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Superconductivity: experimental facts- Part I

Practical superconductors: From filament (tape) to cables- Part II

Superconducting magnet issues- Part III
Examples taken with CERN LHC magnets and PSI magnets Part III

ω Details on the conductor fabrication

ω Description of MgB2 and Bi2212 (Bi2223) properties

ω Magnetic design methods

ω Dynamic effects (decay and snap back of magnetization, AC losses)

ω Field quality and Magnetic measurement techniques (refer to previous 
lecture)

Not in this course:

Scopeand limitations
Objective of the course: Magnets for accelerators

For further reading, please consult the list of recommended readings
Glossary at the end of the talk
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Superconductivityin two properties

Å R = 0 for T<Tc; No Joule heating losses

Å Meissner Effect (perfect Diamagnetism, expel all 
magnetic fields from their interior when in the 
superconducting state)

Å Strong magnetic field in a compact size

Å /ǊȅƻƎŜƴƛŎǎ ǊŜǉǳƛǊŜŘ όIŜƭƛǳƳΣ bƛǘǊƻƎŜƴΧΦύ

Å Domain limitations : [ Tc(K), Bc(T), Jc(A/mm²) ]

Tc (B,Jc): Criticaltemperature
Bc2 (T,Jc): Uppercritical field
Jc (T,B): CriticalCurrentdensity

Phenomena exhibited by some materials under certain conditions (T, B)

BC2 andtemperatureTC

of metallic
superconductors are
mutuallyrelated

Both BC2andTCare 
determinedby the 
chemistryof the 
material

Fluxisexcludedby persistent shielding currents
flowing at the surface, T<Tc

Perfect conductor+perfectdiamagnetism

Meissner effect
(field cooled)

r=0, T<Tc

Criticalsurface:boundarybetween superconductivity
andnormal state

Insidethe boundaries: superconductivity, R=0

Outside: normalstate (Rґ0)
HTS acceleratormagnets, 
ThesisJeroen van Nugteren (2016)



History and rise of critical temperatures Tc

From Chao Yao and YanweiMa
iScience24, 102541, June25, 2021
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LTS

HTS 

Slide from H. Ten Kate



Type I andII superconductors

Type I/II superconductorcharacteristics
Å Type-I: Meissner state B = 0 for H < Hc; normal state at H > Hc1

Å Type-II: Meissner state (H < Hc1), partial flux penetration(Hc1 < H < Hc2), 
normal state (H > Hc2)

Å Hc1<H<Hc2ςmixed state: penetrationof the field as quantum of flux called fluxoids, the 
vortices, i.e. normal regions of cylindrical magnetic tubes containing a magnetic flux 
quantum ʊo = h/2e;The vortex core has F= 2x

Å Vortex interaction : Hexagonal vortex lattice to minimize the flux repulsion energy
Å In a SC magnet : Transport current + shielding supercurrents due to vortices coexist !

From R.G. Sharma

M=-Bext /m0

~Ӏры7Ĳǂƣт7ŔŰьШоmΜ



When a superconductor carries a current JT, FL=JT ³B

Vorticemotion Ҧ CƭǳȄ ŦƭƻǿΣ ŜƴŜǊƎȅ ŘƛǎǎƛǇŀǘƛƻƴΣ ǊŜǎƛǎǘƛǾƛǘȅ- no 
superconductivity

Practical superconductor:
Pinning of the vortices

Th. Puig, EUCAS 2015 

The anchoring of vortices by defects occurs at the scale of the vortex core: Maximum 
ŜŦŦƛŎƛŜƴŎȅ ōŜƛƴƎ ŀŎƘƛŜǾŜŘ ŦƻǊ ŀ ǾƻƭǳƳŜ ƻƴ ǘƘŜ ƻǊŘŜǊ ƻŦ ˅ш

Low Tcќƚx~4-6 nm ; High Tcќƚx ~1-2 nm

ÅTo avoid vortices motion, vorticesare pinned by 
microstructural defects

ÅForce on an individual line: FL = JTʊ0

Critical state : JT=Js

ÅPinning on an individual line: Fp = fpV (strong pinning)

ÅFluxwill not moveinto SCaslongasFL <Fp

Defect
±ƻǊǘŜȄŎƻǊŜ

Persistent currents

Manufacturing processes of superconducting 
ƳŀǘŜǊƛŀƭǎ ǎƘŀƭƭ ƻǇǘƛƳƛȊŜ άflux pinningέ

Practical superconductor (JeґлύΥ 
Material with pinning defects



Type of defects to pin the vortices

ÅPoint defects- 0D (vacancies, grain boundaries, precipitatesΧύ

Artificiallyintroduceddefects, including:
Green phase inclusions by the Melt Texturingmethod
Columnardefects(1D)  introducedby heavyion irradiation 
Point likedefectsintroducedby doping (Zr)
large size defects, spherical pinning centers, e.g. modification 
of substrates by growing nano-particles to create interfacial 
defects 

ÅExtended defects 1 D & 2 D(dislocations, twin planes)

ÅIntrinsicpinningby the structure (SC CuO2 planes in cuprates)

Core
pinning

To increase Jcand B*: optimize the pinning centers distribution and morphology of pinning centers with 
the size ~ x

Extended defects: reduce the wandering of vortices due to thermal fluctuations (HTS)



ό{ƛƳǇƭƛŦƛŜŘύ ƳŀƎƴŜǘƛŎ ǇƘŀǎŜ ŘƛŀƎǊŀƳǎ ƻŦ
¢ȅǇŜ LL ǎǳǇŜǊŎƻƴŘǳŎǘƻǊǎ

Competiting energies:

Å PinningenergyUpinning

Å Vortexlattice rigidity Uelastic(due to magnetic
repulsion-Tends to keep vortices equidistant in 
absence of defects)

Å Thermal effectskBTҦ Depinning, flux flow

Low Tc: Upinning~ Uelastic<< kBT

Å At low fields(but>Hc1) the distributionis 
governedby interactionbetweenflux lines

Å At intermediatefields,the pinningforce fp is 
providedby the pinningsites, capableof 
hinderingflux flow bywithstandingthe Lorentz 
forceactingon the fluxoids

Å At highfield < Hc2, the numberof fluxoids
significantly exceedsthe numberof pinning
sites

.

p



HTS: New vortex phases
Thermal fluctuationsҦMelting line
PinningcentersҦIrreversibility line

Å In HTS the IrreversibilityLine 
limits the practicaldomainof use

Å Difficulty to use«practicalHTS»
at high temperatures(T>50 K)

Å IƛƎƘ ¢Ŏ
Å IƛƎƘ ŀƴƛǎƻǘǊƻǇȅ
Å {Ƴŀƭƭ ŎƻƘŜǊŜƴŎŜƭŜƴƎǘƘǎ

Thermal fluctuations: ҧƪB T
Pinningenergy: ҨUpinning

Elasticenergy: Ҩ Ҩ Uelastic

Vortexliquid, T< Tmelting

Irreversibilityline Birr (T) << Bc2(T)
Large part of the B (T) diagram for Jc=0

CourtesyH. TenKate)

ҧƪB T

Wai-Kwong Kwok et al, Re.Prog.Phys. (2016)



L. Quettier

Nb3Sn,Nb3Al

.{//h

MgB2

ReBCO
NbTi

Strands, cables, CIC, tapes, RoebelЯШ9§Å9Ҁв



Practical superconductors
main properties

Compound Year Tc Bc2(0) Field
application

Coherence

length
(K) (T) (T) @4.2 K (nm)

NbTi 1960 9.5 14.6 ~ 10 4 LTS

Nb3Sn 1953 18.3 24- 28 ~15-16 4

PbMo6S8 1970 15 60

Nb3Ge 1972 23 38

Nb3Al 1975 19 33

MgB2 2001 39 39a ; 60a
bulk

film
s

~3-4 ~35/39

Bi2Sr2Ca1Cu2O8 1989 94 >100 >16T ~2/0.1

HTS
Bi2Sr2Ca2Cu3O10 1989 110 >100 >16T ~2.9/0.1

YBa2Cu3O7 1988 92 >100 >16T ~1.6/0.2

(Ba0.6K0.4)Fe2As2 2007 38 70- >135

ITS



NbTi wire for LHC magnets
(alloy 46-48% Ti by weight )

Multi -steps fabrication process of a wire:

o Extrusion: Composite billet Nb core surrounded by a copper 
matrix is heated and extruded through a die to form a long, 
continuous rod 

o Stacking: Multiple extruded rods are stacked in a copper tube 
to form a multifilament billet 

o Heat treatment: The stacked assembly undergoes multiple 
heat treatments. Heat treatments are applied to produce 
pinning centers (a-Ti precipitates).

o Cold drawing: The conductor is drawn through a series of dies 
to reduce its diameter while elongating it (small filament 
diameter, better mechanical and electrical properties)

o Twisting: The wires are twisted to form and coated with an 
insulating layer

PracticalSuperconductor: NbTiwire

Niobiumand titanium combinein a ductilealloy :

+Easyto produce(drawing)
+Good mechanicalproperties(flexible)
- Modest superconductingproperties:

Tc is~9.2Kat 0 T, BC2 is~14.5Tat 0 K.



PracticalSuperconductor: Nb3Sn wire
Nb3Sn coil fabrication steps

Niobiumandtin form Nb3Sn
TC0 is~18K at0 Tand0 strain.

BC20is~23-26Tat 4.2 Kand 0 strain

For fields up to 15 T!

Brittle andstrain sensitive, the (A15) Nb3Sn 
phase is created during a heat treatment 
of 180 h at up to 660ϲC 

Wind and React: the heat treatment is 
performed on a wound Nb3Sn coil

C. Senatore

Lecture

Ability to transport current is impactedby 
mechanicalstrain(limit of reversibility)

1) Assemblymultifilamentbillets from Nb3Snprecursor

2) Fabricationof the wire through extrusion-drawing

3) Fabricationof the cable (NScphase)
4) Fabricationof the coil (NScphase)
5) άǊŜŀŎǘƛƻƴέΥthe Cu,SnandNbare heatedto 600-700

Cand the Sndiffusesin Nband reactsto form Nb3Sn 

(Wind and React)

Pinning : Fine grain size of Nb3Sn (150-200 nm) 

Nb3Sn strandfabrication routes
Bronze process(Sn source = CuSnbronze) Ҧfine
filaments, high mechanicalstrength, lower Jc
InternalTin (Sn source = Sn rod)Ҧ very high Jc, 
large filament size 
Power in tube (Sn source = NbSn2 powders)Ҧ 

High Jc but large filament size

Reversiblestrain dependence at low strain levels;

Irreversible(ómicro-structuralô) degradation at higher strain;



Hysteresis, Jc and filament size

L. Bottura

Lecture

DM åJcdeff

The persistent current creates a magnetization adding to the magnetic field  !
The magnetization is proportional of the filament diameter

Large filament size
Large screeningfield

Large magnetichysteresisҦƭŀǊƎŜ loss(Q ḳ ╜᷿▀╗ύ

Field quality perturbation and flux jumps

Simple model: SC 

filaments carries either 

Jc or no current 



Superconductingwires (strands) are
multifilamentary

Reduce filaments size to reduce magnetization

With the subdivisionof the superconductingwire (strand)in filaments,

hysteretic lossesare reducedbut the critical currentdensityJc isunchanged

иШHERA filament diameter14 ˃ m
ω [I/ ŦƛƭŀƳŜƴǘ diameter6-7 ˃ m
ω I[-LHC filament diameter50 ˃ m
ω C// target filament diameter20 ˃ m

From C. Senatore Lecture

g= density

Tc = critical temperature 

C = specific heat



Size of the filament (2)

But if d is too small: Coupling effect in filaments and an apparition 

of large coupled filaments with an increased effective diameter deff

Increaseof Magnetisation

deff~1 mm

ÅWhen a multifilamentarywire is subjected to a time varying 
magnetic field, current loops are generated between filaments. 

Å Large loops are generated, with large currents 

Å High losses If the strands are magnetically (or physically) coupled 
the effective filament size is larger 

Å The effect is significantly reduced by twisting the filaments just 
prior to final draw: Twist pitch = 12 ς30 mm



Stabilizer: Cooper or Aluminium
At T > Tc, in normal state 

r Nbti,n~ 5 10-7 W.m> r Cu ~ 1.7 10-8 W.m

Stabilizerrole :
Improving Current Carrying Capacity: help in 
maintaining the current carrying capacity of the 
superconducting wire
Enhancing Mechanical Properties: enhance the 
mechanical properties and mechanical stability of 
the wire
Quench Protection and heat spread: providing an 
alternate pathway for the current and enhancing 
heat dissipation

T > Tc

T < Tcs<Tc

stabilizer

superconductor

Tcs < T <Tc

How doesit work?

1. T < Tcs<Tc Currentflows in the superconductor

2. T> Tcs : the current startsto flow in the stabilizer

3. T > Tc : If the temperaturekeepsrising, the 
currentwill ONLY flow in the stabilizerςwithout
sufficientcooling, the transition is irreversible: it
isa quench

Tcs: current sharing temperature

Multifilament wire



Superconducting coils wound from a multi-strand 
cable (Rutherford cable)-Why?:
Å Reduce strand length (less expensive)
Å Reduce number of turns
Å Easy winding
Å Smaller coil inductance
Å Current redistribution in case of a quench in a strand
Å High packing factor

Cablingthe strandsinto Rutherford cables

J. Fleiter шcabling machine CERNThe most commonly used multi-strand cables are 

the Rutherford cable that can be rectangular or 
trapezoidal.

Typical compaction : 88 -92 %



Last step: the cableinsulation

ÅGood dielectric properties to withstand turn-to-turn Vafter a quench

ÅGood mechanical strength to withstand high stress conditions

ÅCompactness: for efficient winding of the cables 

ÅPorosityto allow penetration of helium (or epoxy)

ÅRadiation hardness

Å In Nb-Timagnets overlapped layers of polyimide 
(Kapton®)

Å In Nb3Sn magnets, fiber-glassbraided

Å Typical insulation thickness: 100 and 200 µm

Aim : To prevent electrical shorts



Superconductingwires & cablessummary

CABLES

Ʒ High-current cables (10 - 20 kA range)

Ʒ Minimum Jc degradation with respect to

virgin strands;

Ʒ Uniform current density;

Ʒ High filling factor and ratio;

Ʒ Precise dimensions;

Ʒ Twisted wires to minimize coupling effect

during ramping;

Ʒ Controlled inter-strand resistance between

crossing strands in the cable

From A. Ballarino Lecture

WIRE or Strand (= multi-filaments)

Ʒ High and uniform Je at operating field;

Ʒ Small filaments size to a) reduce

magnetization and assure uniform field -

mainly at injection, b) avoid flux jump;

Ʒ Filaments twist to minimize coupling

effects during ramping (eddy 

currents);

Ʒ Appropriate (Cu/non Cu) ratio - minimum

amount of copper needed for stability and

protection, controlled within a strict

tolerance (typically 1.5-2 Ñ0.05 for

accelerator magnets)

Ʒ Flexible, small bend radius (wound in coils)

Ʒ Low AC loss

Ʒ Long lengths 

Ʒ Low costs 

Typicalwireconfiguration:

Strand: 1õ000-10õ000filaments

5- 30 mm filamentsize

0.3 - 1.0 mm  wirediameter

25cmtwistpitch



HTSmaterialsfor practicalapplications

Bi2212 Bi2223 Y123

a [Å] 5.415 5.413 3.8227

b [Å] 5.421 5.421 3.8872

c [Å] 30.880 37.010 11.680

# of
adjacent 
CuO2

planes

2 3 2

Tc[K] 91 110 92

Bi2212
Bi2Sr2CaCu2O8+x Bi2223

Bi2Sr2Ca2Cu3O10+x

Y123
YBa2Cu3O7-x

23 CuO planes

2 CuO2 planes

CuOchains

22 CuO planes

O

Ca 

Cu

Sr 

Bi

Y

Ba

O

Cu

Perovskite structure:
Layered crystal structure consisting of one or more CuO2 layers ςcalled ab planes

Various layers are stacked together in the c-direction ςcalled c axis
Anisotropic, CuO2 superconductingplanes, Tcincreasewith the number of planes CuO2

From C. Senatore lectures

Coated Conductor

Bi2212 power in tube wire Bi2223 power in tube tape

cuprateHTS : 
layered structure



RE-Ba2Cu3O7-d coated (ReBCO)
From tapes to multi-tapes and cables

Roebel cable by KIT assembled from Bruker ReBCO
tapes- fiber glass rope inserted in the central channel

First round, isotropic YBCO wire
Courtesy Dankovan der Laan
(Advanced Conductor Technologies)

FromHTS acceleratormagnets, 
ThesisJeroen van Nugteren(2016)

M. Takayasuet al., IEEE TAS 21 (3) (2011)

W. Goldackeret al., IEEE TAS 17  (2007)

Twisted Stacked Tape Cable (TSTC)

Goals
Å Increasing the current and the current densities
Å Allowing current sharing between tapes
Å Reducing AC losses (transposition)
Å Improving mechanical properties
Å Reducing diameter bending capability

REBCO coated conductors 

- ReBCO
- HTS film of 1-2 mm thickness deposited on one side of 
the substrate
- Produced in long lengths of 50-100 meter piece length



Je (A) vs B (T) for superconducting materials (2018) 

https://nationalmaglab.org/magnet -development
/applied -superconductivity -center/plots/

Nb-Ti: the workhorse for 4 to 10 T

и Jc up to ~2500 A/mm2 at 6 T and 
4.2K or at 9 T and 1.9 K

и Well known industrial process, good 
mechanical properties

и 10 T field in the coil is the practical 
limit at 1.9 K

и Reliable and well known. Thousands 
of accelerator magnets have been 
built

Nb3Sn: towards 20 T
Jc up to ~3000 A/mm2 at 12 T and 4.2 K
Complex industrial process, higher cost, 
brittle and strain sensitive
~20 T field in the coil is the practical 
limit at 1.9 K, but above 16 T coils will 
get very large

HTS materials: >20T up to 40 T  (Bi-2212, YBCO)
Current density is low (at low field), but well above 4.5 K and use of cryocoolers 
Used in solenoids (20T range), used in power lines demonstrators of accelerator magnets ς

small racetracks have been built

MgB2 : Moderate Fields up to 5 T (Jc>300 A/mm2)

https://nationalmaglab.org/magnet-development


Non-Insulated ReBCOmulti tape coils at PSI
(JaapKosse, H. Rodriguez, M. Duda)

Non-insulated (multi) tapes
+ Larger superconductor volume - high Jc
+ transverse current path - better quench protection
+ High thermal conductivity, mechanical strength
- Very long time constant for current ramps

(not adapted for AC application )

HTS Non-Insulated coils - Technology for High Field 
solenoid

Diameter: 100 mm
Aperture: 50 mm
SC type: ReBCO
# tapes: 2
# turns: 2 x 170
SC length: 2 x 49 m

18 T (center) 
at 2 kA and 12 K !

Licence agreement
TokamakEnergy

FCCeeInjector Study: P3 (PSI Positron Production)-2026



TEVATRON ,FNAL, Chicago, USA LHC, CERN, Geneva

HERA , Desy RHIC , NY, USA



Superconductingand room temperaturemagnets
Whythey are different?

Superconductingmagnets

ςPerformance limited by the selected conductor: you cannot exceed the 
wire performance- you only do worse !

ς field definedbythe currentdistribution(coil geometry) andnot by the
iron pole (exceptfor the superferrics)

ςhigh field capabilitybut enormouselectromagneticforces

ςquenches (transitionto normal)need to be managed to avoid damage 
and ensure safety

ς filamentsmagnetizationresultsin hysteresisandfield errors

ς the field quality ischangingwith time at low temperaturesandlow
magneticfields- dynamiceffectsareveryimportant at low fields

ςcareful handling of cryogenic fluids(not water)

ςelectricalinterconnectionsin so-calledcryo-lines+current leads

ςmore expensive to produce and operate due to the need for 
superconducting materials and cooling systems (cryostat, cryocoolers..)



What do we expect for a 

superconductingmagnets?

Excellent Material Properties:High ratios of irreversibility field (Hirr) to 
upper critical field (Hc2), and critical current densities Jc(H,T) and JE(H,T) at 
various magnetic fields and temperatures, along with a high critical 
temperature (Tc).

Advanced Fabrication:Capability to be fabricated into wires with flexible 
architectures.

Cost Efficiency:Favorable low cost-to-performance ratio.

Environmental Consideration:Minimal environmental footprint

Mechanical Robustness:High strength for enhanced durability.

Production Scale:Availability in long lengths suitable for large-scale 
applications

High-Performance Cables: Designed for high current applications.

Efficient Operation:Low ramping losses and enhanced magnet protection for 
reliable performance.

Applications are determined by high Jc, Je and Hirr rather than by high Tc



What are the main technical problems to achieve these goals

Screening Currents
иRamp losses
иMechanics
иField quality and 

beam-dynamics interface
Magnet Protection
иDetection
иProtection
иMajor cost factor

Circuit Protection, Powering, 
Electrical Integrity
иBusbar protection
иExtraction to grid
иMultiple parallel PCs, 
иEqualization varistors
иDistributed or local powering (cryo PCs)

Cryogenics
иOperating temperature
иLow cryogen-inventory forced flow cooling
иCryogen (GHe, H2?)
иT-Gradients along cryo circuit and in magnet x-

section at end of ramp

Mechanics
иReact Lorentz forces
иCope with screening currents 
иCope with shear
иStress management?

Cost
иCable orientation in field
иGrading
иProtection for compact coils
иMarket dilemma (what if 

compact-fusion fizzles?)

Cabling, Insulation, 
Winding, Splicing
иCoil geometry / field orientation
иRequires transposition?
иIn-line cable fabrication?

CourtesyB. Auchmann



Superconducting magnets: life cycle

All the information through the production cycle has to be monitored 

Multiphysics codes 
Å Performance (margin)
Å field quality,
Å Thermo-mechanics
Å cooling, 
Å quench protection
Å CAD design, specs, 
Å Tenders

Assembly control
Å Conductor Quality
Å Winding Process
Å Heat Treatment
Å impregnation
Å Collaring and Yoking
Å Cryostat, cooling 

system
Å Protection
Å Final integration

Cryogenic tests
Å Electrical integrity
Å Cryogenic integrity
Å Power test
Å Field quality,
Å Quench protection

Installation
Å Procedures
Å Documentation
Å Traceability



Magnet manufacturing process
Long and complex process

Multi -wire cable fabrication & Insulation wrapping

Coil winding, ends & transition manufacturing

Instrumentation ό±ƻƭǘŀƎŜ ǘŀǇǎΣ ǎŜƴǎƻǊǎΧύ

Coil reaction (Wind & React for Nb3Sn cables)

Impregnation: 

Vacuum-impregnated with epoxy resin or wax

Curing: The epoxy is cured in a controlled environment to ensure optimal performance

Collaring process (stainless steel): 

Pre-collared coil assembly under a press, load the coil to the desired pre-stress (in the 
ǊŀƴƎŜ ƻŦ рлΧмлл atŀύ ǘƻ ŎƻǳƴǘŜǊŀŎǘ ǘƘŜ [ƻǊŜƴǘȊ ŦƻǊŎŜǎ

LƴǎŜǊǘ ƪŜȅǎ ǘƻ άƭƻŎƪέ ǘƘŜ ŎƻƭƭŀǊǎΣ ǇǊƻǾƛŘŜǎ ǘƘŜ ŘŜǎƛǊŜŘ ǇǊŜ-load to the coil

Yoking process(mechanical stability, field enhancement): 

Insert the collared coils in an iron yoke

Welding of the yoke using a press (max 19000 tons)

Cryostating: Inserting the cold mass in the cryostat

Cryogenic enclosure: Vacuum enclosure, thermal shields

Multilayer insulation (MLI) blankets 

Liquid helium pipes or cryocoolers



NbTi filaments
strands

Rutherford 

cable

winding

cross section

Cosine q

Cold mass
(cryostating )

Collaring processyoking process

From conductor to magnets
Example CERN LHC magnets

copper

Copper

wedge

Low c-steel 

collars


