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The Business of Science®

Superconducting 
(SC) 

Applications

Communications
•Satellite channels
•Wireless devices
•Antennae

Power  & Energy          
Applications

•Fault Current Limiters (FCL)
•Transmission Cables
•SC Magnet  Energy Storage
•Generators (Wind/Utility)

•Motors
•Transformers
•Synchronous Condensers

Industrial applications
•Non-destructive Testing 
•Inductive Heaters
•Magnetic separation
•Crystal Growth

Microelectronics
•Quantum Computing
•Faster Computers
•Power Electronics

Transportation
•Electric planes
•Maglev
•Ships
•Rocket propulsion

Research & Medical Magnets
•Medical/LS - MRI, NMR , Proton Bean Therapy  
•Basic Sc Res/Physical sciences RM(LTS)
•HEP- Beamlines/Accelerates/ Detectors (LTS)
•Fusion – LTS & HTS

•UHF >25T (LTS+HTS)
•5T-20T >20K (HTS)
•Bench Top Applications (LTS+HTS)  

• 0.5-5T >20K-77K    

Defence & Security
•Detectors/Sensors
•Rail gun
•Degaussing cables

Superconducting magnet applications are very 
diverse 
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The Business of Science®

Superconductors for  Applications

Pnictides
1962

NbTi

NbTi Nb3Sn/RRP MgB2 Bi-2212/Bi-2223 YBCO 

LTS LTS MTS HTS HTS

Tc = 9.8 K Tc = 18.1 K Tc=39K Tc = 90-110K Tc = 90-135K
Bmax Bmax Bmax Bmax > 40 T @4.2K; Bmax > 40 T @4.2K

(4.2K)  9.5T (4.2K)  20T (4k) 5T-10T ? 8 T @20K 12 T @20K 
(2.2K) 11.5T (2.2K) 23.5T 4 T @65K 8 T @65K 

RT/
Super 

hydrates
Key takeaway –
LTS wires are 
the dominant 

material for SC 
applications 

(MRI, NMR, HEP, 
RM). 

HTS introduction 
will extend SC 
use and lead to 

new applications 
@  20-77 K 
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Major and Global Helium shortage  
… Need new thinking on cryogenics
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NbTi

NbTi+ Nb3Sn
@ 4.2 K

NbTi+ Nb3Sn
@ 2.2 K

NbTi+ 
Nb3Sn+
RRP®
@ 2.2 K

NbTi/Nb3Sn+
RRP®+HTS?
@ 4.2 K-2.2 K

Timeline for Superconducting  Magnet 
(Solenoids)  Development   

1962

LTS - NbTi

LTS-Nb3Sn

HTS- Bi-2212, YBCO, ?

22.3 T
950MHz

22.5 T
LTS+HTS(@4.2 K)

23.9 T (2.2 K)
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Physical sciences
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Superconducting magnets  for Physical 
Sciences

1.5-300 K < 10 mK

Optics Optics/RF
7 T 8-18 T Up to 16 T

2-4KmK

New materials 
and Science

Up to 22.5 T

Cryofree
Wet
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The Business of Science®

High field magnets for user facilities
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The Business of Science®

New class of COMPACT LTS outserts for HF 
applications >20 Tesla

22 T / 54 mm 
(NMR @ 2.2 K)

[2000]

15 T / 160 mm 
(Driven @ 4.2 K)

[2014]

19 T / 150 mm 
(Driven @ 4.2 K)

[2015]

15 T / 250 mm 
(Driven @ 4.2 K)

[2015]

18 T / 150 mm 
(Persistence @ 

4.2 K)
[2017]

12 T / 320 mm 
(Persistence

@ 4.2 K)

[2018-2020]

20T / 100 mm 
(Persistence @ 

4.2K            
[2019-2021]

0
0.

8
1.

6
2.

4
3.

2 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

N
or

m
al

is
ed

 H
oo

p 
St

re
ss

es
 

Time (sec)
Sections

Dynamic em Hoop Stresses (Normalized) on Wire from a Quench at Full field 
without Quench Managment

Design Limit

0
0.

4
0.

8
1.

2
1.

6 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

N
or

m
al

iz
ed

 H
oo

p 
St

re
ss

 

Time (sec)
Sections

Dynamic em Hoop Stresses (Normalized) on Wire from a Quench at Full field 
with Quench Managment

Design Limit

Mack Truck
8.6 Tonnes, 60 Mph

3.05 MJ

22.1T Magnet
5000 H
30 MJ

Key takeaway – Future HF magnets need to be compact … 
Opportunities for NF to verify use of new materials and diagnostics
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HTS & LTS for > Ultra High h Field–

Coil#1 ready for 
test at 19T/150

19 T  ready for  test World record

EU -Collaboration with HLD-Dresden  

Towards 25 T system 32T all C magnet for user facilities

26 T Run in  Jun2015
No quench & No degradation
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The Business of Science®

Quantum applications
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2D Materials - Quantum Transport

Shubnikov de Haas oscillations in GaAs

Magnetic field & 
temperature 
measurement & 
control

Low noise 
signal cabling

Device 
protection 

through bias & 
ground control

Rapid device 
exchange, 

manipulation 
& rotation 

Multi-channel high 
speed measurement 
instrumentation
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Cryofree enabling Smart science to applications
Technology demonstration

(Cryofree systems)
Smart science (Wet systems) 

2019  
OI+NPL + 
Prototype
for TTQHR 

for Q 
Resistance 
standard  

2017  
OI+NPL+Chl

amers 
+_UoM –

demonstrate 
industrial 

feasibility of 
QHR 

2015 
NPL 

demonstrate 
Q Metrology

2011 
NPL 

confirmed 
universality 
of QHE in 

2D

2010 
Noble prize 

for 
Graphene

2003 
QHE as an 
electrical 

resistance 
standard

1980  
Discovery of 

QHE

The primary 
standard for 
resistance is based 
on the quantum Hall 
effect (QHE)
• Existing platforms 

use liquid Helium sub 
1 Kelvin and require 
high field > 14 Tesla. 

• Expensive-
National 
facilities

• Large footprint  
• Require 

extensive 
additional

services to 
operate. 

• Setup ideal for 
research

• Moving primary 
metrology from 
the metrology labs 
closer to the 
factory floor.

• Shorter 
traceability chain

• Quantum standard1 ppb

• Secondary standard10 ppb

• Calibration laboratory100 ppb

• Company ‘master’ item1 ppm
• Company production 

equipment10 ppm

• Product100 ppm
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The Business of Science®

Health Care
MRI
NMR
Proton Therapy
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1st

MRI

1st

Active  
shield 
(AS)

AS 
1.5T

1st Open 
MRI   

Magnet

AS 
3T

AS 
4T

1.5T 
Small

7T

9.4T

11.7T   

1980          1986          1989             1994              1997        2000          2001          2005         2019   
2011

Courtesy of 
Siemens

Courtesy of 
CEA

MRI Magnets Development
Health Sector

•All using LTS Materials
•>4000/yr production
•>4 Billion Euro/yr market
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MRI coverage
• Clinical MRI1.5T-3T

• Laboratory MRI7-9.4T

• Special &Future MRI>11.4T



Page 17© Oxford Instruments 2019 ziad.melhem@oxinst.com

The Business of Science®

25.9 T 23.5 T 28 T

22.5 T Oxford Instruments
Only LTS – NbTi, Nb3Sn

Bruker Biospin
LTS +HTS – NbTi, Nb3Sn, YBCO

New High Field NMR with HTS

2019

23.5 T
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SC for Proton Therapy
Commercial accelerators for proton therapy: cyclotrons (by IBA and 
Varian/Accel) and synchrotrons (by Mitsubishi and Hitachi).

Now LTS
Plans for HTS
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Future High Energy Physics colliders with SC
Eu
China
Japan
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FCC – SC for future colliders – CERN (>20B 
Euro) – Courtesy of CERN

Using 
• LTS for coils

• NbTi
• Nb3Sn

• HTS for Coils
• YBCO
• Bi-2212

• MTS for links
• MgB2

Challenges
• High Jc material
• Cost
• Length
• Operation at >16 T
• Materials 

availability 2
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Superconducting Technology Landscape

LHC FCC
Circumference (km) 26.7 97.5

Dipole field (T) 8.33 16
C.o.M. energy (TeV) 14 100
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Super Proton Proton Collider (SPPC) - China

Baseline design 
 Tunnel circumference: 100 km 
 Dipole magnet field: 12 T, 

 iron-based HTS technology (IBS) 
 Center of Mass energy: >70 TeV 

 upgrade phase 
 Dipole magnet field: 20…24T, IBS technology 
 Center of Mass energy: >125 TeV 

 Development of high-field superconducting magnet 
technology 
 Starting to develop required HTS magnet technology before 

applicable iron-based wire is available 
 ReBCO & Bi-2212 and LTS wires be used for model magnet 

studies and as an option for SppC:
 stress management, quench protection, field quality control and 

fabrication methods

• Using Iron Based 
Superconductors (IBS)

• Can operate at elevated 
temperatures

• 100 m of IBS conductor 
has been tested 

• Cost ~ $5B 
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Energy with HTS
Fusion - Development
Generators – Prototypes
Rotator for Wind Farms - Prototypes
SMES - Prototypes
SFCL - commercial
Transmission lines - Commercial
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Future Fusion devices using HTS – Private funds

ST25 (2015)
A World First: Tokamak with 

all HTS magnets Plasma 
pulse of >100s in 2014 29 

hour plasma in 2015 

HTS magnet 
Demo (2021) 

HTS magnet 
power 

generation 
(2025) 

TE raised £50M

https://www.vtt.fi/sites/finnfusion2018/Documents/3-02%20Salmi%20Tokamak%20Energy.pdf

https://indico.cern.ch/event/775529/contributions/3309887/attachments/18286
00/2993908/Minervini_HTS-for-Fusion-WAMHTS-5.pdf

Joseph V. Minervini Massachusetts Institute of Technology 
Plasma Science and Fusion Center Cambridge, MA USA

MIT Commonwealth – raised ~ $150 M  

TE raised ~ £50 M
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– SC wind power generation
https://indico.cern.ch/event/445667/contributions/2558522/attachments/1521011/2376146/PI7-01_Kellers_EcoSwing_final_for_release.pdf

All roads capability
 diameter limited to < 4 m
Low cost design
 Commercial components for 

superconductors as much as possible
Low weight design
 Optimized for low top head mass
Mainstream markets 
 3.6 MW for onshore and off-shore.

Cryostat 
• Thermal insulation
• Force transmission from shaft to 

the HTS poles

HTS wire with thick copper stabilization for superior 
electrical stability and high mechanical robustness

Cryogen free cooling 
• Operating temperature < 30 K,
• conduction cooled with cold heads. 
• Using SHI cryocoolers and compressors
• Can operate at an angle
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Resistive FCLs

2014
Ampacity  ReBCO tape FCL  12kV 2.3kA
protecting superconducting cable in Essen city grid

Chubu Electric Power
Mitsubishi
Toshiba
CRIEPI

Power transmission and distribution

Field test of 500m long HTS cable (Furukawa Electric CRIEPI 
(Central Research Institute of Electric Power Industry) & 
Super-GM (Engineering Research Association for 
Superconductive Generation Equipment and Materials) 2005
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Industrial with SC
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Industrial Magnets 
Magnetic separation - Carpco
• High gradient magnetic separation (HGMS)
• Primarily for kaolin processing

• removing weakly magnetic impurities to 
improve whiteness (and therefore economic 
value)

• 5 T magnets, 360 mm to 1000 mm bore
operate at the mining 
source

•Amazon rainforest, 
Brazil
•Queensland, 
Australia
•Cornwall, UK
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Transport with HTS

• MAGLEV
• Electric planes



Page 29© Oxford Instruments 2019 ziad.melhem@oxinst.com

The Business of Science®

MAGLEV with SC – Serious in Japan

June 2015
• Chuo Shinkansen Maglev train Achieved 

603 Kph (375 miles/hr) in Jun 2015 

• 1st phase complete by 2027 – Tokyo to 
Nagoya (40 min for 270 Km)

• 2nd Phase by 2045 – Tokyo to Osaka (67 
min hr for 500 Km)

• Total cost ~ $55B 
• Using NbTi wire @4K

18 May 2011
Japanese Government authorizes Central 

Japan Railway Co to proceed with high 
speed Maglev link from Tokyo to Osaka by 

2045  speed 580 kph
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Electric planes with SC

Objectives for Electric planes
• Right building blocks are in place to have a viable 

large-plane EAP configuration tested by 2025
• Entry into service in 2035  

Partial Turboelectric
• Boeing SUGAR Freeze: fuel burn reduction 56% for 900 

mile mission, utilizes a truss-braced wing combined with a 
boundary-layer ingesting fan in an aft tail cone to maximize 
aerodynamic efficiency. 

• The aft fan is powered by a solid oxide fuel cell topping 
cycle and driven by a superconducting motor with a 
cryogenic power management system

Empirical Systems Aerospace ECO–150R 
• matching and significantly exceeding current aircraft fuel burn.
• Technology considered ranges from superconducting electrical machines 

cooled with liquid hydrogen to conventional machines at various 
technology levels.  

Fully Turbo-electric plane: NASA N3-X 
• fuel burn reduction 70%, same range, speed, airport 

infrastructure. 
• Technology: Hybrid Wing Body, Fully distributed 50MW, 

Superconducting, 7500V, power system 

Key takeaway – Serious effort to develop electric planes. Opportunities for National Facilities 
to speed up risk retirement
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Objective: Develop proposals for the shortlisted pilot projects addressing Generic R&D required for
superconducting applications and pilot programme – 10 in total.

RM, Industrial, 
Medical & 

Energy

HEP

FuSuMaTech – Consortium for Future Superconducting 
Magnet Technology applications in Eu (completed May 2019)

Commonality with amici
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The Offering

 HTS Superconductors will open new opportunities on enabling new class 
of SC applications
 Cost of  HTS is  a barrier
 HTS handling is not fully under control

Opportunities for NF to retire risks from using SC in commercial applications
 Compact, High field conductors, Quench management, Stress management, Cooling

 Cryogen free technologies are critical for future SC applications
 Opportunities for NF to develop advanced cryogenic solutions

 Fusion, HEP , Energy and Electric applications are critical enablers for scaling up 
the production of HTS materials and their handling and management
 Leading to cost reduction of HTS and consistent performance

 NF have an important  role to speed up innovation of commercial superconducting 
products, in particular
 Health care
 Energy
 Environment

Summary

Thank you


