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5. Superconductors in accelerators

a. NbTi

b.Nb3Sn

c. MgB2

d. Bi-2223

e. YBaCuO
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a. The system NbTi
Tc = 10 K
Bc2 = 14 T

Body cubic cented structure             Phase diagram 
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1.Extrusion

2.Extrusion

Diam.: 300         50 mm

Diam.: 300        50 mm
Cu can

NbTi rod Stacking unit

NbTi rods

Hexagonal tube

Can, extruded and drawn 
to hexagonal rods

Solid billet of oxygen-free
high conductivity Cu

Drilled holes

The fabrication of NbTi wires

Configurations
A sequence of  extrusions
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D. Larbalestier and P. Lee, 1995

At the interface between the α – Ti precipitations and the NbTi matrix are formed 
during the thermomechanical treatment:     

* creation of defects
* creation of normal conducting centers:  new vortices        Enhancement of Jc

« Natural » additional pinning by α –Ti precipitates

Naturally formed nanosize α-Ti during deformation
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NbTi applications:
* NMR magnets up to 9T, 
* for a background field in high field magnets (≥ 9T)

* for accelerator magnets (dipoles in LHC)

* Levitation trains in Japan
Already tested trains
Tokyo-Osaka (2035-2040); later replaced by other s.c. ?

NbTi wires today

Today: ~ 90 % of all industrial wires are based on NbTi
Future: Increase of other s.c.: Nb3Sn, MgB2, HTS
No further work for enhancing Jc in  industrial NbTi wires is 
performed today:  NbTi development is close to its optimum state  
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b. The system Nb3Sn
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LHC-Upgrade: Dipoles: NbTi
Quadrupoles: Nb3Sn
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High Field Magnets:
Applications involving NbTi and Nb3Sn

Solenoids Produced Field Superconductor
MRI ≤ 9 T at 4.2K NbTi

≤ 10.5T at 1.8K NbTi
≤ 24 T NbTi + Nb3Sn
≥24T  – ≥32T Nb3Sn + HTS

ITER tokamaks 12T Nb3Sn
DEMO ~12 T Nb3Sn

LHC Upgrade
Quadrupoles ≤ 12.5T Nb3Sn
Dipoles ≤ 8T NbTi

FCC 16T Nb3Sn, HTS?
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HTS

Nb3Sn

NbTi

1 GHz
23.5 T

?
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Physical Properties of Nb3Sn

A. Properties of bulk Nb3Sn

Tc , Tc vs. Sn content 
Tc distribution
Residual electrical resistivity ro (just above Tc)
Bc2
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The superconducting compound Nb3Sn

Cubic A15 type structure A3B

Sn

Sn
Sn

Sn

Nb

Nb

Orthogonal Nb-Nb chains

at 25 at.%Sn:   ρo ~ 5 µΩcm
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Tc vs. Sn content in the A15 phase of Nb3Sn

Saturation at > 24.5 at.%:
(due to phonon softening)

Linearity up to 24.5 at.% Sn

1’000°C:  homogeneity range 
between 18 and 25 at.% Sn
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Electrical resistivity of Nb3Sn and V3Si 

S = 1

Bulk Nb3Sn

-0.5 at.% Sn at 24.5at.%Sn:
ρo increases by 50% !

Strongest variation of ρo: 
close to stoichiometry: 

Composition gradient close to 
stoichiometry  (24.5 at%Sn)
Influences optimization of Jc  
(specific heat measurements: later)

R. Flükiger, et al., 
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Bc2

Nb1-xSnx

Bc2 vs. Sn content in the A15 phase Nb3Sn

Strong reduction of the 
electronic mean free path at 
> 24.5%Sn.

The correlation 

explains the sharp reduction 
of Bc2 in this composition 
rage.

Bc2 ~ Tc γ  ρο
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Effect of Ta and Ti additives:
Enhancement of ρo

Since  Bc2 ~ Tc γ ρo , 
and ∆T c and ∆ρo small:

ρo Bc2

binary

Ternary Ta 
and Ti 
additions

Enhancement of Jc at high fields by Ta and Ti additives
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Wire Fabrication  Techniques
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50 years after the discovery of Nb3Sn, there is still a
considerable potential for improvements of Jc !

3 main industrial fabrication techniques:

Bronze Route NMR  magnets (≤23.5T)
RRP (Internal Sn Diffusion)          High field magnets
PIT (Powder In Tube)                     Accelerator magnets

Nb3Sn fabrication techniques

18
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Cu

Multifilamentary wire Filament  bundles

The Nb3Sn Bronze Route
Work hardening of Cu-15 wt.%Sn bronze: Intermediate anneals are needed

Up to 10’000 filaments 19
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The Sn diffusion reaction

Cu-15.4 wt.% Sn 
matrix (bronze)

Nb3Sn
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Filament diameter
4 - 5  µm

Filaments in Nb3Sn Bronze Route wires

Limitation: only a small part of the filament 
carries supercurrent !

V. Abächerli et al., ASC 2004
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Ti
(from NbTi)

Ti additives introduced by NbTi rods.  

P. Lee, D. Larbalestier, J.A. Parrell, M.B. Field, Y. Zhang, S. Hong, ICMC 05, Keystone, USA

Nb3Sn

Cu Nb

NbTi addition in Internal Sn wires (OST)
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The PIT Process

Godeke et al., Cryogenics,48,308 (2008) 

What determines Jc?

23



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

Comparison : Nb3Sn wires by 3 different routes
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c. The System MgB2



P6/mmm:
a = 3.0852(8) Å 
c = 3.5202(8) Å

The MgB2 compound

Akimitsu et al., 
Nature 410,163(2001).

Tc = 39K

ρο = 0.1 µΩcm

MgB2

P.C. Canfield et al.,  
Phys. Rev. Lett., 86,2423(2001)

MgB2 is a layered compound. 
It is perfectly ordered, like Nb3Sn. 
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MgB2
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The reason for this difference
is still unknown

Upper critical field of MgB2:  films and wires



Effect of Carbon Substitution on Tc and Bc2 of MgB2

Slight Decrease of TcEnhancement of Bc2

Substitution of B  by C: enhanced electrical resistivity ρo 
Enhancement at Bc2 (and BIrr): Bc2 ~Tc γ ρo            Higher Jc at the same field

W. Hässler et al., 
SuST 21,062001(08)
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S. Lee et al., 
Physica C
397,7(2003) 

Disordering: gradual transition: 2 bands         1 band
* By C substitution of B 
* By high energy irradiation   M. Putti et al., SuST, 21(2008)043001

C.Tarantini et al., Physica C 463-465(2007)211 (2007)

H//ab

x = 2.5 - 3 

x = 2.5 - 3:
corresponds 
to Jc(max)
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II.  MgB2 wires: fabrication and properties
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Key to high Jc values in MgB2 wires:

High quality Boron powder: 

Two manufacturers: SMI (Specialty Materials, Inc). (USA)
Pavezyum (Turkey)

Different Boron powders * Pure Boron powder
* Boron encapsulated in a thin Carbon layer 

> 98% purity 
Amorphous 
Particle size < 100 nm

29
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Columbus Superconductors, 
Genoa, Italy

Industrial production of MgB2 multifilamentary wires

OSU, Columbus, OH, USA
NIMS, Tsukuba, Japan
EEL, Bratislawa, Slowakia
KIT, Karlsruhe (D)
IEE, Beijing, China
IFW, Dresden (D)
University of Cambridge (GB)
DPMC, Geneva, Switzerland
…………

Hypertech Research Inc., 
Columbus, Ohio, USA

Laboratory production of
long prototype wire lengths: 

30
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Common steps for MgB2 multifilamentary wires and tapes

Initial powder   
configuration

Mg powder 
or rod

31
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Ex situ

IMD

In situ

Tsukuba laboratory, Japan

Known MgB2 wire configurations
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Latest developments in USA and in Japan

OSU as at NIMS: advanced developments, based on the IMD process.

In both cases, the reaction kinetics has been taken into account.

Various details have been added:

enhancement of the MgB2 layer and thus of the fill factor (>20%)

enhancement of Jc.

The two new wire types are denominated: 

IMD-PIT (NIMS) and

AIMI (OSU, Hypertech)

Both types of wires belong to the “second generation”.

33



Industrial 1G (in situ) and 2G(AIMI) MgB2 wires

4.2K
20K

4.2K

20K

JeJc
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AIMI = Advanced Internal Mg Infiltration

34
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6. High current cables



A)   The LINK cable for LHC Upgrade: 20 kA at 24K
CERN, Geneva               

B)   Energy Transfer by MgB2 cables with LH2 cooling
Russian Scientific R&D Cable Institute, Moscow

High Current MgB2 cables

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

Successful prototypes:

Energy Transfer by Underground MgB2 cables with LHe (or
LH2) cooling: * IASS-CER

*  Nexans

R & D Projects
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Magnets in each of the 8 sectors 
are connected in series

Total current to be fed : 220 kA

LINK: Cold powering of CERN LHC magnets using superconducting cables

LHC Upgrade: Magnets in the 
tunnel become radioactive –
moving power supplies far away 
from the beam: LINK Cables

2011: 12x1.1 mm strand subcable 
tested successfully up to 
17.8 kA at 5 K with no quench

MgB2 cables for Hi-Lumi LHC Upgrade: LINK

Amalia Ballarino and coworkers, CERN: ASC 2014 presentations

R. Flükiger, XXVI Giornate, Cogne (It), 2017
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LINK Cable for LHC-Hi-Luminosity Magnets CERN)

Itot=  150 kA 
fext ∼ 65 mm
Mass ∼ 11 kg/m

20 kA 
Six cables, φ = 19.5 mm 

Concentric ± 3 kA
Seven cables, φ = 8.4 mm 

0.4 kA
Four cables 

0.12 kA
Eighteen cables 

Construction 2013-2020: total amount of 1’000 Km MgB2 wires

R. Flükiger, XXVI Giornate, Cogne (It), 2017
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L = 20 m

Superconducting Link for Hi-Lumi LHC Upgrade
February 2014: 20 kA @ 24 K in MgB2 cable
MgB2 reacted “ex situ” round wire
Length of the line = 20 m

Length of the cable = 2 × 20 m

Cooling with forced flow of He gas

∆T across line < 1 K

Superconducting Link Test 
Station at CERN

MgB2 cable: Joint development: CERN - Columbus (I)

0.98 mm dia.
Monel Matrix
30 MgB2 filaments 
Nb  barrier + Ni
Fill factor ∼ 10.4 %

February 2014: Ic = 20 kA at 24K !

Flükiger, ASC, 10-15.8.14, Charlotte, NC, USA
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HTS Superconductor for HiLumi-LHC: Bi-2223
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LHC Current Leads
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Bi-2223 in the LHC Current Leads
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Stacks of Bi-2223 Tapes
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HTS 13’000 A Current Lead
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HTS Superconducting Link
For LHC
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HTS Superconducting Link
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Novel Cables
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Development of Novel Cable Assemblies
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Development of Novel Cable Assemblies
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Material Needs for HiLumi LHC
Operational 2023
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Nb3Sn
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Material Needs: LTS

are presently been constructed
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Material Needs: HTS
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Conclusions
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