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At a glance

· Proponents of optical computing believe it will offer high speed, low power processing that will far outstrip the limitations of electronic devices.
· The fundamental physics of light suggest these promises can be achieved if significant barriers can first be overcome.

· A range of optical components, including wave guides, optical 'transistors' and optical memory, has been developed.

· One of the greatest limitations to date has been that optical components could not be made smaller than half the wavelength of light. Plasmonics appears to be a promising route to solving this problem.

· Electronic processor technology is advancing so quickly that optical processing will have to offer considerable benefits if it is to be commercially viable.
Computing at the speed of light
Optical computing, using light instead of electrons, has been held out as a fast, low energy replacement for current chip designs. The physics underlying the current generation of processors is running up against barriers to further improvements: it is becoming increasingly difficult to etch the nanoscales designs required onto silicon wafers, while the proximity of circuits increases the likelihood of interference. With the rise of fibre optics, light has already proven to be a highly efficient communications medium, so researchers hope to find ways to use it to solve these problems.
Optical computing is sometimes referred to as photonic computing or optical processing; the latter may be confused with the use of electronics to control streams of data coded onto light. This article uses the term 'optical computing' to refer to the use of light to carry out actual computing tasks and 'optical processor' to refer to the hardware that carries out such tasks.

Optical computing offers a number of advantages:

· Light travels much more rapidly compared to electrons flowing in a conductive medium at room temperature.
· Light propagates as very high frequency 'waves' - 120THz to 790THz, including the near infrared. (This is around 100,000 times higher than the processor clock speed of modern desktop computers.) Much more data can be encoded on a faster signal, giving light a much higher potential bandwidth.
· Little light is lost when travelling through a very pure medium, allowing signals to travel long distances without significant loss of data. 
· Light does not interact with matter in the same way as electricity, so it encounters negligible resistance. This means that it requires little power to transmit a signal over long distances, compared to electrical systems.
· The lack of resistance means that virtually no heat is created by signal transmission, even as power is increased. This means that waste heat will also be negligible.
· Light does not interact with light, so multiple beams can travel in the same medium without mutually interfering.
· Light is very sensitive to interference in narrow wavelength bands. This means that a single beam of light can be modulated to carry many streams of data in narrow frequency bands within its spectrum. This is known as wave division multiplexing.
Processing with light also has disadvantages:

· To be used for computing, light needs to be generated in a way that is tightly controlled. This is normally achieved with lasers, which produce 'coherent' light, where the beam is in phase. However, classical lasers cannot operate at a size less than half the wavelength of the light to be emitted - photons ('particles' of light) must bounce back and forth until they can escape at the correct frequency. A red laser would produce light with a wavelength around 700nm, so the main lasing unit must be at least 350nm. This is much larger than the 32nm features that are being etched on silicon today.
· Because light does not interact with light, it cannot be used to directly modify or control another beam.
· Light only interacts very weakly with matter, so it is difficult to detect (at low power) or use to control mechanical devices.
· Optical signal loss over short distance is worse than for an electrical signal, especially at low data rates. To be effective, optical processors must operate at much higher speeds than their electronic equivalents (which would be crippled by the excess heat generated) and the light used needs to be carefully confined to minimise such signal losses.
· The processing required to produce a given result generally involves many more steps than the output, so the processor can operate much more rapidly than attached peripherals. Nevertheless, fast optical processors, if they become a practical reality, must at some point be interfaced with slower electrical components. 

The main elements needed to carry out computing tasks are wires, switches and storage. A fully optical processor needs equivalent components to communicate, process and store data.

Optical 'wires'
Fibre optic cables use the principle of total internal reflection - beams of light shone at the correct angle will bounce from wall to wall of the fibre as they pass along its length. Modern optical fibres may be 8 micrometres in diameter (without protective cladding), which is 8,000nm. Even though fibres can be made smaller, such sizes are incompatible with the nano-scale devices fabricated on silicon chips.
Optical 'waveguides' can be micro-engineered from photonic substances. These structures have regular regions that diffract different wavelengths of light, controlling and confining light within the waveguide. Nevertheless, although much smaller than fibres, these waveguides suffer the same half-wavelength limitations associated with classical lasers.
Multiplexing signals, to enable greater volumes of data to be transmitted in parallel, involves the use of ring resonators. Light is feed into the 'loop' (which may not be circular) and builds high intensity pulses through constructive interference among waves with the same wavelength, dependent on the 'diameter' of the loop. Ring resonators act as filters that can be used to multiplex and de-multiplex the frequencies of light used. Such devices create the potential for high bandwidth transmission between processing cores, but are too large for communications within a core.
Switching and processing
Interaction of signals, normally through changing the response of a transistor, controls the basic logical processing in a computer core. Optical processors have been built that use components with a non-linear refractive index to control the flow of optical signals in a way that is similar to how transistors direct electrical currents. (The refractive index measures the speed at which light propagates through an optical medium. The non-linear nature of the photonic crystals used means that they will only emit light if 'pumped' by a strong enough input, perhaps created by combining beams to form a basic AND operation.)
An alternative approach has recently been demonstrated using the very weak 'optical force', which operates at the nanoscales, to move a switch; this pressure could redirect another beam of light. The researchers have shown that the pressure of light can be used in both attractive and repulsive modes to open and close nano-switches.

TechNews 11/09 reported on the use of doping techniques in plastic optical fibre to control light. Normally, the chemical dopants serve to amplify light but, when exposed to a second laser pulse, enter a super-excited state in which they no longer emit light at all. This suggests that similar techniques could be applied in waveguides, where transmission of light from one source could be controlled by pulses from a second.

Storing light

Light must be temporarily stored - cached - in order to perform calculations, otherwise intermediate results would be lost. A range of approaches have been applied to storing light, based on particular properties of molecules. Biological approaches during the mid-1990s, for example by researchers at the Herriot Watt University in Scotland, investigated the use of light to control the photo-response of proteins. However, more recent efforts have concentrated on devices like ring lasers (the direction light propagation representing bits) and complex crystals that, for example, can 'echo' a previous pulse of light when read by an appropriate laser pulse.
Over-coming the half-wavelength barrier
Alternative types of laser, known as spasers are being developed that overcome the half-wavelength limitations of existing components. (See TechNews 09/09.) Surface plasmons result from optical excitation of the electrons on the surface of a metal, producing clouds of electrons that create mobile field effects that can further excite a photon source close to the metal's surface.

Researchers at Queen's University in Belfast have shown that plasmons can be routed along metal wires etched using existing lithography techniques. One of the researchers, Anatoly Zayats, suggested that an all-optical processor has been feasible for the last five years, but that it would "measure something like half a metre by half a metre and would consume enormous power". The team built demonstration components less than a fiftieth of the size of equivalents used in commercial optical communications devices. 
An optical future?
The potential for optical processors is a trade-off between the size of components and the much higher potential processing speed - under current technology, a ten-fold increase in processing power would not be justified by the size of the 'chip'. Such a chip would be constrained by the speed of numerous electronic interfaces and controllers but, if these could be removed, the potential speed of operation is at least three orders of magnitude (1,000 times) higher than existing electronic chips - without the problems of waste heat. Coupled with photonic crystals, plasmonic devices and other extremely small components, such an all-optical processor may deliver the benefits that have been anticipated for so long.
In the nearer future, companies are developing hybrid processors. For example, IBM's silicon integrated nanophotonics group is developing a three-dimensional processor with three layers: logic, memory and interconnect. The high-speed communications between the processor array and memory will be conducted via the photonic network layer, deposited on top using standard production techniques. IBM believes that such a supercomputing processor could become available in 2018. MIT researchers are also investigating the use of existing manufacturing techniques to deposit new waveguide materials within processors to provide optical interconnects. Intel is also investigating silicon photonics, but with a focus on creating discrete components and connecting higher level devices.
Many problems remain for developing an all-optical processor, with some analysts suggesting that existing technology could not achieve this goal. Meanwhile, several assumed physical limitations for creating nano-scale electronic components have already been passed, while multi-core processors are achieving phenomenal combined computing power.

Further breakthroughs will be needed to achieve the same compute power in a (relatively) small all-optical processor. It is possible that quantum computing (see TechNews 11/08) will render the kind of power promised by optical processors obsolete. Ironically, one of the suggested media for carrying quantum information is the 'spin' polarisation of photons of light.
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