stresses between coil turns and in an ovalization
of the coil assembly (along the horizontal x-axis
for a dipole magnet), which generates field
distortions.

- To prevent displacements or deformations,
the radial deflections of the coil assembly must
be limited to, typically, less than 0.05 mm.
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SELF-SUPPORTED COLLARED-
COIL ASSEMBLIES

- The main support against the radial
component of the Lorentz force is provided by
the collars.

- If the collars can be made wide and stiff
enough to limit collared-coil assembly
deflections within the desired range, there is no
need to seek out yoke support and the
mechanical structure remains fairly simple.

Examples: HERA and LHC arc quadru-pole
magnets.
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CLOSE-IRON STRUCTURES

- In the magnetic design of high field
magnets, the field enhancement provided by the
iron yoke is maximized by bringing it as close as
possible to the coil.

- This reduces the space left for the collars,
whose rigidity then becomes insufficient to hold
the Lorentz force.

- In such structures, the yoke and helium
containment shell must also be used as part of
the coil support system.

Examples: Early 4-cm-aperiure, 17-m-long SSC
dipole magnet prototypes, such as DD0010, were
designed with a gap between collars and yoke and had
bad quench performance. The performance was
greatly improved by implementing shims locking the
collar ed-coil assembly within the yoke, as in DD0012.
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SEEKING YOKE SUPPORT

- The mechanical design of magnets where
the yoke is needed to support the collared-coil
assembly is complicated by the fact that the
collar material (stainless steel or aluminum)
shrinks more during cooldown than the low
carbon steel used for the yoke.

- This thermal shrinkage differential must be
compensated to ensure that, when the magnet is
cold and energized, there is a proper contact
between the collared-coil assembly and the yoke
along the axis of maximum potential
displacements.

- Such contact limits the deformations of the
collared-coil assembly and allows a partial
transfer (up to 50% in some LHC dipole magnet
prototypes) of the radial component of the
Lorentz force to the yoke and the shell.
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THERMAL SHRINKAGE
DIFFERENTIAL BETWEEN

COLLARS AND YOKE

- The thermal shrinkage differential, Ar,
between collar and yoke can be estimated as

At = Rcollar (^collar " C*yoke)

where Rcoiiar is the collar outer radius and ayoke is
the thermal expansion coefficient of the yoke,
integrated between room and operating
temperatures.

- To limit contact loss due to thermal
shrinkage differential it is preferable to use for
the collars a material whose integrated thermal
expansion coefficient approaches that of low
carbon steel. This suggests the use of austenitic
stainless steel.

- However, and as described in the section on
choice of collar material, it is also desirable to
limit the cooldown loss of coil pre-compression,
which favors the use of aluminum alloy.
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MECHANICAL DESIGN WITH
FULLY-MATED YOKE ASSEMBLY

- To facilitate assembly, the yoke of dipole
magnets is usually split into two halves which are
mounted around the collared-coil assembly.

- The shell, which is also made up of two
halves, is then placed around the yoke and
welded.

- If the thermal shrinkage differential
between collars and yoke is not too large (as in
the case of stainless steel collars), it can be
compensated for by introducing a shrinkage
allowance into the geometry of either the collars
or the yoke, and by welding the shell so as to
exert a compressive load onto the two yoke
halves which force them to mate at room
temperature.

- During cooldown, the collared-coil
assembly shrinks away from the two yoke halves
which remain fully mated. This results in a
decrease of the compressive load exerted by the
yoke, but, as long as suitable contacts are
maintained over selected areas, can still ensure
a locking of the collared-coil assembly.
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YOKE SPLIT ORIENTATION

- In practice, the compressive load provided
by the yoke is directed along a given axis. The
choice of the axis drives the choice of yoke split
orientation.

- Note, however, that the pre-compressed
coils exert a large pressure against the collar
poles. This internal pressure causes a large
outward deflection of the collared-coil assembly
along the vertical diameter and a slight inward
deflection along the horizontal diameter. These
deflections must be taken into account when
working out yoke design.

Examples:

• The SSC dipole magnet prototypes built at
FNAL use (keyed) stainless steel collars and a
vertically-split yoke with a yoke/collar compressive
load directed along the horizontal x-axis.

• The SSC dipole magnet prototypes built at
BNL use (keyed) stainless steel collars and a
horizontally-split yoke with a yoke/collar
compressive load directed along the vertical y-axis.

Both types of magnets performed very well.
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SSC/FNAL VERTICALLY-SPLIT
YOKE DESIGN

- Collars and yoke are designed so that the
vertical outer diameter of the keyed collars (with
no coils in them) is about 900 |Am smaller than
the yoke inner radius, while the horizontal
diameter is about 300 \im larger.

- The clearance along the horizontal
diameter is introduced to allow yoke assembly
and compensate for the vertical deflections of
the collared-coil assembly resulting from the
forces exerted by the pre-compressed coils
against the collar poles.

- The shrinkage allowance along the
horizontal diameter is introduced to compensate
for the thermal shrinkage differential between
collars and yoke and ensure that there is always
contact between the two where the effects of the
radial component of the Lorentz force are the
largest.

- The existence of a built-in shrinkage
allowance between collars and yoke requires the
use of press during the welding of the outer
shell. The press is used to close the gap between
the two yoke halves at room temperature and
ensure that the yoke halves are mated with a
force at least equal to the fraction of the
horizontal component of the Lorentz force that is
transmitted to the yoke during excitation.
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SSC/FNAL VERTICALLY-SPLIT
YOKE DESIGN

DURING EXCITATION

- During excitation, the yoke provides a
quasi-infinitely stiff support against the radial
component of the Lorentz force, and the collars
do not bend.

- The unloading of the collar pole thus only
results from the compression of the coil under
the azimuthai component of the Lorentz force.
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SSC/ JTN Quench Performance of
Full Length 50mm Aperture SSC Dipoles
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SSC/BNL HORIZONTHALLY-
SPLIT YOKE DESIGN

- Collars and yoke are designed so that the
vertical outer diameter of the keyed collars (with
no coils in them) is about 100 \xm smaller than
the yoke inner radius, while the horizontal
diameters are the same.

- As we have explained, after collaring, the
forces exterted by the compressed-coils against
the collar poles result in a large outward
deflection of the collared-coil assembly along
the vertical diameter and a small inward
deflection along the horizontal diameter.

- The slight inward deflection allows to
assemble the horizontally-split yoke around the
collared coil, but the large outward deflection
along the vertical diameter can result in a gap
between the two yoke halves.

- During welding, the shell is put into tension
and compresses the two yoke halves, which, in
turn, compresses the collared-coil assembly
along the vertical diameter. This results in a
progressive closure of the yoke midplane gap.

- At the end of shell welding, the yoke
midplane gap is closed and there is a line-to-line
fit between outer circumference of the collared-
coil assembly and the inner circumference of the
yoke.
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SSC/BNL HORIZONTHALLY-
SPLIT YOKE DESIGN

DURING COOLDOWN

- During cooldown, the coil shrinks more than
the stainless steel collars, which, in turn, shrinks
more than the low carbon steel yoke.

- The pressure exerted by the coil against the
collar poles decreases, but remains large enough
to keep deflecting the collars, thereby
maintaining contact with the yoke along the
vertical diameter.

- Along the horizontal diameter, however, the
thermal shrinkage differentials result in a small
gap between the collared-coil assembly and the
yoke.

Lecture 5-104



SSC/BNL HORIZONTHALLY-
SPLIT YOKE DESIGN

DURING EXCITATION

- During excitation, the azimuthal
component of the Lorentz force causes a
redistribution of the coil stress, resulting in a
decrease of the pressure exerted by the coil
against the collar poles.

- At the same time, the radial component of
the Lorentz force causes a bending of the collars,
with a maximum displacement along the
horizontal diameter, at the location of the gap
between the collared-coil assembly and the yoke.

- As the current increases, the bending
moment increases, and the collars keep
deflecting along the horizontal diameter, until
they come into contact with the yoke.

- At high currents, the collared-coil assembly
touches the yoke on a large perimeter on both
sides of the horizontal plane, and the yoke
provides an extremely stiff support against the
radial component of the Lorentz force.
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SSC/BNL HORIZONTHALLY-
SPLIT YOKE DESIGN

DURING EXCITATION (CONT.)

- As long as the collars are not in contact with
yoke, the unloading of the coil from the collar
pole results from two causes:

• The compression of the coil under the
azitnuthal component of the Lorentz force,

* The bending of the coil under the radial
component of the Lorentz force.

- However, once the collars are in contact
with the yoke, the unloading of the collar pole
only results from the azimuthal component of
the Lorentz force, and the BNL magnets should
behave similarly to the FNAL magnets.

- After the fast initial unloading, we are thus
expecting the pressure plots of the BNL magnets
to exhibit a change in slope, and to become
parallel to that of the FNAL magnets.
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SSC/BWt Quench Performance of
Full Length 50mm Aperture SSC DIpoies
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HORIZONTHALLY-SPLIT YOKE
DESIGN WITH HIGH MANGANESE

STAINLESS STEEL COLLARS

- The occurence, during cooldown, of a gap
between collars and yoke along the horizontal
diameter can be avoided by the use of high
manganese stainless steel collars.

- Indeed, the integrated thermal expansion of
high manganese steel (between room and liquid
helium temperature) is of the order of 1.7 10"3,
compared to 2.0 10~3 for low carbon steel.
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Figure 30. Examples of measurements of the scxuipole component of the magnetic
field during current cycles of some of the most recent BNL 4 cm-aperture,
17-m-long collider dipole magnet prototypes. The measurements are
averaged over the up- and down-ramps of the current. The data arc plotted
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MECHANICAL DESIGN
WITH YOKE MIDPLANE GAP

AT ROOM TEMPERATURE

- For large thermal shrinkage differentials (as
in the case of aluminum collars), the shrinkage
allowance and the yoke/collar compressive load
required at room temperature for a full
compensation would overstress the collared-coil
assembly and a more sophisticated mechanical
design must be used.

- The twin-aperture LHC dipole magnet
prototypes with common, aluminum collars rely
on a two-piece, vertically-split yoke with an open
gap at room temperature and a welded outer
shell made of a material (stainless steel or
aluminum) that shrinks more during cool down
than the low carbon steel yoke.
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LHC DIPOLE MAGNET DESIGN
WITH YOKE MIDPLANE GAP

AT ROOM TEMPERATURE

- The yoke of the LHC dipole magnet
prototypes using common, aluminum collars is
designed so that, when placed around the
collared-coil assembly at room temperature with
no pressure applied to it, there remains an
opening between the two yoke halves of the
order of the expected thermal shrinkage
differential.

- The yoke midplane gap is then closed in two
stages:

• During shell welding, as a result of the
compressive load arising from weld shrinkage,

• During cooldown, as a result of the
compressive load arising from thermal shrinkage
differential between yoke and shell. This compressive
load forces the two yoke halves to follow the shrinkage
of the collared-coil assembly and to maintain a contact
along the horizontal x-axis.
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LHC YOKE MATING FORCE

- The yoke midplane gap must be fully closed
at the end of cooldown and must remain closed
during excitation to ensure that the structure is
very rigid and to avoid any risk of oscillations.

- To fullfill this requirement, we not only
need a good contact between the two yoke halves
at the end of cooldown, but we also need the two
yoke halves to be mated with a compressive
force at least equal to the fraction of the x-
component of the Lorentz force transmitted by
the collared-coil assembly to the yoke.

Finite element computations show that this
fraction is of the order of 50%.
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LHC YOKE TAPER

- A particularity of the two-piece, vertically
split yoke used in LHC dipole magnets is that it
has a pronounced C-shape.

- When a compressive load is applied by the
shell to these components, bending moments
arise which tend to deflect the top and bottom
arms of the Cs inwardly.

- Hence, if nothing were done, one could end
up, at the end of cooldown, in a situation where
the yoke midplane gap is closed at the outer
radius of the yoke, but remains open at the inner
radius.

- The occurence of such situation is
prevented by introducing a slight taper in the
yoke midplane gap: the yoke is designed so that
when placed around the collared-coil assembly
at room temperature with no pressure applied to
it, there remains a larger opening at the yoke
outer radius than at the yoke inner radius.

- During shell welding and cooldown, the
bending moments applied to the arms of the Cs
then bring the mating faces of the two yoke
halves parallel and the yoke midplane gap closes
down progressively.
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Figure 5(a) Drawing of the Yoke Laminations Used in the Body of the First 50-mm-Aperture,
10-m-Long LHC/Noell Dipole Magnet Prototype.



VERTICAL SUPPORT OF LHC
COLLARED-COIL ASSEMBLY

- For the LHC dipole magnets using common
collars, it is necessary to ensure a support along
the vertical axis of the central part of the
collared-coil assembly.

- This support is needed to prevent unwanted
displacements and enhance the mechanical
rigidity of the structure. It also relieves the
concentration of stress in the vicinity of the tie
rod located at the collared-coil assembly center.

- In the design discussed in this lecture, the
support is provided by two magnetic inserts
which rest against the central part of the
collared-coil assembly and which are
compressed by the inward bending of the C-
shaped yoke.

- One problem with the application of such
vertical forces is that part of them are
transmitted to the coils and result in an increase
of azimuthal pre-compression.

- There is therefore an upper limit on what is
admissible and the magnet assembly must be
carefully watched to avoid overstressing the
collared-coil assembly.
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ALUMINUM CONTROL
GAP SPACERS

- As we have seen, the vertical forces
supporting the central part of the collared-coil
arise from the bending of the C-shaped yoke
during shell welding, and these forces must be
limited to avoid overstressing the coils.

- In some LHC prototypes, the closure of the
yoke midplane gap is controlled by means of
aluminum spacers located between the two yoke
halves.

- The spacers are dimensioned to have a
spring rate similar to that of the collared-coil
assembly and they prevent the gap from closing
at room temperature. During cooldown,
however, they shrink more than the yoke and
cease to be effective.

- The concept of aluminum control gap
spacer was first thought of at SSC and was first
tried on a short dipole magnet model (using
NbTi cables) built at LBNL. The LBNL model
reached 10.06 T at 1.8 K.
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MANUFACTURING OF MAGNET
DESIGN WITH YOKE MIDPLANE
GAP AT ROOM TEMPERATURE

- In summary, a gap too close may result in
coil overstressing at room temperature whereas
a gap too open may result in contact loss during
cooldown.

- A crucial issue is then the ability of
performing the shell welding operation in a
reproducible way during mass production,
ensuring the achievment of the desired yoke
midplane gap value at room temperature while
keeping a tight tolerance on this value (of the
order of 0.1 mm).

Examples: Gap closure data from 3 full-length LHC
dipole magnet prototypes.

The first prototype, MTP1A3, includes aluminum
control gap spacers, and the yoke midplane gap
appears to close and open at the desired temperature
during cooldown and warmup.

The second prototype, MTPINI, does not include
control gap spacer and the yoke midplane gap
appears to close too early during cooldown (gap too
closed at room temperature).

The third prototype, MTP1AJ, does not include
control gap spacer and the yoke midplane gap
appears to close too late during cooldown (gap too
open at room temperature).
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Front displacement - MTP1A3 - Apr. 95
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Front Displacement MTP1N2 Warm Up November '95
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Front Displacement MTP1N2 Cool Down Jan '96
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Front Displacement during thermal eye. Jul/Aug. '96 MTP1AJ
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LHC DIPOLE MAGNET DESIGN

- At present (1999), CERN is developing a new
dipole magnet design, relying on common,
stainless steel collars and a two-piece, vertically
split yoke, assembled with a closed midplane
gap at room temperature.

- In this very robust design, 80% of the radial
component of the Lorentz force is taken by the
collars and only 20% is transmitted to the yoke
and shell.
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LHC DIPOLE : STANDARD CROSS-SECTION
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5.5 Radial Support
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5.5.4 RHIC Magnets
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RHIC MAGNETS

- In RHIC dipole and quadrapole magnets,
collar and yoke designs are altogether simplified
by replacing the collars by reinforced plastic
spacers and by using directly the yoke to pre-
compress the one-layer coils.

- This design has proven to be adequate for
the low field and low field gradient needed for
RHIC, but it remains to be seen if this structure
could be scaled-up to higher fields.
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5.5 Radial Support
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INFLUENCE OF COIL SUPPORT
STRUCTURE RIGIDITY

- The short, single-aperture LHC dlpole
magnet models relying on aluminum collars
exhibit a slow training for fields above 8.6-8.8 T.

Furthermore, the slope of the training curve
is more or less the same for all the models.

- One short magnet model (MBSMS3 version
4 and higher) was rebuilt using stainless steel
collars.

The training did not disappear, but the slope
of the training curve of the rebuilt magnet is
higher than the slope of the curves measured on
aluminum-collar magnets.

As a result, the more rigid structure reaches
in 15 quenches a magnetic flux density that is
about 0.5 T higher than the maximum flux
density reached on previous versions of this
model.

- This provides a fairly good illustration on
how the radial support can influence the magnet
performance.
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THE STRUCTURE

MBSMS Crass-section

bojted cvHndfr

• S6 mm hare;

• 15 mm cables;

• coils co^am? with 12 mm rods:

• possibilityofming end'cages;

• skitm t» adjust collars-yoke interference;

• half yokes assembled with four tie rods;

• Vertical yoke gap

• Z^iMAC Gap Control Spacers;

• 50 mm thick end plates;

• boiled stainless steel shrinking cyUnder

• 2 bviiets gauges per side:

• easib? demountable structure.

AMAC bar*
ferromagnetic laminations ,

MBSMS: Longitudinai section
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COIL PRE-COMPRESSION
VERSUS RADIAL SUPPORT

- One very debated question regarding the
mechanical design of acelerator magnets is: do
we really need to pre-compress the coils
azimuthally?

- Data from a short SSC dipole magnet model
built at KEK (magnet SD501/01) suggest that if
the radial support is not good enough, a high
pre-compression can improve quench
performance.

- However, data from a short SSC dipole
magnet model built at BNL (magnet DSV016)
show that if the collared-coil assembly is fully
locked by the yoke, then pre-compression may
not be that important for quench performance.
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INFLUENCE OF COIL PRESTRESS ON
QUENCH PERFORNANCE: TEST RESULTS

OF KEK 1-m Long PIPOLE SD501/O1
(Courtesy T. Shintomi, KEK)
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INFLUENCE OF COIL PRESTRESS ON
QUENCH PERFORNANCE OF LINE-TO-

LINE FIT DESIGN MAGNET: TEST RESULTS
OF BNL 1.8-in LONG DIPOLE DSV016

(Courtesy P. Wanderer, BNL)
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EVOLUTION OF PRESSURE EXERTED BY
INNER COIL AGAINST COLLAR POLE

DURING ENERGIZATION OF BNL
1.8-m LONG DIPOLE DSV016
(Courtesy J. Muratore, BNL)

a) High Prwtxwf Amenably

Ctment Sqwoed (A2>

b) Low Preslress Assembly
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END SUPPORT

- As we have described, the axial component
of the Lorentz force tends to stretch the coil
outwardly along the z-axis.

- In magnets where the yoke is not needed to
support the collared-coil assembly, a clearance
can be left between the two. If the axial stresses
resulting from the Lorentz force do not exceed
the yield stress of the coil, it is possible to let the
collared-coil expand freely within the iron yoke.

Examples: Quadrupole magnets designed at
CEA/Saday for HERA, SSC and LHC.

- However, in magnets where there is contact
between collar and yoke, it is essential to prevent
stick/slip motions of the laminated collars
against the laminated yoke and to provide a stiff
support against the axial component of the
Lorentz force.

Examples: The ends of SSC and LHC dipole
magnet coils are contained by thick stainless steel end
plates welded to the shell.
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EVIDENCES OF RATCHETTING

- SSC dipole magnet prototype DD0010 had
ill defined collar/yoke interface and thin (3/4"
thick), split end plates.

The measured axial force exerted by the coils
against the end plates appears to increase after
each excitation cycle and ramp to quench.

- SSC dipole magnet prototype DD0012 had
good clamping of the collared-coil assembly by
the yoke and thick (1.5"), single-piece end plates.

The measured axial end force at zero current
appears to remain roughly constant throughout
cold test.
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OF THE FORCE EXERTED BY
1HE COIL AGAINST THE END PLATES

DOTING THE QUENCH TESTING OF BNL
17-m LONG DIPOLES DD0010 & DD0012

(Courtesy J. R. Turner SSCL)
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INFLUENCE OF YOKE-COLLAR INTERFACE
AND AXIAL SUPPORT ON QUENCH

PERFORMANCE: TESTS RESULTS OF BNL
17-m LONG DIPOLES DD0010 & DD0012
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OTHER EVIDENCES OF THE NEED
OF AXIAL SUPPORT

- 4-cm-aperture, 17-m-long SSC dipole
magnet prototype DC0201 was first assembled
with end constraints and exhibited very good
quench perfomance.

- The constraint was then removed at one end
and the magnet was retested. The quench
performance appeared seriously degraded, with
quenches originating in the outer coils.
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DC0201: Current at Quench
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MODEL OF AXIAL MECHANICS

- The axial component of the Lorentz force
pull on the coil ends and push against the coil
end spacers.

- Furthermore, part of this force is shared by
friction between the collared-coil assembly, the
yoke and the outer shell.

- As a result, only a fraction of the computed
electromagnetic force is actually transferred to
the end plates. This fraction depends on:

• The rigidity of the coil ends,

• The clamping of the collared-coil
assembly by the yoke.

Example: The clamping of the collared-coil
assembly by the yoke is tighter in the 5-cm-aperture,
15-m-long SSC dipole magnet prototypes developed at
FNAL than in the prototypes developed at BNL.

As a result, more of the axial component of the
Lorentz force is redistributed to the yoke and the shell
and the fraction tansmitted to the end plate is smaller.
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SHARING OF THE AXIAL
COMPONENT

OF THE LORENTZ FORCE

- The sharing of the force between the
collared-coil and the yoke takes place over a
certain length.

- The tighter the yoke clamping, the shorter
the transition length and the smaller the fraction
of the Lorentz force transmitted to the end
plates.

Example: axial strain measurements on the shells
of SSC dipole magnet prototypes DDOOIO and
DD0012. The transition length is shorter for magnet
DD0012 where the collared-coil assembly is more
tightly clamped by the yoke than for magnet DDOOIO.
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AXIAL PRE-LOADING

- As we have seen, in magnet designs where
the radial support of the yoke is needed, it is
preferable to prevent axial elongations of the
collared-coil assembly. This is done by blocking
the coils against stiff end plates which are
welded to the outer shell.

- However, during cooldown, it can happen
that the collared-coil assembly shrinks more
than the shell-end-plate assembly, resulting in a
gap between the coil ends and the end plates.

- To prevent the occurence of such a gap, the
coil ends are usually pre-loaded at room
temperature by means of set screws mounted on
the end plates.

This axial pre-load also helps increasing the
compaction and the rigidity of the coil ends.

- Note, however, that unlike the azimuthal
pre-compression, which is of same direction as
the azimuthal component of the Lorentz force,
the axial pre-load is of opposite direction to the
axial component of the Lorentz force, which is
not favorable.
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AXIAL PRE-TENSIONING

- The coil ends of most SSC dipole magnet
prototypes and of some LHC interaction region
quadrupole magnet models developed at FNAL
are clamped radially by aluminum collets.

- In one LHC interaction region quadrupole
magnet model (HGQ05) the collets were bolted
to the end plates, while set screws, also mounted
on the end plates, applied an axial pre-load to
the coil ends.

During cooldown, the collared-coil assembly
is expected to shrink more in the axial direction
than the shell-end-plate assembly.

Then, bolting the collets to to the end plates
should result, at the end of cooldown, in a tensile
axial force pulling on the coil straight section.

This tensile force, when combined with the
axial pre-load applied by the set screws, should
ensure that the coil ends are compacted and
remain in compression.

Furthermore, this axial pre-tensionning is
also of the same direction as the axial
component of the Lorentz force, which is more
favorable.

- Magnet model HGQ05 was rather
successful in terms of quench performance, but
the details of this complicated axial support still
need to be worked out.
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HGQ for LHC IR
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HGQ for LHCIR
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Strand Parameters*

Parameter Inner cable
Strand diameter [mm]

Filament diameter [|tm]
Cu:SC ratio
RRR
Twist pitch [mm]
Twist direction
Ic(5T,4.2K) [A]
Jc (5T,4.2K) [kA/mm2]

0.808

6
1.3:1
100
10
left

600

2.75

Outer a

0.648

6
1.8:1
100
13
right
320
2.75

Cable Parameters

Parameter Inner cable
Radial width [mm]
15.4

Minor edge [mm]
Major edge [mm]
Keystone angle [deg]
Mean thickness [mm]

Packing factor
Number of strands
Strand diameter [mm]

1.326
1.587
0.990
1.456

0.91
38
0.808

Outer cable
15.4

1.054

1.238
0.690
1.146
0.91
46
0.648

* - SSC strands are used.



HGQ05 Quench History
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5.7 Other Designs
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Figure. 1: Schematic of "Common-Coil" Magnet
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Stress Management
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The devil is in the details:
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Stress management requires
four ingredients

o
o

modulus yield strength

The coil: cables, epoxy 40 GPa 100 MPa
Support matrix: Inconel 210 GPa 1,300 MPa
Laminar spring: Inconel 0.1 GPa 900 MPa
Shear release: mica paper
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Laminar Springs
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LECTURE 6: ASSSEMBLY
OF PARTICLE ACCELERATOR

MAGNETS

6.1 Coil Winding 6-3

6.2 Coil Curing 6-17

6.3 Azimuthal Coil Size Measurements 6-31

6.4 Coil Assembly and Internal Splicing 6-45
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STRAND AND CABLE TWIST

- As we have seen in the lecture on
conductors, strands and cables are both twisted.

- A twist direction similar to that of a right-
handed screw is usually designated by the letter
Z, while a twist direction similar to that of a left-
handed screw is designated by the letter S.

- It is usually preferred to have opposite twist
directions for strands and cables, to limit strand
deformation during cabling and to avoid residual
cable twist.
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CABLE TWIST
AND WINDING ORIENTATION

- Furthermore, the cable twist direction
affects the cable behavior during winding of the
coil ends.

- For instance, a S-twisted cable has a
tendency to open up at the beginning and to
close down at the end of a clockwise turn while a
Z-twisted cable has the opposite tendency.

- Most coil manufacturers prefer to wind
cables which open up at the beginning and close
down at the end of turns, because at the turn
beginning, the opening can be limited by using
the winding tension to flatten the cable against
the mandrel.

Example: For LHC dipole magnets, the inner coils
are wound counter-clockwise, while the outer coils are
wound clockwise. Hence, the preferred cable twist
directions are: Z for inner coils and S for outer coils.
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CABLE TWIST
AND INTERNAL SPLICING

ORIENTATION

- In the case of a two-layer coil assembly with
an internal splice, another issue that may be
taken into consideration while choosing cable
twist direction is the respective orientation of the
inner and outer cable strands directly in contact
at the splice.

- Indeed, depending on twist direction, the
strands can either be parallel or perpendicular.

- It is believed that it is preferable to have
strands running perpendicularly because it
forces a more uniform transfer of current from
the strands of the inner cable to the strands of
the outer cable. This may help reducing the risk
of large current unbalance among cable strands.
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CHOICE OF CABLE TWIST
ORIENTATION

- In the case of the LHC dipole magnets the
inner and outer cable lay directions were chosen
so as to ensure that the outer cable, which has
the largest aspect ratio, is wound in the favorable
direction, and that, when spliced together, the
strands of the two cables run perpendicularly.

- As a result, the inner cable is wound in the
unfavorable direction, which is deemed
acceptable given its lower aspect ratio.
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OBJECTIVES OF CURING

- The objective of curing is three-fold:

• To polymerize the epoxy or the
polyimide adhesive of the cable insulation in
order to make the coil rigid and easier to
assemble,

• To form the coil into the correct shape
and the correct dimensions,

• To make the coil as uniform as possible
along its length.

- Correctness of coil dimensions is important
for field quality.

- Uniformity of coil is also required to achieve
uniform pre-compression after collaring.
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COIL CURING FIXTURE & PRESS
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CURING PROCEDURE

- Coil curing is realized in a mold, ususally
made of laminated steel blocks constructed to
very accurate dimensions.

- The blocks are heated by a circulation of
hot oil and are pressed upon by means of
hydraulic cylinders.

- The curing temperature and curing
pressure schedule depends on cable insulation
and on coil manufacturers.
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OPTIMIZATION OF CURING
CAVITY DIMENSION

- One of the goal of curing is to form the coil
so that it assumes the desired azimuthal size
under the target pre-compression.

- The coil azimuthal size under a given
pressure is determined by the conductor and
insulation thicknesses and by the curing cavity
dimension.

- The curing cavity dimensions can be tuned
(within a certain range) so as to obtain the
desired coil size.
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COLLARING

- As we have seen, the collars are designed to
restrain the coils radially and to pre-compress
the coils azimuthally.

The azimuthal pre-compression is needed to
avoid parting of the coils from the collar poles
under the effects of the azinmthal components
of the Lorentz forces.

- The desired level of pre-compression is
achieved by squeezing the coils into cavities
which are smaller than their sizes at rest

The cavities are defined by the inner
boundaries of the collars which are assembled
and locked around the coils.

- The collar interlocking is ensured either by
full-length tie rods located at, or right above and
right below, the collared-coil assembly midplane,
or by short length keys inserted on both sides of
the collared-coil assembly.
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DIPOLE MAGNET
COLLARING PROCEDURE

- The collaring operation starts by mounting
the laminated collars, which may be grouped
into packs, around the coil assembly.

- Then, the loosely-collared coil assembly is
placed onto a press bed and vertical forces are
applied on top and bottom of the collar
laminations (which may incorporate dedicated
cutouts).

- The vertical forces are transmitted to the
coils which are loaded azimuthally. They are
increased until proper clearances are obtained
to insert the tie rods or the keys into their
dedicated housing holes or keyways.

- Once the tie rods or the keys are inserted,
the forces are released and the locked collars
start reacting against the loaded coils. The
structure is then left to relax and to find its own
mechanical equilibrium.

- This equilibrium depends on the respective
stiffness of the collars and the coils, and since
the collars are not infinitely rigid, the achieved
residual stresses in the coils may be significantly
lower than the maximum loads applied by the
press.

- Several techniques can be used to limit coil
overpressure during collaring.
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RESIDUAL AZIMUTHAL
PRE-COMPRESSION

- According to the description presented in
the previous slide, the loading conditions
experienced by the coils during collaring can be
divided into two phases:

• a loading phase, corresponding to the
application of vertical forces by the press,

• an unloading phase, corresponding to the
relaxation of the collared-coil assembly upon press
release.

- The level of azimuthal pre-compression
depends on the parameters of these two phases.

- The maximum load provided by the press
during the collaring operation can be estimated
from the minimum arc length to which the coils
are compressed along the loading branches of
their stress-strain curves.

- The amount of stress relaxation within the
collared-coil assembly is determined by the
effective spring rate of the collars along the
vertical diameter and by the effective unloading
spring rate of the coil assembly package.

- Hence, and as already discussed, accurate
computations of collaring stresses require a
detailed knowledge of the coil stress-strain
curves.
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COLLARING SHIMS

- Discrepancies in the azimuthal sizes of the
coil assemblies can be compensated by means of
shims of adjustable thicknesses.

- There are two types of collaring shims:

•pole shims, mounted at the collar poles,

• midplane shims, placed at the coil
assembly midplane.

- The shim thicknesses are determined on
the basis of the measured azimuthal coil sizes so
as to ensure a suitable level of pre-compression.

- Note, however, that the pole shims displace
the coil pole faces and that the midplane shims
displace the coil assembly midplane.

Such displacements result in undesirable
field distortions.

- Hence, the use of collaring shims is only
conceivable in the course of a magnet R&D
program and should be avoided during magnet
production.
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HOW TO LIMIT PEAK PRESSURE
DURING COLLARING:

SQUARE VERSUS TAPERED KEYS

- In the case of square keys, both halves of
the collar need to be perfectly joined and the
keyways need be fully open before insertion of
the keys.

- In the case of tapered keys, part of the
horizontal driving force can be used to fully open
the keyways, and thus to complete the
conjunction of the collar halves.

- Because the keyways need not be as open
as for the square keys, less vertical pressure is
required to start the key insertion, which in turn
allows one to limit the peak stress seen by the
coil during collaring.
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SQUARE VERSUS TAPERED KEYS
(CONT.)

- Another advantage of the tapered keys over
the square keys is that the assembly procedure
can be worked out to reduce the amount of
relaxation upon release of the collaring pressure.

- This relaxation comes from the fact that,
while they are under the collaring press, the
collar arms are almost stress-free, while, after
collaring completion, the collar arms of the
keyed assembly are in tension.

Hence, at the time of the collaring pressure
release, the collar arms spring back from zero
into tension.

- This spring back is particularly dramatic for
the square key collars which can end up
overcompressed to fully open the keyways.

- In the case of tapered keys, they can be
driven against the loading surfaces of the collar
keyways, thereby pre-tensioning and elongating
the collar arms (in the elastic range) as they end
up in the keyed assembly.

- A last feature of the tapered-key insertion
method is that, as the keys load the collar
keyways and complete the collar halves
conjunction, they increase the clamping force on
the coil. The vertical collaring pressure can then
be decreased accordingly to maintain a constant
coil pressure during the operation.

Lecture 6-69



I
i

I-

%

J>

_ %A

jj £

2

Lecture 6-70



(5-CM. OCA 313 i stress History Plot

- • — Vertical

- *—~ RE Inner

Horizontal

i RE Outer

LE Inner LE Outer

f
ft!a
a
ft)

I

T* WM" V

« • • ! • • » •

•••• * i - v •
• » *

--;--h -:-•:--<• •:--v-<--:--i"{-^H":*-r-<••!»«••!

, . 01 0) 0) 09 0) 01 0̂  01 0) 0) 01 01 0) 01 01 0̂  0> 0k 01 0) 0) 0> 0) 0> 0* 0) 0) 0) 01 0) 0> 0ft 0)

nif>IO>O0>0»0>0l0l0>0l0>0l0>0)0l0ICR0l0»OC4(4<O<0U><0<O<O(O<O<O«00l
01 01 09 0> 01

T. Skweres 12/13/91



•I

1
m
T

\
f
I

I I I T I • • • • _ ! • • • • • I • • • • I ' < • •

i i i i I t i t _ i I i, i. i _ t f t i i t J- J . i i i

JO

©

©

m
h
S
©
99 i

i

%

Lecture 6-72



HOW TO LIMIT PEAK PRESSURE
DURING COLLARING:

STEPWISE ROD INSERTION

- The simplest way of performing the
collaring of a magnet relying on tie rods is to
press vertically and uniformly on the collar
packs, until a proper clearance is obtained to
insert the tie rods into their housing holes.

This, however, similarly to the square-key
technique, requires a large vertical force and
results in large coil overpressure.

- To limit the force requirement and reduce
coil overpressure, advantage can be taken from
the fact that the collars can be bent or elastically
elongated to perform the collaring in several
steps.

- This step wise collaring technique is the tie-
rod equivalent of the tapered-key collaring
technique.
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STEPWISE ROD INSERTION
PROCEDURE

- As an illustration, let us describe the
collaring procedure followed for the LHC twin-
aperture dipole magnet prototypes relying on
common collars and full-length tie rods.

- First, reduced vertical forces are applied to
the collars1 central part and sides, and rods of
smaller diameters than the design ones are
inserted into the housing holes.

This first operation allows elimination of any
residual staggering of the collar packs.

Once the small diameter rods are inserted,
the reduced vertical forces are removed.

- Second, a large vertical force is applied to
the collars1 central part, which put the nearby
collars1 arms into tension, and the small
diameter rod at the collars1 center is replaced by
the final one.

Once, the final rod is inserted, the large
vertical force on the collars1 central part is
removed, but the rod keeps the nearby collars1

arms in tension.

- Third, large vertical forces are applied to
the collars' sides, which, this time, put the arms
on the collars1 sides into tension, and the two
remaining small diameter rods are replaced by
the final ones.

Once again, after insertion of the rods, the
large vertical forces are removed, but the rods
keep the arms on the collars* sides into tension.
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STEPWISE ROD INSERTION
PROCEDURE (CONT.)

- During a stepwise collaring, the repartition
of forces is determined by shims of adjustable
thickness which are placed on top of the collars1

central part and sides.

- Relying on elastic elongations of the collar
arms helps reducing the force needed to bring
the housing holes of the top and bottom collars
into correspondance.

- In addition, and as in the case of the
square d-key collaring technique, the stepwise
collaring procedure can be optimized to reduce
the spring back of the collars1 arms which
accompany the removal of the press force.
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6.10 Cryostating
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MAGNET CRYOSTAT

- To maintain magnet cold masses at low
temperature it is necessary to limit heat losses.

- There are three main mechanisms of heat
transfer:

• Convection,

• Radiation,

• Conduction,

- The convection losses are eliminated by
mounting the cold masses into cryostats which
are evacuated.

- The radiation losses, which scale in
proportion with the effective emissivities of the
surfaces facing each other and with the fourth
power of their temperatures, are reduced by
surrounding the cold masses with blankets of
multilayer insulation and thermal shields at
intermediate temperatures.

- The main sources of conduction losses are
the support posts, the power leads and the
cryogenic feedthroughs which are designed to
offer large thermal resistances.

Lecture 6 -123



c

ON

SSC Design B Dipole Magnet Cryostat

, Vacuum
/ 4 Layers,

Insulation blanket

/ , 80k shield

1 layer,
Insulation blanket

20k shield
4.5k LH© return ̂

4.5k GHe return

Fioorline

Support foot
Cold mass
connection-slide

Superconducting bus

Cooling channels
(4 places)

Cold mass
subassembly

80k LN2

Support post
assembly

Corrector
element leads



Lecture 6 -125



Lecture 6 -126



Lecture 6-127



Lecture 6 -128



Lecture 6-129



Lecture 6 -130



Lecture 6 -131



MAGNET CRYOSTAT (CONT.)

- Cryostat of quadrupole magnets is usually
the repository of various utilities (such as
corrector magnets, cryogenic modules, quench
protection diodes, beam positon monitors...).

- For single magnet testing, the magnet cold
mass is inserted into a built-in cryostat that is
part of the test station.
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SPECIFIC INSTRUMENTATION
DEVELOPED FOR ACCELERATOR

MAGNET COLDMASS

- Beam-type strain gauge transducers to
measure pressure exerted by coils against collar
poles.

- Capacitive gauge transducers to measure
coil azimuthal stress.

Bullet-type strain gauge transducer to
ire force exerted by coils against endmeasure

plates.

Lecture 6-137



Lecture 6 -138



V I I V V

I ( r f r / f / / ( ( / ( / /

Lecture 6 -139



r1

ON

O

Resistance vs. Temperature Measurement
fe^ «7ioow ( fa Karma ^P*

3485

348- mt itit m rm mt
*^•*# tiff WWfl ffl* llf» il l*

e m » w m mm m m mm mmm
D

mmmm»mm9nmm
I I I I I l l l Mil Mil

mmmm
ifii wlllf
MOM

Degree* Kelvin



a
c
3ON

I

349.2

349.1

Resistance Vs, Current (Field)
Inner Coil Compensating Gauges (0SA207)

1

fe*9
1—*r—*

~ ..JL
_ _

1 ..

...

-

0072JU1

0O723L.+

*t>4**



aocl

• ftctfvt Gau

After)

TatJ

Lecture 6-142



BEAM-TYPE STRAIN GAUGE
TRANSDUCER

(Courtesy C L. Goodzcit, SSCL)

STRAIN
GAUGE
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Capacitive Force Sensors

Insulation
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Capacitives Strain Gauges - Calibration curves -
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