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1911: First Solvay physics congress, Brussels
« ...to discuss questions pertaining to the kinetic theory of matter
and the guantum theory of radiation » (Nernst)
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First liquefaction of « permanent » gases:

the way to low temperatures
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y Liquefaction of helium at Leyden laboratory allows
SZ to study matter close to absolute zero

Heike Kamerlingh Onnes

"Door meten tot weten”
Knowledge by measurement
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Dewar studies variation of electrical resistivity of
metals and alloys with temperature
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y Electrical resistance of pure metals

7 Drude’s electron gas model (1900)
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Paul Drude i \' e
/ conduction electrons

lattice atoms

Resistivity of metals increases with temperature (scattering of
conduction electrons by vibrations of the crystal lattice)



http://doc.cern.ch//archive/electronic/cern/others/PHO/photo-bul///bul-pho-2007-046_01.jpg
http://www.societyforscience.org/
http://en.wikipedia.org/wiki/Image:Paul_Drude.jpg

y William Thomson (Lord Kelvin)

S 7% Aepinus atomized, Phil. Mag. 3 (1902) 272

Electrical resistivity of metals increase as one approaches absolute zero
(the « gas » of conduction electrons « condenses » on the atoms)

§ 27. Consider lastly a solid; that is to say, an assemblage in which
the atoms have no relative motions, except through ranges small in
comparison with the shortest distances between their centres. The
first thing that we remark is that every solid would, at zero of
absolute temperature (that is to say all its atoms and electrions at
rest), be a perfect insulator of electricity under the influence of
electric forces, moderate enough not to pIucout of the

atoms in which they rest stably when there is no disturbing force.

§ 29. Raise the temperature now to anything under that at which the solid would melt. This sets the

to performing wildly irregular vibrations, so that some of them will occasionally be shot out of
their atoms. Eachus shot out will quickly either fall back into the atom from which it has been
ejected, or will find itS_way into another atom. If the body be in an electric field £, a considerable
proportion of the which are shot out will find their way into other atoms in the direction in which
they are pulled by F That is to say, the body which was an infinitely perfect insulator at zero absolute
temperature has now some degree of electric conductivity, which is greater the higher the temperature.
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y Electrical resistance of metals
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y Electrical resistance of real metals

~7_ Drudes’s electron gas model and Mathiessen’s rule
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Paul Drude

conduction electrons

Lattice atoms impurities

Resistivity of metals increases with temperature (scattering of conduction electrons
by vibrations of the crystal lattice) and with impurity content (scattering of
conduction electrons by foreign atoms)
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y Onnes’ measurement of electrical resistivity
7 of mercury at low temperature

St

- To study properly the effect of temperature,

the sample must be free from impurities

Mercury, a metal in the liquid state at room
temperature, can be easily purified by
distillation (it boils at 357 °C)

H.K. Onnes produced « wires » of mercury by
filling glass tubes with connection electrodes:
the « wires » get solid upon cooling at -39 °C
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y Sudden disappearance of electrical resistance
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y Discovery of superconductivity (1911)
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Thus the mercury at 4. 2°K has entered a new state, which, owing to its
particular electrical properties, can be called the state of superconductivity.
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A superconductor shows zero resistance

cool down

remove magnet

The current induced in a ring of superconducting material flows without losses
almost indefinitely. Measurements showed a typical time constant for current
decay of 100°000 years, i.e. a few billionths per hour!
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Superconducting magnets for MRI
use the stability of « persistent » currents
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y Saving energy

No resistance = no losses

Superconducting devices do not exhibit Joule losses. The refrigeration system which
keeps them cold however consumes energy

ALICE experiment at CERN CMS experiment at CERN
frigerator of 0.5 W

Superconducting magnet with re
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CABLES NORMAUX
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Saving materials

No resistance = no losses

No losses — high current density

In absence of losses, superconductors do not
heat, so that higher currents can be
transported in the same cross-section of
material

e Copper: ~ A/mm?Z
e Superconductor: ~ kA/mm?2
= factor 1000
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y Onnes immediately tries to use superconductivity
= for making high-field magnets...

dendum 2.) There is also the question as to whether the absence of Joule
heat makes teasible the production of strong magnetic fields using coils with-

or a current of very great density can be sent through very fine,

out iron,”
closely avound w irals. Thus we were successtul in sending a current ot
0.8 anfperes, i.e. of 56 amperesper square millimetre, through a coil, which
contgined 1,000 turns of a diameter o square miumn per square centimetre

at yight angles to the turns.

...but stumbles upon their « critical field »!

after this lecture was given and produced surprising results. In fields below a threshold
value (for lead at the boiling point of helium 600 Gauss), which was not reached during
the experiment with the small coil mentioned in the text, there is no magnetic resistance
at all. In fields above this threshold value a relatively large resistance arises at once, and
erows considerably with the field. Thus in an 1mexpected-wa}r a ditticulty in the produc-
tion of intensive magnetic fields with coils without iron faced us. The discovery of the
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B

T>TC T<TC

Walther Meissner

Application of a magnetic field above a limit value B,
destroys superconductivity

The superconducting state only exists in a limited
domain of temperature and magnetic field

A superconductor excludes
magnetic field from its
interior
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y The first « high-field » superconducting magnet
/) (1960)

April 14, 1964 J. E. KUNZLER 3,129,359
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An application of the Meissner effect and
the « mixed » state: magnetic levitation

| TOSANOUMI
. (Sumo Wrestler)
| Height of Tosanoumi  186cn
| Weight of Tosanoumi 1424y
Weight of disk B0kg
Total weight 202

« Floating » magnet experiment

142 kg sumotori + 60 kg
magnetized disk = 202 kg levitated
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Superconducting magnet levitation train
Yamanashi test line of JNR (550 km/h)
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\’ Microscopic theory of superconductivity (1957)
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PHYSICAL REVIEW VOLUME 108, NUMBER 5 DECEMBER 1, 1957

Theory of Superconductivity*

J. Barpeexn, L. N. Coorer,t anp J. R. ScHRIEFFER]
Department of Physics, University of Illinois, Urbana, Illinois
(Received July 8, 1957)

A theory of superconductivity is presented, based on the fact one-to-one correspondence with those of the normal phase is
that the interaction between electrons resulting fmm virtual ubtamed by specifying m:cupatmn of certam Bloch states and by
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A gas of quantum particles

At high temperature, the particles behave as hard
« billiard balls », independant from each other

At low temperature, the particles behave as « wave
packets », with fuzzy contours but still preserving their
individuality

Below a « critical » temperature, the wave packets
tend to overlap and lose their individuality: the
behaviour of the particles is strongly correlated; if
they are «bosons» (particles of integer spin), they
tend to «condense» in the lowest-energy state

At absolute zero, all particles are in the
« condensed » state and show identical behaviour

From W. Ketterle
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Formation of electron pairs

electran

Electrons (fermions) get coupled by the
lattice vibrations (so-called « phonons »)
thus constituting « Cooper pairs », thus
behaving as bosons

The current carriers in a superconductor
are the Cooper pairs
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Superconducting magnets
for particle accelerators

In a particle accelerator, electromagnets Superconducting magnet coils fit along the
produce fields for guiding and focussing the beam pipes to produce a high magnetic field
beams in the useful volume

Superconductivity permits to produce higher fields for reducing the
size and the electrical energy consumption of accelerators
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)’ The Tevatron at Fermilab (Chicago)

i The first superconducting particle accelerator

Started operation in 1983

Circumference 6,3 km
Magnetic field 4,4 T

990 main superconducting magnets, cooled
at 4,4 K by supercritical helium
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The LHC at CERN

The largest scientific instrument in the world

Circumference 26,7 km
Magnetic field 8,3 T

1706 main superconducting
magnets, cooled at 1,9 K by
superfluid helium
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y Compact superconducting synchrocyclotron for ISE
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- 250 MeV protons

- 20 t mass allowing integration in gantry

- cooled by cryorefrigerators (no liquid helium)
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NMR analysis magnets (Bruker)

Very powerful analysis technique in chemistry,
biology, pharmacology

Resolution increases with the strength of the
magnetic field (21 T at 900 MHz)

[Tﬁ'vlllllelvll‘l‘r

T

10 0 -10 -20 =30 PPM.

NMR spectra (Phosphorus 31) of leg muscle: case

of Duchenne’s myopathy (upper) compared with
reference healthy case (lower)
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y A very frequent phenomenon...
7 at low enough temperature
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y Discovery of « high » temperature
SZ superconductors (1986)

Z. Phys, B - Condensed Matter 64, 189-193 (1988)

Possible High T, Superconductivity

in the Ba— La— Cu— O System

K. Alexander Muller
J.G. Bednorz and K.A. Miiller

IBM Ziirich Research Laboratory, Riischlikon, Switzerland

Received April 17, 1986

Metallic, oxygen-deficient compounds in the Ba—La— Cu— O system, with the composi-
tion Ba,Las;_,CusOs5(_,, have been prepared in polycrystalline form. Samples with
x=1 and 0.75, y >0, annealed below 900 °C under reducing conditions, consist of three
phases, one of them a perovskite-like mixed-valent copper compound. Upon cooling,
the samples show a linear decrease in resistivity, then an approximately logarithmic
increase, interpreted as a beginning of localization. Finally an abrupt decrease by up
to three orders of magnitude occurs, reminiscent of the onset of percolative superconduc-

tivity. The highest onset temperature is observed in the 30 K range. It is markedly
J. Georg Bednorz reduced by high current densities. Thus, it results partially from the percolative nature,
bute possibly also from 2D superconducting fluctuations of double perovskite layers
of one of the phases present.
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y « High » temperature superconductors e
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/y Use of electricity and economic development

Figure 67. Growth in world electric power
generation and total energy consumption, Figure 69. Non-OECD net electricity generation
1990-2035 (index, 1990 = 1) by region, 1990-2035 (trillion kilowatthours)

== China
== |ndia and Other Asia

== \iddle East and Africa

Net g — =~Europe and Eurasia
electricity Central and South America

generation

Total
energy R
_..consumption

0 0
1990 2000 2007 2015 2025 2035 1990 2000 2007 2015 2025 2035

U.S. Energy Information Administration / International Energy Outlook 2010
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3’ Superconducting power lines

Superconductor
Copper Cables Cables

Increase power transported in dense urban areas
Reduce electricity transport losses

Reduce visual impact and electromagnetic pollution of overhead lines
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y Power line using high-temperature
superconductors, connected to electrical

network (2008)

Section du ruban de Bi-2223
supraconducteur

= —_———

— e

Three-phase 138 kV, 574 MVA (LIPA)
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y Intercontinental interconnexion of power networks
= requires low-loss, long-distance lines
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y Interconnection increases short-circuit risks:
7 need « smart » grids

Thanks to fault current
limiter :

e Reduced need for
redundancy in sub-grids

¢ Optimized operation of
interconnected grid
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y Superconducting fault-current limiter

E (wV/em) |

-

Circuit breaker

500

J Jo I J(A/mM?)

The abrupt change of resistance from the superconducting to the normal state is
used for rapid switching in of a shunt resistor, thus limiting short-circuit current
until the circuit breaker can be opened at the next zero-crossing
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Operation of a superconducting
fault-current limiter
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36,5 MW, 120 rpm moto

Reduction of on-board mass
Simpler mechanics (propeller shaft line, speed reducer)
Lower acoustical signature — stealth

High torque — acceleration

Copper Motor

21 MW, 150rpm, 6.6KV

180 tonnes

3 - HTS Motor
S 36.5 MW, 120fgm,_f

6KV
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y Electrical car with superconducting motor

< Advantages of superconducting motor >

(Sumitomo)

Superconducting motor l::: Small & lightweight
|

Mo transmission

-"I High currant |"‘| Larga forgue

|
Good mileage
— J2ro resistance H Low loss
Low COs

¥

Mo electric transformer
—* Low voltage Mo series battery connection

> High reliability

< Structure of typical
superconducting motor >

Superconducting
coil

50 & 345 kW motors
Autonomy gain 13 %
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y Compact superconducting generators
7 for wind turbines (SeaTitan)

Main Stream Conventional ﬂg::_’:;:ﬁ;:s
Geared Direct Drive
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B Generator 5 MW 4.5MW oMW => :EE: EI: :z
E Gearbox 13-1 o 13m EEMW
—— 5 & TéE with HTS
[ Blade 5 o
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y Nuclear fusion, energy for tomorrow ?

N~/

Deuterium Helium

+
N

ce

Tritium

Sustaining nuclear fusion requires a temperature
of some 100 million degrees: one thus needs a
« magnetic bottle », the tokamak, to contain the
D-T plasma
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y ITER needs large superconducting magnets

N~/

Central solenoid

lummi_q

Toroidal coil . M”

Poloidal coill
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y Conclusion

N~/

e Superconductivity is 100 years old: its history is an integral part of
the development of science and technology in the twentieth century

— A « magical » phenomenon which could only be explained with the
application of quantum physics to condensed matter

— A key technology for producing high magnetic fields

— Very few applications in the technical system of the twentieth century,
inherited from the second industrial revolution

e With the discovery of new material and the emergence of new
applications, superconductivity can contribute to answer main
societal issues of the twenty-first century

— health

— mobility

— energy efficiency

— reduction of GHG emissions and climate change
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