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Some Basic Superconductivity for Accelerator 
Builders – Lecture 1 – Reversible Properties   
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34T (in 31T) 
– Bi-2212 

REBCO Coated Conductor 

35T (in 31T) – REBCO coated conductor 
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My point of view 

The “killer app” for superconductors is magnets –  
Onnes described this clearly in 1913 (in Chicago) 

Only by accident did the path to magnet conductors emerge.. 
(Kunzler et al. Bell Labs 1960) 

Magnet builders want: 
Conductors of varying Ic 

Small lab magnets can operate at 100 A, big ones like ITER or LHC 
may need 20-60 kA – requires cables of many strands 

Conductors with many small filaments to minimize charging 
losses, field errors and to avoid single-defect flaws 

Conductors with good normal metal around each filament 

Magnet builders need high conductor current density (Je) 
Demands strong vortex pinning for high Jc, high Hirr and high Hc2 

High Je demands either exceptional Jc or sc fill factors of 20-40vol.% 

High strength, km lengths, affordability ($/kA.m), …. 

Transparent grain boundaries are critical for all above requirements….. 
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What is it essential to know? 
Superconductors are not just perfect conductors 

Persistent currents leading to error fields 

High current density is not thermodynamically stable 
Flux jumps, flux creep 

High field (and high temperature) superconductors have short 
coherence lengths 

Strong sensitivity to defects leading to both strong pinning and 
high Jc and current blocking at GBs and low Jc 

Few materials have been made useful for magnets 
Thousands of superconductors, so far only 5-7 useful conductors 

Superconductivity can exist up (so far) up to well over 100 T 
and over 100 K 

Material presently used for accelerator magnets has limits of about 15 T 
and 9 K 

Extended Ginzburg-Landau (GLAG) is much more useful for 
applied scientists than BCS 

BCS is a theory of Tc, while GLAG handles vortices and the mixed state 
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The first 50 years 

Zero resistivity: Onnes - 1911 
The vision of a 10 T magnet in 1913 

Perfect diamagnetism: Meissner and Ochsenfeld 1933 
An explanation by the Londons 1935 

The type I-II transition in Pb alloys: Shubnikov – 1936 
Mendelsohn (wrongly) explains it away as a sponge - 1937 

A phenomenological theory: Ginzburg and Landau – 1950 
Vortices at high κ: Abrikosov – 1953/1957 

The mechanism of superconductivity – Bardeen Cooper and 
Schrieffer 1957 

Experiment finally shows high field superconductivity is 
possible –Nb3Sn superconducts well at 88 kgauss – Kunzler et 
al. 1960 – finally!   

It is truly extraordinary that theory, experiment and Onnes’ original dream never 
effectively connected until Kunzler’s exploratory experiment showed that high 

Jc was possible in high fields (105 A/cm2 at 88kgauss) 
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Zero Resistivity – Onnes 1911 

Non-Superconducting Metals 
 
 ρ = ρo + aT  for T >  0 K* 

 ρ = ρo   Near T = 0 
K 

*Recall that ρ(T) deviates from 
linearity near T = 0 K 

 

Superconducting Metals 
 
 ρ = ρo + aT  for T >  Tc 

 ρ = 0  for T <  Tc 

 

Superconductors are more 
resistive in the normal state 
than good conductors such as 
Cu 

Onnes’s dream of a 10 T magnet (1913) was soon dashed by his discovery 
that <0.1 T destroyed the superconducting state in his Pb and Hg wires 
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1933 - A 2nd property of the 
superconducting state:  Perfect 

Diamagnetism 
 χ m = -1 

 

 

 

 

 

The internal flux density: 

B = µo(H + M)  

B = µo(H + χm H) 

B = 0 

 

Normal Metal Superconductor 

Flux is excluded from the bulk by 
surface supercurrents which 

maintain B = 0 internally 

H M 

M=-H 

Meissner and 
Ochsenfeld 1933 

Key point:  B = 0 shows that the S ↔ N 
transformation is reversible allowing 
thermodynamics to be applied 
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Thermodynamic treatment 

Meissner effect then 
allows: 
Gs(H) = Gs(0) + ½.µ0H2 
 

While for the normal phase: 

Gn(H) = Gn(0) = Gn since normal state 
magnetization is effectively zero 

 

And of course Gs(Hc) = Gn(Hc)  

Meaning that Gn – Gs = ½.µ0Hc
2 

 

Empirical behavior of pure 
metals (type I) seen first 
by Onnes 

Usual thermodynamic manipulation brings 
out many quantities including 

Latent heat L is found at L = - µ0 Hc dHc/dT which is zero at H = 0 
and H = Hc – 2nd order transition with a specific hear discontinuity 
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White background slides like this from UW Applied Superconductivity Course – portion taught by Alex Gurevich 
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Basic ideas behind G-L equations 

The condensation energy is 1/2µ0Hc2 

All sc electrons have the same wave function Ψ where 
ns = |ψ|2 

In presence of H, ns can vary and the free energy is 
written as a Taylor expansion 

The solutions come from minimizing Ψ and the vector 
potential A over all space 

G-L is a very general treatment that is used widely today even 
though only presented at the time as a treatment of 

superconductivity in pure metals where there was a positive 
surface energy 

 Detailed treatments of G-L: Goodman Rep Progr Phys. 29, 445 (1966) 
Blatter and Geshkenbein Vortex Matter in Physics of Superconductors 2003, ed. by KH 
Bennemann and JB Ketterson (Springer, Berlin 2003) 
 
Notes here taken from Alex Gurevich’s treatment in team-taught graduate class in Applied 
Superconductivity at U Wisconsin and Florida State U 
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A complex story 
Landau utterly disapproved of 
vortices until they were discovered in 
rotating He 

Abrikosov only published in 1957, the 
same year as BCS 

All the publicity went to BCS and only 
after extensions of BCS by the Landau 
Group (Ginzburg-Landau-Abrikosov-
Gorkov – GLAG) did the value of G-L 
become fully clear 

Physics Today, p 56 January 1973 

1953 work………. 
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For applications people the most important consequence of BCS may be that it 
challenged the Landau group to reconcile BCS with GL – GLAG theory – which was 

extensively studied and proved in the 1960s 
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Extensive tests of GLAG 
See for example: 

Fietz and Webb, “Magnetic properties of Type II alloys 
near Hc2”, Phys Rev 161 (1967) 

Hake, “Paramagnetic superconductivity in extreme type II 
superconductors”, Phys Rev 158, 356 (1967) 

Orlando et al., “Critical fields and Pauli paramagnetic 
limiting in Nb3Sn and V3Si”, Phys Rev B20, 4545 (1979)  

Moving to extreme type II (κ 50-100, Hc2 5-30 T) brings in the need 
to account for the energy of the normal state in Gn and the 
scattering introduced by alloying or disorder that greatly reduces ξ.  
The extensions of GLAG by Maki, Werthamer, Helfand etc. have 
been so helpful – the classic expression: 
 

Hc2(0) = 0.69 Tc dHc2/dT|Tc  
 
is always the first to be used to estimate Hc2 in any new material  
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Extraction of all 
GLAG parameters 
in not too dirty 

alloys 

Single phase alloys can be 
reasonably reversible, allowing 
extraction of the condensation 
energy and Hc, Hc1, Hc2 and κ 
 
Hc2(t) = √2. κ1(t) Hc(t), where t = 
T/Tc 
 
-(dM/dH)Hc2 = [1.16(2κ2

2(t) – 1]-1 
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Hake shows explicitly how 
normal state energy changes the  

Strong effect of the 
normal state 
paramagnetism in 
lowering the energy of 
the normal state 

Spin flip scattering can 
counter this so that for 
example pure Nb-Ti has 
lower Hc2 than Nb-Ti-Ta  
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Extensive set of key GLAG 
equations – see also Orlando 
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Summary 

These 3 papers give examples of 
studies of the intrinsic properties of 
interesting high field materials in the 
absence – so far as possible – of 
explicitly added pinning centers 

Quite visibly true for Fietz and Webb and 
Hake since they measured M(H) 

To compare measured Jc values to 
fundamental limits set by intrinsic 
properties 

How close can Jc be to Jd? Jd ~ Hc/λ 
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Let’s return to the mixed state 

Two characteristic lengths 
coherence length ξ, the pairing 
length of the superconducting pair 

penetration depth λ, the length over 
which the screening currents for the 
vortex flow 

Vortices have defined properties in 
superconductors 

normal core dia, ~2ξ 

each vortex contains a flux quantum 
φ0 currents flow at Jd over dia of 2λ 

vortex separation a0 =1.08(φ0/B)0.5 

 

Hc2 =φ/2πξ2 

φ0 = h/2e = 2.07 x 10-15 Wb 
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Bi-2212 is the classic HTS layered sc – but actually 
it seems now to develop high Jc fine at 4 K 
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The great silence: 1914-1961 

An interesting talk was put together 
some years ago by Dick Hake who 
summarized how complex it was as a 
SCIENCE from the viewpoint of 
someone studying superconductivity 
BEFORE any applications seemed 
feasible………….. 
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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 

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…… 

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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Chapter 11:  Wires and Tapes 

For more on the history and recent 
developments too – see here………. 
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Summary of lecture 1 

Technology depends on the science, 
even if as applied scientists or 
engineers we often ignore the science 

Superconductivity science is not easy – 
so knowing where to go for answers is 
important to keep the technology 
developing 

In lecture 2: 
Irreversible effects and development of 
high Jc by vortex pinning 

Grain boundary effects and their profound 
impact on conductor choices 
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