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My talk in one slide

Thousands of superconductors – 6 
conductors - 2011
Magnets are the “killer ap” - 1913
The great silence – 1936-1961
The explosion of applications – 1961-
1987
The explosion of high Tc – 1987 on 
The future……………….?
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Nb47Ti Internal Sn Nb3Sn Bi-2212 MgB2

Magnet wires should be long, strong, 
stable, affordable, have high critical 

current density, high upper critical field 
and preferably round

Bi-2223

REBaCuO coated conductor
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Chapter 11:  Wires and Tapes
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A historical perspective….Onnes 
in Chicago* 1913  (IIR)

*Actually 
Keesom

gave the talk 
as 

Kamerlingh 
Onnes was 
indisposed
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Onnes in 1913………..!
The conception of a 10 T magnet

The impossibility of doing this with Cu 
cooled by liquid air (as expensive as a 
warship)
The possibility of doing it with 
superconductor (1000 A/mm2 with a Hg wire, 
460 A/mm2 with a Pb wire
Silk insulation allowed easy He permeation
Sn coated on a strong constantan wire

A little problem!
Resistance developed at 0.8 A, not 20 A
48 years had to go by before the path to high 
field superconducting magnets was cleared
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The great silence: 1914-1961
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The Dick Hake Story (U. of Indiana and Atomics International)
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1936: Type II Superconductivity 
discovered – and unappreciated

L.V.Shubnikov et al., Zh. Exper. Teor. Fiz. (USSR) 7, 221 (1937)
L.W.Schubnikow et al., Sondernummer Phys.Z.Sowiet. Arbeiten auf dem Gebiete tiefer Temperaturen, 39 (1936); Phys.Z.Sowiet. 10, 165 (1936)

A.G. Shepelev, In: Superconductor (ed. A.M. Luiz), Sciyo, Rijeka (2010), p.17; http://www.intechopen.com/books/show/title/superconductor.

HK1

HK2

HK1

HK2

Pb-Tl single crystals
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1936: Type II Superconductivity 
discovered – and unappreciated

L.V.Shubnikov et al., Zh. Exper. Teor. Fiz. (USSR) 7, 221 (1937)
L.W.Schubnikow et al., Sondernummer Phys.Z.Sowiet. Arbeiten auf dem Gebiete tiefer Temperaturen, 39 (1936); Phys.Z.Sowiet. 10, 165 (1936)

A.G. Shepelev, In: Superconductor (ed. A.M. Luiz), Sciyo, Rijeka (2010), p.17; http://www.intechopen.com/books/show/title/superconductor.

HK1

HK2

HK1

HK2

Pb-Tl single crystals

Shubnikov returned to Kharkov from Leiden to start single crystal alloy studies –
persistence of superconductivity beyond the Meissner state  - then imprisoned and shot
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Almost there in July 1960……
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Almost there in July 1960……

A one page PRL –
but no Bean Model 

yet, no way to 
relate 

magnetization 
hysteresis to Jc
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Decisive experiment only in late 1960

Phys Rev Letts 6, 89 (1961), 
submitted January 9, 1961, 
published February 1, 1961!ITER uses 600 tonnes of Nb3Sn
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The November1961 magnet 
Technology Conference at MIT

. . . 

Who Field Material Bore
Bell 6.9 T Nb3Sn 0.25”
Atomics 
Internati
onal

5.9 T Nb25Zr 0.5”

Westing
house

5.6 T Nb25Zr 0.15”
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1962: The 1st

European coil

Ic = 17 A, Bmax ~ 4 T
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Superconductor price list - 1964
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Superconductor price list - 1964
$100/1000 feet ~ $150/kA-m with 
inflation factor of 10 and Ic ~20 A

6.3 T split,
0.5” bore
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Real conductors…..
Stabilizing with copper was very 
important………....

Protect magnets at quench
Prevent instabilities

Fine filaments could be intrinsically 
stable…………..

But only if twisted…..

All of this came together at the 
Brookhaven Summer School in 1968

Accelerator dreams flourished
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Nb-Ti developments were rapid

Atomics International: 
Cabled Monofilament

~1965

Rutherford Lab/IMI 
twisted multifilament 

~1967

Tulip conductor for 
POLO by 

Vacuumschmelze 
~1978
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Hi Ho Nb-Ti:  the path to very 
high Jc…………..

Micro-chemical inhomogeneity 
in a Nb-Ti alloy revealed using 
a composition sensitive etch.

About 1980

Precipitation morphology 
Sensitive to Composition

and Strain.

Precipitation Rate 
Sensitive to Composition

and number of HTs.
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Optimal Nb-Ti properties developed 
by understanding the processing-
nanostructure-Jc feedback cycle 

Start with 
homogeneous Nb-Ti

Tremendous support by 
Wah Chang (Bill 

McDonald especially)
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Optimal Nb-Ti properties developed 
by understanding the processing-
nanostructure-Jc feedback cycle 

Start with 
homogeneous Nb-Ti Precipitate 20-25vol.% -Ti to pin vortex cores

Equilibrium Fluxoid
Spacing at 5T, 4.2K

Multifilamentary Cu/Nb-Ti
Composite SSC Type Strand
in Transverse Cross-Section

Tremendous support by 
Wah Chang (Bill 

McDonald especially)
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Nb-Ti – big Industry…
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Nb-Ti – big Industry…
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SSC Nb-Ti - 1987
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The Nb3Sn story…..
In spite of Kunzler’s wire, tape dominated the 1960’s
But in the 1970’s the ability to make first V3Ga 
(Tachikawa) and then Nb3Sn at about 600C when Cu 
was present 

Production facilities for Nb3Sn wires 
using the continuous CVD process 
were established at RCA already in 

1966.

Nb3Sn tape produced at General 
Electric using diffusion between a 

liquid Sn bath and a Nb foil, later the 
basis of magnets made by 

Intermagnetics General Corp..
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Conductors to coils in short 
order…………….

An extraordinary collaboration 
between the groups of Jimmy 

Lee at Harwell and Martin Wilson 
at Rutherford Lab

Diffusion barriers were very 
difficult – notice the pure Cu 

protected by Ta barriers
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And here are the coils….
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And here are the coils….
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Filamentary Nb3Sn has evolved 
over 4 decades

Huge advances in the last 10 years under 
HEP driving for LHC application!

The 1st stabilized 
conductor (1973) – 12 T 
magnet use (Harwell-

Rutherford)

Multiple paths
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1986, the 75th Anniversary….

POSSIBLE HIGH-TC SUPERCONDUCTIVITY IN 
THE BA-LA-CU-O SYSTEM
BEDNORZ JG, MULLER KA 
Z FUR PHYSIK B-CONDENSED MATTER 64, 
189-193 1986 , Times Cited: ~8000

Superconductivity induced by 
doping carriers into an 

insulating anti-ferromagnetic 
state

Non-Fermi liquid behavior, but 
strong correlations that still 

prevent any generally accepted 
model for superconductivity in 

the cuprates
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National Magnet Lab User Facility
Provides the world’s highest DC magnetic fields

45T in hybrid, 32 mm warm bore
Purely resistive magnets: 36T in 32 mm warm bore, 31 T in 50 
mm bore and 20T in 195 mm warm bore

20 MW resistive magnets cost ~$2000/hr at full power 
Long-time, full-field experiments are very expensive 
Quantum oscillation, quantum Hall effect, low noise, large 
signal averaging experiments could run 7 days a week………
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A
A
A
A
A
A
A

SuperPower I.

SuperPower II.

NHMFL I.

NHMFL II.

Continuously higher field REBCO Test Coils
Early coils in collaboration with SuperPower and subsequent ones built at NHMFL

2008: 33.8T with 
pancake coil

14.65 avg. turns/layer, 80 layers, 96 m of 4 mm 
wide tape = 35.5T total

4.3 T in 31.2 T background at 196 A and peak hoop 
stress of >340 MPa

Trociewitz, Dalban-Canassy, Hilton et al submitted

Hazelton IEEE TAS 19, 22129 (2009) 

Weijers IEEE TAS 20 576 (2010)
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Bi-2212 Test Coils are advancing 
(even with bubbles)

High Field Test coil:
•10 layers/750 turns, 

L ~ 3 mH
• ID = 15 mm, OD = 

38 mm
• height = 100 mm
• conductor length 

~66 m
• B = 1.1 T at 31 T

• first HTS wire-
wound coil to go 

beyond 30 T (32.1 T 
in 31 T background)

18
0 

m
m

High Field Test coil 
“7 T inner shell”:

• 10 layers/135 turns, 
L = 14.9 mH

• ID = 32.4 mm, OD = 
57.4 mm

• height = 180 mm
• conductor length 

~220 m
• B = 1.2 T at 20 T

Trociewitz, Myers, Dalban

Large OD hoop test coil:
• ID = 92.5 mm

• OD = 118.5 mm
• 10 layers, 10 turns

• Bore tube less
• epoxy impregnated
• B ~ 0.2 T at 20 T

Bore-tube-free Test Coils:
Minimize chemical 

interactions with conductor
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Minimum Ic Condition

B = 23.2 T
Θ = 9.7

B = 16.6 T Θ = 16.7

Bmax = 32.1 T

Bmax = 21.2 T

Design by Markiewicz

32 T Superconducting user magnet:  
REBCO coated conductor

Goal:
32 T, 4.2 K, 32 mm bore, 500 ppm in 10 
mm DSV, 1 hour ramp, fitted with 
dilution refrigerator  giving <20 mK
On line 2013

Funding:
$2M grant from NSF for LTS coils, 
cryostat, YBCO tape & other 
components of magnet system
Core grant for  technology development
dilution fridge not yet funded

Key Personnel
Huub Weijers, NHMFL, Project lead
Denis Markiewicz, NHMFL: Magnet 
Design
David Larbalestier, NHMFL: co-PI, SC 
Materials
Stephen Julian, Univ. of Toronto: co-PI, 
Science

Current = 172 A, Inductance = 619 
H, Stored Energy = 9.15 MJMarkiewicz et al MT22 submiitted
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Insulation with Polyester Shrink 
Tube  

Problem: 
epoxy impregnation forms solid 
block
High risk of delamination of 
HTS layer while coil contracts 
during cool down (Y. 
Yanagisawa et. al.)
Insulation  should mechanically 
separate conductor from epoxy 
impregnation

A solution:
thin wall (~20 m wall 
thickness) cryogenically 
compatible polyester shrink 
tube
insulation is applied in 1.22 m 
long sections with ~ 15 mm 
overlap between each section
Full shrinkage achieved at 150 
oC

Mechanized scale up is in progress
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Conductor & Coil EM Properties
Cond. Width [mm]: 4.02 Operating Current [A]: 200
Cond. Thickness [mm]: 0.096 Je (Engineering) [A/mm^2]: 518.24

Jw (Winding) [A/mm^2]: 308.93
Inner Radius [mm]: 7.16 B(0,0) [mT]: 4221.01
Outer Radius [mm]: 18.92 Coil Constant (0,0) [mT/A]: 21.11
Height [mm]: 64.52 L [mH]: 8.90
Layers [‐]: 80 Total Field Energy [J]: 187.92
turns/Layer [‐]: 14.65
turns total [‐]: 1172
Cond. Length [m]: 96.03

• Wet layer-wound, epoxy 
filled

• no splices

• Coil instrumented with array 
of voltage taps; 
instrumentation sequence: 5 –
10 layers 

64.5 mm
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A new mark for a superconducting coil

0

50

100

150

200

250

300

15 20 25 30 35 40

I q
(A
)

Combined Field (T)

4.2 K

1.8 K

21.1 mT/A 35.4 T

4.2 T achieved in 31.2 T background field without any 
degradation (Trociewitz et al. submitted)
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LHC Energy 
Upgrade

LHC took 20 
years even with 
Nb-Ti
The next 5 years 
are key for HTS 
for magnets



David Larbalestier and Peter Lee: Centennial Conference on Superconductivity, Leiden, September 21, 2011Slide 45

Conductor and Coil technologies 
are intimately linked

Coils, R&D 
Test Beds

27T with SuperPower
32T 2212 NHMFL

35.5 T YBCO NHMFL

HTS Magnet
Systems

32 T, 30 T NMR, SMES
Muon Colliders, LHC energy upgrade.

EUCARD2

Conductors
YBCO 
2212
2223??

Fe‐base??
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Our thanks

To those who have passed us historical material
Anatoly Shepelev, Ted Berlincourt, Dick Hake, Martin 
Wood, Marty Nisenoff, Terry Wong and many others

To our long term colleagues in the ASC in Madison 
and Tallahassee

Especially more than 50 students, 30 postdocs and 30 
sabbatical visitors….

To the High Energy Physics, Fusion and other 
applications communities that have supported us 
well over the long term
To those who believed in MAKING superconductors

especially those at IMI, Harwell, Vacuumschmelze (now BEST), 
Oxford, SuperPower with whom we have had many productive 
interactions 
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Superconducting Magnets  on 
Wikipedia – needs an update!

http://en.wikipedia.org/wiki/Supercon
ducting_magnet

Coil windings
The coil windings of a superconducting magnet are made of wires or tapes of Type II
superconductors (e.g.niobium-titanium or niobium-tin). The wire or tape itself may be 
made of tiny filaments (about 20 micrometers thick) of superconductor in a copper
matrix. The copper is needed to add mechanical stability, and to provide a low 
resistance path for the large currents in case the temperature rises above Tc or the 
current rises above Ic and superconductivity is lost. These filaments need to be this 
small because in this type of superconductor the current only flows skin-deep.[citation 

needed] The coil must be carefully designed to withstand (or counteract) magnetic 
pressure and Lorentz forces that could otherwise cause wire fracture or crushing of 
insulation between adjacent turns.

Consider donating historical material to the IEEE 
Archive (contact me)


