
1

Superconductivity at Future Hadron Colliders

CERN, TE-MSC, 1211 Geneva 23, Switzerland
and

Dept. Quantum Matter Physics, University of Geneva

René Flükiger

XXVI Giornate di Studio sui Rivelatori
13-17.2.2017, Cogne, Italia

R. Flükiger, XXVI Giornate, Cogne (It), 2017



R. Flükiger, XXVI Giornate, Cogne (It), 2017 2

Outline
1. Superconductivity and Energy: general applications
2. Accelerators: history
3. Requirements for Superconducting Wires and Cables
4. Superconductors and magnets: fundamentals and 

applications
5. Superconductors in the LHC Accelerator
6. Superconducting wires and cables: fabrication
7. Conclusions



R. Flükiger, XXVI Giornate, Cogne (It), 2017 3

1. Superconductivity and Energy: 
General Applications
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Superconductivity and Energy   

Superconductivity does not produce energy, but 

• Can contribute to energy saving
• Renders motors lighter and smaller
• Allows high power cables in very crowded city areas

• Levitating trains with > 500 km/h (Japan, under construction)

• MRI in hospitals and high field NMR: not without superconductors
• Thermonuclear fusion (ITER): not without superconductors 
• Accelerators: LHC, FCC: not without superconductors
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Largest future project: Thermonuclear fusion, ITER  

Superconducting 
Nb3Sn
Magnets
B = 12 T
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Superconductivity and Energy

Superconductivity does not produce energy !

• It can contribute to save energy

• It can contribute to reduce space needs

• It can lead to reduce the total weight of a device

but

• Several applications: only possible with superconductors

Fusion, Accelerators
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Compound Year Tc Bc2(0) ξ

(K) (T) (nm)

NbTi 1960 9.5 14.6 ~ 6 LTS
Nb3Sn 1953 18.3 24 - 28 ~4

MgB2 2001 39 39bulk; 70films 5

Bi2Sr2Ca2Cu3O10 1989 110 > 100 1 - 2 HTS
YBa2Cu3O7 1988 92 > 100 1 - 2

Technically interesting superconductors

Intermediate
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Cooling Regime for various Superconducting wires

Power 
require-
ment
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Worldwide Superconducting Wire Market

M$

300

200

100

0
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Cables
High voltage/high current

Advantages: 
* 5 – 10 times the current in the same space
* less space than a normal cable *

Presently, there are more than 10 cable projects worldwide
• Long Island Cable (USA)
• Ampacity in Essen (D)
• Yokohama cable (Japan)
• Large Cable system (Korea)

• …………………………

• 3 km cable in Chicago (envisaged)
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Long Island Port Authority:

:

Bi-2223 tapes
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Ampacity Cable in Essen (D), 1 km long

Bi-2223 tapes
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Ampacity Cable Project in Essen (Germany)

* Alternative to 110 kV systems

Bi-2223 Wires

Operational: 
since 2014 
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Dipoles in LHC Accelerator 
(operational since 2012)
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2. Accelerators 
(Colliders)

History and Present State
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Evolution since 1960
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What happened after 1980 ?



R. Flükiger, XXVI Giornate, Cogne (It), 2017 21

The LHC Collider
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100 m
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Accelerator Energy and Magnetic Fields

Higher energies:  Higher magnetic fields
Need for high field magnets 
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LHC Dipole Magnet, Cross Section
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Dipole magnets, Test Station
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In the LHC Tunnel
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ATLAS Detector
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LHC actual 27 km 8.5 T

HiLumi LHC ~2023 27 km 8.5T/12T

FCC ~2035 100 km 16T  
(possibly 80 km 20T ?)

Magnetic Fields in Colliders
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3. Requirements for Superconducting Wires and Cables
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Current Density vs. Magnetic Field

Nb3Sn 

NbTi

Conventional 
Iron-cored
Electromagnets
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Requirements: Technical Superconductors
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Conductor Requirements - Wires
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Conductor Requirements - Cables
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Superconducting Cable Types
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Superconductor for the LHC Magnets

* Same scenario since 2010 for HiLumi LHC
* Maybe: same scenario for FCC, starting 2015
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4. Superconducting Materials 
Fundamental properties

Definitions



R. Flükiger, XXVI Giornate, Cogne (It), 2017 38

Je [A/mm2]

Applied Superconductivity, Definitions

Critical parameters depend on several factors
•Elements
•Crystal structure
•Microstructure (mostly affects Jc)



Compound Year Tc Bc2(0) ξ
(K) (T) (nm)

NbTi 1960 9.5 14.6 ~ 6
LTS

Low Tc
Nb3Sn 1953 18.3 24 - 28 ~4 Superconductors

MgB2 2001 39
39a

bulk
60a

films 5

Bi2Sr2Ca1Cu2O8 1989 94 > 100a 1 - 2 

Bi2Sr2Ca2Cu3O10 1989 110 > 100a 1 - 2 

YBa2Cu3O7 1988 92 > 100a 1 - 2
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HTS

Technically interesting superconductors

High Tc 
Superconductors



Below the 3D surface: superconductivity
Above the 3D surface:
normal state (R ≠ 0)

Critical surface: boundary between
superconductivity and 
normal resistivity in the
3 dimensional space: Tc, Bc2, Jc.

40

Critical surface in type II superconductors
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Critical parameters depend on :  
Elements
Crystal structure
Microstructure (mostly affects Jc)
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Characterization of superconductors
Definitions



a. Electrical resistivity of metals and superconductors

Metals: finite resistance
at low  T
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ρ(Τ) = ρo + aT  for T > 0 K
ρ(Τ) = 0 near T = 0 K

ρ(Τ) = ρo + aT  for T > T K
ρ(Τ) = 0 at   T < Tc

Superconductors: 
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Resistivity of Metals

Resistivity increases with impurities

Impuriities Mott limit

RRR values:

Ultrapure metals: >104

Cu: 10………> 2’000
Nb: 20………   20’000
Al:  50 ………> 3’000

<Nb3Sn wire> > 100…200
(Composite) 



• A super-current can be induced in a superconducting ring.
• The decay of the current is given by the relaxation time (10-14 s 

for a normal metal). For a superconductor it should be infinite. 
Experiments suggest that it is not less than 100.000 years.
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Resistivity of a superconductor:
really zero or just very small?

I: Supercurrent

Magnetic field
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The Cooper pairs

Attractive interaction between two electrons: through 
the lattice deformation

Electron #I attracts the positive ions, which move inward from their 
equilibrium position. This distorted region of the lattice has a net 
positive charge: electron #2 is attracted.



R. Flükiger, XXVI Giornate, Cogne (It), 2017 46

The Cooper pair

Attractive force between two Cooper electrons: interaction between 
electrons and lattice: electron-phonon interaction 
(Phonons: quantized lattice vibrations)

Cooper pair in a superconductor:
2 electrons with opposite momentum and opposite spin

Total momentum and total spin of the system is zero.



The levitation stems from the same reason as ordinary 
diamagnetic levitation: a combination of gravitational force 
and a magnetic force due to the inhomogeneous field.
Applications:  Ultrarapid Centrifuges

Levitating high speed trains (Japan)

Magnetic levitation
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The mixed state:   The vortex
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Mixed state in Type II superconductors

• Experimental observation
– Magnetic particles on SC
– Triangular pattern of

“normal regions” within 
SC regions (islands within
the superconducting  
background)

– Number of lines proportional to Ba
- ξ < λ

• One individual normal “island” is 
called a vortex
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Flux pinning in superconducting wires: the vortex

R. Flükiger, XXVI Giornate, Cogne (It), 2017
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How to imagine a vortex?

R. Flükiger, XXVI Giornate, Cogne (It), 2017
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Importance of a Vortex

The vortex is a normal conducting region of nanosize
It pins the magnetic flux lines 

The more magnetic flux lines are pinned, the higher is the current 
which can pass through the superconductor without to render it 
normal conducting 

A perfect superconductor does not carry supercurrent
The more local defects, the higher Jc , the critical current density

The art consists in introducing as many vortices (nanosize defects) 
as possible :
• By nano-inclusions
• By high energy irradiatiom
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The critical current density Jc
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Long wires

(length: > 0.1 m)

Short wires: Criterion for Jc: 1 µV/cm 

Long wires: 
Criterion for Jc: 
0.1 µV/cm

V
(µV)

Transport Measurement of Jc

Short wires 

(2-3 cm length) 

B
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Resistive superconducting  
transition at various 
magnetic fields

(Industrial wire for Bruker)

Variation of critical current vs.
applied magnetic field B 

Measurement of Industrial Nb3Sn wires  

1.0 µV/cm

0.1 µV/cm
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The n factor is an empirical quantity describing the quality of the wire:
* surface state of the filaments 
* homogeneity along the wire axis («sausaging»)

Definition: V ~ In    at a given operational B and TV ~ In

In general, a high n value corresponds to a wire of higher quality
Required: n > 30 at operational B and T. 
Highest n values for NMR magnets

v

I

The exponential n factor
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The upper critical magnetic field Bc2



Tc (K)

NbTi is the only ductile
superconductor 
with Bc2 > 10T !

R. Flükiger, XXVI Giornate, Cogne (It), 2017 58

B
c2

(T
)

Upper critical fields of 
metallic (LTS) superconductors
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Why must the filaments in a 
superconducting wire be nanosized?
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III. Thermal Stability of a wire submitted  to a current  

Local and/or temporary perturbations may lead to thermal instability 
and to a quench.
Consider a wire with Tc submitted to I in bath Tb. Stable operation 
conditions:   Tc > Tb
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Why multifilamentary superconducting wires?

Energy to be evacuated to restore the superconducting state comprises:
*the energy leading to the perturbation, and 
*the energy produced by the Joule heat. 

1: The Joule heat

where j = I / πR2, and ρn = normal resistivity.

Suppose a local perturbation causing : T = Tp > Tc

* a resistive zone develops in the wire
* Joule heat is built up locally. 

Three different power terms have to considered: 
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2. Heat conduction through the wire

3. Heat transfer to the bath, in a slice of thickness x

The thermal stability limit is now given by :                                  Pjoule < Pconduction + Pbath

Heat from the resistive zone to the neighbouring superconducting region: 
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R should be as small as possible 

λ must be as high as possible

Stability criteria for wires

maximized
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1 :  Chemical stability
2 :  Mechanical stability : 
Bulk superconductors (except NbTi) break at ε <0.05 % !

→ microcomposite (multifilamentary) configuration 
Filament size:        < 5 - 30 µm

Wires: Irreversible strain:  εirr > 0.4 %
3 : Cryogenic stability : presence of Cu as stabilizer

High thermal conductivity of Cu  
→ a minimum quantity of stabilizer is required (> 23% Cu)

4 : Electromagnetic stability :
Low AC coupling losses required → Twisting of wires

5 : Low material costs
6:  Length: > 1 km 

Typical wire configuration: 1’000 -10’000 filaments
5 - 30 µm   filament size
25 cm twist pitch 

Practical criteria for stability and 
applicability of superconducting wires
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