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▪ Particle accelerators: essential tool in modern physics research

▪ Magnets (copper or superconductor): essential components of particle accelerators

▪ High-energy beams require high-field magnets for reasonable accelerator footprint

▪ Low Temperature Superconductor (LTS) technology has nearly reached its limits 

▪ NbTi technology: fully mature and industrialized, rely on LHe, field <8 T

▪ Nb3Sn technology: mature but limited industrialization, rely on LHe, field <16 T

▪ High Temperature Superconductor (HTS) technology

▪ REBCO* tape technology: industrialization ramping up, magnet technology still in its infancy

▪ Immense potential for very high-field magnets (>16 T) and LHe-free magnets

▪ Energy efficiency and helium supply are key aspects to consider in future projects

INTRODUCTION
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* REBCO = Rare-Earth-Barium-Copper-Oxide
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FAMILIES OF SUPERCONDUCTORS
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Source: https://commons.wikimedia.org/wiki/File:Timeline_of_Superconductivity_from_1900_to_2015.svg
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▪ REBCO technology (HTS tapes)

SUPERCONDUCTING WIRES: HOW DO THEY LOOK LIKE?
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▪ NbTi technology (LTS wires)

▪ Flexible multifilamentary metallic wire

▪ Produced by conventional drawing 

methods 

Source: http://hyperphysics.phy-astr.gsu.edu/hbase/Solids/scmag.html

▪ Flexible but anisotropic 

ribbon

▪ Sophisticated thin film 

deposition techniques 

(PLD, MOCVD, …)

World-Class Engineer ing 

W HY MULTI - SCALE? BECAUSE LI FE I S MULTI - SCALE!  
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Mater ials and basic wires 

Over v iew

N ex ans Superconducting  Fault Cur rent Lim iters

Growing electricity demand, progressive meshing of grids, and distributed power generation face network 
providers with a steady rise of grid loads. Power grid equipment must, in consequence, be adapted 

to increasing fault current levels. Nexans Superconducting Fault Current Limiters (SFCL) provide a cost-
effective modular solution for protecting transformers, switchgear, and other components against excessive 
overloads in case of grid failures or circuit feedbacks. The self-acting SFCL limits fault currents to a level 
which can be pre-defined in keeping with the power rating of the grid’s technical infrastructure. The system 
is intrinsically fail-safe and automatically returns to its passive operating state after a fault incident. Ageing 
of grid equipment due to dynamic and ther mal stress from fault currents is significantly reduced.

Work ing Pr incip le

The SFCL’s working principle is based upon the physical properties of the ceramic superconducting 

material employed. In its operating state, the material acts as a near perfect electrical conductor without 
ohmic resistance. Unlike a conventional reactor, it will hence be practically invisible in the grid. A fault 
current, however, will exceed the material’s normal operating ampacity, causing it to temporarily lose its 
superconducting property and build up high ohmic resistance (“quench” ). This effect curbs the fault current 
within the first half-cycle. The current is controlled for a pre-defined interval to enable fault detection before 

a circuit breaker temporarily shuts off the SFCL to allow the system to return to its superconducting state 
and resume operation. An interruption-free power flow in the grid can be provided, according to customer 
requirements, by inductive or resistive shunts.

M odula r  Design

The superconducting part of Nexans SFCLs consists of series- and parallel-connected modules for each 
current phase. “Stacking”  these units provides the system with the specific fault current limiting capacities, 
durations, and reaction rates required in individual grid environments. Stacked modules are immersed in 

liquid nitrogen within a cryogenic vessel equipped with a commercial cooling system. The modules operate 
maintenance-free at temperatures of -200  °C. 
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Assem blies (e.g. coils)  

Protecting  Pow er  Plant House Load

Box ber g  Pow er  Plant (I), (Va ttenfa ll, D) 

In 2009, a Nexans SFCL based upon BSCCO-2212 bulk 
superconductor modules was deployed at the power plant for 
short-circuit protection of house load including lignite crushers. 
The device in a 12 kV feeder bar limits a 63 kApeak prospective 
short circuit current to less than 30 kApeak immediately and to 
about 7 kA after 10 milliseconds. W ith a nominal current rating of 
800 A, its design allows inrush currents of up to 4.1 kApeak during 
coal crusher start up and of 1.8 kA for subsequent 15 seconds  
without tripping the limiting function. Field testing of the device 
was successfully completed.

Box ber g  Pow er  Plant (II), (Va ttenfa ll, D)

In 2011, a Nexans SFCL based upon YBCO coated conductor 
modules replaced the first device and was commissioned after 
successful testing. The YBCO based SFCL combines further 
improved energy efficiency with a faster response to fault 
currents and stronger initial limitation: 63 kApeak prospective 
short circuit current to 16 kApeak. Essentially, SFCL deployment 
permits internal MV supply switchgear to be downsized to 
standard component level and thus affords a substantially lower 
investment requirement.

Pa lm a de M a llorca  16  k V Substa tion (Endesa , E) 

Košice 110 / 24  k V Substa tion (VSE, SK)

The EU-funded ECCOFLOW  project targets developing a 
multi-purpose SFCL providing flexibility for a range of power 
grid applications. Nexans acts as coordinator and device 
manufacturer in the ECCOFLOW  consortium which involves 
five European power utilities and eight scientific and industrial 
partners. The ECCOFLOW  design is based upon YBCO coated 
conductor modules. The SFCL’s power rating is 24 kV at 1 kA. 
Combined with inductive or resistive shunts, the SFCL limits 
fault currents for extended intervals of up to 1,000 ms. It will 
undergo a six months field test in a 16 kV bus bar coupling 
configuration at a substation in Palma de Mallorca, Spain, 
with a special focus on grid protection during frequent short-
circuits. The device will then be installed in an outgoing 24 kV  
transformer feeder at a substation in Košice, Slovakia, to 
evaluate long-term performance and operating costs.

Tow ards a  Standard  Solution:  

ECCOFLOW
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Devices 

Protecting  Pow er  Plant House Load

Box ber g  Pow er  Plant (I), (Vattenfa ll, D) 

In 2009, a Nexans SFCL based upon BSCCO-2212 bulk 
superconductor modules was deployed at the power plant for 
short-circuit protection of house load including lignite crushers. 
The device in a 12 kV feeder bar limits a 63 kApeak prospective 
short circuit current to less than 30 kApeak immediately and to 
about 7 kA after 10 milliseconds. With a nominal current rating of 
800 A, its design allows inrush currents of up to 4.1 kApeak during 
coal crusher start up and of 1.8 kA for subsequent 15 seconds  
without tripping the limiting function. Field testing of the device 
was successfully completed.

Box ber g  Pow er  Plant (II), (Vattenfa ll, D)

In 2011, a Nexans SFCL based upon YBCO coated conductor 
modules replaced the first device and was commissioned after 
successful testing. The YBCO based SFCL combines further 
improved energy efficiency with a faster response to fault 
currents and stronger initial limitation: 63 kApeak prospective 
short circuit current to 16 kApeak. Essentially, SFCL deployment 
permits internal MV supply switchgear to be downsized to 
standard component level and thus affords a substantially lower 
investment requirement.

Pa lm a de M allorca  16  k V Substa tion (Endesa, E) 

Košice 110 / 24  k V Substa tion (VSE, SK)

The EU-funded ECCOFLOW  project targets developing a 
multi-purpose SFCL providing flexibility for a range of power 
grid applications. Nexans acts as coordinator and device 
manufacturer in the ECCOFLOW  consortium which involves 
five European power utilities and eight scientific and industrial 
partners. The ECCOFLOW  design is based upon YBCO coated 
conductor modules. The SFCL’s power rating is 24 kV at 1 kA. 
Combined with inductive or resistive shunts, the SFCL limits 
fault currents for extended intervals of up to 1,000 ms. It will 
undergo a six months field test in a 16 kV bus bar coupling 
configuration at a substation in Palma de Mallorca, Spain, 
with a special focus on grid protection during frequent short-
circuits. The device will then be installed in an outgoing 24 kV  
transformer feeder at a substation in Košice, Slovakia, to 
evaluate long-term performance and operating costs.

Tow ards a  Standard  Solution:  

ECCOFLOW

©  Nexans System s 

C.-H. Bonnard et  al. – HTS modelling Workshop, Bologna, I taly, 15-17 June 2016 

µm  to km  length scales!  
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▪ Superconductivity is lost when

▪ T > Tc (this is what everyone knows) 

▪ B > Bc2 (Bc = flux density, Bc2 = upper critical field)

▪ J > Jc (reality is more subtle than that)

▪ Note that

▪ Jc = f(B,T)

→ Jc decreases with B and T

▪ B dependence of REBCO is very anisotropic

→ angle between B and J matters

CRITICAL SURFACES (JC = CRITICAL CURRENT DENSITY)
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LTS

HTS
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JC(B) FOR DIFFERENT SUPERCONDUCTOR MATERIALS AT 4.2 K
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Source: NHMFL
(https://nationalmaglab.org/magnet-

development/applied-superconductivity-center/plots)

Intrinsic properties

of REBCO tapes:

- Far superior to that of any other 

superconducting material

- Possible to go beyond 20 T with high Jc

- Better than Bi-2212 (Ag-based isotropic 

round HTS wire)

B B⊥

B∥ Tape
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▪ Typical defects in REBCO tapes (some of them are beneficial if well controlled)

DEFECTS IN EPITAXIALLY GROWTH HTS LAYER
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DEFECT ENGINEERING: THE ART TO TAILOR JC(B)
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T. Puig et al., Nature Physics Reviews 6, 132-148, 2024.

B

Tape F. Valles et al., 
Comm Mat 3, 2022.
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REBCO TAPE MANUFACTURERS (A DOZEN WORLDWIDE, NONE IN CANADA)
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Source: X. Obradors, Applied Superconductivity Conference, Salt Lake City, Sept. 2024
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PRODUCTION RATE VS. COST OF REBCO TAPES (X2 EVERY YEAR)
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Source: X. Obradors, Applied Superconductivity Conference, Salt Lake City, Sept. 2024

REBCO price will catch up 
with LTS price shortly: and 

it might be soon lower!
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▪ Fusion reactors require many huge high-field magnets (~10 T at 20 K)

▪ ~12 private fusion companies worldwide based on REBCO tape technology

▪ Fusion is THE DRIVER for REBCO tapes (>90% of world purchases)

WHY IS THE WORLD PRODUCTION OF REBCO TAPES BOOMING?
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Two types of magnetic confinement fusion reactors
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▪ Some challenges to overcome to develop REBCO-based magnet technology

▪ Anisotropy of REBCO tapes to make cables and coils

▪ Understand the behaviour of REBCO under various types of radiations

▪ Higher magnetic fields = high forces and new types of mechanical failures under

▪ Completely new magnet designs: lots of experience to acquire + lots of models to produce

▪ Two very fundamental questions to address in the short term

▪ How to deal with magnetization currents and their impact on field homogeneity?

▪ How to handle quench protection, provided that

▪ Higher-field magnets store a lot of magnetic energy

▪ REBCO tapes have a very different thermal behaviour than LTS wires (slower hot spot propagation)

BACK TO HTS ACCELERATOR MAGNETS...
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▪ Conductor On Round Core (CORC) cables and coils

▪ Allow making kA-class REBCO cables (below)

EXAMPLE OF CABLE AND COIL WINDING
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Source: https://www.advancedconductor.com
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MAGNETIZING (SCREENING) CURRENTS AND FIELD QUALITY
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E. P. Krasnoperov et al., Electrical Engineering (2020), 102:1769–1774
Y. Yan et al., Supercond. Sci. Technol. (2022), 35:014003

Top: example of HTS 
pancake coil (top)

Right: solenoid made by 
stacking pancake coils

Screening currents create a net demagnetization 
field (Bs), affecting field quality
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▪ REBCO-based devices are prone to HOT SPOTS and QUENCH PROPAGATION

▪ A hot spot can destroy a 2 M$ magnet in a matter of seconds!

▪ Hot spots in REBCO tapes propagate up to 2 orders of magnitude slower than in LTS 

devices → Much harder to detect

▪ Finding robust quench protection systems is currently THE PRIMARY CONCERN 

of the HTS magnet community → Many strategies under test

QUENCH PROTECTION OF REBCO-BASED MAGNETS
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Hot spot nucleation and quench propagation

(NZPV – Normal Zone Propagation Velocity)

Finite element 
simulation
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QUENCH PROTECTION OF REBCO MAGNETS
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▪ Subscale model of an REBCO accelerator magnet (CCT dipole) damaged by a quench

Courtesy of Lawrence Berkeley National Lab – Project carried out within the U.S. Magnet Development Program 
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C3 MAGNET: A 6 T REBCO MAGNET (65 MM APERTURE)
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Source: https://atap.lbl.gov/news/a-blueprint-
for-more-powerful-superconducting-magnets

Schematic first 2 layers

Courtesy of Lawrence Berkeley National Lab 
Project carried out within the U.S. Magnet 

Development Program 

Picture of the whole 6 layers

Right: Complete 
magnet assembly
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▪ Concept of retrofit HTS magnet to replace a copper dipole at PSI (Paul Scherrer Inst.)

▪ Top=50 K (low cryogenic cost) → Power: from 190 kW to 6 kW (3-year payback)

▪ Applicable to any beamline using copper magnets (In Canada: TRIUMF, CLS) 

▪ NSERC SAP Discovery project awarded (April 2026, Poly-TRIUMF-UVic)

IS THERE ROOM FOR LOW-FIELD REBCO MAGNETS? (WITH NO LHe)
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S. Mariotto et al., IEEE Trans. Appl. Supercond. (2025), 35(5):4605305
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▪ HTS (REBCO) magnets can benefit many sectors

▪ Accelerators, Fusion reactors, Medical magnets, High-field research magnets, etc.

▪ REBCO magnet technology is still in its infancy, but it is here to stay

▪ U.S.A., Europe, Japan, China, Korea, etc.

▪ Canada has missed the LTS magnet technology…

▪ … but it is still time to catch the train of HTS magnets (REBCO technology)

▪ Exchanges between stakeholders are required to establish a Canadian Magnet Strategy

▪ Canadian efforts should be coupled with other national/international efforts, e.g.

▪ The US Magnet Development Program (US MDP)

▪ Various Horizon 2020 European projects (now that Canada is an associated member of EU)

▪ etc.

CONCLUSION → TOWARDS A CANADIAN MAGNET STRATEGY?
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Thank you for your attention!
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