Current Logic Gates:

Today’s integrated circuits use properties of electricity to produce logical results.  All of today's computers obey the laws of classical mechanics -- the laws ruling the macroscopic world.  The quantum computer could overcome the macroscopic limitations of today and introduce subatomic computing which is in the realm of quantum physics.

Quantum Physics Basics:

The basic idea behind it all is called superposition. The superposition principle says that you can overlap a set of different quantum states but that each retains its own identity within the mixture. This is just like superposition of water waves that can pass through each other and, although they'll interfere with each other when overlapping, they'll come out the other side intact.

For example, the superposition principle can be interpreted in a variety of ways. One way has to do with the Many Universe model of quantum physics. In this interpretation, every time a system could go into different states, the universe splits apart into parallel universe, one for each choice. In our case, the process of building the superposition to use as an input to the quantum computer makes the universe split into a set of universe, one for each possible universe. The trouble is, we don't know which of those universes we are in until we look at the quantum state. Unfortunately, forcing the choice of universe like this destroys our ability for another crucial step of the problem.

The trick behind making a quantum computer so effective is to set it up to run a particular calculation but instead of giving it an single input, giving it a superposition of all possible inputs. Then the computer will simultaneously run the calculation on all inputs and get all the corresponding answers at the same time.

Current Working Comp:

The first attempts have been made using single ions trapped by electromagnetic fields. Unfortunately, the ions jiggle around in the traps and that introduces errors. Also, you need to do everything in a vacuum and with some pretty sophisticated laser technology. Not the sort of thing that is likely to end up on people's desks. However, the experiments showed the successful operation of a one-bit quantum computer. OK, so that's very useful but it did show that quantum computing is possible in principle.

A very promising scheme is being developed in Australia by Bruce Kane of the University of New South Wales and co-workers. It uses silicon technologies and uses the nuclear spins within atoms to store the quantum information and act as the quantum computer. The great thing about that proposal is that it can be controlled using conventional silicon technology and be scaled up to many bits. The researchers are building at this very moment.

The latest concrete result comes from the IBM labs where a five bit quantum computer has been constructed. Their computer consists of five fluorine atoms in a molecule such that the spins of the fluorine nuclei an interact with each other as the bits. The bits are controlled by radiofrequency pulses and detected by nuclear magnetic resonance images just like those used in hospitals for MRI scans.

Conclusion

It's all well and good to say we can do all these calculations at once (perhaps in parallel universes) but what would we actually use this for? During the eighties and nineties, a lot of suggestions were made but none of them provided the motivation to spend large amounts of money researching the details. That was until Peter Shor of AT&T Bell Laboratories in New Jersey found the killer app - how to crack the RSA encryption scheme.

