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Serendipity - but only after years of preparation

1882 HKO appointed professor of experimental physics at university of Leiden.
- mission: test VVan der Waals molecular theory of gases
- motto: 'through measurement to knowledge'
- cryogenic laboratory - a cold factory = big science

1892  oxygen liquefier = 14 litres/hour

1901 Leiden laboratory workshops
organized as an instrument makers school =~
- the 'blue collar boys'
- a modern laboratory

1906 hydrogen liquefier = 4 litres/hour

1908 helium liquefier = 0.28 litres/hour

1910 first measurements on resistivity

Martin Wilson slide 2 CERN Centennial Superconductivity Symposium Dec 2011



The Leiden helium liquefier

1908 0.28 liquid litres helium per hour

1911 addition of side arm cryostat with
stirrer for experiments

1912 improved version liquefies 0.5 litres
per hour

04/08/2011
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resistivity

1911: Resistivity at low temperature
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need high purity to see variations at
very low temperature

Leiden had expertise in purifying
Hg by multiple distillation

but nobody expected this!
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« very different predictions of what might happen
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Superconductivity

something unexpected occurred.

The disappearance did not take place graduall
but abruptly. ...... less than a thousand millionth part'
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Persistent currents

lead coil with shorted terminals

impose magnetic field when warm

cool the coil

remove field - induces current

measure field from current

back off with a resistive coil

no change for hours - persistent current

‘It (s uncanny to see ......... You can
feel, almost tangibly how the ring
of electrons in the wire turns
around, around, around - slowly
and almost without friction'

P Ehrenfest
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are they really

currvents? @
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Magnets

o, bearing on the problem of producing intense magnetic field
...... a great number of Ampere windings can be located in a very
small space without ....... heat being developed......"

Communication from the Physical Laboratory University of Leiden Sept 1913

SUURI 100,000 Gauss could then be obtained by a coil of say 30
centimetres in diameter and the cooling with helium would require a
plant which could be realized in Leiden with a relatively modest

Third International Congress of Refrigeration, Chicago Sept 1913

o In field above this threshold value, a relatively large magnetic
resistance arises at once.....!

‘Thus an unexpected difficulty .............. faced us. The discovery of the
strange property which causes this made up for the difficulties
involved.'

Nobel Prize Acceptance Lecture, Stockholm Dec 1913
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1930s: magnetic properties
1933: Meissner (& Ochsenfeld) effect m

« cool down superconductor in magnetic field

« at the critical temperature 6, the field is pushed out

« increase the field - field is kept out w )

* increase the field some more - superconductivity
Is extinguished and the field jumps in

» decrease the field - it's pushed out again ﬂ

1935: London theory

« within a superconductor V2B =B/
2?2 =m/2e?un,

where m = mass electron, e = charge electron, n_ = density of carriers

. 50 at the boundary B = B, exp (-x/A)

A = London penetration depth
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/ f 1930: Alloys
200 '/ # j « at the Kammerlingh Onnes Laboratory,

/ / Keesom and de Haas showed that some alloys,
oo eg PbBi, remain superconducting up to much

R / // / / higher fields than mercury, and lead.
‘ L ) ) /

10 5 20 25 30x10°

H Gauss

1933: Magnets

» Mendelssohn in Oxford made a small PbBi
solenoid for adiabatic demagnetization work

e itdidn't work

- inretrospect '.....the only explanation
[ can offer is that the solenoid was
not made from drawn wire but cut
from a cast cylinder.
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1930s: magnetic properties
1937: Type 2 superconductors I Lkl

« at Kharkov, Ukraine, Shubnikov showed that some
materials show a more complicated Meissner effect y

« field expelled at critical temperature

A2 4244/

« increasing field penetrates partly at the lower critical field H_;

« superconductivity not destroyed until (much higher) field H_, )

« fully reversible - state of thermodynamic equilibrium TN

Magnetization

(magnetic moment per unit volume) T

Type 2: diamagnetic up to B, then partially
diamagnetic up to B, then resistive

Type 1: diamagnetic up to B, then resistive M

more alloy additions = lower g, higher B,
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1954: the first superconducting magnet

e George Yntema University Illinois
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1000 |- He . .. Nb WIRE, UNANEALED,
(Gayss) got niobium data from oo EMHELE
- 3000} 4296 TURNS 7
- Schoenberg's book 7
800 -« 2000 |- Nb g %
N . Cu WIRE,#26, BARE, %
- 000 - but didn't read 83 TuRns —* [/
600 |- " s'(a ) L. SMP@V‘CObV\dMCtl'V\g
T OK []
i solenoids....but none
400 =~ o of these possibilities
Ha : for quench
L _sn could be realized orotection
2ol 1P because (high) critical
_}i\ field is characteristic P
L N of a very small )
0 2 4 6 . . [ a st
D Schoenberg 'Superconductivity' TE°K) FV‘&!C'L’IOV\ OF the a((oy... :35
o
|
=1 SAMP}E‘; ‘:z(:q SAMPLE =2 : 4r
hard . -002 " DIAM. . 002" DIAM. P
= annealed . ©
& : z
B 4 v g 2f
e e
E
s 0 0.5 1.0 1.5 20
MAGNET CURRENT (AMPERES)
o o

Martin Wilson slide 11 CERN Centennial Superconductivity Symposium Dec 2011



1961: MIT Conference on High Magnetic Fields

4.3T NbZr solenoid 5.5T NbZr solenoid

Magnets in cryostats
for the first

25T
superferric
racetrack
with Nb3Sn
or NbZr
windings

g
 HIPLAGT BOTTOM PLATE
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1961: MIT Conference on High Magnetic Fields
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Bernd Matthias
found Nb;Sn and
probably more
new
superconductors
than anyone else

« draw down Nb tube filled with Nb

& Sn powder then heat to ~1000C
JE Kunzler, Bell Labs

« measured in pulsed high field
HR Hart et al GE Research Labs
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- NOTi: a ductile alloy

did much of the early work
on NbTi at Westinghouse

1965: Westinghouse
report a 100kg

also Ted Berlicourt &
71— _ Richard Hake at
Atomics International

. . \\
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8000
Current
T T i T .
60| . density 6000 -
2
(Nb 56°% Ti) J Amm
5ol . 4000
{Nb 61% Ti)
— (Nb 25 % Zr} 2000 -

agl-

0
30

20

Short Semple Critical Current {amperes)

i 8 8
L | better than Field B (T) 10 12 10 Tem_IE)((elie)\ture
1ol NbZr at | 14
high field

NbTi is now the work horse of the
O35 30 a0 50 60 25 3585 100 W\agnet bMSiV\eSS ~3000 Tonnes pa

Magnetic Field (kilogouss)

Martin Wilson slide 14 CERN Centennial Superconductivity Symposium Dec 2011



Understanding superconductivity

1957 BCS Bardeen Cooper & Schrieffer

An effective attraction between pairs of electrons via the lattice promotes a condensed state in
which the phases of all the individual wave functions are locked together.

1950 - 1959 GLAG: Ginzburg, Landau, Abrikosov & Gorkov

The behaviour of superconductors is determined by relationship between London penetration
depth A and coherence length & (distance over which superconducting state can change).

Sy -:,5':', » ,',

L <E/N2  Type 1 behaviour = Meissner effect p Prefenees '&;5.;
(o) - B “ .‘.‘x"; ‘1

A>E/N2  Type 2 behaviour = Shubnikov state Af ; . xers ¥, 5,
8 4 458 o e

R LR A T 24 %)
CaeNeatie s b Xy
¢ ?!;v\‘” ‘,.

* in type 2 superconductors field h 15
enters as quantized fluxoids with %o = 2% 2x10"""Webers
» fluxoids like to distribute uniformly
—> zero current density in the bulk

* to get bulk current density Q.p@ @d;;d;pd;

must force non uniform > T T
distribution - flux pinning T T T T
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Superconductor engineering

Problem: magnets do not reach field expected from superconductor properties

First solution: cryostabilization, devised by John Stekly 1965

« conductor with copper joined in parallel with superconductor
« well cooled by liquid helium

« current normally flows in superconductor

« if superconductor switches off, current diverts to copper

Ohmic heating in copper

heat transferred to helium, temperature falls
current returns to superconductor

« works well Avco
MHD generator =

* but the large amount of copper dilutes current
density too much for accelerators, NMR, MRI etc
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Practical cryostabilization

Natural convection cooling

oo XoXo NeoNe)
oo XoXoNeXe)
oo XoNeoXe,
oo XoXeoNeoXe)

Cable in conduit conductor CICC

hhhhh

engineering
curvent
density
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Magnets at high current density

- no need for cryostabilization if we cure the problem of flux jumping

* FJ is a catastrophic instability of the screening currents which are
induced by magnetic field (additional to transport current)

Flux Jumping Instability

* screening currents
« temperature rise
 reduced critical current density

.

e flux motion

* energy dissipation
» temperature rise

« cure flux jumping by
weakening a link in
the feedback loop

 fine filaments reduce
A ¢ for agiven -AJc

 for NDbTi the stable
diameter is ~ 50um
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Magnetization, hysteresis and ac loss
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1969: Filamentary composite wires

* 'Intrinsically’ Stable against Flux Jumping
high current density in magnets, enables compact windings and high field gradients

* Low ac Losses

important for synchrotron accelerators, electrical engineering and any application where the field
changes

* Low Magnetization
needed where field quality is important, eg accelerator magnets, NMR spectrometers

twisted filaments
are magnetically
decoupled and
behave like
separate entities

untwisted filaments
are magnetically
coupled and behave
together like a solid
wire
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High energy physics: the first technology driver

1967:" .. superconductor diameter about 5x10“cm..." PF Smith JD Lewin. Superconducting Proton
Synchrotrons: NIMs 52 p298

Rutherford cable
A1TT77TT 7777

AC4 Rutherford

1970s: GESSS collaboration (Karlsruhe, Rutherford, Saclay)

proposed
superconducting
magnets for the
CERN SPS
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1984 Tewtmn fzrst superconc[uctmg accelémtor

Two gifts for accelerator
magnet technology

1 porous winding

_ _ 2 collars
 Kapton insulation wrap

« coils clamped by
precision stamped
* liquid helium in contact with wire collars, fixed

together by rods

* no resin against conductor

* better magnet performance - less
training * high precision shape

* low eddy currents
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Minimum quench energy MQE

even when flux jJumping is eliminated, still get 100000

degraded performance open insulation
—O— Porous metal
« mechanical energy release as field raised —7 closed insulation
- -o--bare wire \
- make conductor stable against energy release 10000 O
L] d\\‘
. L. L. 3. 2 I~
« quantify conductor stability as minimum u T~ N
energy pulse needed to quench S A ~ N\
7\ @)
1000 — —
\\ X
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% 10‘,':_ VACUUM 4 100 \ﬂ'\\\_‘l — \
a ] Y \
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5 i N
2 - cable measurement 1995 /’ =
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[®] 3
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S ; single wire measurement 1980 f 0.4 0.5 0.6 0.7 0.8 0.9 1.0
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4044 is a pin dropping 40mm
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Superconducting accelerators

i
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7 2Ol S [ £
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2020: Really big science - ITER,
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1962: A new industry

NMR
spectrometers

Research magnets

Martin Wilson slide 26 CERN Centennial Superconductivity Symposium Dec 2011



NMR, Imaging

1979 Oxford Instruments build the world's
first superconducting NMR imaging magnet

2011 Siemens Skyra MRI
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Market survey by Conectus™

5000

@ Electronics
M Large scale

4000 B MRI
' I Research

3000 -

2000 A

World sales (MEuro/year)

1000

0

1997 2000 2003 2006 2009 2012

. _ ear
*CONSsortium of European Companies Y

(determined) To Use Superconductivity Source: WWW.CONectus.org
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critical temperature K

A century of critical temperatures

160
140 A Woodstock
@ of Physics s
120 - 1987 | 3
| W B2223 P
100 - | Paul
Chu
80 1 Alex
Mueller
60 n o
40 - MgB,
Pb
20 4 Hg Nb
Sn m
g o
]
O [ [ [ [
1910 1930 1950 1970 1990 2010
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Wonderful materials for magnets

upper critical field (T)

1000 -
YBCO .-~
s i B223
100 1 U T B2t
NbsSn a
O MgB, ®
10 - NbTi B
PbBi "Nbzr
O
. .-~"MoRe B
Nb ® 7
v but for two problems
01 - - « flux flow resistance
,,xD’D, e grain boundary mismatch
0.01 += . . . .
1900 1920 1940 1960 1980 2000

year
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Flux flow resistance —
critical line
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Accessible fields for magnets
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HIS grain boundary matching

« current can only jump between
grains if they are aligned

..
- A %
O ORI

Y e

e BB
el T ¥

« must make conductors with all
grains aligned to a few degrees

o5

=
'
A,

L
a:c."

£,
#

« asingle crystal km long!

L]
L)
~r

P PR
S SP S
>,
~* S
‘>

Textured YBCO tape

pm Ag
* best irreversibility field 1 um YBCO - HTS (epitaxial)
~ 30 nm LMO (epitaxial)
« deposit YBCO filmon ~ <0.1mm

~ 30 nm Homo-epi MgO (epitaxial)
aligned substrate EE

» OK'in high field and at high temperature
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HTIS - where next?

Existing applications? veplace LTS

reduced cost of cryogenics
- but modern cryogenics are very efficient é)
- typical MRI installation cryogenic cost is only 4% of operating budget

more convenient cryogenics = cryo-free magnet systems
- but two stage cryocoolers work fine at 4K! =
- no coolant gas: uncooled copper leads = 45 x more heat leak than cooled
- HTS leads are the essential enabling technology for 4K cryocooler magnets =

current leads: often the largest refrigeration load of a magnet g

High field magnets - research, NMR, HEP?
- Nb;Sn = 22T BSCO & YBCO = 50T Q

New Applications?

* in rough environments where cryogenics must be very robust and reliable

« where loss is inherent and causes a large refrigeration load - electrical power engineering

- refrigeration power demand CoP(77K) 25 Q)
CoP(4K)
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Current leads and cryofree systems

current lead

12 T magnet
& dilution
refrigerator

7 T split pair

NNNNNNNNNNN

13 kA lead for LHC
(photo CERN) Oxford Instruments
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High field inserts

i
( ﬁ

CN—————— -
N —_— ~—

round B2212 wire insert
= 22.5T in 20T background
600 \
<
2 J—
= 400 N B2212
g Nb3sn \
§ r coated YBCO tape insert
8 200 \ = 33.8T in 31T background
=
0
0 Field B (T) 20 40
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Rough environments

L1 - S
|

.f“

‘.

=
LA

45—*&

18 May 2011

Japanese Government authorizes Central Tk s
Japan Railway Co to proceed with high speed Induction heatlng of alumlnlum blllets

Maglev link from Tokyo to Osaka by 2045
speed 580 kph

2005 B2223
levitation magnet
tested on vehicle

2010 coated

YBCO tape model
levitation magnet

rotate the billet in a dc field
.::_;

FERERGY FOWER

photos CJR and RTRI
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o oara : " 3 o /(\l :ﬁ\ . l ‘_.Al \‘ LT

f American P
/" Superconductor - oy . NORTHROP GRUMMAN =2

36.5MW ship propulsion motor
B2223 rotor tested Jan 2009

‘ﬁ

30kW prototype electric car
Sumitomo Electric Industries

: 1MW generator
s A= L i E | ) Y & mOtOr (LTS)
= }% R i~ VIRD 1975
Ll ® - team leader
L " : ~ Tony Appleton
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Power transmission
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(Nagoya University)
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HTS in engineering - things still to do

100,000
10 m demo 77K, selffield

| PV 1
domestic copper wiring . \100”1 demo 30K, 2T R

1 ) COSt costs ~ 10€ / kKA m separate
500 m Manufacturing
demo 1,000m  angd

~< o B
g[" 1,000
S First year w
. o of pilot
« NbTi or Nb;Sn at 4.2K 5T ~ 1€ /kA.m g . roduction Eltgi jf \
throughput AP wire
o Nb3Sn at 4.2K 12T ~ 3€ /kA.m SuperPower.. YBCO tapes I(;l;::jsted}
« B2212 at 4.2K 12T = ~ 70€ /KA.m 1 ' ~mtroduction
2004 2005 2006 2007 2008 2009 2010

Year

d = YBCO layer
thickness < 1um

2) AC losses
loss power P=BJ, —
d is width transverse to field ; small d

[ 4 Refrigeration  CoP(77K) _ 55 10pum at 4K = Y/, mm at 77K
arge —
9 power demand  CoP(4K) 1pm at 4K = 25um at 77K
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iquety helium A superconducting century

superconductivity of mercury
magnetic field quenches superconductivity in lead

0 PbBi alloy superconducts in 2T
Meissner effect
London theory
Shubnikov measures type 2 behaviour
| first magnet
BCS and GLAG theories
Nb,Sn, NbTi
‘ MIT Conference on High Magnetic Fields
| | first NMR spectrometer

first MRI
| Tevatron

BaLaCuO
I YBCO, BSCCO

YBCO tapes
| | LHC
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