
The Emergence of Nonlinear 



Optics in the Factory 
Nonlinear optical techniques may provide the competitive edge for quality control and enhanced 

manufacturability in the ever-challenging industrial arena. To this end, Pepper highlights in-process inspection of 

industrial components using laser ultrasonics with adaptive photodetectors, real-time pattern recognition 

and classification, and compensated fiber-based systems for high-brightness, high-average power laser beam 

delivery systems for material processing. By David M. Pepper 

In today's highly competitive, industrial marketplace, quality 
assurance, high-yield, and low-cost have become synony
mous with establishing market share and survivability. Giv
en these paradigms, the rather conservative manufacturing 
community of the past has turned to high technologists for 
insight and potential solutions. A variety of industries, 
across the energy, automotive, heavy industry, and aero
space sectors, are beginning to appreciate the role that 
advanced optical systems can play in meeting the challenges 
of the next century. These include novel inspection tech
niques and enhanced laser processing of materials. Spurred 
by dual-use programs, government and commercial part

nerships and consortia have formed to share in the benefits that the 
fruits of high technology may bare. 

One fertile discipline that laser-based systems may exploit in this 
regard is in the regime of nonlinear optics: the ability of one laser 
beam to affect another laser beam in a given material. The notion is 
similar to that of a transistor, where information in one port can con
trol that of another port, but instead of controlling the flow of elec
trons in and out of a transistor, optical beams of light, guided by fibers, 
can be controlled as they propagate into and out of a crystal. Extending 
this analogy further, image-bearing beams can be manipulated by oth
er image-bearing beams—all in parallel and using just crystals and 
beams of light to perform the desired computations. 

Such "all-optical" processing can be used to advantage in a factory 
setting—from providing a means for real-time inspection of parts 
using laser-based ultrasonics to classifying one set of parts from anoth
er set of parts to providing an efficient means by which intense laser 
beams can be guided, distortion-free, along optical fibers for the robot
ic welders of the next century (which is but a few lunar eclipses away). 

Lasers and nonlinear optics: A brief history in light 
The advent of the first working laser some 37 years ago this month, 
brought with it many spectacular demonstrations and observations, 
including the promise for a myriad of applications. One of the more 
exciting demonstrations that shortly followed its introduction was the 
observation of nonlinear optical phenomena: the ability of one laser 
beam to influence the optical properties in a material, which would 
effect not only its own propagation, but also that of other photons. A 
variety of eye-catching experiments were reported, including optical fre-

Figure 1. Laser ultrasound experimental set-up using a nonsteady-
state photo-induced electro-motive force (pi-emf) mechanism (in a 
crystal of GaAs) as a nonlinear optical adaptive photodetector. An 
ultrasonic transient in the sample induces a corresponding transient 
optical fringe shift at the crystal. This rapid fringe motion induces a 
corresponding output current transient across the crystal. Due to the 
real-time formation of space charge fields within the crystal, the sys
tem compensates for speckle, as well as for slowly varying fringe 
shifts, enabling in-factory sensing of the desired ultrasound signal. 

Figure 2. Example of defect detection using laser-based ultra
sound. The sample consists of a pair of plates, joined by a thin 
epoxy bond. The image shown is a two-dimensional mapping of the 
surface of the. plate, with the ultrasonic signal revealing regions of 
epoxy bonding and voids. This so-called "C-scan," is used by the 
ultrasonics community. 
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quency conversion and stimulated scattering effects. In 
one case, an intense laser beam (or several beams from 
different lasers) incident upon a crystal would result in a 
new output beam of another wavelength, or color. In 
another case, a laser beam incident upon a gas or solid 
would, above a given intensity threshold, result in an 
intense output beam of a different wavelength, shifted in 
frequency by an amount equal to that of an acoustic or 
optical phonon characteristic of the interacting material. 

Nobel prizes and fundamental studies were in the 
making by virtue of the new physics revealed by probing 
the quantum mechanical properties and resonant fea
tures of the interaction media itself. Nonlinear spec
troscopy and coherent optical phenomena are classic 
examples, as demonstrated in atomic vapors and semi
conductor quantum wells, to name a few. 

Along with these fundamental insights came a host 
of potential applications, all exploiting this new class of 
"all optical processing," resulting from the nonlinear 
coupling of "information-bearing" beams in time and 
space. Examples spanned the technological spectrum, 
including the notion of new wavelength sources and 
wavelength shifting, solitons, wavelength processors for 
optical communication links, devices for optical com
puting and data storage, schemes for adaptive optics, 
compensated imaging and filtering, as well as a host of 
diagnostic "tools" for environmental , medical , and 
industrial applications. 

Some of these early insights led to commercial prod
ucts. Indeed, solid-state lasers with on-board frequency 
doublers, triplers, quadruplers, and optical parametric 
oscillators are readily available as stand-alone compo
nents and commonplace in a variety of system imple
mentations, such as photol i thographic and material 
processing. In all these cases, one laser beam is convert
ed to a different wavelength merely using crystals or 
optical fibers. 

Another example of nonlinear optical technology in 
the marketplace relates to "auto-compensating" laser 
sources. It is well-known that as one tries to scale up the 
power of a laser, various distortions eventually limit the 
brightness of the output beam; the ability to focus the 
beam to its theoretically smallest feature is called the 
diffraction limit. Thermal distortion constitutes but one 
example of a class of optical aberration that must be 
compensated so that the laser's output can be used most 
efficiently. In one case, a laser manufacturer has intro
duced a high-peak-power laser system that uses nonlin
ear optical phase conjugation ( N O P C ) to compensate 
for real-time aberrations in laser amplifiers. This results 
in a compact, efficient laser, with an output beam of 
near-diffraction-limited quality. N O P C is one example 
where nonlinear optics is used with high efficiency and 
without the need for computational algorithms or addi
tional hardware to correct for distortions. 

The common theme in these two examples is that 
nonlinear optics has already made an impact in the com
mercial world—at least in terms of laser sources—a key 
step toward the acceptance of nonlinear optical technol
ogy in a rather conservative manufacturing industry. 

The purpose of this article is to examine several nov
el nonlinear optical based systems that are at various 

stages of development—all with the potential of imple
mentation into the industrial sector. In some cases, pro
totype units have been successfully fielded in factory 
settings. After a brief discussion of nonlinear optics, 
this article discusses three examples of nonlinear opti
cal "processors," which may have the potential for 
implementation into a manufacturing environment: 

Noncontact, nondestructive inspection of industrial 
workpieces using laser-based ultrasonics; 
Al l -opt ical architectures for real-time correlation 
and classification of complex objects; and 
Techniques for efficient distortion-free transmission of 
high-average power optical beams through mult i -
mode fibers for laser welding and materials processing. 

What is nonlinear optics?1 

As introduced above, in the nonlinear optics regime, 
one laser beam can be used to modify the propagation 
of another laser beam (or even its own propagation) 
through a material. By comparison, in the linear optics 
regime, the two beams are "unaware" of each other. The 
linear regime most common to the average person can 
be manifested when two different flashlight beams 
remain intact as they shine through a common glass 
window. However, if one of the beams is greatly intensi
fied, it can affect the microscopic optical properties of 
the window, thereby modifying the second beam. What 
exactly is modified depends on the beams' characteris
tics and the properties of the material. For example, one 
beam can change the focusing parameters, polarization, 
phase, or wavelength of the other. 

In an operational sense, a nonlinear interaction can 
be viewed as a passive "product processor" that couples 
one or more incident optical fields via a nonlinear sus
ceptibility in a given material via a nonlinear polariza
tion (such as atomic vapors, crystals, plasmas, and liq
u i d crysta ls) . As an example , a s e c o n d - o r d e r 
nonlinearity can result in an output electromagnetic 
field whose amplitude is proportional to the product of 
its two input fields. (Sum frequency generation—e.g., 
second harmonic generation—is within this class of 
nonlinearity.) Physically, this occurs when the presence 
of an electromagnetic field sufficiently perturbs the 
"structure" of a given material. Examples include dis
torting the electronic orbitals of an atom or reorienting 
liquid crystal molecules in a cell. Mathematically, fre
quency mixing occurs, since a product of two sinusoids 
yields a new pair of sinusoids with sum and difference 
frequencies of the initial sinusoids, when coupled via a 
nonlinear mechanism. Higher-order nonlinearities can 
generate output beams proportional to products of cor
respondingly more fields. Hence, a greater variety of 
sum and difference frequency possibilities can result. 
Examples here include "light-by-light" degenerate mix
ing, such as self-phase modulation, self-focusing, real
time holography, phase conjugation (called wavefront 
reversal), and stimulated Raman, Bri l louin, and pho
torefractive scattering. O f course, many fundamental 
considerations need to be taken into account to deter
mine the nature and efficiency (e.g., the magnitude) of 
the nonlinear coupl ing , inc luding phase matching, 
polarization, material resonances, and symmetry con-
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siderations—the details of which are beyond the scope 
of this overview. 

Beyond the coupling of the rapidly varying temporal 
components of the beams (e.g., their optical carriers), 
nonlinear mechanisms can also generate a new output 
beam whose spatio-temporal dependence is proportion
al to a product of the slowly 
varying spatial and tempo
ral envelopes of the respec
tive input field amplitudes, 
the latter convolved with 
the material's response. It is 
this "field-product" proper
ty that provides a common 
operational theme of the 
three examples cited in this 
article. T h e appl icat ions 
presented here result from 
the processing of products 
of both the temporal and 
spatial nature of the inci 
dent laser beams. With this 
rather brief introduction to 
set the stage, the three areas 
cited above are now high
lighted. 

Compensated laser ultrasonic evaluation 
In manufacturing, quality assurance and certification are 
key enablers to achieving product reliability, high yield, 
and customer satisfaction in highly competitive markets. 
So-called "in-factory" inspection and process control of 
critical components and processes, including welds, 
bonds, case hardening, and composites fabrication, are 
examples of manufacturing needs that can be addressed 
using ultrasonic inspection techniques. 2 However, con
ventional ultrasonic evaluation techniques—for exam
ple, contact transducers, immersion ultrasound, and 
water-jet probes—cannot be used under conditions such 
as vacuum, elevated temperatures and radiation, nor on 
components with highly irregular surfaces. 

Laser-based ultrasound (LBU) is an example of a 
noncontact, long standoff inspection technique 3 that 
may provide solutions to in-factory inspection needs. 
L B U involves replacing conventional ultrasonic trans
ducers (e.g., PZTs) with a pair of laser beams. One laser, 
such as a Q-switched source, generates an ultrasonic 
transient upon absorption of the light by a workpiece. A 
second laser, such as a long-pulsed (> microsecond) 
source or a cw solid-state laser, probes the surface of the 
sample to sense the ultrasonically induced surface dis
placements of the workpiece. Lasers enable the inspec
tion to take place remotely, over irregular surfaces, with
out the constraint of n o r m a l incidence and under 
adverse manufacturing conditions. Moreover, given that 
optical beams can be easily manipulated, this inspection 
tool can be rapidly reconfigured. 

Typ ica l ly , laser in ter fe rometr ic techniques are 
required to sense the ultrasonic transients that result in 
minute surface displacements of the workpiece. The 
specific nature of the material under inspection can be 
ascertained via interpretation of the temporal and spa

tial dependence of the displacement signals; this can 
pose a challenging problem in itself. (The detailed inter
pretation of sensed ultrasonic information is common 
to all conventional methods). 

In most cases, the surface displacements to be sensed 
are on the order of nanometers (0.001 to 0.01 of an 

o p t i c a l wave length) , a n d 
with rather large fractional 
bandwidths, ranging f rom 
less than 0.5 M H z to over 
50 M H z . As most u n d e r 
graduates can appreciate, 
such detailed interferomet
ric measurements typically 
require high-quality optical 
c o m p o n e n t s , a long w i th 
mechanically stable mounts 
a n d d a m p e d tables. It is 
therefore an industrial ap
plications goal to perform, 
in essence, laboratory preci
sion measurements in a fac
tory setting. 

A n entry point for non
l inear opt ics is in robust 
in ter ferometr ic detect ion 
systems. Basic interferomet

ric techniques are highly compromised (even in the best 
case), and can ultimately fail (in many other cases), due 
to in-factory realities. As an example, given that typical 
workpieces are not specular (they are quite diffuse 
reflectors, in fact), a conventional Michelson interfer
ometer would not, in general, reveal the required dis
placement information over the large fractional band-
widths mentioned above. This follows from the fact that 
a probe beam, upon reflection from most workpieces, 
will emerge as a highly speckled and aberrated wave-
front, thereby averaging out the phase-encoded interfer
ometric signal. 

Moreover, in typical manufactur ing settings, the 
parts to be inspected are not rigidly mounted—they 
may be wobbling, undergoing mechanical vibration, or 
exper ienc ing large relative p l a t f o r m m o t i o n s ( in 
welders, for example). Therefore, conventional interfer
ometric approaches 3 either require signal averaging 
(over a few speckles), which may result in long dwell 
times or necessitate the need for expensive and some
times bulky self-referencing interferometers, such as 
Fabry-Perot cavit ies. 3 , 4 These cavities also require com
plex stabil izat ion techniques in order to sense the 
desired, minute ultrasonic transients. 

Interestingly, the spatial and temporal scales of many 
of these industrial distortions are similar to those imposed 
by the atmosphere onto a laser beam or into light from 
stellar objects. The manufacturing sector stands to benefit 
from the technologies developed by the aerospace com
munity in the areas of atmospheric compensation and 
compensated imaging. By using nonlinear optical tech
niques, such as phase conjugation, two-wave mixing, and 
nonsteady-state photo-induced electro-motive force (pi-
emf) approaches, workers have been able to compensate 
for typical factory spatial and temporal distortions.5 

Figure 3. Prototype laser-based ultrasonic inspection system to 
detect the integrity of critical welds. 2 3 A Nd:YAG laser (in the left-
hand module) excites ultrasound in a welded sample (shown in 
the central transport module). A nonlinear optical compensated 
detector (in the right-hand module) uses a crystal of barium 
titanate in a double-pumped conjugator configuration as an 
adaptive beam clean-up processor. 
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A n example of a nonlinear optical compensation tech
nique for L B U sensing is shown in Figure 1 (page 33). 
Depicted is an experimental set-up using a so-called pi-
emf element (here a crystal of GaAs) that acts as an adap
tive photodetector.6 The goal of this element is to coher
ently detect the desired ultrasonic signal and, at the same 
time, "undo" spatial wavefront aberrations and low fre
quency whole-body dynamic distortions experienced by 
the workpiece under typical manufacturing conditions. 
This class of adaptive photo-sensor functions somewhat 
like a photorefractive-based "novelty filter" processor 7 in 
that it compensates for typical low-frequency in-factory 
distortions, while allowing rapid transients (the desired 
ultrasonic signal) to pass. However, in contrast to optical 
novelty filters (where a laser readout beam is required), 
the pi-emf sensor generates a dynamic output current 
that can be sensed electrically. Electrodes attached to the 
element enable detection of the desired ultrasonic infor
mation in the form of an induced dynamic current gen
erated by the pi-emf element, in response to the ultra
s o u n d . T h e basic p i - e m f sensor and its physica l 
mechanism was first described by Stepanov and co-work
ers8 in the late 1980s. Since that time, many workers have 
explored its application to ultrasonic inspection. 

Returning to Figure 1, a high-peak-power laser, such 
as a Q-switched N d : Y A G or C O 2 laser, generates an 
ultrasonic transient upon absorption of the light by the 
material under evaluation. Several mechanisms 3 can 
convert intense optical beams to ultrasonic modes, 
including thermoelastic and ablative excitation. A sec
ond laser, typically a low average-power source, acts as a 
remote probe to sense the minute surface vibrations 
induced by the ultrasound. Upon probing the surface of 
the part under test, this beam emerges with a global 
temporal high-frequency ( M H z ) phase modula t ion 
resulting from the ultrasonic transient. However, in 
addition to the desired information, the beam is, in gen
eral, highly distorted due to surface irregularities of the 
workpiece, and becomes globally (phase) modulated 
due to whole-body, low-frequency (kHz) mechanical 
vibrations. The highly distorted probe beam is then 
directed to the pi-emf sensor consisting of, for example, 
a crystal of GaAs. In this geometry, it is interfered with a 
coherent reference beam. The resulting (aberrated and 
complex) fringe pattern leads to the formation of a cor
responding space-charge field in the crystal—much like 
that of the conventional photorefractive effect.9 In the 
presence of a slowly shifting fringe pattern, the space 
charge field "tracks" out in-factory changes, while gen
erating an output current in response to the desired 
high-frequency ultrasound modulation. 

Figure 2 (page 33) shows a typical output signal result 
from a laser-based ultrasonic sensor. In this case, a pair 
of laser beams is raster-scanned across the surface of a 1 
cm X 1 cm sample, consisting of two plates bonded by a 
thin epoxy layer. The goal is to indicate regions where the 
epoxy is in contact with both plates and to identify 
regions where potential voids (or delaminations) exist. 
Plotted in the figure is the amplitude of the detected 
ultrasound signal across the sandwich as a function of 
location along the surface. The information revealed in 
the figure is, in essence, a plot of the remotely sensed 

surface displacement and , therefore, an ul t rasonic 
"image" of the defects. Given that this measurement can 
be made without touching the part, it can, in principle, 
be made during the manufacturing process itself. 

A prototype unit, using nonlinear optical processing as 
a means for real-time compensation, is shown in Figure 3. 
This unit consists of a crystal of barium titanate as a real
time beam clean-up processor.6 These and other classes of 
adaptive detectors are currently undergoing sensor opti
mization, hybridization, and feasibility studies for eventu
al in-factory demonstrations and productization. Given 
that this auto-compensating diagnostic can function 
rapidly and in real-time, the distinct possibility exists for 
process control in a manufacturing environment, by using 
the sensor as a transducer in a closed-loop servo system. 
L B U is being pursued by academia as well as ultrasonic 
instrumentation companies including UltraOptec and 
Lasson Technologies, and aerospace firms such as Hughes, 
Rockwell, Textron, United Technologies, General Electric, 
Lockheed, Boeing, and McDonnell-Douglas. 

Real-time pattern recognition 
Another key industrial environment challenge is the 
rapid classification of objects from a known set of work-
pieces. E x a m p l e s i n c l u d e d i s t i n g u i s h i n g v a r i o u s 
mechanical components (e.g., types of washers or nuts) 
along an assembly line in a robotically controlled, flexi
ble assembly cell, fingerprint recognition, security classi-



f ication of smart credit cards and currency against 
counterfeiting, and medical applications (including the 
identification of cell types). 

Beyond conventional digital processors and machine 
vision schemes, one class of optical technique to realize 
such processing involves real-time matched filter genera
tion and readout, or joint-transform correlation—all 
using nonlinear optical mechanisms. A major attribute 
of this optically based architecture lies in its inherent 
massive parallel processing capability: As opposed to 
conventional serial processing schemes, the optical sys
tems process all pixels simultaneously, with the potential 
for frame rates far in excess of video systems. 

The basic technique for such all-optical processors has 
its roots in conventional holography. As discussed by Van-
derLugt in 1964,10 a fixed 
holographic filter is generat
ed at a spatial Fourier trans
form plane (i.e., the focal 
plane of a multi-lens optical 
train) using a known refer
ence object set and a refer
ence beam. When read with 
an arbitrary "test" object, a 
complex spatial pattern of 
output beams is generated 
as the beam diffracts from 
the filter and propagates 
through the optical train. It 
turns out that the system 
can be configured so that 
the output pattern is mathe
matically equivalent to the 
correlation of the known 

object set with that of the test object. The brightest spot 
will, in general, point to the location in the reference object 
set that most closely matches that of the test object. 

Nonlinear optical techniques have transformed this 
fixed holographic processor to one that can be updated, 
read, and manipulated dynamically without having to 
replace the o r i g i n a l matched f i l ter w i th a new 
v e r s i o n . 1 1 , 1 2 As shown in Figure 4, by substituting the 
fixed holographic medium (e.g., film or a computer gen
erated mask) with a nonlinear optical material, such as a 
photorefractive medium (e.g., barium titanate, bismuth 
silicon oxide) , 1 3 GaAs multiple quantum structures, 1 4 

photoconductive polymers, 1 5 or an atomic vapor, the 
hologram can be formed and updated in real-time. 

Additional features of such real-time matched filters 
include the potential reductions in the added cost of 
fabricating a "catalog" of fixed holographic filters, the 
associated precision alignment issues, and system down
time. Several groups have performed systems studies of 
such real-time optical processors, including teams at 
Thomson-CSF (see Fig. 5) , 1 3 Jet Propulsion Labs, and 
A T & T Bell Labs. In some cases, ruggedized, automated 
prototypes have been tested, and field tests are currently 
in progress by several g roups . Other groups have 
explored the use of spatial light modulators, 1 6 as pro
grammable transform-plane filters in similar "all-opti
cal" processor architectures, including efforts at L i t ton 1 7 

and M a r t i n M a r i e t t a . 1 8 Both real-t ime approaches, 

using nonlinear optical elements as well as spatial light 
modulators, have met with success. T ime, as well as 
cost-benef i t tradeoffs, wi l l dictate wh ich o f these 
schemes are most effective for a given application. 

Beyond just functioning as triple-product processing 
elements, nonlinear devices at Fourier transform planes 
can also play a significant role in on-board processing 1 2 

of the correlation information itself, including compres
sion, thresholding, and so on. This follows since the non
linear element can be "biased" so that higher-order non
linearities can be realized, again, on a pixel-by-pixel basis, 
and all in parallel. 

A related function in this regard is in defect detection 
in highly complex, yet periodic structures, such as the 
need to locate random defects (say, electrical shorts or 

open circuits) in active 
matrix display panels or 
memory chips. Here, the 
non l inear m e d i u m 1 9 is 
biased so that, above a 
given intensity, it effective
ly reduces the diffracted 
(or reflected) beams at a 
spatial transform plane— 
again, on a pixel-by-pixel 
basis, with massive paral
lelism. Both spatial light 
modulators, along with 
nonlinear optical media, 
can enhance the visualiza
tion of random defects by 
suppressing the h ighly 
complex, periodic image 
of the sample, while pass

ing the random defect image—this is akin to locating the 
position of a proverbial needle, randomily placed, in a 
perfectly ordered haystack. 

Nonlinear beam clean-up for fiber delivery systems 
The third example for consideration is in the area of 
high-average-power or high-peak-power laser materials 
processing. A major challenge here is the ability to realize 
a fiber system that not only delivers the laser beam to the 
workpiece of interest, but also enables near-diffraction-
limited focusing capabilities of the laser beam on the 
workpiece. The latter requirement is critical to a variety 
of materials processing applications, such as precision 
cutting, drilling, and surface treatments, where a tightly 
focused beam is needed, at relatively long standoff dis
tances. Given that a highly mult i -mode optical fiber 
(> 10,000s of modes) is required to handle the high flu
ences needed for the laser processing, one finds that 
without some form of compensation, a very highly aber
rated and speckled beam emerges from the output end 
of the fiber, thereby degrading the system's performance. 

This class of waveguide distortion (called modal disper
sion) is fundamental to multi-mode fibers and is a result of 
the fact that each guided mode, relative to the other modes, 
travels over a slightly different path. These path-length dif
ferences, after propagation through the fiber, result in cor
responding phase differences, giving rise to a dephasing of 
image information, similar to sending a beam (or an 

Figure 4. Optical hardware layout of a joint-transform correlator u s e d 
to classi fy fingerprints in real t ime. A crystal of b ismuth si l icon oxide 
(BSO) is u s e d a s a real-time holographic nonlinear optical e lement , 
which is located at a c o m m o n spatial Fourier t ransform plane. The 
output correlated signal is detected by a C C D c a m e r a . 
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image) through a frosted glass plate. The result is an unrec
ognizable image or a highly blurred spot. Such large distor
tions (which can be 100 times the diffraction limit) can 
result in very inefficient delivery of the laser's beam to the 
workpiece, since its fluence is reduced and its focusing abil
ity is highly compromised. 

One way to compensate for this major problem is 
through the use of nonlinear optical phase conjugation.20 

As shown in the basic system 
architecture21 of Figure 6, a 
single-mode fiber provides 
an undistorted "reference" 
beam that, when injected 
(backwards) into the output 
end of a multi-mode fiber, 
essentially "samples" the 
inherent modal dispersion 
of the multi-mode fiber. 
After propagating through 
the fiber and laser amplifier 
chain, the highly aberrated 
probe beam impinges onto a 
phase-conjugate mirror 
(PCM). The PCM generates 
a so-called wavefront-revers
ed (or "time-reversed") 
replica of the incident beam. 
This new beam propagates 
in a reverse direction relative 
to the incident beam—as if 
time were reversed.20 The 
PCM in Figure 6 is realized using a so-called "loop" geom
etry, and employs a thermal nonlinearity in a liquid for 
the nonlinear optical beam coupling.22 

The phase-conjugate beam then propagates in a reverse 
direction back through both the amplifier chain and the 
multi-mode fiber system. In the process, this wavefront-
reversed replica 
"undoes" the path 
distortions. The 
now-amplified beam 
emerges from the 
multi-mode fiber 
with its wavefront 
restored to that of 
the single-mode ref
erence beam that 
was injected into the 
beam delivery fiber 
in the first place. 
This highly ampli
fied, single-mode 
beam is then direct
ed onto the compo
nent to be processed, 
resulting in an efficient, distortion-free, high-fluence laser 
processing system. 

Figure 7 (page 40) shows the results of a proof-of-con
cept demonstration,21 displaying the beam before and after 
compensation. Owing to the nonlinear optical nature of 
the interaction, the PCM performs the desired compen
sation without any computational algorithms, wave-

front sensing hardware, or wavefront reconstructor ele
ments. Moreover, this passive, all-optical compensation 
device operates in real-time, enabling it to adapt to 
changes in the system, including dynamic mode scram
bling and depolarization effects in the beam-delivery 
fiber. Such time-varying distortions can occur as the 
beam delivery fiber is repositioned over a workpiece, via 
a robotic manipulator, as an example. Work is currently 

in progress at Hughes 
Research Laboratories to 
optimize the performance 
of this PCM-based system, 
as well as to ruggedize its 
hardware for in-factory fea
sibility demonstrations. 

Technical challenges 
This brief overview has pre
sented three examples of 
nonlinear optical devices 
and systems implementa
tions that show promise for 
a manufacturing environ
ment. All the examples use 
nonlinear optical "proces
sors," with massive paral
lelism capabilities. From a 
computational point of view, 
a million pixels of image-
bearing information can, in 

principle, be pro-cessed at microsecond frame rates, cor
responding to an effective data rate on the order of 1012 

pixels per second (an even greater bit rate, when dynamic 
range considerations are taken into account). 

Of course, prior to embarking on a major campaign 
for implementation into the industrial marketplace, 
many systems issues must still be addressed, and more 

benchmarking 
e x p e r i m e n t s 
against existing 
techniques, busi
ness case studies, 
and cost-benefit 
analyses must be 
undertaken. Tech
nical challenges for 
the three cases 
described in this 
survey include: 

Comparisons of 
laser -based 
ultrasonic sen
sors using pi-
emf detectors 
against other 

sensors, such as single-speckle coherent detectors or 
Fabry-Perot velocimeters, the latter of which func
tions as a self-imaging time-delay interferometer;3 

Pattern recognition and defect detection using real
time holographic schemes versus digital machine-
vision computational systems or fixed matched-fil
tering systems; and 

Figure 5. C o m p a c t prototype joint-transform c o r r e l a t o r 2 4 — t h e 
bas ic architecture is ske tched in Figure 4—that u s e s a 
diode-pumped frequency-doubled Nd:YAG laser to write the 
real-time holograms in a B S O crysta l , and a low-power 7 6 0 nm 
laser d iode to read out the correlat ion information. 
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Figure 6. B a s i c architecture of an industrial laser, with c o m p e n s a t e d fiber d e l i v e r y . 2 5 

A so-cal led loop phase-conjugate mirror, us ing a thermal optical nonlinearity, provides 
the real-time c o m p e n s a t i o n capability. A reference b e a m (guided by the s ingle-mode 
optical fiber) is fed into the output end of the main beam-del ivery fiber. After amplifi
cat ion, phase-conjugat ion, and reverse propagat ion, a high-brightness, high-average 
power b e a m e m e r g e s from the multi-mode fiber onto the workpiece. 
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Compensated beam de-liv
ery using nonlinear optical 
phase conjugation tech
niques versus conventional 
beam cleanup approaches 
(e.g., adaptive optica meth
ods). 

All of these nonlinear opti
cal-based systems need to be 
evaluated in terms of perfor
mance, complexity, efficien
cy, fidelity, and response 
time. 

As is always the case for 
new and novel approaches, 
one must be careful not to 
oversell a given scheme. 
Time and diligence should 
be the determining factors, 
as the technologies percolate 
and evolve. However, poten
tial visions include a servo-
controlled manufacturing 
station comprised of several 
nonlinear optical compo
nents: 

A frequency doubled laser 
may be used to probe a 
material; 
With an adaptive photo
dector used for closed-
loop LDU control; 

With the output information used to control a laser 
welder equipped with a real-time beam clean-up 
capability; and 
A real-time pattern recognition system employed to 
classify the finished products. 
This may seem like a faint possibility—yet prior to the 

advent of the laser, nonlinear optically generated photons 
with high efficiency and fluence could only be accounted 
for in Gedanken experiments. Needless to say, the field of 
nonlinear optics continues to evolve and gain acceptance 
in the community, as evidenced by the myriad published 
works, issued patents, and start-up companies. 
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Figure 7. Demonstrat ion of fiber c o m p e n s a t i o n 
using nonlinear optical p h a s e conjugation. Shown 
are three far-field photographs of a Nd:YAG laser 
b e a m : (a) is the input undistorted reference 
b e a m ; (b) is the raw output b e a m without c o m p e n 
sation exiting the beam-delivery multi-mode opti
cal fiber; and (c) is the corrected b e a m emerging 
from the beam-delivery fiber after reverse -passage 
through the system us ing phase-conjugate propa
gation. 
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