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Description


ABSTRACT Ultraconductors are Room temperature superconductors. They are widely considered for large power applications used by industrial end- users and electric utilities. The prominent application areas include power transmission cables, electric motors, generators, current limiters and transformers. The promising design concepts relay on ultraconductors to a flexible composite conductor, robust enough to handle an industrial environment. Ultraconductors are the electrical conductors which have certain properties similar to present day superconductors. They are best considered as a novel state of matter. They exhibit very high electrical conductivity and current densities over a wide temperature range.



1. INTRODUCTION 1.1 Superconductivity Superconductivity is the phenomenon in which a material losses all its electrical resistance and allowing electric current to flow without dissipation or loss of energy. The atoms in materials vibrate due to thermal energy contained in the materials: the higher the temperature, the more the atoms vibrate. An ordinary conductor’s electrical resistance is caused by these atomic vibrations, which obstruct the movement of the electrons forming the current. If an ordinary conductor were to be cooled to a temperature of absolute zero, atomic vibrations would cease, electrons would flow without obstruction, and electrical resistance would fall to zero. A temperature of absolute zero cannot be achieved in practice, but some materials exhibit superconducting characteristics at higher temperatures.



In



1911,



the



Dutch



physicist



Heike



Kamerlingh



Onnes



discovered o



superconductivity in mercury at a temperature of approximately 4 K (-269 C). Many other superconducting metals and alloys were subsequently discovered but, until 1986, the highest temperature at which superconducting properties were achieved was around 23 K (-250o C) with the niobium-germanium alloy (Nb3Ge) In 1986 George Bednorz and Alex Muller discovered a metal oxide that exhibited superconductivity at the relatively high temperature of 30 K (-243o C). This led to the discovery of ceramic oxides that super conduct at even higher temperatures. In 1988, and oxide of thallium, calcium, barium and copper (Ti2Ca2Ba2Cu3O10) displayed superconductivity at 125 K (-148o C), and, in 1993 a family based on copper oxide and mercury attained superconductivity at 160 K (-113o C). These “high-temperature” superconductors are all the more noteworthy because ceramics are usually extremely good insulators.



Like ceramics, most organic compounds are strong insulators; however, some organic materials known as organic synthetic metals do display both conductivity and superconductivity. In the early 1990’s, one such compound was shown to super conduct at approximately 33 K (-240o C). Although this is well below the temperatures achieved for ceramic oxides, organic superconductors are considered to have great potential for the future.



New superconducting materials are being discovered on a regular basis, and the search is on for room temperature superconductors, which, if discovered, are expected to revolutionize electronics. Room temperature superconductors (ultraconductors) are being developed for commercial applications by Room Temperature Superconductors Inc.(ROOTS).Ultraconductors are the result of more than 16 years of scientific research ,independent laboratory testing and eight years of engineering development. From an engineering perspective, ultraconductors are a fundamentally new and enabling technology. These materials are claimed to conduct electricity at least 100,000 times better than gold, silver or copper.



1.2 Technical introduction Ultraconductors are patented1 polymers being developed for commercial applications by Room Temperature Superconductors Inc (ROOTS). The materials exhibit a characteristic set of properties including conductivity and current carrying capacity equivalent to superconductors, but without the need for cryogenic support.



The Ultraconductor properties appear in thin (5 - 100 micron) films of certain dielectric polymers following an induced, non-reversible transition at zero field and at ambient temperatures >> 300 K. This transition resembles a formal insulator to conductor (I-C) transition.



The base polymers used are certain viscous polar elastomers, obtained by polymerization in the laboratory or as purchased from industrial suppliers. Seven chemically distinct polymers have been demonstrated to date.



The transition is induced by mild ionization of the films by various methods. It occurs in connection with a relatively slow (hours to days, depending upon the volume) electronic phase separation of the materials. The separation produces two components, a) a near-perfect dielectric bulk phase and b) a highly localized phase having mean charge concentration about 1020 cm-3 or more. The charge-rich phase of the polymer is highly organized and durable, and exhibits a characteristic set of anomalous properties.



After ionization, the film initially exhibits a growing ferromagnetism (more correctly, a superparamagnetism, as measured by magnetic susceptometer), which plateaus at values corresponding to a spin polarized mean charge concentration (for the whole polymer volume) as high as ~ 1018 to 1019 cm-3. This feature is considered to indicate collective quantum mechanical behavior.



Subsequently, discrete microscopic structures - the localized phase - can be observed and imaged (for example, by AFM and EFM) as randomly distributed in the bulk material. A proportion of these structures, typically 1 - 2 microns diameter, extends from substrate to film surface, and can also be electrically contacted. These structures exhibit a characteristic set of measured properties, including highly anisotropic conductivity > 1011 S/cm; current densities > 5 x 108 A/cm2; a zero Seebeck coefficient over the temperature range 87 - 233K; a six orders of magnitude violation of the Wiedemann Franz law; and a near-instantaneous transition to high resistivity at a critical current. The polymers’ conductivity is not measurably temperature dependent over the range 1.8 - 700K, and is stable in magnetic fields at least as high as 9 Tesla.



IR spectroscopy of the post-transition films shows them to be chemically unchanged from the base polymer; that is, the new structures are composed of the same molecular material as the bulk, which remains insulating.



1.3 Properties of Ultraconductors Ultraconductors are the electrical conductors



which have certain properties



similar to present day superconductors. They are best considered as a novel state of matter. They are made by the sequential processing of amorphous polar dielectric elastomers. They exhibit a set of anomalous magnetic and electric properties including very high electrical conductivity very high electrical conductivity (> 1011 S/cm -1) and current densities (> 5 x 108 A/cm2) over a wide temperature range (1.8 to 700 K). Additional properties established by experimental measurements include: the absence of measurable heat generation under high current; thermal versus electrical conductivity orders of magnitude in violation of the Wiedemann-Franz law; a jumplike transition to a resistive state at a critical current; a nearly zero Seebeck coefficient over the temperature range 87 - 233 K; no measurable resistance when Ultraconductor(tm) films are placed between superconducting tin electrodes at cryogenic temperatures.



The Ultraconductor properties are measured in discrete macromolecular structures which form over time after the processing. In present thin films (1 - 100 micron) these structures, called 'channels', are typically 1 - 2 microns in diameter, 10 1000 microns apart, and are strongly anisotropic in the Z axis. RTS was founded in 1993 to develop the Ultraconductor(tm) technology, following 16 years of research by a scientific team at the Polymer Institute, Russian Academy of Sciences, led by Dr. Leonid Grigorov, Ph.D., Dc.S. There have been numerous papers in peer-reviewed literature, 4 contracts from the U.S. government, a landmark patent (US patent # 5,777,292). and a devices patent (US patent # 6,552,883.) Another patent is pending and a fourth now is being completed. To date 7 chemically distinct polymers have been used to create Ultraconductors(tm), including olefin, acrylate, urethane and silicone based plastics. The total list of candidate polymers suited to the process is believed to number in the hundreds. In films, these channels can be observed by several methods, including phase contrast optical microscope, Atomic Force Microscope (AFM), magnetic balance, and simple electric contact. The channel structures can be moved and manipulated in the polymer. Ultraconductor(tm) films



may be prepared on metal, glass, or semiconductor substrates. The polymer is initially viscose (during processing). For practical application the channels may be "locked" in the polymer, by cross linking, or glass transition. The channel's characteristics are not affected by either mode.



A physics model of the conducting structures, which fits well with the experimental measurements, and also a published theory, have been developed. The next step in material development is to increase the percentage or "concentration" of conducting material. This will lead to films with a larger number of conducting points (needed for interposers and other applications) and to wire. Wire is essentially extending a channel to indefinite length, and the technique has been demonstrated in principle. Connecting to these conducting structures is done with a metal electrode, and when two channels are brought together they connect.



From an engineering point of view, we expect the polymer to replace copper wire and HTS in many applications. It will be considerably lighter than copper, and have less electric resistance.



2. MATERIALS The chemically distinct polymers used to create Ultraconductors to date includeolefin, acrylate, urethane and silicone based plastics. Based on experiment and theory, the total list of candidate polymers suited to the process is believed to number in the hundreds.



A successful candidate polymer must be polar without significant crystalline or glass phase at the time of processing. (Intrinsically conducting [conjugated] polymers cannot be used.)



Ultraconductor films are prepared on metal, glass, Teflon or semiconductor substrates. The polymer is initially viscose (during processing). For practical application the channels are subsequently “locked” in the polymer, by cross linking, or glass transition. The channel’s characteristics are not affected by either mode.



3. CHARACTERIZATION Characterization of the conducting channels in films was begun in 1983. To date measurements have focused on macroscopic features, specifically, measurements of the magnetic, electric, thermal, chemical, and morphologic nature of the channels.



3.1 Magnetic Characterization The processing treatment initiates characteristic changes in the magnetic state of the polymer, as measured in a sensitive Faraday magnetic balance. The most typical feature is a growing ferromagnetism which precedes the appearance of electrical conductivity. Additionally, in a small fraction of samples at moderate magnetic fields, extremely high diamagnetism is observed, equivalent to a 5 - 10% volume fraction of a superconducting filler in an insulating polymer. All magnetic readings are established against baseline readings obtained for each sample (before processing) and film substrate. The ferromagnetic response attributable to the changed electronic state of the polymer is therefore quite direct, and is always present in all samples which are conductive. Magnetic field gradients local to the channel structures are also observed by AFM in magnetic mode.



Due to the connection between the ferromagnetic signature and electric conductivity, Ultraconductor samples are routinely tested for ferromagnetic response, as a process control. Higher values of ferromagnetism are related to the density of structures, and so to the number of conducting regions at the film surface. The magnetic responses typical of the processed Ultraconductor samples are entirely absent in the unprocessed base polymers, as tested and in the literature.



3.2 Electric Characterization 3.2.1 Conductivity



The channels were early found to be electrically conductive, for ac and dc currents, at voltages as low as 0.1 mV. In addition, AFM electric field scans (using non-contact mode) indicate pronounced field gradients localized to the conducting channels. The AFM scans also reveal a higher density of points than can be measured by conductive probe, indicating that a proportion of the channel structures do not fully extend substrate to surface.



A significant body of experimentation has tested the value of the channel’s conductivity, both under ambient conditions, and over a range of temperatures, pressures, and magnetic field strengths. Test methods include 4- point probe, and superconducting tin electrodes. The measurements indicate that the channels’ conductivity (1011 - 1024 S/cm) is dramatically higher than metals (~ 105 S/cm); and that the high conductivity is insensitive to temperature (from 1.8 K to 700 K) or magnetic fields (to 9 Tesla) .



3.2.2 Resistance



Electric resistance of the channels has also been measured under various experimental configurations. With 2 point probe technique, newly formed channelstypically have measured resistivities of ~ 1 Ohm. This initial measured resistance can be lowered by several means, including a) application or release of modest local(electrode) pressure; and b) application of pulsed ac currents of increasing amperage over time. Following method b), called ‘training’, channel resistivity is reduced to the range of 25 milliohms. (The disparity between the conductivity of the channels (estimated from a variety of measurements) and the measured resistance is understood to indicate that a significant portion, if not all, of the resistance is at the contact. This conclusion was also supported by 4- point probe measurements, made independently at the Joffe Institute.



3.2.3 Thermal



Measurements also clearly indicate that the conductivity is not metallic: the thermal conductivity of the conducting channels is found to be equivalent to the surrounding dielectric polymer (indicating that the charge carriers in the conducting channels are poor thermal conductors). The disparity between electric and thermal conductivity of the channels is at least six to seven orders of magnitude beyond metals in this respect.



Such a large



scale violation of the Wiedmann-Franz law is



experimentally known only for Cooper pair electrons, in superconductors.



3.2.4 Current Measurements



Individual channels (of approximately 1 - 2 microns diameter) also exhibit a maximum current carrying capacity: exceeding a threshold current results in a jumplike rise in resistance, melting of electrode and substrate, and vaporization of a small volume of polymer . While high currents below the threshold do not affect the polymer, a very small step increase (less than 0.1%) above the maximum current results in the characteristic micro explosion event. The threshold current value is increased significantly by the training procedure (application of incrementally stepped increases of pulsed ac currents over time). The micro explosion event was investigated, and several consistent features for the phenomenon were measured. The event typically occurs between currents of 50 to100 amperes; occurs in extremely short (ns) time scales; and corresponds to a sharp, nearly instantaneous rise in resistivity of the channel. The rise in resistance in the channel is measured to occur prior to the rise in temperature which accompanies it, indicating that the event is not thermally triggered. In combination, these factors strongly suggest a ‘critical current’ event, analogous to those known for superconductors.



3.3 Thermopower Conducting samples were also tested to determine the Seebeck coefficient of the channels, and as compared to copper. Over the temperature range 87 - 233 K, a



zero Seebeck coefficient for the channels was observed, with a slope approximately one order of magnitude lower than for the metal



3.4 Chemical and Morphologic Characterization When conductive Ultraconductor samples (post processing) are tested and compared against samples of the unprocessed base polymer for contaminants, chemical composition, and metal inclusions, they are found to be identical in all respects to the base material.



Examinations of morphologic features of samples, such as transparency, visco elasticity, and so forth, also indicate that the bulk Ultraconductor polymer (excepting the channels) is unchanged from the base polymer.



In films, the channel structures are distributed randomly in the polymer, and are of varying lengths to a maximum measured of 100 microns. A proportion present themselves through top and bottom film surfaces, as indicated by direct electric contact. At the free surface, they are typically 1 - 2 microns in diameter, roughly circular, and present as ‘bumps’ approximately 0.6 microns high (see the fig on next page)



ATOMIC FORCE MICROSCOPE SCAN



These AFM images, produced by Digital Equipment, are of an Ultraconductor polymer film following processing to induce conductivity. The first image (bottom) is a measurement of surface features of a 100 micron square area of film. The probe is in resonant mode above the surface, and two frequency shift measurements are made at each scan point. The brightest regions are raised, about .5 microns (10% of the film thickness). The second image (top) shows the electrostatic field measured at the probe



tip, based on an alternating voltage applied to the substrate. Significant field changes (bright areas) are measured at the points imaged in the topographic scan, corresponding to the conducting channels. The distribution of high brightness points in these images coincides with measurements of conducting points made by sampling with an electric probe. The raised topological features also correspond to the present model of channel structure and formation.



Possible Explanations for the Anomalous Features:



Several potential mechanisms for the anomalous features have been investigated and experimentally discounted.



The possibility of holes, or punctures, in the Ultraconductor polymer.



While holes in very thin, spin-cast polymer films are likely for amorphous elastomers, this probability statistically falls to zero at thicknesses exceeding 0.1 - 0.2 microns. Further, the highly elastic state of the material makes it largely self healing at scales which would escape visual (microscopic) observation. The conclusion of holes is also inconsistent with the observed magnetic features; resistance and conductivity values; the Wiedmann-Franz measurements; and the



critical current observations.



The possibility of metallic inclusions or asperities in the channels.



The growth of metallic inclusions, or the presence of metal asperities, in the polymers was investigated. In order to be consistent with measured features, this possibility requires the spontaneous growth of multiple, highly anisotropic metal asperities approaching 100 micron lengths, from metal and non-metallic substrates, at the densities measured, in a variety of chemically distinct dielectric polymers. This phenomenon has not been reported in the literature. Further, no metal asperities or inclusions have been observed or measured in the Ultraconductor polymers. In addition, metallic contamination is inconsistent with the following: the uniform ferromagnetic changes of samples prepared on metal and non-metallic substrates;



thermal measurements, such as the Wiedmann-Franz violation; measurements of conductivities; and the reduction of resistance by pulsed currents.



The possibility of polymer breakdown under voltage.



Breakdown in dielectric polymers such as polypropylene (ubiquitous as an insulator) has been extensively studied and published. Breakdown typically leaves visible damage; has no preferred direction or orientation in the polymer; and does not conduct current without measurable resistance. In contrast, the conductivity in Ultraconductor films is highly anisotropic, and measurable at 0.1 mV, well below the breakdown field (which in polypropylene films, is 1.2 x 105 V/cm). Also, since any breakdown of the polymer would remain resistive, polymer heating, visible damage, and heat decomposition should be observed well in advance of the current densities measured for the Ultraconductors. Breakdown is also inconsistent with the ferromagnetic measurements; the spontaneous appearance of conducting regions in the polymers prior to electric contact; the critical current event; and the WiedmannFranz violation.



4. PROCESSING OF ULTRACONDUCTORS FROM DIELECTRIC POLYMERS 4.1 Candidate Polymers Polymers which successfully respond to the Ultraconductor process must meet certain physical criteria. Specific chemical formula is not important, provided those criteria are met.



4.1.1 Polymers With Very Low Crystalline or Glass Phase



Microscopically, polymers are comprised of repeating molecular units which form long chains. The ordering of molecular groups on the chains affects the material qualities of the polymer. For example, the regular molecular order of isotactic polypropylene (PP) allows individual chains to interlock with each other, producing a hard, crystalline-like material. Another type of PP - the atactic version - instead has random molecular order. Its polymer molecular chains do not significantly interlock, but wander with heat convection, resulting in a material like a slow moving liquid. The material remains amorphous, viscose, and elastic.



Isotactic PP and other polymers with significant crystalline or glassy phase have not been successfully processed to Ultraconductors. However, atactic PP and other



amorphous, viscous, elastomers respond reliably, indicating that the free



movement of molecular chains is essential.



4.1.2 Polymers with Polar Groups



Another precondition is that the polymer should be polar. Many polymers have molecular groups (‘side groups’) which extend off the axis of the long molecular chain. Certain amorphous polar polymers have side groups with high mobility and large dipole moment, which can be easily oriented in moderate electric fields. These



respond to the Ultraconductor processing. The polar groups can be included by chemical synthesis of the polymer, or (as in the case of PP) added later by oxidation.



4.2 Process Steps The process for creating Ultraconductors is based primarily on mild ionization methods, which introduce free electrons into the dielectric polymer. Dopants are not required. The following are the processing steps, for the dielectric polymer atactic polypropylene (PP).



4.2.1. Oxidation



The PP is oxidized by exposure to ambient air at slightly elevated temperature. When PP is oxidized, the oxidation produces electric dipoles (for instance, C=O groups) on the molecular chain. Their total average concentration reaches ~ 1022 cm-3. (With other polymers, dipoles may already exist on the molecular chain, and oxidation is unnecessary.)



4.2.2. Ionization



The oxidized PP (OPP) is then ionized by mild irradiation, typically UV light. Ionization occurs as electrons are knocked from the polymer molecules, creating ions on the polymer molecular chain.



5. MODEL OF PROCESS-INDUCED ULTRACONDUCTOR FORMATION The known preconditions and process strongly suggest that the mechanism for Ultraconductor formation involves a self-organization of charge and molecular lattice. A model for this system has been qualitatively and quantitatively described, and subsequently a quantum mechanical theory of the phenomenon has been published. This novel self-organization has no equivalence in solid state materials.



5.1 Charge Separation



The polymers used to form Ultraconductors are dielectrics, with no conducting (free) electrons. Ionization is used to produce free electrons in the polymer through an unusual mechanism involving the polymer dipole groups. In dielectric polymers, molecules which are ionized will normally reverse in very short time scales, and the electrons recombine. However, in a polar media the electric dipole groups may prevent this recombination, with the result that charges (such as electrons and ions) become stably separated. This stabilization of separated charges due to electrolytic dissociation in polar solvents is well known. The viscous polar polymer acts in essentially the same manner: the highly mobile molecular dipoles surround and hold the freed electrons in their collective electric fields. These electrons, chemists say, are “solvated”; physicists call them “polarons”.



5.2 Charge and Lattice Self-organization



At this stage, polymer molecular dipoles have solvated (captured) a quantity of electrons freed by ionization (mean concentration ~ 1018 cm-3), and the compensating ions. The dipoles and ions remain attached to the long polymer molecular chains, and are randomly distributed in the polymer. Due to the high mobility of the polymer media, and thermal energy, these randomly distributed charges can move relative to each other. Over time multiple polarons (electrons surrounded by polymer dipoles) are brought closely together, and collide. A theoretic analysis shows that two polarons



together form a lower, and preferred, energy



state, than solitary polarons:



consequently, polarons which collide, join.



For the viscous polymers (unlike the case of bi-polarons in solid state), the polaronic assembly is not restrained by the limits of mechanical deformation of a lattice. Consequently, quite large multi-polaron structures are possible, and may coalesce from regions of relatively high density concentration, possibly by a quantum transition. The final result is that electrons are brought together in a discrete structure of surrounding dipoles and polymer molecular chains.



This event, repeated throughout the polymer over time, has enormous consequences on the organization of charges and the polymer matrix:



•



When polarons join, axial multi-polaron units are formed: ‘superpolarons’



•



The polymer molecular chains to which they are all attached are drawn densely together, forming a corresponding cylindrical shell around the electron string. At this time, the strongly condensed electronic system is quasi-one dimensional.



•



With additional time, aggregation of the superpolaron structures occurs, producing the ‘channel’ bodies.



Based on calculation of the likely dimensions of the superpolaron substructures and their theoretic current carrying capacity, a 2 micron diameter, 20 micron long channel likely is formed of tens to hundred of thousands of the substructures. These channel structures are the subject of present fabrication approaches. It has been demonstrated that the channels can be manipulated and ‘grown’ in a manner akin to crystal growth, and consequently may be extended and combined effectively in order to make longer conducting paths, leading to tape and wire.



fig B



6. APPLICATIONS Magnetic-levitation is an application where superconductors perform extremely well. Transport vehicles such as trains can be made to "float" on strong superconducting magnets, virtually eliminating friction between the train and its tracks. Not only would conventional electromagnets waste much of the electrical energy as heat, they would have to be physically much larger than superconducting magnets. A landmark for the commercial use of MAGLEV technology occurred in 1990 when it gained the status of a nationally-funded project in Japan. The Minister of Transport authorized construction of the Yamanashi Maglev Test Line which opened on April 3, 1997. In December 2003, the MLX01 test vehicle attained an incredible speed of 361 mph (581 kph).



Although the technology has now been proven, the wider use of MAGLEV vehicles has been constrained by political and environmental concerns (strong magnetic fields can create a bio-hazard). The world's first MAGLEV train to be adopted into commercial service, a shuttle in Birmingham, England, shut down in 1997 after operating for 11 years. A Sino-German maglev is currently operating over a 30-km course at Pudong International Airport in Shanghai, China..



MRI of a human skull. Fig C



An area where superconductors can perform a life-saving function is in the field of bio magnetism. Doctors need a non-invasive means of determining what's going on inside the human body. By impinging a strong superconductor-derived



magnetic field into the body, hydrogen atoms that exist in the body's water and fat molecules are forced to accept energy from the magnetic field. They then release this energy at a frequency that can be detected and displayed graphically by a computer. Magnetic Resonance Imaging (MRI) was actually discovered in the mid 1940's. But, the first MRI exam on a human being was not performed until July 3, 1977. And, it took almost five hours to produce one image! Today's faster computers process the data in much less time.



The Korean Superconductivity Group within KRISS has carried biomagnetic technology a step further with the development of a double-relaxation oscillation SQUID



(Superconducting



Quantum



Interference



Device)



for



use



in



Magnetoencephalography. SQUID's are capable of sensing a change in a magnetic field over a billion times weaker than the force that moves the needle on a compass (compass: 5e-5T, SQUID: e-14T.). With this technology, the body can be probed to certain depths without the need for the strong magnetic fields associated with MRI's.. Perhaps the best-known small-scale device is the SQUID (Superconducting Quantum Interference Device) magnetometer. A SQUID contains a ring of superconductor with one or more Josephson junctions. When a current is introduced into the SQUID that is larger than the critical current of the Josephson junctions a voltage appears that is proportional to the magnetic flux through the SQUID ring. The SQUID is so exceedingly sensitive that it can detect magnetic fields 100 billion times smaller than the Earth's field, and it can also detect any other physical quantity that can be converted to a magnetic flux.



squid (Superconducting Quantum Interference Device) fig D



Electric generators made with superconducting wire are far more efficient than conventional generators wound with copper wire. In fact, their efficiency is above 99% and their size about half that of conventional generators. These facts make them very lucrative ventures for power utilities. General Electric has estimated the potential worldwide market for superconducting generators in the next decade at around $20-30 billion dollars. Late in 2002 GE Power Systems received $12.3 million in funding from the U.S. Department of Energy to move high-temperature superconducting generator technology toward full commercialization.



Other commercial power projects in the works that employ superconductor technology include energy storage to enhance power stability. American Superconductor Corp. received an order from Alliant Energy in late March 2000 to install a Distributed Superconducting Magnetic Energy Storage System (D-SMES) in Wisconsin. Just one of these 6 D-SMES units has a power reserve of over 3 million watts, which can be retrieved whenever there is a need to stabilize line voltage during a disturbance in the power grid. AMSC has also installed more than 22 of its D-VAR systems to provide instantaneous reactive power support.



The General Atomics/Intermagnetics General superconducting Fault Current Controller, employing HTS superconductors. Fig E



Recently, power utilities have also begun to use superconductor-based transformers and "fault limiters". The Swiss-Swedish company ABB was the first to connect a superconducting transformer to a utility power network in March of 1997. ABB also recently announced the development of a 6.4MVA (mega-volt-ampere) fault current limiter - the most powerful in the world. This new generation of HTS



superconducting fault limiters is being called upon due to their ability to respond in just thousandths of a second to limit tens of thousands of amperes of current. Advanced Ceramics Limited is another of several companies that makes BSCCO type fault limiters. Intermagnetics General recently completed tests on its largest (15kv class) power-utility-size fault limiter at a Southern California Edison (SCE) substation near Norwalk, California. And, both the US and Japan have plans to replace underground copper power cables with superconducting BSCCO cable-in-conduit cooled with liquid nitrogen. By doing this, more current can be routed through existing cable tunnels. In one instance 250 pounds of superconducting wire replaced 18,000 pounds of vintage copper wire, making it over 7000% more space-efficient.



fig F An idealized application for superconductors is to employ them in the transmission of commercial power to cities. However, due to the high cost and impracticality of cooling miles of superconducting wire to cryogenic temperatures, this has only happened with short "test runs". In May of 2001 some 150,000 residents of Copenhagen, Denmark, began receiving their electricity through HTS (hightemperature superconducting) material. That cable was only 30 meters long, but proved adequate for testing purposes. In the summer of 2001 Pirelli completed installation of three 400-foot HTS cables for Detroit Edison at the Frisbie Substation capable of delivering 100 million watts of power. This marked the first time commercial power has been delivered to customers of a US power utility through superconducting wire. Intermagnetics General has announced that its IGCSuperPower subsidiary has joined with BOC and Sumitomo Electric in a $26 million project to install an underground, HTS power cable in Albany, New York, in Niagara Mohawk Power Corporation's power grid. The 350-meter cable, believed to be four times the length of any previously installed HTS cable, will be designed to provide more power and operate at significantly lower loss levels than other HTS installations.



But in the case of ultraconductors it does not require any cryogenic refrigeration and hence it is more advantages to use ultraconductors for powerline communication.



Hyper superconducting microchip Incorporating 6000 Josephson Junctions. Fig G



The National Science Foundation, along with NASA and DARPA and various universities, are currently researching "petaflop" computers. A petaflop is a thousandtrillion floating point operations per second. Today's fastest computing operations have only reached "teraflop" speeds - trillions of operations per second. Currently the fastest is the Cray X1™ supercomputer running at 52.4 teraflops per second (multiple CPU's). The fastest single processor is a Lenslet optical DSP running at 8 teraflops. It has been conjectured that devices on the order of 50 nanometers in size along with unconventional switching mechanisms, such as the Josephson junctions associated with superconductors, will be necessary to achieve such blistering speeds. TRW researchers (now Northrop Grumman) have quantified this further by predicting that 100 billion Josephson junctions on 4000 microprocessors will be necessary to reach 32 petabits per second. These Josephson junctions are incorporated into field-effect transistors



which then become part of the logic circuits within the processors.



Recently it was demonstrated at the Weizmann Institute in Israel that the tiny magnetic fields that penetrate Type 2 superconductors can be used for storing and retrieving digital information. It is, however, not a foregone conclusion that computers of the future will be built around superconducting devices. Competing technologies, such as quantum (DELTT) transistors, high-density molecule-scale processors , and DNA-based processing also have the potential to achieve petaflop benchmarks.



In the electronics industry, ultra-high-performance filters are now being built. Since superconducting wire has near zero resistance, even at high frequencies, many more filter stages can be employed to achive a desired frequency response. This translates into an ability to pass desired frequencies and block undesirable frequencies in high-congestion rf (radio frequency) applications such as cellular telephone systems. ISCO International and Superconductor Technologies are companies currently offering such filters. This type of filters has high selectivity ,low noise, and high efficiency as compared with conventional filters.



Commercial microwave and RF filters using ultraconductors. The filter on the left is of a cavity type, while the others are microstrip filters. Fig H



Ultraconductors have also found widespread applications in the military. HTSC SQUIDS are being used by the US NAVY to detect mines and submarines. And, significantly smaller motors are being built for NAVY ships using ultraconducting wire and "tape". In mid-July, 2001, American Superconductor unveiled a 5000-horsepower motor made with superconducting wire .



Fig I



The military is also looking at using superconductive tape as a means of



reducing the length of very low frequency antennas employed on submarines. Normally, the lower the frequency, the longer an antenna must be. However, inserting a coil of wire ahead of the antenna will make it function as if it were much longer. Unfortunately, this loading coil also increases system losses by adding the resistance in the coil's wire. Using superconductive materials can significantly reduce losses in this coil. The Electronic Materials and Devices Research Group at University of Birmingham (UK) is credited with creating the first superconducting microwave antenna. Applications engineers suggest that superconducting carbon nanotubes might be an ideal nano-antenna for high-gigahertz and terahertz frequencies, once a method of achieving zero "on tube" contactresistanceisperfected.



The most ignominious military use of superconductors may come with the deployment of "E-bombs". These are devices that make use of strong, superconductorderived magnetic fields to create a fast, high-intensity electro-magnetic pulse (EMP) to disable an enemy's electronic equipment. Such a device saw its first use in wartime in March 2003 when US Forces attacked an Iraqi broadcast facility.



Superconducting x-ray detectors and ultra-fast, superconducting light detectors are being developed due to their inherent ability to detect extremely weak amounts of energy. Already Scientists at the European Space Agency (ESA) have developed what's being called the S-Cam, an optical camera of phenomenal sensitivity. And, superconductors may even play a role in Internet communications soon. In late February, 2000, Irvine Sensors Corporation received a $1 million contract to research and develop a superconducting digital router for high-speed data communications up to 160 Ghz. Since Internet traffic is increasing exponentially, superconductor technology is being called upon to meet this super need.



CONCLUSION Ultraconductors are the result of more than sixteen years of scientific research, independent laboratory testing and eight years of engineering development. From an engineering perspective, ultraconductors are a fundamentally new and enabling technology. These materials are claimed to conduct electricity at least 1,00,000 times better than gold, silver or copper. The base polymers used are certain viscous polar elastomers, obtained by polymerization in the laboratory or as purchased from industrial suppliers. Seven chemically distinct polymers have been demonstrated to date.
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