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Intermediate state vs. vortex state

Intermediate state Vortex state
(type-l superconductor) (type-ll superconductor)
e e
i\

| 2000 nm YBCO film

phys. stat. sol. 13, 471 (1972); Sci. Reports 5, 8677 (2015)
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http://doi.org/10.1002/pssa.2210130216
https://doi.org/10.1038/srep08677

Isolated vortex

Supercond. Sci. Tech. 27, 063001 (2014)

o Magnetic flux enclosed in a cylinder
o Supercurrent embraces the vortex
0 £ K )\ e, W #D0 except in the vortex core (of the size of &)
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http://doi.org/10.1088/0953-2048/27/6/063001

Hysteresis of magnetization: surface barrier
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Phys. Rev. Lett. 9, 370 (1962)
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http://doi.org/10.1103/PhysRevLett.9.370

Hysteresis of magnetization: pinning
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J. Supercond. Nov. Magn. 34, 1067 (2021)
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http://doi.org/10.1007/s10948-021-05812-2

Vortex lattice
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Image credit: Gross and Marx, Festk&rperphysik
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square lattice
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Types of the vortex lattice

triangular lattice

Image credits:

Gross and Marx, Festkdrperphysik
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https://commons.wikimedia.org/wiki/File:Kusadasi - Wochenmarkt Orangen.jpg

Types of the vortex lattice

square lattice

Image credits:
Rabe! (CC-BY-SA)
Gross an d Marx, Festkdrperphysik
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Vortex lattice, triangular
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Phys. Lett. 24A, 526 (1967)
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http://doi.org/10.1103/PhysRevB.67.092512

Experiment

small-angle neutron scattering
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Scattering experiment
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Image credit: LibreTexts Chemistry (CC-BY-SA)
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https://chem.libretexts.org/Bookshelves/Physical and Theoretical Chemistry Textbook Maps

\ on sources

@ Nuclear reactor:
stable and robust neutron source,
but requires huge infrastructure
+ environmental concerns

o Spallation source:
neutrons may arrive in pulses
less stable in general,
but more environment-friendly,
and higher flux can be achieved

Image credits: Andreas Battenberg / TUM (fair use) and U.S. Department of Energy (public domain)
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https://www.tum.de/aktuelles/alle-meldungen/pressemitteilungen/details/31397
https://commons.wikimedia.org/wiki/File:Oak Ridge Spallation Neutron Source Aerial View.jpg

Neutron sources in Europe

@ spallation
# shut down
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tex lattice of niobium metal
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Phys. Rev. B 79, 014518 (2009)
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https://doi.org/10.1103/PhysRevB.79.014518

Zoo of vortex states
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STS measurements on an amorphous W film, B = 1T: |. Guillamén et al. Nature Phys. 5, 651 (2009)
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Zoo of vortex states

vortex crystal

STS measurements on an amorphous W film, B = 2T: |. Guillamén et al. Nature Phys. 5, 651 (2009)
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Resistive behavior of a superconductor

V(a.u.)

- "(‘4\

Superconducting Flux-creep ' Flux-flow ' Normal state

state
I (a.u.)

Eur. Phys. J. B 33, 757 (2012)
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https://doi.org/10.1088/0143-0807/33/4/757

Flux line pinning

1D-APCs Linear defects 2D-APCs Planar defects

T

3D-APCs

Nanoparticles

Supercond. Sci. Technol. 23 014001 (2010)
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https://doi.org/10.1088/0953-2048/23/1/014001

Zoology of vortex states

Vortices in high-temperature superconductors

G. Blatter M. V. Feigel'man V. B. Geshkenbein
A.l. Larkin V.M. Vinokur

“Owl explained about flux pinning and creep. He had
explained this to Pooh and Christopher Robin once be-
fore, and had been waiting ever since for a chance to do
it again, because it is a thing you can easily explain twice
before anybody knows what you are talking about.”

A.A. Milne, Winnie-the-Pooh

Rev. Mod. Phys. 66, 1125 (1994)
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https://doi.org/10.1103/RevModPhys.66.1125
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New J. Phys. 20, 043010 (2018)
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https://doi.org/10.1088/1367-2630/aab47c

Quantum locking

magnet levitates
above the fixed
superconductor

Image credit: J. Bobroff (CC-BY-SA)
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https://commons.wikimedia.org/wiki/File:Levitation of a magnet on top of a superconductor 2.jpg
https://www.lsop.colostate.edu/2015/04/10/show-me-some-science-quantum-levitation/

Quantum locking

superconductor remains locked
under the fixed magnet

magnet levitates
above the fixed
superconductor

Image credit: J. Bobroff (CC-BY-SA)
Colorado State University (fair use)
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https://commons.wikimedia.org/wiki/File:Levitation of a magnet on top of a superconductor 2.jpg
https://www.lsop.colostate.edu/2015/04/10/show-me-some-science-quantum-levitation/

Material / Technology

superconducting cables and magnets
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[ 12500 AMPERES =
caBLE
suPRA-CONDUCTEUR

Image credit: Rama (CC-BY-SA)
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https://commons.wikimedia.org/wiki/File:CERN-cables-p1030764.jpg

uperconducting cables

Outer Protective
Covering

Copper Shield Wire

HTS Shield -,
High Voltage Dielectric

‘ Inner Cryostat - Outer Cryostat Wall

Wall Thermal Superinsulation

Environmentally
Friendly Liquid
Nitrogen Coolant

Image credit: Nexans (fair use) and SEI Technical Review 76, 45 (2013)
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https://www.nexans.com

uperco ting cables

Table 1. Major HTS Power Transmission Projects Abroad

Copper Shield Wire gg‘s::;;)tectlve Area | Project \"'T\.g%.w Gy 1.<'-,|.‘;g;n _
HTS Shield - Albany 34.5 0.8 350 | Finished
High Voltage Dielectric Ohio 13.2 3| 200 [In operation
Us
LIPA 138 2.4 600 | In operation
Hydra 13.8 1 200 | Planned
Denmark 30 02 30 | Finished
Jy
U Amsterdam 50 3 6,000 | Planned
y ' Russia 20 1.4 200 | Planned
‘ InnerCryostat J Outer CryostatWaII Essen 10 2.3 1,000 | Planned
En e Wall Thermal Superinsulation China|  Yunnan 35 2 [ 835 [Inoperation
X L GENI 20| 1.2 110 | Planned
Friendly Liquid Korca
Jeju 154 2.25 1,000 | Planned

Nitrogen Coolant

@ 1975-85, Brookhaven cable: 115m, Nb3Sn, He cooling
@ 2004, Super-ACE cable (Japan): 500m, BSCCO (cuprate), nitrogen cooling
@ 2008, LIPA | (US, Long Island): 600 m, BSCCO (cuprate), nitrogen cooling

Image credit: Nexans (fair use) and SEI Technical Review 76, 45 (2013)
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https://www.nexans.com

Test installation
Ciy of Essen Gl AMPACITY
commissioned in 2014 U Intelligente Netze fiir die Stadt

Technical specifications
Length: 1 km Voltage: 10 kV
Current: 2.3 kA (instead of 110 kV)

LuM‘DgM#ung aus HK Luftbilder / Karten  Lizenz Nr. mggg,gmfeemnm:gung vom,
L Amttar d r der 13.02.2012"

Image credit: RWE Deutschland; IEEE Xplore 16, 13733637 (2013)
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https://doi.org/10.1049/cp.2013.0905

First commercial cable

§ f\féxans

amSC Electrify the future

American Superconductors

We don’t generate energy
We keep it moving

Images from ACMS and Nexans (fair use)
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https://www.amsc.com
https://www.nexans.com

First commercial cable

§ f\rexans

amSC Electrify the future

American Superconductors Average thickness: 0.17 mm - 0.21 mm
’ Mini idth: 4.70
We don’t generate energy et o
Maximum width: 4.95 mm

We keep it moving

Amperium® wire
at least 109 A/mm?

Images from ACMS and Nexans (fair use)
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https://www.amsc.com
https://www.nexans.com

First commercial cable

What is the optimal length for HTS cables?

Current HTS projects are between 200m (about 600 feet) and
10km (6 miles). However, there is no technical limit to how long an
HTS cable can be. Nexans manufactures superconducting cable in
drum lengths of about 500m (1,640 feet) to ease handling on site.

Do | need new expertise to manage

superconducting cables once installed?

An HTS cable system is managed in much the same way as a
conventional cable system. The only difference is the need to
manage the cryogenic system. Cooling is achieved using
commercially-available equipment.
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https://www.amsc.com

First commercial cable

How durable are superconducting cables?

HTS cable systems have been used in grid applications for more
than eight years, with complete success. A key point about
superconducting cables is that they are less susceptible to ageing
than conventional cables. This is because the extremely low
temperature within the HTS cable minimises heating, extending
the life of insulation within the cable. By contrast, heating is one of
the main causes of insulation degradation and ageing in
conventional cables. This suggests that the lifespan of HTS cables
is likely to be equal to or potentially greater than that of non-HTS
cables.
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https://www.amsc.com

Recent projects

2021: Resilient Electric Grid
(REG) system in Chicago

200m, 12kV, 3kA

Image credits: adgpa (CC-BY-SA)
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https://commons.wikimedia.org/wiki/File:Chicago Skyline from John Hancock 96th floor.jpg

Recent projects

2021: Resilient Electric Grid
(REG) system in Chicago

200m, 12kV, 3kA

ongoing: SuperRail
power supply
at Paris-Montparnasse train station

2x80m, 1.5kV, up to 3.5kA

Image credits: adgpa Cheng-en Cheng (CC-BY-SA)
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https://commons.wikimedia.org/wiki/File:Chicago Skyline from John Hancock 96th floor.jpg
https://commons.wikimedia.org/wiki/File:Gare de Paris-Montparnasse DSC 0451 (49633600767).jpg

Recent projects: SuperRail

existing connection:
400 mm? Cu cables
(500 A each)

IEEE Trans. Appl. Supercond. 34, 4802207 (2024)
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http://doi.org/10.1109/TASC.2024.3356450

Electromagnets (resistive magnets)

nationalmaglab.org
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Electromagnets (resistive magnets)

nationalmaglab.org

Cooling is the main problem; present-day limit — about 35T
with the power consumption of about 30 MW
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Superconducting magnets

KasugaHuang (Wikimedia Commons)

Zero resistivity, hence no need for cooling.

Field range is limited by the critical field of the superconductor,
and by the critical current determined by pinning

Commercial magnets: up to 22T, prototypes: up to 32T
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Pulsed magnets
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Fields up to 90 — 100 T routinely available, longer pulses possible too
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European high-field network (EMFL)
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Single-coil magnets

350 | E 150 £ Hydraulic
€ Press
£ p Fragment ﬂ
300 - £ 100 o Catching Box
k-] /‘{ \ =]
& / rmﬁ X
250 |- £ w / = \\\\ N
= g Nose \ \
— = Piece
% 200 |
i Coil %
L
gsor Wood =
=4 / Co]lector
= 100 LW%)J Flates
50 |-
0 Fields up to 300 T available
50 -
1 1 1 1 L 1 1 1
0 1 2 3 4 5 6 7
Time [ps]

Rep. Prog. Phys. 62, 859 (1999)
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http://doi.org/10.1088/0034-4885/62/6/201

Explosion magnets
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Fields above 1000 T recorded
No real use for condensed-matter experiments (yet?)

Supercond. Sci. Technol. 19, Ra1 (2006)
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http://doi.org/10.1088/0953-2048/19/8/R01

Superconducting magnet

power supply

Q )

| ‘; . .

! | Switch in the normal state:
awitch magnet charging
magnet Switch in the SC state:

persistent mode

_| liquid (current circulates in the loop)

helium
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Image credit: The Open University
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https://www.open.edu

32 T superconducting magnet

sample environment Mass: 2.3ton

15T field in total Current: 170 A/mm2

high-T, (REBCO) (high-T¢ coil)
superconductor

another 17 T Stored energy: 8.6 MJ

Image credit: MaglLab
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https://nationalmaglab.org/about/maglab-dictionary/quench

3 :

Exceeding By or jc
leads to a violent
release of heat

Magnet
can be damaged

Image credit: MaglLab
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https://nationalmaglab.org/about/maglab-dictionary/quench

3 :

Exceeding By or jc
leads to a violent
release of heat

Magnet
can be damaged

DO NOT QUENCH SUPERCONDUCTING MAGNETS!

Image credit: MaglLab
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