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A BRIEF HISTORY OF QUANTUM COMPUTING

    The idea of a computational device based on quantum mechanics was first explored in the 1970's and early 1980's by physicists and computer scientists such as Charles H. Bennett,  Paul A. Benioff, David Deutsch and the late Richard P. Feynman.  The idea emerged when scientists were pondering the fundamental limits of computation.    Here a problem arose because at the atomic scale the physical laws that govern the behavior and properties of the circuit are inherently quantum mechanical in nature, not classical.  This then raised the question of whether a new kind of computer could be devised based on the principles of quantum physics.  
           Feynman was among the first to attempt to provide an answer to this question by producing an abstract model in 1982 that showed how a quantum system could be used to do computations.  He also explained how such a machine would be able to act as a simulator for quantum physics.  In other words, a physicist would have the ability to carry out experiments in quantum physics inside a quantum mechanical computer.  
            Later, in 1985, Deutsch realized that Feynman's assertion could eventually lead to a general-purpose quantum computer and published a crucial theoretical paper showing that any physical process, in principle, could be modeled perfectly by a quantum computer.  Thus, a quantum computer would have capabilities far beyond those of any traditional classical computer.  After Deutsch published this paper, the search began to find interesting applications for such a machine.  
             Unfortunately, all that could be found were a few rather contrived mathematical problems, until Shor circulated in 1994 a preprint of a paper in which he set out a method for using quantum computers to crack an important problem in number theory, namely factorization.  He showed how an ensemble of mathematical operations, designed specifically for a quantum computer, could be organized to enable a such a machine to factor huge numbers extremely rapidly, much faster than is possible on conventional computers.  With this breakthrough, quantum computing transformed from a mere academic curiosity directly into a national and world interest. 

Widespread interest in quantum computation is generally accepted to step from Feynman's observation that classical systems cannot effectively model quantum mechanical systems. He proposed that the only way to effectively model a quantum mechanical system would be by using another quantum mechanical system. Feynman's observation suggests that computers based on the laws of quantum mechanics instead of classical physics could be used to model quantum mechanical systems.

 Deutsch was the first to explicitly ask whether it is possible to compute more efficiently on a quantum computer than on a classical computer. By addressing this question, he extended the theory of quantum computation further with the development of the universal quantum computer and quantum Turing machine  and with quantum computational networks. Deutsch also devised the first quantum algorithm, Deutsch's two bit problem, this problem can be generalised to Deutsch's algorithm for finding out whether a function is balanced or constant. 

Until the mid 1990's, quantum computation remained a curiosity. Although various uses had been suggested for quantum computers and some theory had been established, no "killer application" had been proposed. This situation changed when Shor published his quantum factoring algorithm for finding the prime factors of large integers. It has since been argued that Deutsch's algorithm is a "killer application", this shows a quantum computer solving a problem in fewer steps than would be needed by a classical computer. However, there is debate about whether Deutsch's algorithm really constitutes a "killer application", whereas Shor's algorithm is generally accepted as being one. 

Shor's algorithm was based on previous work, including creation of a quantum algorithm, by Simon. Simon's algorithm examines an oracle problem which takes polynomial time on a quantum computer but exponential time on a classical computer. 

Finding prime factors is the basis of many public key encryption systems such as RSA and subsequently Shor's algorithm caused much interest within many sections of the scientific community. Other algorithms such as that for discrete logarithms, an alternative factoring algorithm  based on Kitaev's work on construction of quantum algorithms based on group-theoretic principles, algorithms for finding the median and mean, Hogg's constraint satisfaction algorithms  and Grover's algorithm for database search  all contribute to the relatively small number of known quantum algorithms. 

Known quantum algorithms can be partitioned into three groups depending on the methods they use. The first group contains algorithms which are based on DETERMINING A COMMON PROPERTY OF ALL THE OUTPUT VALUES such as the period of a function, e.g. Shor's algorithm, the second contains those which TRANSFORM THE STATE TO INCREASE THE LIKELIHOOD THAT THE OUTPUT OF INTEREST WILL BE READ (AMPLIFICATION), e.g. Grover's algorithm and the third contains algorithms which are based on a COMBINATION OF METHODS FROM THE PREVIOUS TWO GROUPS, e.g. the approximate counting algorithm. It is not known whether additional types of quantum algorithm exist or whether every quantum algorithm can be classified as a member of one of a finite number of groups. 

At the same time as the number of known quantum algorithms was expanding, significant progress was being made in developing the techniques necessary to produce quantum hardware. Ion trap technology and nuclear mass resonance (NMR) technology are two technologies which have successfully been used to develop 2 and 3 qubit systems. These tiny quantum computers have been used to implement Deutsch's problem  and Grover's algorithm  and show that they can run on quantum hardware. However, both ion trap and NMR technologies appear to have limitations, it seems probable that it will be possible to utilise them to produce systems of up to approximately 40 qubits. For larger numbers of qubits an alternative technology will be needed, at present it seems likely that this technology will be solid state. 

Quantum computation simulation languages and systems have been developed which attempt to allow simulations of quantum algorithms, these include QCL, Q-gol, Qubiter  and the simulation system currently being developed by the OpenQubit group. Q-GOL WAS AN ATTEMPT TO WRITE A HIGH LEVEL PROGRAMMING LANGUAGE TO ALLOW RESEARCHERS TO DESCRIBE ALGORITHMS DESIGNED TO RUN ON QUANTUM COMPUTERS. QUBITER TAKES AS INPUT AN ARBITRARY UNITARY MATRIX AND RETURNS AS OUTPUT AN EQUIVALENT SEQUENCE OF ELEMENTARY OPERATIONS (E.G. CONTROLLED-NOTS AND QUBIT ROTATIONS). Together with simulations produced within mathematical toolkits e.g. Mathematical and implementation of algorithms using actual qubits, this has allowed verification that the known quantum algorithms work and enabled investigation into how they function. 

As development work has progressed, additional uses have been proposed for quantum computation, from modelling quantum mechanical systems, breaking public key encryption, searching databases, generating true random numbers to providing secure communication using quantum key distribution. It has also been suggested that quantum mechanics may be playing a role in consciousness, if a quantum mechanical model of mind and consciousness was developed this would have significant impact on computational and artificial intelligence. If the brain handles quantum type transformations somewhere in its neural network this could lead to future quantum computers being biological/biochemical in nature.                                                                        

At present, the majority of the research effort in quantum computation is devoted to the  physics orientated aspects of quantum computation, in particular the development of hardware. Within this area researchers are mainly focussing on NMR technology. Ion trap technology is beginning to catch up with what has been achieved using NMR but solid state technology is still very much in its infancy. The computer science/information science research aspects are being pursued, but less emphasis is placed on these at present. 
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WHAT IS A QUANTUM COMPUTER?

A Quantum Computer is a computer that harnesses the power of atoms and molecules to perform memory and processing tasks. It has the potential to perform certain calculations billions of times faster than any silicon-based computer. Behold your computer.  Your computer represents the culmination of years of technological advancements beginning with the early ideas of Charles Babbage (1791-1871) and eventual creation of the first computer by German engineers Konrad Zuse in 1941.  Surprisingly however, the high-speed modern computer sitting in front of you is fundamentally no different from its gargantuan 30-ton ancestors, which were equipped with some 18000 vacuum tubes and 500 miles of wiring!  Although computers have become more compact and considerably faster in performing their task, the task remains the same: to manipulate and interpret an encoding of binary bits into a useful computational result.  A bit is a fundamental unit of information, classically represented as a 0 or 1 in your digital computer.  Each classical bit is physically realized through a macroscopic physical system, such as the magnetization on a hard disk or the charge on a capacitor.  A document, for example, comprised of n-characters stored on the hard drive of a typical computer is accordingly described by a string of 8n zeros and ones.  Herein lies a key difference between your classical computer and a quantum computer.  Where a classical computer obeys the well-understood laws of classical physics, a quantum computer is a device that harnesses physical phenomenon unique to quantum mechanics to realize a fundamentally new mode of information processing. 
               In a quantum computer, the fundamental unit of information (called a quantum bit or qubit), is not binary but rather more quaternary in nature.  This qubit property arises as a direct consequence of its adherence to the laws of quantum mechanics, which differ, radically from the laws of classical physics.  A qubit can exist not only in a state corresponding to the logical state 0 or 1 as in a classical bit, but also in states corresponding to a blend or superposition of these classical states.  In other words, a qubit can exist as a zero, a one, or simultaneously as both 0 and 1, with a numerical coefficient representing the probability for each state.  This may seem counterintuitive because everyday phenomenons are governed by classical physics, not quantum mechanics -- which takes over at the atomic level.  This rather difficult concept is perhaps best explained through an experiment.  Consider figure a below: 
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Figure a
	Here a light source emits a photon along a path towards a half-silvered mirror.  This mirror splits the light, reflecting half vertically toward detector A and transmitting half toward detector B.  A photon, however, is a single quantized packet of light and cannot be split, so it is detected with equal probability at either A or B.  Intuition would say that the photon randomly leaves the mirror in either the vertical or horizontal direction.  However, quantum mechanics predicts that the photon actually travels both paths simultaneously!  This is more clearly demonstrated in figure b.


In an experiment like that in figure a, where a photon is fired at a half-silvered mirror, it can be shown that the photon does not actually split by verifying that if one detector registers a signal, then no other detector does.  With this piece of information, one might think that any given photon travels either vertically or horizontally, randomly choosing between the two paths.  However, quantum mechanics predicts that the photon actually travels both paths simultaneously, collapsing down to one path only upon measurement.  This effect, known as SINGLE-PARTICLE INTERFERENCE, can be better illustrated in a slightly more elaborate experiment, outlined in figure b below: 
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Figure b
	In this experiment, the photon first encounters a half-silvered mirror, then a fully silvered mirror, and finally another half-silvered mirror before reaching a detector, where each half-silvered mirror introduces the probability of the photon traveling down one path or the other.  Once a photon strikes the mirror along either of the two paths after the first beam splitter, the arrangement is identical to that in figure a, and so one might hypothesize that the photon will reach either detector A or detector B with equal probability.  However, experiment shows that in reality this arrangement causes detector A to register 100% of the time, and never at detector B!  How can this be?


Figure b depicts an interesting experiment that demonstrates the phenomenon of single-particle interference.  In this case, experiment shows that the photon always reaches detector A, never detector B!  If a single photon travels vertically and strikes the mirror, then, by comparison to the experiment in figure a, there should be an equal probability that the photon will strike either detector A or detector B.  The same goes for a photon traveling down the horizontal path.  However, the actual result is drastically different.  The only conceivable conclusion is therefore that the photon somehow traveled both paths simultaneously, creating interference at the point of intersection that destroyed the possibility of the signal reaching B.  This is known as QUANTUM INTERFERENCE and results from the SUPERPOSITION of the possible photon states, or potential paths.  So although only a single photon is emitted, it appears as though an identical photon exists and travels the 'path not taken,' only detectable by the interference it causes with the original photon when their paths come together again.  If, for example, either of the paths are blocked with an absorbing screen, then detector B begins registering hits again just as in the first experiment!  This unique characteristic, among others, makes the current research in quantum computing not merely a continuation of today's idea of a computer, but rather an entirely new branch of thought.  And it is because quantum computers harness these special characteristics that gives them the potential to be incredibly powerful computational devices.

The most famous example of the extra power of a quantum computer is Peter Shor's algorithm for factoring large numbers. Factoring is an important problem in cryptography; for instance, the security of RSA public key cryptography depends on factoring being a hard problem. Despite much research, no efficient classical factoring algorithm is known.

Shor actually solved a related problem, the discrete log. Suppose we take a number x to the power r and reduce the answer modulo n (i.e., find the remainder r after dividing xr by n). This is straightforward to calculate. It is much more difficult to find the inverse - given x, n, and y, find r such that xr = y (mod n). For factoring, all we need to do is consider y=1 and find the smallest positive r such that xr = 1 (mod n). Shor's quantum algorithm to do this calculates xr for all r at once. Since xl+r = xl (mod n), this is a periodic function with period r. Then when we take the Fourier transform, we will get something that is peaked at multiples of 1/r. Luckily, there is an efficient quantum algorithm for the Fourier transform, so we can then find r.
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QUANTUM THEORY

Quantum theory's development began in 1900 with a presentation by Max Planck to the German Physical Society, in which he introduced the idea that energy exists in individual units (which he called "quanta"), as does matter. Further developments by a number of scientists over the following thirty years led to the modern understanding of quantum theory. 

· THE ESSENTIAL ELEMENTS OF QUANTUM THEORY: 

· Energy, like matter, consists of discrete units, rather than solely as a continuous wave. 

· Elementary particles of both energy and matter, depending on the conditions, may behave like either particles or waves. 

· The movement of elementary particles is inherently random, and, thus, unpredictable. 

· The simultaneous measurement of two complementary values, such as the position and momentum of an elementary particle, is inescapably flawed; the more precisely one value is measured, the more flawed will be the measurement of the other value. 

· FURTHER DEVELOPMENTS OF QUANTUM THEORY

Niels Bohr proposed the Copenhagen interpretation of quantum theory, which asserts that a particle is whatever it is measured to be (for example, a wave or a particle) but that it cannot be assumed to have specific properties, or even to exist, until it is measured. In short, Bohr was saying that objective reality does not exist. This translates to a principle called superposition that claims that while we do not know what the state of any object is, it is actually in all possible states simultaneously, as long as we don't look to check. 

To illustrate this theory, we can use the famous and somewhat cruel analogy of Schrodinger's Cat. First, we have a living cat and place it in a thick lead box. At this stage, there is no question that the cat is alive. We then throw in a vial of cyanide and seal the box. We do not know if the cat is alive or if it has broken the cyanide capsule and died. Since we do not know, the cat is both dead and alive, according to quantum law - in a superposition of states. It is only when we break open the box and see what condition the cat is in that the superposition is lost, and the cat must be either alive or dead. 

The second interpretation of quantum theory is the multiverse or many-worlds theory. It holds that as soon as a potential exists for any object to be in any state, the universe of that object transmutes into a series of parallel universes equal to the number of possible states in which that the object can exist, with each universe containing a unique single possible state of that object. Furthermore, there is a mechanism for interaction between these universes that somehow permits all states to be accessible in some way and for all possible states to be affected in some manner. Stephen Hawking and the late Richard Feynman are among the scientists who have expressed a preference for the many-worlds theory. 

Whichever argument one chooses, the principle that, in some way, one particle can exist in numerous states opens up profound implications for computing.A Comparison of Classical and Quantum Computing 

Classical computing relies, at its ultimate level, on principles expressed by Boolean algebra, operating with a (usually) 7-mode logic gate principle, though it is possible to exist with only three modes (which are AND, NOT, and COPY). Data must be processed in an exclusive binary state at any point in time - that is, either 0 (off / false) or 1 (on / true). These values are binary digits, or bits. The millions of transistors and capacitors at the heart of computers can only be in one state at any point. While the time that the each transistor or capacitor need be either in 0 or 1 before switching states is now measurable in billionths of a second, there is still a limit as to how quickly these devices can be made to switch state. As we progress to smaller and faster circuits, we begin to reach the physical limits of materials and the threshold for classical laws of physics to apply. Beyond this, the quantum world takes over, which opens a potential as great as the challenges that are presented. 

The Quantum computer, by contrast, can work with a two-mode logic gate: XOR and a mode we'll call QO1 (the ability to change 0 into a superposition of 0 and 1, a logic gate which cannot exist in classical computing). In a quantum computer, a number of elemental particles such as electrons or photons can be used (in practice, success has also been achieved with ions), with either their charge or polarization acting as a representation of 0 and/or 1. Each of these particles is known as a quantum bit, or qubit, the nature and behavior of these particles form the basis of quantum computing. THE TWO MOST RELEVANT ASPECTS OF QUANTUM PHYSICS ARE THE PRINCIPLES OF SUPERPOSITION AND ENTANGLEMENT. 
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SUPERPOSITION

Think of a qubit as an electron in a magnetic field. The electron's spin may be either in alignment with the field, which is known as a spin-up state, or opposite to the field, which is known as a spin-down state. Changing the electron's spin from one state to another is achieved by using a pulse of energy, such as from a laser - let's say that we use 1 unit of laser energy. But what if we only use half a unit of laser energy and completely isolate the particle from all external influences? According to quantum law, the particle then enters a superposition of states, in which it behaves as if it were in both states simultaneously. Each qubit utilized could take a superposition of both 0 and 1. Thus, the number of computations that a quantum computer could undertake is 2^n, where n is the number of qubits used. A quantum computer comprised of 500 qubits would have a potential to do 2^500 calculations in a single step. This is an awesome number - 2^500 is infinitely more atoms than there are in the known universe (this is true parallel processing - classical computers today, even so called parallel processors, still only truly do one thing at a time: there are just two or more of them doing it). But how will these particles interact with each other? They would do so via quantum entanglement. Now let’s consider what is entanglement?
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ENTANGLEMENT

Particles that have interacted at some point retain a type of connection and can be entangled with each other in pairs, in a process known as correlation. Knowing the spin state of one entangled particle - up or down - allows one to know that the spin of its mate is in the opposite direction. Even more amazing is the knowledge that, due to the phenomenon of superposition, the measured particle has no single spin direction before being measured, but is simultaneously in both a spin-up and spin-down state. The spin state of the particle being measured is decided at the time of measurement and communicated to the correlated particle, which simultaneously assumes the opposite spin direction to that of the measured particle. This is a real phenomenon (Einstein called it "spooky action at a distance"), the mechanism of which cannot, as yet, be explained by any theory - it simply must be taken as given. Quantum entanglement allows qubits that are separated by incredible distances to interact with each other instantaneously (not limited to the speed of light). No matter how great the distance between the correlated particles, they will remain entangled as long as they are isolated. 

Taken together, quantum superposition and entanglement create an enormously enhanced computing power. Where a 2-bit register in an ordinary computer can store only one of four binary configurations (00, 01, 10, or 11) at any given time, a 2-qubit register in a quantum computer can store all four numbers simultaneously, because each qubit represents two values. If more qubits are added, the increased capacity is expanded exponentially. 
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THE POTENTIAL AND POWER OF QUANTUM COMPUTING

In a traditional computer, information is encoded in a series of bits, and these bits are manipulated via Boolean logic gates arranged in succession to produce an end result.  Similarly, a quantum computer manipulates qubits by executing a series of quantum gates, each a unitary transformation acting on a single qubit or pair of qubits.  In applying these gates in succession, a quantum computer can perform a complicated unitary transformation to a set of qubits in some initial state.  The qubits can then be measured, with this measurement serving as the final computational result.  This similarity in calculation between a classical and quantum computer affords that in theory, a classical computer can accurately simulate a quantum computer.  In other words, a classical computer would be able to do anything a quantum computer can.  So why bother with quantum computers?  Although a classical computer can theoretically simulate a quantum computer, it is incredibly inefficient, so much so that a classical computer is effectively incapable of performing many tasks that a quantum computer could perform with ease.  The simulation of a quantum computer on a classical one is a computationally hard problem because the correlations among quantum bits are qualitatively different from correlations among classical bits, as first explained by John Bell.  Take for example a system of only a few hundred qubits, this exists in a Hilbert space of dimension ~1090 that in simulation would require a classical computer to work with exponentially large matrices (to perform calculations on each individual state, which is also represented as a matrix), meaning it would take an exponentially longer time than even a primitive quantum computer.  
               Richard Feynman was among the first to recognize the potential in quantum superposition for solving such problems much much faster.  For example, a system of 500 qubits, which is impossible to simulate classically, represents a quantum superposition of as many as 2500 states.  Each state would be classically equivalent to a single list of 500 1's and 0's.  Any quantum operation on that system --a particular pulse of radio waves, for instance, whose action might be to execute a controlled-NOT operation on the 100th and 101st qubits-- would simultaneously operate on all 2500 states.  Hence with one fell swoop, one tick of the computer clock, a quantum operation could compute not just on one machine state, as serial computers do, but on 2500 machine states at once!  Eventually, however, observing the system would cause it to collapse into a single quantum state corresponding to a single answer, a single list of 500 1's and 0's, as dictated by the measurement axiom of quantum mechanics.  The reason this is an exciting result is because this answer, derived from the massive quantum parallelism achieved through superposition, is the equivalent of performing the same operation on a classical super computer with ~10150 separate processors (which is of course impossible)!!   
            Early investigators in this field were naturally excited by the potential of such immense computing power, and soon after realizing its potential, the hunt was on to find something interesting for a quantum computer to do.  Peter Shor, a research and computer scientist at AT&T's Bell Laboratories in New Jersey, provided such an application by devising the first quantum computer algorithm.  Shor's algorithm harnesses the power of quantum superposition to rapidly factor very large numbers (on the order ~10200 digits and greater) in a matter of seconds.  The premier application of a quantum computer capable of implementing this algorithm lies in the field of encryption, where one common (and best) encryption code, known as RSA, relies heavily on the difficulty of factoring very large composite numbers into their primes.  A computer which can do this easily is naturally of great interest to numerous government agencies that use RSA -- previously considered to be "uncrackable" -- and anyone interested in electronic and financial privacy.  
             Encryption, however, is only one application of a quantum computer.  In addition, Shor has put together a toolbox of mathematical operations that can only be performed on a quantum computer, many of which he used in his factorization algorithm.  Furthermore, Feynman asserted that a quantum computer could function as a kind of simulator for quantum physics, potentially opening the doors to many discoveries in the field.  Currently the power and capability of a quantum computer is primarily theoretical speculation; the advent of the first fully functional quantum computer will undoubtedly bring many new and exciting applications. 
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QUANTUM COMPUTERS

The memory of a classical computer is a string of 0s and 1s, and a classical computer can do calculations on only one set of numbers at once. The memory of a quantum computer is a quantum state which can be in a superposition of many different numbers at once. A classical computer is made up of bits, and a quantum computer is made up of quantum bits, or qubits. A quantum computer can do an arbitrary reversible classical computation on all the numbers simultaneously, and also has some ability to produce interference, constructive or destructive, between various different numbers. By doing a computation on many different numbers at once, then interfering the results to get a single answer, a quantum computer has the potential to be much more powerful than a classical computer of the same size.

There are many proposals for how to build a quantum computer, with more being made all the time. The 0 and 1 of a qubit might be the ground and excited states of an atom in a linear ion trap; they might be polarizations of photons that interact in an optical cavity; they might even be the excess of one nuclear spin state over another in a liquid sample in an NMR machine. As long as there is a way to put the system in a quantum superposition and there is a way to interact multiple qubits, a system can potentially be used as a quantum computer. In order for a system to be a good choice, it is also important that we can do many operations before losing quantum coherence. It may not ultimately be possible to make a quantum computer that can do a useful calculation before decohering, but if we can get the error rate low enough, we can use a quantum error-correcting code to protect the data even when the individual qubits in the computer decoherence.

· COMPONENTS OF A QUANTUM COMPUTER 
· Quantum Memory 

· The Qubit 

· Combination of Qubits 

· Machine State

· Subsystems 

· Quantum Registers 

· Reordering Operators 

· Unitary Operators 

· Register Observables 

· Processing Units 

· Unitary Operators 

· Register Operators 

· Universal Quantum Gates 

· Pseudo-classic Operators 

· Quantum Functions 

· Conditional Operators 

· Input and Output 

· Quantum Computing and Information Processing 

· Labeling of States 

· Initialization 

· Measurement 

· Partial Measurement 
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QUBIT TECHNOLOGIES

Conventional computers work with bits. A bit can have one of two values, either zero or one. In conventional logic these values are associated with true or false. 

Quantum computers work with quantum bits, or qubits. 

Like conventional bits, qubits can take the values zero or one; but unlike conventional bits, qubits can be simultaneously zero and one at the same time. In this case we say that qubits can be in superposition states. 

Interactions between qubits allow us to build logic circuits. However, the possibility of qubits being in superposition states allows us to use a different kind of logic, quantum logic. Quantum logic allows new kinds of algorithms, called quantum algorithms. 

Quantum algorithms are inherently faster for solving certain problems than the algorithms used in conventional computers. Conventional computers use solid-state technology. What technology can be used for quantum computers? 

The challenge is to find a technology that can provide: 

- physical objects that can exist in superpositions of two states,  
- a means to access each qubit for addressing and readout purposes 
- an interaction between qubits so that we can build logic circuits 

The following are some of the technologies that have been proposed and some prototype quantum computers have been constructed for particular tasks

1.
ION TRAPS
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An ion is an atom with extra or missing electron. Being electrically charged, individual ions can be trapped using electric and magnetic fields. The linear ion trap pictured uses 4 rod electrodes which are fed an AC voltage of about 1 kilovolt at a frequency of a few megahertz. This confines the ions along a central line. The end-rings are electrically charged to prevent the ions from escaping at the ends. 

The laws of quantum mechanics require each trapped ion to exist in certain discrete energy levels corresponding to allowed orbits of the outermost electron. The user can access the ions individually using finely focused laser pulses which can flip the ion between two particular energy levels or into a superposition of the two. Thus the individual ions behave as qubits. Each ion recoils as it emits or absorbs laser photons. This recoil motion is felt by other ions and provides the required interaction between qubits. 

2.
NUCLEAR MAGNETIC RESONANCE (NMR)

[image: image22.png]G0





The nuclei of some atoms have a magnetic moment, i.e. they behave in some ways like tiny permanent magnets. The laws of quantum mechanics require the direction of each nuclear magnet (orange arrows) to be aligned either parallel or antiparallel to a strong external magnetic field (green arrow), which is applied to the sample. The alignment of these nuclear magnets is then used as qubits. 

The user can access the qubits individually using tuned radio-frequency electromagnetic pulses, which can flip the nuclear magnets between the two alignments or into superposition of the two alignments. The weak magnetic field around each nuclear magnet provides the required interaction between qubits.

	


The largest quantum computer built to date is a 7-qubit device based on nuclear magnetic resonance.  Unfortunately, certain technological difficulties prohibit devices with more than about 10 qubits using this technology.  Nevertheless, NMR technology has been useful for demonstrating the principles on which quantum computers are based.

3.
NONLINEAR OPTICS

[image: image23.png]


A photon in a two-path interferometer can propagate in either path or both of the two paths simultaneously. This two-path property allows a photon to be used as a qubit.  Each path represents one of the binary numbers 0 and 1.  The diagram on the left shows two photons being used as two qubits.  The upper half of the diagram shows a photon wave split into two paths.  The photon therefore represents both 0 and 1 simultaneously.  This is the first qubit.  The bottom half of the diagram shows a similar arrangement for a second photon, which is acting as the second qubit. 

To produce a quantum logic gate, the two qubits need to interact in some way.  This can be done using a nonlinear medium (yellow region in diagram).   Cooling and trapping atoms using laser beams and magnetic fields, and further manipulating the atomic states using additional optical fields can prepare such media.  The nonlinear interaction causes phase shifts in the photons' waves and this alters the direction the photons take when leaving the interferometers.

	

	


4.
QUANTUM  DOTS

[image: image24.png]


Using advanced lithographic techniques it is possible to fetch small structures called quantum dots in semiconductor materials. Each such dot, which can be as small as 30nm across (about 30 times the size of an atom) can confine an electron in discrete energy levels. 

Thus the quantum dot behaves like a large artificial atom and can be used as a qubit. A user can access individual quantum dots using focused laser beams which can flip the electron between two discrete energy levels or places it into a superposition of the two levels. The required interaction between qubits occurs through externally applied electric and optical fields.

	


· OTHER TECHNOLOGIES

It seems that almost every system, which exhibits quantum phenomena, has been identified as a candidate for quantum computing.  These include (but are not limited to) the following.

Cavity QED.  In cavity Quantum Electrodynamics, atoms interact strongly with photons trapped between extremely reflective mirrors.  It is possible to entangle the atom with the light field to make quantum logic gates.

Linear optics Linear optical elements (mirrors, beam splitters) and single photon sources can be used to perform quantum algorithms.  Entangled states can be created by selective measurements.  One drawback is that the system functions 'correctly' only some of the time, so the computation has to be repeated many times to get the desired answer.

SQUIDs These are Super conducting Quantum Interference Devices.   Small gaps are made in a super conducting loop of metal creating an 'island'.  The qubit is the electric charge on the island. The rate electrons tunnel across the gaps is controlled by external electric and magnetic fields.
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SOME IMPORTANT TYPES OF QUANTUM COMPUTERS

· FAST QUANTUM COMPUTER 

A quantum computer - a new kind of computer far more powerful than any that currently exist - could be made today, say Thaddeus Ladd of Stanford University and co-workers. They have sketched a blueprint for a silicon quantum computer that could be built using current fabrication and measurement techniques. 
            The microelectronics industry has decades of experience of controlling and fine-tuning the structure and properties of silicon. These skills would give a silicon-based quantum computer a head start over other schemes for putting one together. 
Quantum and conventional computers encode, store and manipulate information as sequences of binary digits, or bits, denoted as 1s and 0s. In a normal computer, each bit is a switch, which can be either 'on' or 'off'. 
            In a quantum computer, switches can be on, off or in a superposition of states - on and off at the same time. These extra configurations mean that quantum bits, or qubits, can encode more information than classical switches. 
            That increase in capacity would, in theory, make quantum computers faster and more powerful. In practice it is extremely difficult to maintain a superposition of more than a few quantum states for any length of time. So far, quantum computing has been demonstrated with only four qubits, compared with the billions of bits that conventional silicon microprocessors handle. 
             Several quantum-computing demonstrations have used nuclear magnetic resonance (NMR) to control and detect the quantum states of atoms floating in solution. But this beaker-of-liquid approach is unlikely to remain viable beyond ten or so qubits. 
             Many researchers suspect that making a quantum computer with as many qubits as a Pentium chip has transistors will take the same kind of technology, recording the information in solid-state devices. 
Chip off the old block 
             In 1998, Bruce Kane of the University of New South Wales in Australia showed that solid-state quantum computing was conceivable, but not practical. He suggested that atoms of phosphorus in crystalline films of silicon could store qubits that could be read and manipulated using NMR sensitive enough to detect single atoms. 
              The device proposed by Ladd and his colleagues is similar, but more within the reach of current technical capabilities. They suggest that qubits could be encoded in an isotope of silicon called silicon-29, or 29Si. 
              Ladd's group says that grid-like arrays of 29Si chains could be grown on the surface of the most abundant silicon isotope, 28Si. Microscopic magnetic rods laid down perpendicular to the chains could control the magnetic quantum states of 29Si. 
              Crucially, each qubit would be stored not just in a single 29Si atom but in many thousand copies, one in each 29Si chain. This would avoid the problem of making measurements on single atoms. The readout could be performed using magnetic resonance force microscopy, which detects the oscillations of a thin bridge in which the rows of silicon atoms are embedded. 
                The details are subtle, but the point, the researchers say, is that the device is feasible without "unrealistic advances in fabrication, measurement, or control technologies". All they have to do now is build it. 


· QUANTUM NANOCOMPUTERS

Recently, there has been serious interest in the possibility of fabricating and applying nanoscale quantum computers. In a quantum computer, it is proposed that massively parallel computations can be performed through the “natural” mechanism of interference among the quantum waves associated with the nanoscale components of a multicomponent, coherent quantum state. Proposed quantum computers would represent each bit of information as a quantum state of some component of the computer, e.g., the spin orientation of an atom. According to quantum mechanics, the state of each nanoscale component of a system can be represented by a wave. These quantum matter waves are analogous to light waves, except that their wavelengths tend to be much shorter, in inverse proportion to the momentum of the quantized component. Thus, the quantum waves can be manipulated in the space of only a few nanometers, unlike most light of moderate, nondestructive energy, which has wavelengths of several hundred nanometers.                                 By carefully setting up the states for the components of the quantum system, a desired computation is performed through the wave interference among the quantized components. All discrete computational path would be considered at once, at the speed of light, through the wave interference patterns--fast, intrinsic parallel computation. Given the correct initial preparation of the entire multicomponent computational system, constructive interference among the components' waves would emphasize those wave patterns which correspond to correct solutions to the problem, and destructive interference would weed out the incorrect solutions.
              The idea for a quantum computer is based upon the work of Paul Benioff in the early 1980s and that of David Deutsch and Richard Feynman, in the mid-1980s. Although quantum computers originally were proposed as a theoretical construct for considering the limits of computation, some researchers have suggested that fundamentally hard and economically important problems could be solved much more rapidly using quantum interference and parallelism. In particular, Peter Shor has proven that a quantum computer could factor large numbers very rapidly and thereby, perhaps, provide cryptographers with a powerful new tool with which to crack difficult codes. Some proposals have been made for implementing such a computer. Seth Lloyd, in particular, has attracted much attention recently with a mechanism he has proposed for the practical implementation of quantum computers. There have been some quantitative arguments, though, that cast doubts upon the specifics and the ultimate utility of Lloyd's proposals. More general reservations about proposed quantum computers include the fact that they would have to be assembled and initialized with great and unprecedented precision. Quantum computers would be very sensitive to extremely small physical distortions and stray photons, which would cause the loss of the phase coherence in the multicomponent quantum state. Thus, they would have to be carefully isolated from all external effects and operated at temperatures very close to absolute zero. Even then, some errors are likely to be an intrinsic problem, though they do not rule out the eventual application of quantum computers to solve certain classes of difficult problems.
· FIRST STEP TO NOISELESS QUBIT FOR QUANTUM COMPUTERS
Research into a new type of noiseless quantum information bit, or qubit, is published today in the joint Institute of Physics (UK) and German Physical Society journal, New Journal of Physics. 

The work was done in the United States by Evan Fortunato of the Massachusetts Institute of Technology and colleagues, in collaboration with Los Alamos National Laboratory researcher Lorenza Viola. 

At a sub-atomic scale, the laws of quantum physics lead to strange new properties of matter. For several years, physicists have been trying to exploit this quantum weirdness to build a new type of "quantum computer." 

Such a computer would be able to solve problems such as searching databases and cracking currently unbreakable encryption codes in many fewer steps than any computer existing today. 

But the goal of building a quantum computer has been frustrated by the effects of noise. In a quantum computer, the basic unit of information -- the qubit -- is as small as a single atomic nucleus. Its size makes it sensitive to many small external sources of noise, and these rapidly destroy the information. Now Fortunato and Viola and colleagues have shown how to protect and control a bit of quantum information in the presence of noise. 

The information is encoded within two atomic nuclei inside a molecule. The central idea behind the technique is that certain types of noise leave part of the system naturally protected. Even when the molecule is subject to external noise, the quantum information it contains is not destroyed. 

Although previous work by both this and other research groups was successful at storing quantum information in one-bit "quantum memories," no previous results have demonstrated the manipulation of the quantum information in the presence of noise. 

The team has demonstrated the effect using liquid-state nuclear magnetic resonance techniques. The experiments have shown that the information can be processed through the application of logic gates while remaining, to a large extent, protected against strong noise sources. 

This noise-tolerant manipulation of quantum information may be a key step in the route toward working quantum computers. 

"We believe learning how to make protected quantum bits that can be effectively manipulated will prove a key step in developing and benchmarking quantum information processing devices," said Dr. Viola. "Our results represent a first experimental step in that direction, and will hopefully motivate other researchers to explore similar strategies for different device technologies." 
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DESIGN PROPOSED FOR LARGE-SCALE QUANTUM COMPUTER

CAMBRIDGE, Mass. -- Scientists at the Massachusetts Institute of Technology, the National Institute of Standards and Technology (NIST) and the University of Michigan have taken a significant step toward developing a quantum computer. In a paper published in Nature magazine on June 13, the authors propose a design for a quantum computer based on a large number of interconnected ion traps using techniques already demonstrated on a smaller scale.

A quantum computer makes use of the properties of quantum systems rather than transistors for performing calculations or storing information. A transistor can only be in one of two states (on or off) at one time, representing either a 1 or a 0. 

Atoms or molecules in a quantum computer can be manipulated to be in several different states simultaneously, meaning they can process exponentially more information than a traditional computer. Quantum computers could factor very large numbers, perform cryptography, and aid science in big projects such as modeling the world’s weather.

NIST has developed electro-magnetic traps where ions can be stored, observed and manipulated. Previous research papers have suggested that manipulating a large number of ions in a single trap could develop a quantum computer. "However, manipulating a large number of ions in a single trap presents immense technical difficulties, and scaling arguments suggest that this scheme is limited to computations on tens of ions," the NIST/MIT/University of Michigan team reports.

To build a large-scale quantum computer, the team suggests instead an architecture consisting of a large number of small, interconnected ion traps. By changing the operating voltages in these traps they can confine a few ions in each trap or shuttle them from trap to trap. "In any particular trap, we can manipulate a few ions using the methods already demonstrated, while the connections between traps allow communication between sets of ions," they write. This shuttling scheme allows them to create both memory and logical processing regions.

A first step towards the development of such a computer has been taken at NIST’s Boulder, Colo., laboratories. Where a pair of interconnected ion traps has been constructed. Efficient transport of ions between the two traps, separated by 1.2 mm, has been demonstrated. The sample two-ion trap device maintains stable electronic states indicating that the method is a practical system for building a quantum computer.

"We have presented a realistic architecture for quantum computation that is scalable to large numbers of qubits (quantum bits). In contrast to other proposals, all local quantum state manipulations necessary for our scheme have already been experimentally tested in small quantum registers, and scaling up to large ion-trap quantum computers appears straightforward," the researchers conclude.

Authors are David Kielpinski, a postdoctoral fellow in the Research Laboratory of Electronics at MIT, Christopher Monroe of the University of Michigan and David J. Wineland of NIST. 

[image: image13.png]



APPROACHING FIVE-BIT NMR QUANTUM COMPUTING
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Molecular "hard ware" of the first five-qubit NMR quantum computer

Nuclear-magnetic-resonance (NMR) quantum computation is a fruitful arena in which to develop and demonstrate an enhanced capability for quantum control over molecular systems. Through combined synthetic, analytic, and spectroscopic work, a five-bit NMR quantum computer was built and shown to implement superposition, quantum interference, and designed unitary transformations. Its construction draws on the recognition of the sufficiency of linear coupling along a chain of nuclear spins, the synthesis of a suitably coupled molecule containing four distinct nuclear species, and the use of a multi-channel spectrometer. Radio-frequency pulse sequences were designed to manipulate each of the five spins individually and to execute controlled-NOT gates on pairs of adjoining spins while leaving the other three spins essentially unaffected. The NMR quantum computer was successfully tested on a problem of Deutsch and Jozsa to distinguish one class of mathematical functions from another. Although obstacles had to be overcome, none were fundamental, and quantum computers with more than five bits will be built. Lots of interesting questions have been raised for future work pertaining to the constraints and opportunities for linking molecular architecture, spectrometer design, and algorithms for NMR quantum computing.

In spectrometer a super conducting magnet which creates the magnetic field that aligns the nuclear spins. The liquid solution of the molecule with five coupled spins is located in the center of the magnet and forms the heart of the NMR quantum computer.
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QUANTUM COMPUTING - A WHOLE NEW CONCEPT IN PARALLELISM!

What is quantum computing? It's something that could have been thought up a long time ago - an idea whose time has come. For any physical theory one can ask: what sort of machines will do useful computation? or, what sort of processes will count as useful computational acts? Alan Turing thought about this in 1936 with regard (implicitly) to classical mechanics, and gave the world the paradigm classical computer: the Turing machine. 

But even in 1936 classical mechanics was known to be false. Work is now under way - mostly theoretical, but tentatively, hesitantly groping towards the practical - in seeing what quantum mechanics means for computers and computing. 

In a trivial sense, everything is a quantum computer. (A pebble is a quantum computer for calculating the constant-position function - you get the idea.) And of course, today's computers exploit quantum effects (like electrons tunneling through barriers) to help do the right thing and do it fast. For that matter, both the computer and the pebble exploit a quantum effect - the "Pauli exclusion principle", which holds up ordinary matter against collapse by bringing about the kind of degeneracy we call chemistry - just to remain stable solid objects. But quantum computing is much more than that. 

The most exciting really new feature of quantum computing is quantum parallelism. A quantum system is in general not in one "classical state", but in a "quantum state" consisting (crudely speaking) of a superposition of many classical or classical-like states. This superposition is not just a figure of speech, covering up our ignorance of which classical-like state it's "really" in. If that was all the superposition meant, you could drop all but one of the classical-like states (maybe only later, after you deduced retrospectively which one was "the right one") and still get the time evolution right. But actually you need the whole superposition to get the time evolution right. The system really is in some sense in all the classical-like states at once! If the superposition can be protected from unwanted entanglement with its environment (known as decoherence), a quantum computer can output results dependent on details of all its classical-like states. This is quantum parallelism - parallelism on a serial machine. And if that wasn't enough, machines that would already, in architectural terms, qualify as parallel can benefit from quantum parallelism too - at which point the mind begins to seriously boggle! 
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TODAY'S QUANTUM COMPUTERS:
          Quantum computers could one day replace silicon chips, just like the transistor once replaced the vacuum tube. But for now, the technology required to develop such a quantum computer is beyond our reach. Most research in quantum computing is still very theoretical. The most advanced quantum computers have not gone beyond manipulating more than 7 qubits, meaning that they are still at the "1 + 1" stage. However, the potential remains that quantum computers one day could perform, quickly and easily, calculations that are incredibly time-consuming on conventional computers. 

Researchers at IBM have built quantum computers by using nuclear magnetic resonance (NMR) techniques to measure and manipulate the spin of individual atoms.

· CONTENTS: 
· The Turing Machine 

· Binary System and Boolean Algebra 

· The Quantum Computer 

· The Discrete Fourier Transform 

· Quantum Factorization of Integers 

· Logic Gates 

· Implementation of Logic Gates Using Transistors 

· Reversible Logic Gates 

· Quantum Logic Gates 

· Two and Three Qubit Quantum Logic Gates 

· One-Qubit Rotation 

· Aj–Transformation 

· Bjk–Transformation 

· Unitary Transformations and Quantum Dynamics 

· Quantum Dynamics at Finite Temperature 

· Physical Realization of Quantum Computations 

· CONTROL-NOT Gate in an Ion Trap 

· Aj and Bjk Gates in an Ion Trap 

· Linear Chains of Nuclear Spins 

· Digital Gates in a Spin Chain 

· Non-resonant Action of -Pulses 

· Experimental Logic Gates in Quantum Systems 

· Error Correction for Quantum Computers 

· Quantum Gates in a Two-Spin System 

· Quantum Logic Gates in a Spin Ensemble at Room Temperature 

· Evolution of Four-Spin Molecules 

· Getting the Desired Density Matrix 
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ADVANTAGES OF QUANTUM COMPUTERS

Quantum computers have many advantages over classical computers. Quantum computers would store information in a much smaller physical space than that needed for classical computers. A quantum computer would store its data in individual atoms on the order of 1 Angstrom across whereas a classical computer uses transistors which still have yet to reach sizes of 2500 Angstroms. The smaller size of quantum registers corresponds to faster operation. Both of these advantages are minor when compared to the applications of quantum parallelism, as described earlier. Classical computers can solve many large and complex mathematical problems much faster than a person can do on his own, but there are problems even too difficult for conventional computers to solve. The "complexity" of a problem is generally associated with the relationship between the number of mathematical operations necessary to solve the problem and the size of the input to the problem. If one were to set a computer to multiply two numbers, the computer would have little problem calculating the result. Even for very big numbers, a computer could solve a multiplication problem fairly quickly. A person can also solve multiplication problems fairly easily because the complexity of such problems is small. For example, a person could easily solve the following problem (a small problem of low complexity): 

123 X 25 =? 

If the problem were made bigger by adding digits to either number  a human could probably still solve it easily, though perhaps it would be a tedious process. If a person were asked to solve a factorization problem such as finding all of the prime constituents of the number 35  it probably would still not that be that difficult. But if we add digits to that problem, it increases in complexity exponentially! For example what if the problem were instead 6477 This problem would take substantially more time because there is no fast and easy method for finding the solution. A computer would probably be able to easily solve the factorization problem put forth earlier, but what if the number were instead 129 digits long? According to Samuel Braun stein, "In 1994 a 129 digit number (known as RSA129) was successfully factored using [the fastest factoring algorithm known] on approximately 1600 workstations scattered around the world; the entire factorization took eight months. Using this to estimate the prefactor of the above exponential scaling, we find that it would take roughly 800,000 years to factor a 250 digit number with the same computer power; similarly, a 1000 digit number would require 1025 years (significantly longer than the age of the universe)." 

Quantum computing offers a whole new solution to this problem. Using quantum parallelism and a new algorithm designed by Peter Shor of AT&T Bell laboratories, factorization of an arbitrarily big number would no longer take an exponentially large time! This would present some interesting problems, however, because currently the most common way of encrypting data and keeping it private relies on the difficulty of factoring large numbers. If this becomes an easy computation with the use of a quantum computer, everyone will have to find a new method of safeguarding their data. 
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THE DISADVANTAGES OF QUANTUM COMPUTING

The technology needed to build a quantum computer is currently beyond our reach. This is due to the fact that the coherent state, fundamental to a quantum computers operation, is destroyed as soon as its environment measurably affects it. Attempts at combating this problem have had little success, but the hunt for a practical solution continues.
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THE PROBLEMS - AND SOME SOLUTIONS
The above sounds promising, but there are tremendous obstacles still to be overcome. Some of the problems with quantum computing are as follows: 

· INTERFERENCE - During the computation phase of a quantum calculation, the slightest disturbance in a quantum system (say a stray photon or wave of EM radiation) causes the quantum computation to collapse, a process known as de-coherence. A quantum computer must be totally isolated from all external interference during the computation phase. Some success has been achieved with the use of qubits in intense magnetic fields, with the use of ions. 

· ERROR CORRECTION - Because truly isolating a quantum system has proven so difficult, error correction systems for quantum computations have been developed. Qubits are not digital bits of data, thus they cannot use conventional (and very effective) error correction, such as the triple redundant method. Given the nature of quantum computing, error correction is ultra critical - even a single error in a calculation can cause the validity of the entire computation to collapse. There has been considerable progress in this area, with an error correction algorithm developed that utilizes 9 qubits (1 computational and 8 correctional). More recently, there was a breakthrough by IBM that makes do with a total of 5 qubits (1 computational and 4 correctional). 

· OUTPUT OBSERVANCE - Closely related to the above two, retrieving output data after a quantum calculation is complete risks corrupting the data. In an example of a quantum computer with 500 qubits, we have a 1 in 2^500 chance of observing the right output if we quantify the output. Thus, what is needed is a method to ensure that, as soon as all calculations are made and the act of observation takes place, the observed value will correspond to the correct answer. How can this be done? Grover has achieved it with his database search algorithm, that relies on the special "wave" shape of the probability curve inherent in quantum computer, that ensures, once all calculations are done, the act of measurement will see the quantum state decoherence into the correct answer. 

Even though there are many problems to overcome, the breakthroughs in the last 15 years, and especially in the last 3, have made some form of practical quantum computing not unfeasible, but there is much debate as to whether this is less than a decade away or a hundred years into the future. However, the potential that this technology offers is attracting tremendous interest from both the government and the private sector. Military applications include the ability to break encryptions keys via brute force searches, while civilian applications range from DNA modeling to complex material science analysis. It is this potential that is rapidly breaking down the barriers to this technology, but whether all barriers can be broken, and when, is very much an open question. 
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APPLICATION

Quantum computers might prove especially useful in the following applications:

· Breaking ciphers 

· Statistical analysis 

· Factoring large numbers 

· Solving problems in theoretical physics 

· Solving optimization problems in many variables 

The main difficulty that the research-and-development engineers have encountered is the fact that it is extremely difficult to get particles to behave in the proper way for a significant length of time. The slightest disturbance will cause the machine to cease working in quantum fashion and revert to "single-thought" mode like a conventional computer. Stray electromagnetic fields, physical movement, or a tiny electrical discharge can disrupt the process.

· QUANTUM DIGITAL SIGNATURES
A digital signature is a cryptographic protocol that is used to create unforgeable signatures for electronic messages. It can be used, for instance, to sign legal documents which can then be enforced in court. Central to the idea of a digital signature is the public key used to check it: usually, this is a number or set of numbers which is generally available, and which can be used to verify that a signature is correct. Anyone who has the public key can check the message, and will reach the same conclusion about whether the signature is valid or not. In addition, someone who just has the public key is unable to sign messages himself, or to change a signed message so that it says something else -- that power is reserved for the person who issued the public key.
However, classical methods of creating digital signatures rely on the fact that it is difficult to deduce the private key, which is used to create a signature, from the public key, which is used to verify it. For instance, the RSA encryption scheme can also be used to perform signatures, but only if the enemy is unable to factor large numbers. A forger with a quantum computer, for instance, could successfully create false-signed messages. The same problem arises when RSA is used for encoding secret information, and can be partially circumvented by quantum key distribution, so it is natural to ask if there is a way quantum states can help to create digital signatures.
In fact, there is: instead of having the public key be a string of classical bits, we let the public key be a number of quantum bits. Given n classical bits, there are only 2n possible values, and by looking at the string, we can tell exactly which one we have. There are many more possible states of n qubits, but any measurement can only learn n classical bits' worth of information about which one we have. It is even possible to cram a large number of possible quantum states into n qubits while keeping them pretty much separate from each other, so that if someone tells you which state you have, you can check that assertion. Nevertheless, without a hint, you would never be able to guess exactly which state you have; this remains true even if you have multiple copies of the state.
This means that we can let the public key be one of these many possible quantum states, chosen at random, while the private key says which of the states it is. Only the person who picked the state knows the private key, which enables them to sign messages without fear of having them forged.
There are substantial drawbacks to this approach, however. Most obviously, quantum states are more difficult to deal with than classical bit strings; in fact, the quantum processing and storage required for this scheme are just beyond the edge of current technology. Also, an enemy who gets too many copies of the public key will 
be able to figure out its identity, so to prevent this, the sender has to limit the number of copies she distributes. It is possible to make that number very large, however, so this is not too severe a restriction. Finally, the schemes we know are all very inefficient: a large public key is needed to sign even a single-bit message, and the key can only be used once. Hopefully, future research can eliminate this last problem.
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FUTURE OUTLOOK

    
At present, quantum computers and quantum information technology remains in its pioneering stage.  At this very moment obstacles are being surmounted that will provide the knowledge needed to thrust quantum computers up to their rightful position as the fastest computational machines in existence.  Error correction has made promising progress to date, nearing a point now where we may have the tools required to build a computer robust enough to adequately withstand the effects of decoherence.  Quantum hardware, on the other hand, remains an emerging field, but the work done thus far suggests that it will only be a matter time before we have devices large enough to test Shor's and other quantum algorithms.  Thereby, quantum computers will emerge as the superior computational devices at the very least, and perhaps one-day make today's modern computer obsolete.   Quantum computation has its origins in highly specialized fields of theoretical physics, but its future undoubtedly lies in the profound effect it will have on the lives of all mankind. 

Quantum computing is, in principle, possible. But how can we build a system with tens of thousands or more of qubits? Solid-state devices are the most promising answer, but the devil is in the detail. Making many solid-state qubits all perform a prescribed function with high accuracy is thwarted by one device never having exactly the same characteristics as the next. Dealing with devices with imperfectly known characteristics poses questions that remain unanswered and sometimes even unasked. 

The fundamental question is how much information can be contained in a superposition of the wave functions of qubits when the properties of those qubits are known with limited precision? In spite of much literature that ignores the question, it cannot be infinite. How will a limit on the amount of information contained affect the power of a quantum computer? 

The result of an interaction between qubits depends on the length of time that the interaction evolves. Will the result of errors in timing caused by deficient knowledge of qubit properties mimic decoherence? Can devices perform with a low enough raw error rate to permit correction with redundancy? 

These questions must be addressed soon because the answers will determine the role that the solid state can realistically be expected to play in quantum computation. 

PAGE  

7

_1098343660.doc
[image: image1.png]






