
Light Guiding Light: 

By Allan W. Snyder and François Ladouceur 

Letting Light 
Be the Master of 
Its Own Destiny 

Spatial solitons—not to be confused 
with their temporal cousins—may provide 

a means to all-optical circuitry. 
This article looks at their unique properties 

and prophesies what might be possible 
using this technology. 

T he present on-going revolution in photonics could 
see its summit with an ultimate all optical device. 
Simply imagine a transparent cube of material 
like that of figure I (see page 36) with a myriad of 

interconnections and components created by light 
alone. This is our dream, Circuits that lie on top of one 
another and are reconfigurable. Virtual circuitry. No 
physical "wires." Either light itself directs, and manipu¬
lates light without any intervening labricated compo¬
nents such as optical waveguides, or light is used to 
write ideal optical Components and circuitry in photo¬
sensitive materials. Light controlling its own destiny. 
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The story of guiding light with light and of creating 
virtual circuitry is not just about an emerging technolo
gy and the ingenious efforts on the part of many who are 
presently attempting to make it a reality. Research into 
this field has also revealed new conceptual and experi
mental approaches for understanding how curious light 
beams, known as optical spatial solitons,1 can be made to 
remain localized in space while performing some rather 
amazing acrobatics. Advances2 of late have been remark
ably swift, coming from different groups across the 
globe. Spatial solitons, once the domain of high-power 
lasers, can now be launched by an incandescent light 
bulb.3 Soliton dynamics, once the province of esoteric 
mathematics, is now accessible with undergraduate 
physics.4 Mere theoretical predictions of a few years ago, 
such as the possibility of one soliton being made to spiral 
about another, the fusion or the creation of solitons 
upon collision, and the transportation of a dim beam by 
a bright beam are now readily observable in the labora
tory. 5 - 1 3 Even popular science magazines14 have ques
tioned whether fabricated optical components would 
eventually become obsolete for device applications. 

We do not attempt to 
review the field of spatial 
solitons, but rather to give 
a glimpse of what might be 
possible in the future. 
Readers interested in the 
solid achievements to date, 
especially those in the 
important photorefractive 
and χ 2 nonlinear systems, 
are referred to recent re
views.2 This article conveys 
the conceptual aspects of 
light guiding light by using 
the simplest known mod
els. It also speculates on 
future applications once all 
the bugs are ironed out, 
although here we are limit
ed only by our imagination. 

Solitons from a linear 
perspective 
As we said, the building 
blocks for light guiding 
light are free-standing 
beams, known as spatial 
solitons. Unlike linear 
waves that diffract, solitons 
interact with matter to cre
ate their own channel as 
they travel in a uniform 
nonlinear medium, re
maining localized and pre
serving their shape. Beams 
in a linear medium do not 
influence each other. But 
solitons can attract, repel, 
and spiral6, 1 3 around each 

other, and this interaction can even be described by the 
classical force laws treating the beams as particles with 
mass.15 Whereas linear waves always pass through one 
another, solitons can be dramatically altered by colli
sions. They can annihilate one another, fuse (see Fig. 2) 
or give birth to multiple solitons. 7 , 1 0 , 1 2 These phenome
na turn out to be of potential importance to the emerg
ing technology of light guiding light and light written 
circuitry. Clearly, we need to have a physical understand
ing of solitons. 

To set the stage, we recall the physics of optical wave
guides. Optical beams have an innate tendency to spread 
as they propagate in a homogeneous medium. However, 
this beam diffraction can be compensated for by the 
lens-like action of beam refraction, if the refractive 
index is increased in the region of the beam. The result
ing optical waveguide provides a balance between dif
fraction and refraction. 

Spatial solitons can also be understood from this 
familiar perspective.5 ,16 Conceptually speaking, nonlin
ear beams interact with matter to create their own wave
guides.1 This occurs because the refractive index of a 

nonlinear medium de
pends on the physical 
properties of the light 
beam. We emphasize that 
these induced waveguides 
are composed of linear 
material and are of arbi
trary shape, even twisted 
and contorted. Beams then 
propagate along their own 
induced waveguide accord
ing to the familiar physics 
of linear optics. Of course, 
if you change the initial 
conditions, then you change 
the form of the induced 
waveguide. 

From this elementary 
perspective, we can appre
ciate that disparate types of 
solitons are actually the 
same animal. In the sim
plest case, a soliton is one 
mode of the waveguide it 
induces. This describes the 
classical optical soliton of 
Chaio et al.,1 as well as the 
more esoteric solitons such 
as the so-called vortex soli
tons.1 7 , 1 8 More generally, a 
soliton can be two or more 
modes of the induced 
waveguide.5, 1 6 This elabo
ration explains interesting 
soliton dynamics, incoher
ent solitons, multi-humped 
solitons, and the coexis
tence of different classes of 
solitons. 

Figure 1. Virtual circuitry in a transparent cube. 

Figure 2. Fusion created by two colliding solitons in bulk media. 
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Now, if a soliton can be composed of a number of 
modes, each traveling at a different speed, then it should 
be possible to decompose the soliton into its constituent 
modes in exact analogy to Newton's refraction of white 
light by a prism into its component colors. And this ele
mentary physics foreshadows novelties such as symmet
ric soliton beams being transformed into asymmetric 
beams upon colliding with one another.19 

The fact that nonlinear propagation has a linear 
waveguide equivalent provides a powerful conceptual 
tool, one that guides us in a physical manner to the fun
damental equations and to their solutions.16 It allows us 
to predict novel phenomena, motivate light written cir
cuitry, and foreshadow the design of lossless waveguide 
components as we discuss below. Put simply, all soliton 
dynamics have a linear waveguide analog, albeit some 
unusual shaped waveguide system. Vice versa, every lin
ear waveguiding phenomenon has its soliton equivalent 
in some nonlinear medium. A self-consistency relation 
unites the linear and nonlinear equivalents.5,16 

A simple model of soliton dynamics 
One major challenge is to find a simple analytical 
description of solitons and their interactions. To achieve 
this,4 we need only borrow from the literature of the 
linear harmonic oscillator. 

Because every linear optical waveguide has a soliton 
equivalent, it is natural to first consider the simplest 
optical waveguide possible, one whose refractive index 
falls off parabolically in the transverse direction. Light 
beams obey the linear harmonic oscillator equation in 
this medium. This reveals that Gaussian beams remain 
Gaussian shaped as they propagate. In general, the beams 
undulate periodically, undergoing periodic trajectories. 

Now, according to the above linear perspective, 
Gaussian shaped solitons must also exist in some homo
geneous nonlinear medium with the same behavior as 
beams in a parabolic index optical waveguide. The par
ticular nonlinear medium is found by using the self-
consistency relation. Several candidates exist. But the 
simplest medium is one whose nonlinear induced 
refractive index change depends on the beams' total 
power only.4 This arises, for example, when the medium 
has a nonlocal response with a correlation length that is 
much larger than the beam diameter. In such a medium, 

Gaussian shaped soliton beams remain Gaussian and 
they are unaltered by colliding with one another. 

For a special beam radius and power, a Gaussian 
beam will propagate without change. Such a beam is 
called a stationary soliton. It induces a graded index 
optical fiber that can guide a signal beam. All other 
beams "breathe" as they propagate with their radius 
oscillating periodically (see Fig. 3). 

What happens to two stationary solitons that are ini
tially launched in parallel to each other in this nonlinear 
medium? In a homogeneous linear medium they would 
diffract as they travel in a straight trajectory. In this non
linear medium they can attract and undergo periodic 
collisions with one another or, if launched skew to each 
other, spiral about each other as shown in Figure 4. 
Finally, a distant "dim" beam can remain localized and be 
guided and steered by a "bright" soliton beam. 

Solitons as bundles of classical particles 
Most experiments to date have involved comparatively 
narrow solitons launched by a coherent source. At the 
other extreme it is possible to have comparatively large 
incoherent solitons.20 And, in a beautiful experiment,21 

these solitons were launched from an ordinary incan
descent light bulb! 

Such "big" incoherent solitons can be very neatly 
viewed as being composed of an enormous number of 
modes of the 
multimoded 
waveguide they 
induce.2 2 But, 
recall that dif
fuse light prop
agation along 
multimoded 
waveguides can 
be described by 
classical geo
metric optics.23 

So incoherent 
solitons can also 
be viewed24 as 
bundles of rays, 
each ray obey
ing the paraxial ray equation, or equivalently as a bundle 
of classical (non-interacting) point particles, each parti
cle obeying Newton's laws of motion. 

This leads to predictions that are unique to incoher
ent solitons.24 For example, they can have any shape in 
their 2-D cross-section, and even travel in parallel with
out interacting, unlike coherent beams in the same 
intensity dependent medium. 

Temporal solitons for telecommunications 
It is insightful to contrast spatial with temporal optical 
solitons. Temporal solitons are pulses that propagate 
along optical glass fibers for long distance telecommuni
cations.25 Here the material nonlinearity is only weakly 
perturbed. This is a 1-D problem. Whereas, spatial 
solitons envisaged for device applications in bulk mater
ial are typically quasi-monochromatic beams that are 

Figure 3 . Brea th ing so l i tons with an el l ipt ical c r o s s - s e c t i o n . 

Figure 4. T w o initially parallel b e a m s c a n spiral around e a c h other. 
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localized in two-transverse dimensions and propagate 
only for millimeters. These beams sufficiently alter the 
refractive index of the bulk material to actually create 
their own waveguides. The extra dimension brings addi
tional riches such as the possibility for beams to spiral 
around each other, but it also demands that the nonlin
earity be saturating or nonlocalized if the beams are to 
be both stable and localized in space.2 ,5 ,6 

Device and logic applications: Switching light with light 
A dream of photonics is a completely optical technology. 
Here, the traditional carriers of information, electrons, 
are envisaged to be replaced by photons for devices 
based on switching and logic. Spatial solitons offer one 
potential way to achieve this dream. We have described 
how waveguides are induced by solitons. The challenge is 
to develop methods for controllable steering of these 
waveguides by light itself 
and to produce reconfig
urable waveguides. 

Because solitons can 
attract and guide beams, 
light can be used to 
switch light for various 
device and logic applica
tions that are currently 
being performed by elec
tronics. The solitons can 
be considered as the 
information flow itself 
or as inducing optical 
waveguides in which the 
information is carried. 
This information can 
take the form of a weak 
("dim") probe beam at a 
different wavelength or 
different polarization 
than the ("bright") soli-
ton beam. In either 
scheme, intricate virtual 
circuitry can be written in bulk nonlinear media. 
Depending on the material, the circuitry has a life span 
that allows for the possibility of self-reconfigurable cir
cuits. Such plasticity opens the door to adaptive circuits 
that can be designed to transform themselves to the 
desired application. We are led to the image of a trans
parent cube with thousands of dynamically intercon
nected "wires" all created, maintained, and organized by 
light itself. 

The speed required for switching depends on the 
application. It can be as slow as seconds for circuit recon
figuration in network application or as fast as picosec
onds for optical computing. The steering of one soliton 
by another, or of a weak signal beam by a soliton, forms 
the simplest case of spatial switching. Alternatively, the 
coupling ratio of a soliton induced coupler can be adjust
ed by changing the pump signal in one arm.26 Structures 
can be created to tap a signal, make a copy, or reroute it, 
and these processes can be made dynamic.26 It is also pos
sible for two colliding solitons to fuse 7 , 1 0 , 1 2 or for a soli

ton to be split into two solitons by a weak probe beam,27 

thus creating additional forms of spatial switching. 

Designer components and light written circuitry 
We have shown how soliton dynamics can be 
approached from the perspective of linear waveguides. 
Curiously the reverse is also true. The phenomenon of 
soliton dynamics provides a method of actually fabricat
ing waveguide components whose design had not even 
been foreshadowed from our knowledge of linear wave
guides. The concept is elementary. Solitons are allowed 
to interact in the appropriate photosensitive material so 
that the desired induced waveguide configurations are 
then permanently written. 

For example, consider the optical device known as the 
X-junction. This is one of many building block compo
nents used for processing optical signals. It can be used to 

mix or split two signals in 
any desired proportion. 
Figure 5 shows a signal 
propagating through a 
soliton induced X-junc
tion. In this particular 
case, the junction is 
designed to be com
pletely transparent.26 

Light written circuit
ry offers potential ad
vantages over more con
ventional fabrication 
processes such as ion dif
fusion, plasma enhanced 
chemical vapor deposi
tion (PECVD), and sol-
gel. In some materials, 
beams fuse upon collid
ing. But, unless beams 
collide at virtual grazing 
incidence, they always 
pass through one anoth
er without influencing 

each other. In this way it is possible to compress circuitry 
into a compact space with many circuits sharing the same 
physical location. Furthermore, certain photosensitive 
materials offer the potential for erasing one light written 
device and replacing it by another. Hence, we have the 
building blocks for dense reconfigurable virtual circuitry. 

A viable technology? 
We have unfolded our dream of virtual circuitry. A 
transparent cube with a myriad of interconnections cre
ated, maintained, and arranged by light itself—with tru
ly awesome potential. Will all this lead to a viable tech
nology? Some formidable challenges remain in crafting 
the requisite materials, but the present situation regard
ing light guiding light is reminiscent of the mid-1960s 
when optical fiber communication was first being 
mooted. A great idea, if glass absorption could be dra
matically reduced. That reduction came in only a few 
years. Where there is a will, there is a way! 

Scientists have been trying to confine light to artifi-

Figure 5. X- junct ion induced by two col l id ing blue so l i tons . R e d 
ind ica tes the s ignal b e a m gu ided through the j u n c t i o n . 

38 Optics & Photonics News/February 1999 



cial boundaries. Here is the opportunity for light to be 
the master of its own destiny. 
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IP strategy 
Continued from page 20 
to licensing or selling the property outright. Successful 
licensing involves knowing the invention's market, as 
well as knowing which companies have a need for the 
technology (or who may already be using the technolo
gy without a license). Successful licensing also involves 
generating the right IP portfolio using the previously 
described aspects of the strategy. 

Avoiding infringement, enforcing rights 
Part of a successful IP strategy is deciding whether and 
to what extent other companies should be monitored 
for possible IP infringement, and how far to go to 
enforce one's IP rights. A very conservative approach is 
to forego monitoring competitors' products and con
centrate on being able to practice your own inventions; 
an aggressive approach is to diligently monitor the 
competition and dedicate the necessary resources to 
perform infringement analyses. If it is believed that 
another company is infringing one or more of your 
company's patents, then the alleged infringer is con
fronted. If a deal cannot be struck, then a decision 
needs to be made whether to go to court. It should 
come as no surprise that companies with a reputation 
for being aggressive tend to get would-be infringers to 
sign a license agreement sooner rather than later. 

Becoming a sophisticated company 
A sophisticated company is smart about how it runs its 
business. It's highly educated and informed about the 
market in which it operates, who the competition is, and 
where the business is heading. Part of being a sophisticat
ed technology company is having good IP protection and 
a well-thought-out strategy for making the best use of 
IP assets. All too often, companies with sophisticated 
technology remain unsophisticated in matters pertain
ing to their IP. Such companies often get taken to the 
cleaners by their more sophisticated competitors. Tak
ing time to develop an IP strategy may not be the high
est priority for a company in the growing stage, where 
time, people, and capital are often scarce. However, the 
sooner a company becomes sophisticated in its 
approach to managing IP assets, the better off the com
pany will be when its presence is felt in the marketplace 
by sophisticated competitors. 

Joseph E. Gortych is an optical engineer and Intellectual property attorney with 
Downs, Rachlin & Martin, PLLC, Burlington, VT; comments and suggestions for 
columns are welcome at jgortych@drm.com. 
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