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An Introduction to Superconductors: Theory and Application
Jonathan Cory, Engineering 302 Electromagnetics, Professor Paulo F. Ribeiro, Fellow, IEEE 

Abstract—   Radical developments have recently taken place in the field of superconductors.  More specifically, high temperature superconductors have been a focal point, and therefore many modifications are being made in the types and varieties of products which employ such devices.  In order to better appreciate and understand this field and its implications, it is necessary to attain knowledge of the history and basic principles of superconductivity.  With this in mind, the exploration of current applications is ensued in light of recent discoveries.  With these topics in focus, it is the goal of this paper to obtain a better understanding and appreciation for research in the field of superconductors.  The conclusions drawn are that while much advancement has been made in the field of high temperature superconductors, there is much more room for improvement.  The effect seen by such improvements are then widespread throughout medical technologies as well as countless other applications.    
   I. Introduction

S
uperconductors have often been called the bridge between theoretical physics and practical application.  As the knowledge of superconducting materials is ever increasing, the possibility of a high temperature superconductor is nearly realized.   The applications of this phenomenon are relevant in nearly every technological field and the medical implications relating to magnetic resonance imaging and brain mapping are astounding.  This paper presents an overview of some AC and DC applications of superconductors (specifically high temperature).  However, In order to better understand and appreciate these applications of superconductors, it is first necessary to gain an understanding of the history and basic theory of superconductors.   
II. History of the Superconductor
A.   Original Discovery
In 1908, a discovery made by Heike Kamerling Onnes initially opened the door to an entire realm of possibility involving low temperature testing (Superconductivity-Buckel). This was the first successful attempt at liquefying of helium which provided a new temperature range approaching absolute zero.  Soon after this discovery, Onnes was able to perform experiments at these temperature for which the focus was the change in resistance at such temperatures.  Three possible responses to these low temperature tests were anticipated.  First, the resistance could fall linearly toward zero.  Secondly, the temperature could trail off to a set value, or thirdly, the resistance could achieve some minimum point and then approach infinity exponentially.  The graph of this hypothesis can be seen in figure 1. [2] 
Tests were then performed by Onnes with a variety of materials leading to the testing of mercury.  Previous tests had found that the resistances fell exponentially as the temperature approached zero.  However, the testing of mercury broke the mold.  Onnes found that at 4.2 degrees Kelvin, the resistance of mercury fell sharply. 

“At this point (somewhat below 4.2 K) within some hundredths of a degree came a sudden fall not foreseen by the vibrator theory of resistance, that had framed, bringing the resistance at once less than a millionth of its original value at the melting point… Mercury had passed into a new state, 
which on account of its extraordinary electrical properties 
may be called the superconductive state.”  [2]      
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Fig. 1 Reaction of resistance to extreme low temperatures [21]
B.   Development

In 1933 a second important discovery was made by Meissner and Ochsenfeld  that, in addition to being a perfect conductor, a superconductor is also a perfect diamagnet where a thin gap existed between the surface of the superconductor and the magnetic field on the order of 500 Angstroms.  This means that “Induced currents in it would meet no resistance, so they would persist in whatever magnitude necessary to perfectly cancel the external field change.” [7] This in the vortex state was termed the “Meissner effect.”  The superconductor then excludes any magnetic field that would normally flow through by inducing current loops to exactly cancel the magnetic field.  An example which can be seen in figure 2 depicts this phenomenon. 
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Fig. 2 The Meissner effect [18]

Not long after this discovery Fritz London proposed that superconductivity is a quantum phenomenon.  This proposal, although at the time was inconclusive, however, is now substantiated by current microscopic theory.  
Another important breakthrough was the discovery of the Isotope effect which points at a connection between electron and lattice vibrations in relation to superconductivity (Superconductivity in Science and Technology –Cohen).      
Other Important additions to the current knowledge of superconductors include the tunnel effect (which points to the likelihood of energy gap in the superconducting state), flux quantization and supercurrent flow through tunnel barrier.  
C. A Quest for High Temperature 

Until 1986, the highest critical temperature for a superconducting transition was 23.2 degrees Kelvin.  The material was Nb3Ge and speculation was that there was not much more room for improvement.  The focus for two European scientists then became to make an alloy in which they could enhance the electron-phonon coupling parameter.  This led to a critical temperature of slightly more than 30 K.  Variations and further experimentation over the past two decades have led to a current critical temperature record of 125 degrees Kelvin (significantly more than the boiling point of liquid nitrogen -77K).   These recent discoveries have opened up the door for countless applications, from high powered MRIs and brain mapping (SQUIDs) to magnetic friction free trains. [3]
III. Microscopic theory
Originally, the basis for investigating the reaction of electrical resistance in relation to temperature was founded on an observable trend in the characteristics of metals.  It was noted that with increasing temperatures the resistance of metals increased to a point while with decreasing temperatures, resistances decreased.  The understanding of the principle of resistance varying with temperature is easily understood as resistance itself is merely the effect of collisions within a wire.  Thus, as the temperature increases, atomic movement and vibration increases causing more collisions.  Conversely, as temperature decreases, the number of collisions decreases and the resistance follows.  A basic equation for this interaction between resistance and temperature can be seen below.
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Einstein proposed a theory that the electrical resistance of the metals would fall sharply at very low (at that time unattainable) temperatures although popular opinion was that the resistances would only reach a resistance of zero at absolute zero temperature.  On a microscopic level, superconductivity implies that electron pairs are forming with a spacing of hundreds of nanometers which is three times larger than the lattice spacing.  These widely spaced electron pairs have been termed Cooper pairs after the scientist (Leon Cooper) involved in their discovery.  Current and past understanding of “normal” electron behavior has been governed by the Pauli Exclusion Principle.  This law states that no two electrons (each with half integer spin) can have the same quantum number or in other words, be in the same state simultaneously. [8]  
Other existing particles known as bosons carry a full integer charge.  Because of this full integer spin, bosons are not governed by the Pauli Exclusion Principle and can therefore simultaneously exist in the same state.  Einstein called this condensation as the bosons could move in unlimited numbers to a single ground state.  [8]
The first noticeable proof of Einstein’s observation was the superfluidity of Helium.  This trend was found when Helium was cooled to below 2.17 degrees Kelvin, all viscosity of the liquid vanished.  Viscosity, which can be termed the resistance to flow of a liquid, is yet another parallel between the water-electricity analogies for electrical resistance.  Yet another parallel between is the comparison between laminar flow and the energy band gap with tunneling effect.  A diagram portraying the laminar flow of a fluid through a pipe can be seen in figure 3.
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Fig. 3 Laminar Flow Through a Pipe [8]

In a superconductor, the Cooper pairs, mentioned earlier, act as bosons.  This means that the pairs can exist simultaneously in ultra-low energy states.  These pairs form closely to the top of the collection of energy levels (also called the Fermi level) by interacting with the crystal lattice.  The slight lattice vibrations attract these Cooper pairs, leaving an energy gap.  Because the pairs are not subject to Pauli Exclusion Principle due to their combined integer spin, they can simultaneously occupy the same energy state.  This attraction is termed the phonon interaction.  The energy gap is then the sort of “tunnel” through which resistance free traveling can occur in the case that the thermal energy is less than the band gap.  Where in normal circumstances, collisions would occur causing normal resistivity, at low temperatures, the thermal energy drops to a value less than the band gap, leaving the band gap open for tunneling.  This theory of functionality for superconducting principles is known as the Bardeen-Coorper-Schrieffer Theory (or BCS theory). [7] [5] The BCS theory not only substantiates the microscopic theory of superconductivity, but also predicts a bandgap based on the critical temperature.  The equation for this prediction can be seen below where Eg is the predicted bandgap and Tc is the critical temperature.  
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The graph in figure 4 displays some superconductors and their respective bandgaps and critical temperatures.
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Fig. 4 Superconductors and Relational Bangaps. [8]

As the superconductor approaches its critical temperature, the energy gap decreases exponentially.  A plot of this relationship can be seen in figure 5.  
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Fig. 5 Superconductors Energy Gap Reduction. [8]

The energy gap reduction then provides the means through which a superconducting state is produced in that when the thermal energy is less than the energy gap the resistance of the material drops to 0.
IV. superconductive materials

Currently two basic types of superconductors are recognized.  These types are aptly termed type I and type II superconductors.  In order to understand applications of superconductors it is first necessary to understand these two types as they relate specific characteristics of materials to certain attainable results.   

A. Type I Superconductors
Contrary to intuition, the best normal conductors (i.e. gold, silver, and copper) are not superconductors at all due to their small lattice vibrations.  Metals listed in figure 2 are all type 1 superconductors as their lattice vibrations are an attractive force to the Cooper pairs.  These types of superconductors fall under the BCS theory mentioned earlier.  Typical metals in this category posses “softer” characteristics.  They do not maintain their superconductivity at higher temperatures and exhibit lower temperature magnetic fields than type II.   
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1.4
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1.4
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2.39
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3.408

Sn

3.722

Hg

4.153

Ta

4.47
V

5.38

La

6.00

Pb

7.193

Tc

7.77

Nb

9.46




Fig. 6 Table of Type I Superconductors [8]
In addition to having a lower critical temperature than type II superconductors, type I superconductors also have a lower threshold for magnetic field tolerance.  This means that when a magnetic field greater than the threshold is applied to a type I superconductor, its superconducting state ceases.  

[image: image9.png]5P Magnetic field

Type T

Normal

gt ot &

| nomalana
Bey

Temperare T, Temperare T,





Fig. 7 Reaction of Superconductivity to Magnetic Fields [8]
A. Type II Superconductors

Type II superconductors are often referred to as the “hard” superconductors.  They are composed of alloys of ceramics and metal oxides.  An example of a newer type II superconductor is a material known as BSCCO which is an oxide composed of bismuth, strontium, calcium and copper. [4] In addition to these materials, silver was added for flexibility reasons.  A table of type II superconductors can be seen in figure 8.    
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Fig. 8 Table of Type II Superconductors [8]
Type II superconductors possess not only harder characteristics, but also retain a higher critical temperature and the ability to produce high powered magnetic fields.  An alloy of niobium and titanium is currently used in the making of the MRI and other supermagnets utilized by Fermilab.  In addition to harder characteristics and a higher critical temperature, type II superconductors possess a higher threshold tolerance to magnetic fields so that they retain their superconducting properties even when in contact with a stronger magnetic field.  Overall, some of the differences between type I and type II superconductors can be seen in Figure 9. 
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Fig. 9 Differences in Trend between Type I and Type II [18]
V. applications of superconductors

Knowing the basic principles and methodology of superconductors, it becomes easier and more intuitive to understand current and future applications of superconductors.  General applications include both DC and AC possibilities. 
A.  AC Applications
One AC application of superconductors is simply the idea of replacing existing high voltage power lines with superconducting power lines.  The idea of driving a high power line over miles and miles of terrain with no loss due to resistance is appealing to both the public and power companies.  This option is becoming more viable as critical temperatures of type II superconductors are nearing the boiling point of nitrogen.  Current superconducting wires use liquid helium as the cooling agent as critical temperatures are lower than the range nitrogen can provide.  The cost of cooling with liquid helium, however, is not feasible for such a large scale application so it is likely that before action is taken in this region a new breed of high-temperature superconductors will need to emerge.     
Another AC application of superconductors is the magnetically levitated or “maglev” train.  This application is works on principles utilizing the ultra-strong magnetic fields produced by superconductors.  Strong opposition of magnetic fields keep the train “levitated” so that it never comes into contact with the track.  This method of transportation provides clear benefits over other forms of transportation.  First of all, the train never comes into contact with the rail so theoretically there would need to be no maintenance as there are no moving parts.  Secondly, there is no friction between the train and railway because it is levitated.  As a result of this the train can travel at higher speeds although there is still friction due to air.  In addition to this the ride in the maglev train is smoother as there no bumps due to railways.  Rather than being propelled by conventional methods, the train is moved through the use of magnetic forces.  The diagram in figure 10 depicts these forces and how they affect the train. [19]
[image: image1.png]souepssay

Temperature

oK




Fig. 10 Maglev Train Propulsion Forces [19]
Many disadvantages exist, however, in that the track utilizing superconducting currents to produce the magnetic fields is expensive to construct.  In addition, the current maglev trains do not possess the ability to travel on regular tracks so their application would be simply high speed transit between large cities.  In addition, the largest forces at high speeds are due to wind resistance so although it may be “friction free”, these forces still affect the efficiency of the train.  Overall, whether the train will truly be implemented remains to be seen from test tracks built in China and Germany.

One other AC application in particular is in relation to high speed particle collision research.  Much of this research is done at fermilab where the world’s largest high speed particle accelerator is located.  This accelerator brings protons and antiprotons to extremely high speeds at which they collide together using the charged characteristics of the particles.  Through the use superconductors, high-powered magnetic fields keep the particles in place while the charged plates are used to accelerate the particles.  Through these experiments, scientists hope to discover the basic properties of particles and reasons behind the basic forces governing matter. 
C.   DC Applications

The DC applications of superconductors in many ways are conducive to further DC technology.  One example of this is Josephson Junctions which lead to the possibility of superconducting quantum interference devices (SQUIDs).  In addition to this, high power multiplexers are attaining the ability to decrease in size and yet maintain their power levels.  The first items of interest in regard to the DC applications of superconductors are then Josephson Junctions.  While he was researching superconductors, a British physicist named Brian David Josephson investigated the properties of a junction between two superconductors.  Josephson observed that when no voltage was applied to either superconductor, current would flow through a thin insulating layer.  When a voltage was applied, the current would cease to flow and oscillate at a high frequency. [12]  
The reason for the flowing of current through the insulating layer was discovered to be the effect of ambient magnetic fields.  It was discovered that because of the Meissner Effect in a superconductor, the magnetic field would externally induce current flow inside the superconductor.  The Meissner Effect, in essence, is the characteristic of a superconductor that when in superconducting state, acts as a perfect diamagnet, excluding any magnetic field that would normally flow through it by inducing current loops internally for cancellation.  

The ability of the Josephson junction to induce this current was then found to be far more sensitive to magnetic fields than the normal superconductor which allows for the capability to sense very small magnetic fields in a vicinity.  These junctions are found to be particularly applicable in the areas of highly sensitive microwave detectors and SQUIDs.  
Consequently, the discovery of the Josephson junction has led to the creation of the superconducting quantum interference device.  The purpose of these mechanisms is then to measure extremely weak electromagnetic signals, particularly those exhibited by the human brain.  By employing Josephson Junctions, SQUIDs have the ability to measure signals 100 billion times weaker than the electromagnetic energy required to move a compass needle.  The actual structure of the SQUID consists of extremely small loops of superconductors which use Josephson Junctions to employ superposition.
Superposition is a principle of quantum theory describing behavioral aspects of matter and forces at a very low level.  The basic idea of the principle is that, while it is unknown what state an object is, it is actually possible for the object to be in all states simultaneously as long as it remains unchecked.  The fact is, as soon as a measurement is taken, the object loses its ability to exist in simultaneous states and the measurement forces the object into a single possibility.  

One demonstration of the principle of superposition was the double slit experiment performed by Thomas Young in the early nineteenth century.  In this experiment, a beam of light was focused on a wall with two vertical slits.  The light travels through the slits and the areas affected by it were recorded on a photographic plate.  Intuitively, one would expect that if one slit was open, a single bar of light would appear on the other side, and if both slits were uncovered two bars would be recorded.  In fact, the actual results of the experiment showed multiple bars appearing on the photographic plate.  The principle illustrated is then that interference is achieved between the particles traveling through the slits in what seemed to be two separate trajectories.  [12]

The next step of the investigation carried out by Feynman was to send a single photon through one slit or the other.  The expectation was then that the photon would end up at one slit or the other, but in fact, the photon go through both slits, but simultaneously took every possible trajectory en route to its target.  In relation to superposition, each photon moved simultaneously in every trajectory.  In addition, the mere measurement of the trajectory causes all states to collapse to the sole position. [12]     
The purpose of superposition in relation to SQUIDs is then that each electron travels simultaneously in both directions, just as the light through the slits simultaneously traveled in every possible trajectory.  This phenomenon then makes possible the theory of the qubit as well as the devices for measuring.

SQUIDs are generally constructed of a lead alloy (10% gold or indium) and/or niobium.  The DC SQUID, which is the more sensitive application, is made up of Josephson Junctions in parallel so that electrons tunneling through demonstrate quantum intereference which depends upon the magnetic field strength.  The SQUID then demonstrates resistance in response to small variations of the magnetic field which is the method through which the minute changes can be measured.  One particular SQUID can be seen in figure 11. [12]
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Fig. 11 SQUID [20]
In relation to the direction of these devices, biological applications are especially of interest.  In particular, the mapping of the human brain as different responses to stimuli can now be processed as small electrical impulses. 
Another area of interest in DC applications of superconductors is that of high power multiplexers.  Since the discovery of high temperature superconductors, the area which seems most promising in relation to communications systems has been passive components.  Recently, a contract was drawn up for the 6 channel multiplexer which would utilize high temperature superconductors.  This particular multiplexer can be seen in figure 12. 
The multiplexer seen on the right in the diagram utilizes high temperature superconductors to produce 24 W of microwave power.  Similar in function to the large component seen on the left, the high temperature superconducting component can handle frequencies of 4 GHz and even though at 1/20 the volume of the older model, the new version outperforms the old in both channel isolation and energy conservation. [16]

Overall, these devices offer significant improvement factors from older versions.  In addition, the DC losses are essentially zero as the resistance at the critical temperature is non-existent. 
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Fig. 12 HTS Six Channel Multiplexer [16]
Another DC application of the high temperature superconductor is in the field of cellular technology.  Current commercial uses entail implementation in receiver units of superconducting components.  The function of the particular high temperature superconductor in relation to the receiving unit is filtering.  Characteristics of the filter involve a frequency range of 750MHz – 1900MHz.  The placement of the filter in relation to the receiver is shown in figure 13.  
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    Fig. 13 HTS Cellular Filter [21]
From the figure above it can be seen that the filtering portion of the receiver takes place at the front end (far left).  The responsibilities of this filtering mechanism are then to set the overall frequency and noise trends for the receiver.
Through all these DC applications, it can be seen that high temperature superconductors are playing an increasingly important role in technology.  As systems are improved and losses decreased, the market becomes more and more reliant on superconductors.  One area that demonstrates this trend is magnetic resonance imaging.    
VI.      Magnetic Resonance imaging (Mri)

Since the development of the high temperature superconductor, great changes in the MRI field have taken place.  It is therefore of interest to investigate the basic principles and functionality of these devices in order to gain a better understanding of their future possibilities with the incorporation of high temperature superconductors.  
D.   History
The principles of magnetic resonance imaging are based upon nuclear magnetic resonance (NMR).  The NMR was a spectroscopic technique which took a single slice image of objects based upon the nuclear magnetic resonance signal.  The original theory was discovered independently by Edward Purcell and Felix Bloch in 1946.  Development from 1950 to 1970 then took place with chemical and physical molecular analysis in scope. [14]
The range of uses for the MRI was widened in 1971 when Raymond Damadian discovered a way to differentiate between the detection of normal tissue and the tissue of which tumors are composed.  This was done by a detection of difference between magnetic relaxation times between each tissue.  During this time hospitals began showing great interest in these diagnostic techniques which encouraged the market for expensive products. [14]
Richard Earnst proposed in 1975 that phase frequency encoding in conjunction with Fourier Transforms in order to process the MRI data.  During this time the echo-planar imaging was also discovered (EPI) which in the future would allow for video segments to be recorded.  

Finally, in 1992, the functional MRI came out of development.  This machine then allowed for some mapping of the human brain as for the detection of distinct tissues.  
E.   Functionality

The functionality of the MRI is based upon nuclear magnetic resonance imaging as stated earlier.  This means that the focal point is the reaction of hydrogen atoms to magnetic fields and radio frequencies.  The basic principle behind magnetic resonance imaging can be summed up in one equation.

 =  Bo

The equation seen represents that the resonance frequency is proportional to the magnetic field strength Bo.  Imagine that there are several points of concentration of hydrogen atoms in an object.  When all objects experience the same magnetic field, one peak appears in the signal-frequency spectrum.  For this reason a magnetic gradient is employed.  

A magnetic field gradient is a specifically applied magnetic field with varying position in relation to strength.  When this gradient is applied, a distinction can be made in regard to the position of the concentrations of hydrogen atoms. [14] 
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 Fig. 14 Magnetic Field Gradient [14]
An isocenter of the magnet is determined then as the point of origin where the (x,y,z) coordinates are (0,0,0).  In a medical MRI this center would be the point which the person would be centered.  Figure 15 shows a picture of an MRI machine where the center cylinder is the isocenter of the magnet.  
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Fig. 14 Magnetic Resonance Imaging Machine [13]

By applying the magnetic gradients in along several axis different frequencies can be recorded.  These frequencies correspond to their perpendicular magnetic counterparts and are governed by equations which relate the vector components to the magnetic field strength.

 =  ( Bo + x Gx ) = o +  x Gx 

x = (  - o ) / (  Gx ) 

MRI techniques then employ the use of backplane imaging.  This strategy utilizes a constant magnetic field which aligns originally aligns the protons of an object.  Gradients of magnetic field are then applied as one-dimensional vectors in varying angles.  The NMR spectrum is recorded as the gradients are varied from 0 to 360 degrees.  The ability to vary these fields is achieved through the combination of different gradients governed by the following equations.
Gy = Gf Sin  

Gx = Gf Cos  

During the time that the magnetic field is applied a radio frequency pulse is simultaneously applied.  The reason for this is based upon a principle called slice selection.  
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 Fig. 15 Slice Selection [14]
The slice that is selected is then spun 90 degrees in respect to the unaffected atoms which are aligned.  In larger view, this constant magnetic field is applied down the human body in an MRI procedure.  Similar to a magnet, the atoms of the body are aligned so that the lower end and upper end of the body become opposing poles.  The radio frequencies can then be issued to select slices of interest.  

Once the slice of interest has been selected, the misaligned atoms begin to return to their original position in line with the magnetic field.  As they return to their position, they emit radio frequencies which are in turn picked up by the coils that were necessary to supply the radio frequencies.  These frequencies at this time are encoded and recorded by a computer.  Fourier Transforms are then applied to the values to obtain corresponding images [6].  
The tissues of interest can be categorized by the frequency which they emit on their return to magnetic field position.  This is down by comparing their values to a set of known values for the characteristic of the tissue.  Objects can then be detected and distinguished from each other based on these frequencies and related magnetic field gradients.  A picture of these distinctions can be seen in figure 17.
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Fig. 17 MRI Image of Brain [14]

A diagram showing the structure of the MRI can be seen in figure 16.
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  Fig. 16 MRI Components [6]

From the simplified diagram in figure 16, it can be seen that the outermost magnet is that which creates the main magnetic field.  Layered closer to the isocenter are the gradient coils and RF coil.  The computer then controls the pulses of the gradient and sends them to be amplified before they enter the coils.  Returning data is sent from the RF coils to the detector and then to the digitizer , where the data is encoded.  All of the data is then processed by the computer so that it can be viewed on the monitor.
F.   Application and Direction
The structure of the MRI machine discussed earlier clearly requires a versatile magnetic field along with radio frequency waves.  In theory this field can be applied using coils of normal electromagnets.  However, the strength of the magnetic field must be on the order of .5 to 2 Tesla.  This means that a normal electromagnetic field would not be feasible as the required strength would be out of the range of application.  For this reason the magnetic field would require the use of superconductors.  

Currently MRI machines utilize superconductors which are cooled by liquid helium.  These superconductors require this because their critical temperature is far below the range of the boiling point of liquid nitrogen.  This method is costly and therefore MRIs are far scarcer than if the method were cheaper to employ.  

Advancements in the development of high temperature superconductors then project the direction of MRI technology.  More MRI machines will be added to hospitals, perhaps to every doctor’s office.  Because of the ability to cool with liquid nitrogen the price of MRIs will drop drastically.  The MRI will become the widely used diagnostic tool of tomorrow’s medical field.  Diseases will be diagnosed earlier and will become more treatable as the method of diagnosis will become more easily engaged.  Overall, the development of the high temperature superconductor has proved invaluable to this field and therefore, further development should progress.
VII.     Conclusions

In summary, the research and direction of superconductors has proved invaluable to multiple technological fields.  From these developments, there have been new forms of transportation, better components for computing and communication and improved diagnostic tools have arisen.  The applications of high temperature superconductors are far wider than those topics covered, and are not limited to any known number of uses today.  As the manufacturing and production of high temperature superconductors improves each field benefits in multiple ways.  The end and goal has been that the value of such research is realized and the further development of these devices is pursued.  Although much advancement has been made in the area of high temperature superconductors, there is much room for improvement.  In conclusion, the incentive for superconductors lies in application, but the original initiative must exist in the research field.       
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