
THE • DECADE • IN 

OPTICS 

The last decade has witnessed the emergence of non
linear opt ics in waveguides, both fiber and integrated 
opt ics. Al though there have been many noteworthy 
developments, here we 
concen t ra te on three 
speci f ic areas that have 
caught and sustained in
terest because of their 

fascinating physics and/or applications po
tential. 

Second harmonic generation (SHG) is a 
classic example of an area that meets both 
cr i ter ia. On the one hand, harmonic gen
erat ion in channel and fiber waveguides 
has been refined in the last few years to the point that 
semiconductor d iode lasers can be efficiently doubled 
to produce mW of blue power for data storage appl ica
t ions. On the other hand, why harmonic generation 
occurs in glass fibers after appropr iate preparat ion 
wi th light beams cont inues to puzzle physic ists. Simi
lar comments could be made about sol i tons in f ibers, 
whose physics has turned out to be engrossing, and 
which are being considered for prototype long haul 
communicat ions systems. The same mechanisms have 
led to compressing pulses down to 6 femtoseconds in 
durat ion, on ly a few opt ical cycles. Finally, we d iscuss 
all-optical waveguide switching, the development of 
which has led to many insights into coupled nonl inear 
systems, instabi l i t ies, and so forth. 

Waveguide geometries are ideal for nonlinear opt ics 
because fields can be conf ined to cross-sect ional d i 
mensions of the order of their wavelength, for dis
tances l imited by material absorpt ion or scatter ing. In 
the best integrated opt ics waveguides, cent imeters 
are impossib le and opt ical fibers al low interact ion 
distances of meters and ki lometers. The combinat ion 
of strong confinement and diffractionless propagat ion 
over long distances is cr i t ical s ince the eff iciency of 
most interact ions depends on intensity and interac
t ion distance to some power ≥ 1. 

Efficient s e c o n d h a r m o n i c generat ion 
One of the first nonl inear interact ions studied in 
waveguides, usual ly integrated opt ics, was second 
harmonic generation. 1 In the latter half of the past 
decade, it was real ized that the doubl ing of 50 -100 mW 
semiconductor lasers to produce a few mW of blue was 
possib le and sufficient for opt ical data storage appl ica

t i o n s . S u b s e q u e n t 
progress was rapid due 
to key developments in 
the areas of materials and 
new p h a s e - m a t c h i n g 
techniques. Entering the 
'80s, the largest useful 

nonl inear coefficient available for Type I or II 
phase-matching in channel wave-guides was 
d13 = 6 p m / V in l i thium niobate. Now, new or

ganic materials wi th diagonal and off-diagonal ele
ments as large as 450 and 180 pm/V, respect ively, have 
been grown in single crysta l form, some even in 
waveguide geometries. Since the opt imum convers ion 
eff iciency varies as the square of the coefficient, this 
cor responds to orders of magnitude improvement in 
convers ion efficiency. 

The second important factor has been the appl ica
t ion of new waveguide approaches to phase-matching 
in just the last four years. "Cerenkov radiat ion," first 
demonstrated as an interesting phenomena in the 
1970s, cor responds to the generation of the second 
harmonic out of the waveguide core at a shal low angle 
into the surrounding media. When this occurs , the 
convers ion efficiency is only l inear in the interact ion 
length, versus quadrat ic for phase-matching using 
guided fundamental and harmonic waves. But it d id 
al low the large d33 (=7d 1 3) coefficient in l i th ium niobate 
to be used, leading to normal ized convers ion efficien
cies of 45% per watt input per centimeter length. 2 

One of the drawbacks is that the output beam shape 
is complex and typical ly can only be used with shaped 
and cr i t ical ly aligned opt ics to produce diffraction 
l imited spots. Very recent results on single crystal 
core fibers in wh ich the radiat ion is c i rcular and al
ways aligned with the fiber axis3are intriguing. 

Other new approaches are waveguide versions of 
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the old idea of stacking nonlinear platelets, one half 
coherence length thick, with successive platelets ro
tated by 180° to periodically reverse the nonlinearity 
direction. In lithium niobate, this was achieved by reversing 
polarity of adjacent domains along the c-axis of lithium 
niobate.4 Using d33, conversion efficiencies of 30% per watt 
per square centimeter have been demonstrated and 10 
times that is projected. Another interesting possibility, 
in the early stages of development, is to use poled 
polymers with alternate regions poled along opposite 
directions. In ion-exchanged KTP waveguides, within 
one coherence length it is possible to have one region 
in which the phase-mismatch is positive and one in 
which it is negative. By ensuring that the total phase-
mismatch is zero over one coherence length, very 
efficient conversion occurs; values of 100% per watt 
per square centimeter have been demonstrated.5 

Doubling in a glass fiber 
Given the continuing effort in developing single crystal 
non-centrosymmetric media, it came as a great sur
prise that glass fibers containing dopants such as GeO2 

were changed into SHG-active media when subjected 
to intense 106 nm radiation.6 The second harmonic 
signal grew over many hours of exposure. Soon there
after, it was discovered that "seeding" at the outset 
with green light reduced the preparation time to min
utes, and that a grating had been formed inside the 
fiber to produce phase-matching.6 To date, it has been 
established that multiphoton absorption ef
fects are important, that the tensor properties 
of dij are those associated with the product of 
the third order susceptibility x(3) and a DC field 
of 105 volts per centimeter, and that the SHG signal 
can be "bleached out" with green or infrared radiation. 
Many fascinating features of this process have been 
uncovered, but the basic physics remains elusive! 

Solitons 
Solitons are pulses of a specific shape, power, and 
width that can propagate long distances without dis
tortion or spreading of the pulse profile in time. Al
though silica glass fibers have weak third order 
nonlinearit ies, the dispersion and sign of the 
nonlinearity, along with the low losses, are just right 
for propagating temporal solitons at wavelengths>1.3 
µm. In the last decade, we have seen that such pulses 
exhibit interesting properties. They pass through each 
otherwithout exchange of energy. Pairs of solitons 
travelling close together in time are attracted or re
pelled, depending on their phases. 

Solitons not only can exist as a pulse of light, but 
they can also exist as a "hole" in a cw (or long pulse) 
background in fibers in spectral regions where the 
group velocity dispersion is positive.7 These are called 
"dark" solitons to distinguish them from the usual 
"bright" solitons for which the group velocity disper
sion is negative. There are also "gray" solitons in which 
the minimum of the "hole" is not zero. 

The pulse-maintaining properties of "bright" soli
tons are attractive for long-haul communications based 
on digital pulses. Solitons become particularly important 
in lightwave systems using rare-earth-doped fiber ampli
fiers that are under investigation around the world. These 
systems are effectively transparent light pipes that 
can be thousands of kilometers long. The use of soli
tons eliminates both the temporal spreading of pulses 
from dispersion and spectoral spreading from nonlin
ear effects. Soliton transmission has recently been 
demonstrated through a chain of erbium amplifiers and 
dispersion shifted fiber over more than 10,000 km.8 

All-optical switching 
Another intriguing possibility for nonlinear waveguides 
is all-optical switching.9 Over the last 20 years, a number 
of waveguide structures have been developed for the 
switching and modulation of light by applied electric 
signals via the electro-optic effect. If one or more of the 
waveguide media in such a device has an intensity-depen
dent refractive index, switching can be obtained in these 

devices just by changing the input power. This means 
that the intensity of the input signal can determine the 
routing of the signal. If two independent inputs are pos
sible, one can be used to switch the other. These proper
ties easily translate into all-optical logic functions, etc. 

Certainly the most studied device to date has been 
the nonlinear directional coupler, mainly because it 
has two input and two output channels. To date, 
switching has been demonstrated in nonlinear fibers, 
semiconductors, and nonlinear organic media.9 Al
though some initial work concentrated on operating 
near resonances to obtain large nonlinearities, the 
field has evolved into using ultrafast nonlinearities, 
usually non-resonant, to avoid absorption effects. In 
fact, the best switching results have been obtained in 
fibers, albeit at prohibitively large input powers to date. 

Two fundamental problems have recently been 
identified.9 , 1 0 The first is that, for normal pulses, the 
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switching between channels is incomplete. This is a 
consequence of the variation in the nonlinear phase 
shift across the intensity profile of a pulse so that 
different parts of the pulse experience different 
switching efficiency. One solution has recently been 
demonstrated: complete switching was achieved by 
using temporal solitons for the pulses. The second 
problem is two photon absorption, specifically the 
ratio of the two photon coefficients to the nonlinear 
index coefficient.9 If this ratio is too large, no useful 
switching results—a useful figure of merit for assess
ing potential materials. 

A recent, very promising approach has been to use 
soliton effects in single fibers with pulse energies of a 
few picojoules.11 Here, the presence of an optical pulse 
changes the arrival time of a pulse of orthogonal polar
ization. The presence or absence of the pulse in its 
time window can be used to produce all of the logic 
elements necessary for optical processing. 

Fiber nonlinearities have been used to produce ul
trashort optical pulses.1 2 Pulses 6 fs long at 620 nm 
wavelength have been produced by chirping a longer 
initial pulse by way of the intensity dependent refrac

tive index in a fiber. The chirped pulse is compressed 
with a grating-pair dispersive delay line. At wave
lengths >1300 nm, an intense pulse is compressed 
directly by soliton effects. Various higher order effects 
then separate the 100-200 fs compressed pulse from its 
uncompressed background. 

Looking ahead 
What will happen in the next decade? Our crystal ball 
is no better than anyone else's. A safe prediction is that 
efficient doublers will find applications. As for soliton 
transmission and all-optical switching, a decision on 
their utility will emerge on time scales of a few months 
to a few years. Nevertheless, their physics will con
tinue to intrigue us in the coming years. And, of course, 
we can all look forward to new ideas and devices that 
are sure to emerge. 
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The increasing use of semiconductor lasers (SCLs) as 
optoelectronic components has led to recent efforts to 

substant ia l ly lower the 
threshold current of these la
sers. In addition, future com
puter interconnect circuitry 

(board-to-board, chip-to-chip) envisages the use of 

very large numbers of such lasers, on-chip, so that a 
major reduction of their power requirement is of prime 
importance. 

We can conceptually view the current supplied to an 
operating semiconductor laser as the sum of three 
components: 
1. The current needed to render the normally ab

sorbing semiconductor active medium transpar
ent—the transparency current; 

2. The current needed to compensate for end-mirror 
and scattering losses as well as for the residual 
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