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Inside a 
superconductor, a 
photon carrying a 
magnetic field 
effectively gets a 
mass, which 
produces an 
exponential 
decrease of the 
magnetic field as it 
penetrates into the 
superconductor. 
 
This is a solid state 
prototype for the 
“Higgs phenomenon” 
whereby the weak 
interaction particles 
W± and Z0 get a mass.
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Pauli Exclusion Principle Applications 

Fermions (review)
Fermions are particles which have half-integer spin and therefore are constrained 
by the Pauli exclusion principle. Particles with integer spin are called bosons. 
Fermions incude electrons, protons, neutrons. The wavefunction which describes a 
collection of fermions must be antisymmetric with respect to the exchange of 
identical particles, while the wavefunction for a collection of bosons is symmetric.
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 Bosons are particles that have integer spin and therefore are not constrained by 
the Pauli exclusion principle like the half-integer spin fermions.  The energy 
distribution of bosons is described by Bose-Einstein statistics.  The quantum 
mechanical wavefunction that describes a collection of bosons must be symmetric 
with respect to the exchange of identical particles, while the wavefunction for a 
collection of fermions is antisymmetric (i.e., it changes sign if any two identical 
fermions are interchanged).  Antisymmetry leads to the Pauli exclusion principle 
for fermions, while symmetry favors many bosons being in the same state.

At low temperatures, bosons can behave very differently than fermions because an 
unlimited number of them can collect into the same energy state. The collection 
into a single state is called Bose-Einstein condensation. It is responsible for the 
phenomenon of superfluidity in liquid helium. Coupled fermions can also act as 
bosons. In the BCS Theory of superconductivity, coupled pairs of electrons 
(“Cooper pairs”) act like bosons and condense into a state with zero electrical 
resistance.

Bosons include photons, and the characterization of photons as particles with 
frequency-dependent energy given by the Planck relationship E = hν allowed 
Einstein to apply Bose-Einstein statistics to explain the thermal radiation from a 
hot cavity.  That photons are bosons also leads to stimulated emission and lasers:
(LASER = Light Amplification by Stimulated Emission of Radiation).

Bosons
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k=0.861x10-4 eV K-1

Boltzmann
constant
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Φ0 =      = 2.0678×10-15 T m2
h

2e
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Superconductor Applications 
Since 10% to 15% of generated electricity is dissipated in resistive losses in 
transmission lines, the prospect of zero-loss superconducting transmission 
lines is appealing. In prototype superconducting transmission lines at 
Brookhaven National Laboratory, 1000 MW of power can be transported 
within an enclosure of diameter 40 cm. This amounts to transporting the 
entire output of a large power plant on one enclosed transmission line. This 
could be a fairly low voltage DC transmission compared to large transformer 
banks and multiple high voltage AC transmission lines on towers in the 
conventional systems. The superconductor used in these prototype 
applications is usually niobium-titanium, and liquid helium cooling is required.

The Holbrook Project on Long Island, the first commercial superconductive 
power transmission line, uses the high-temperature superconductor BSCCO 
which only requires liquid nitrogen cooling.  The Tres Amigas renewable energy 
market hub in Clovis, New Mexico, will be a multi-mile, triangular electricity pathway 
of superconductor electricity pipelines capable of transferring and balancing many 
gigawatts of power between three U.S. power grids (the Eastern Interconnection, 
the Western Interconnection and the Texas Interconnection). Unlike traditional 
powerlines, it will transfer power as DC instead of AC current. 
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Superconducting Maglev Trains

While it is not practical to lay down superconducting rails, it is 
possible to construct a superconducting system onboard a train to 
repel conventional rails below it. The train has to be moving to create 
the repulsion, but once moving it is supported with very little friction. 
The German-built Transrapid train in Shanghai, China, transports 
people 30 km (18.6 miles) to the airport in just 7 minutes 20 
seconds, achieving a top speed of 431 km/h (268 mph), averaging 
250 km/h (160 mph).

Transrapid 09 
at the Emsland 
Test Facility in 
Germany
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The superconducting quantum interference device (SQUID) consists of two 
superconductors separated by thin insulating layers to form two parallel 
Josephson junctions. The device may be configured as a magnetometer to 
detect incredibly small magnetic fields -- small enough to measure the 
magnetic fields in living organisms. Squids have been used to measure the 
magnetic fields in mouse brains to test whether there might be enough 
magnetism to attribute their navigational ability to an internal compass.
   Threshold for SQUID: 	

10-14 T
   Magnetic field of heart:	

10-10 T
   Magnetic field of brain: 	

10-13 T

The great sensitivity of the SQUID devices is associated with measuring 
changes in magnetic field associated with one flux quantum. One of the 
discoveries that led to Josephson junctions was that flux is quantized in 
units

Φ0 =      = 2.0678×10-15 T m2
h

2e

SQUID Magnetometer
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The SQUID magnetometer may be the most sensitive measurement device 
known to man, according to Berkeley’s John Clarke, one of the developers 
of the concept. He evokes the following images to illustrate its sensitivity:

    * It can measure magnetic flux on the order of one flux quantum.  A flux 
quantum can be visualized as the magnetic flux of the Earth's magnetic field 
(0.5 Gauss = 0.5 x 10-4 Tesla) through a single human red blood cell 
(diameter about 7 microns).
    * It can measure extremely tiny magnetic fields. The energy associated 
with the smallest detectable change in a second, about 10-32 Joules, is about 
equivalent to the work required to raise a single electron 1 millimeter in 
the Earth's gravitational field!

The sensitivity of the basic SQUID can be increased by attaching it to a flat 
coil of superconducting wire, such as niobium. Called a "flux transformer", 
this increases the current induced in the junction and permits the detection 
of magnetic fields as small as 10-15 Tesla or one femto-Tesla.  This is a 
resolution of some 10-11 times the Earth's magnetic field.  By comparison, 
the auroral displays in Earth's polar region produce magnetic field 
fluctuations on the order of 1% of the Earth's field. 
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Superconductors in MRI 
Superconducting magnets find application in magnetic resonance 
imaging (MRI) of the human body. Besides requiring strong magnetic 
fields on the order of a Tesla, magnetic resonance imaging requires 
extremely uniform fields across the subject and extreme stability over 
time. Maintaining the magnet coils in the superconducting state helps to 
achieve parts-per-million spacial uniformity over a space large enough 
to hold a person, and ppm/hour stability with time. 
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http://hyperphysics.phy-astr.gsu.edu/hbase/solids/
supcon.html#c1
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