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Researchers in optical b iomedica l 
imaging are pursuing a dream that 
someday soon they wi l l develop 
noninvasive modali t ies enabl ing 
doctors to peer inside the human 
body by shining light. By analyzing 
how light interacts with tissues, 
these "optical body scanners" would 
help doctors diagnose lesions such 
as tumors in the breast, and would 
determine whether a t u m o r is 
malignant or benign. 

Al though an impressive array 
of techniques—among them, x-
ray i m a g i n g , x - ray c o m p u t e d 
tomography (CT) , magnetic reso

nance imaging (MRI ) , u l t rasound, and radioisotope 
imaging—are already available1 for imaging parts of the 
body, there still are limitations: 

X-rays or other established techniques may not accu
rately detect tumors in their early stage when they are 
small and most treatable. X-rays also are not suitable 
for imaging young, dense breasts and cannot distin
guish between benign and mal ignant tumors. In 
addition, their high-energy can ionize the tissue and 
may be potentially harmful if used too often for rou
tine screening or at high intensities. 
Radioisotope imaging has l imited applications and 
exposes the body to radioactivity that is potentially 
harmful. 

Ultrasound lacks the resolution to detect objects with 
linear dimension smaller than a few millimeters and, 
like X-rays, may not provide any information about 
the tissue chemistry. 
MRI is a powerful technique with submillimeter spatial 
resolution and abil i ty to detect specific chemicals. 
However, it cannot detect some important elements, 
such as oxygen, and the cost of superconducting mag
nets needed for its operation makes it highly expensive. 
The need for an imaging modality that is noninva

sive, safe, inexpensive, compact, and capable of monitor
ing tissue chemistry in vivo, preferably in real time, pro
vides the impetus for the intense research activities in 
biomedical optical imaging. This article provides a brief 
introduction to the state of the art in these endeavors. 

Background 
Biomedical imaging techniques are sought to identify, 
locate, and diagnose an "object" such as a tumor inside 
a biological tissue. The successful use of optical meth
ods to solve th is i m a g i n g p r o b l e m has e luded 
researchers since the futile attempts by Victorian doc
tors to detect breast tumors using light from a candle. 
The interest in this technique, known as diaphanogra
phy, has increased throughout this century as brighter 
light sources and sophisticated image recording meth
ods were invented and experimental data accrued to 
suggest that light can monitor tissue functions. 

In its simplest form, the procedure involves i l lumi
nating the part of the body to be imaged with bright 
light and searching for indication of pathology in the 
observed transillumination pattern. The physical basis 
of transil lumination is the difference in the transmis
sion of light through normal tissue and an object, such 
as a tumor, inside it. This differential transmission, in 
principle, should lead to the formation of a "shadow" of 
the tumor in transmitted light. However, observation of 
that shadow image is frus
trated since light scattered 
by the t issue severely 
degrades and, for thick tis
sues, completely buries the 
image in the background 
light. The key to successful 
deve lopmen t o f o p t i c a l 
imag ing techniques is to 
deal w i th the p rob lem o f 
light scattering effectively. 

Understanding how light 
propagates through a highly 
sca t te r ing m e d i u m is an 
impor tant step in resolu
tion of the problem. Light is 
both scattered and absorbed 
by biological tissues, result
ing in diffuse transmittance. 
C h a r a c t e r i s t i c s such as 
in tensi ty , coherence, and 
polarization of the incident 
l ight change as it is 
absorbed and scat tered 
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inside the tissue. The extent of these changes depends 
on the wavelength of light, the type of tissue through 
which it propagates, and the tissue thickness. Conse
quently, the light that emerges from the medium has 
very different characteristics than the incident light. 

Absorption results from electronic transitions within 
the energy levels of the atoms and molecules in the tis
sue. Scattering arises from variations of refraction in the 
microscopic and macroscopic structures of the tissue; it 
increases strongly as the wavelength of light becomes 
comparable to the size of the scattering elements. Light 
scattering is a statistical process, meaning that the prob
ability that a photon will be scattered has a certain value 
that depends on its wavelength and the type and thick
ness of the t issue. The 
transmitted light thus is 
comprised of unscattered 
(or coherently scattered), 
weakly scat tered, and 
multiple-scattered pho
tons , as displayed 
schematically in Figure 1. 

The coherently scat
tered or ballistic photons 
propagate in the direction 
of the incoming beam, 
traverse the shortest path, 
retain most of the charac
teristics of the incident 
pho tons , and carry the 
maximum information about the interior structure of 
the scattering medium. The multiple-scattered photons 
travel long distances within the medium, lose many of 
their initial characteristics, carry little information 
about the structures inside the medium, and emerge 
later in all directions. They constitute what is known as 
the diffusive component of the transmitted light. The 
photons that scatter slightly in the forward direction 
retain significant initial properties and information on 
structures hidden in the scattering medium. These pho
tons are called snake photons because their trajectories 
resemble a wriggling snake. 

Since the photons of an incident short pulse of light 
spend different times in transit through the intervening 
medium, the transmitted pulse becomes broadened 
with the ballistic photons arriving first, followed by the 
snake and diffusive photons, also displayed in Figure 1. 
Ballistic photons are most effective in forming a shadow 
image. Snake photons also generate transillumination 
images whose resolution depend on the position and 
width of the temporal slice used in imaging. The snake 
photons that form a well-resolved shadow image arrive 
much earlier than most of the diffusive photons. The 
intensity of the forward-transmitted light is attenuated 
by absorption and scattering. The relative intensities of 
the three components in the transmitted beam vary 
depending on the color of light and characteristics of 
the sample. In a highly turbid medium, the ballistic 
component is extremely weak, while the diffusive com
ponent is the most intense. To form images of the struc
tures inside the turbid medium using the ballistic and 

Figure 1. S c h e m a t i c d i a g r a m o f l ight s c a t t e r i n g b y a t u r b i d m e d i u m 
s h o w i n g t h e b a l l i s t i c , s n a k e , a n d d i f f u s e p h o t o n s , a s w e l l a s t h e 

c h a n g e s in t h e t e m p o r a l p r o f i l e o f a l ight p u l s e . 

snake photons, the more numerous diffusive photons 
need be strongly discriminated against. 

Two alternate approaches are being pursued to alleviate 
this problem. The first involves filtering out the image-bear
ing photons from the background of multiple-scattered 
image-blurring photons using clever experimental tech
niques. 2 - 2 8 The second approach, sometimes referred to as 
the inverse problem, is based on detection of multiple-scat
tered photons at various positions around the object. The 
aim is to construct the image from these measured intensi
ties, known experimental parameters, and tissue characteris
tics using models of light propagation and sophisticated 
computer algorithms. The impetus for solving the inverse 
problem stems from the realization that for tissues that are 

more than a few centimeters 
thick, the only transmitted 
light is the scattered light. 
Both frequency and time-
domain data may be used in 
this approach. The thrust is 
to develop appropriate algo
rithms to generate a map of 
the interior structure of a 
turbid medium in a reason
able time. The Monte Carlo 
methods focuses on the par
ticle nature of light and 
promises higher accuracy at 
the cost of higher computa
tional complexity and 

time. 2 9 Alternate methods based on the diffusion equation 
and the radiative transfer equation are being pursued by vari
ous groups.3 0 

What light to use? 
Perhaps the most important consideration in optical 
imaging of tissues is the nature of light to be used. Laser 
light—characterized by a high degree of spectral bright
ness, directionality, coherence, monochromaticity, and 
op t iona l shor t t ime du ra t ion—is used by most 
researchers these days. Several factors need to be consid
ered to choose the optimal wavelength. First, shorter 
wavelengths provide better spatial resolution, but are 
strongly absorbed by the tissue. Second, to form a sharp 
image, one needs light that is scattered the least. Finally, 
the wavelength range should be suitable to detect the 
key chemicals that can indicate how the body is func
tioning. Unlike ultrasound and X-rays, only light offers 
this capability of spectroscopic monitoring of body 
chemistry. 

Near-infrared light spanning the 700-1300 nm spec
tral range appears to be a judicious choice. Light in this 
wavelength range is not as strongly absorbed by tissue as 
the visible light, and so will have higher transmission 
and less likelihood of causing burns. The availability of 
broadly wavelength-tunable solid-state lasers, such as 
Ti:sapphire and Cr:forsterite, to cover this spectral range 
is another advantage. The wavelength-tunability offers 
the possibility of monitoring different chemical species 
by tuning to different wavelengths. Near-infrared light is 
also less scattered than visible light and is not known to 
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cause any tissue damage even with prolonged exposure 
at intensity levels that may be needed for routine screen
ing. However, the main problem of scattered light must 
still be confronted. 

Photon sorting techniques 
Several schemes have evolved over the years to sort out 
the image-bearing ballistic and snake photons from the 
multiple-scattered diffuse photons. These schemes 
exploit one or more of the changes that scattering 
induces on the characteristics such as directionality, 
polarization, coherence, and temporal duration of the 
incident light. Since the image-bearing photons change 
the least, the idea is to devise a gate that will let the pho
tons with a specific initial property 
through, but will block others. One 
such scheme is a space gate that 
exploits the fact that the ballistic 
and snake photons come out of the 
tissue in the incident direction, 
while the multiple-scattered light 
emerges in all d i rect ions . So, a 
small aper ture centered on the 
direction of incidence and placed 
after the sample will collect the bal
listic and snake light and effectively 
discriminate against a significant 
fraction of the scattered light. Simi
larly, a time gate capitalizes on the 
fact that image-bearing photons 
emerge from the sample sooner 
than the diffusive photons. To real
ize a t ime gate in pract ice, one 
needs a shutter that will open for a 
shor t du ra t ion , typically a few 
picoseconds, to let the early pho
tons through and then close in time to leave out the 
delayed scattered photons. Similar gating schemes based 
on polarization and coherence of light have also been 
devised. Often a single gate may not be discriminating 
enough. For example, a space gate can not filter out the 
photons that have first been scattered out of the inci
dent direction and then back into it. However, a time 
gate employed after the space gate can cut out such "on
line" scattered photons, since scattering makes them 
travel longer distances and emerge out of the sample 
later than the ballistic photons that propagate straight 
through. 

The implementation of an optical imaging modality 
based on any of the gating methods mentioned above 
requires an appropriate laser and beam delivery optics 
to illuminate the sample, a detection scheme to monitor 
the transmitted light, and a signal processing unit to 
construct the image from the collected data and known 
experimental parameters. The form in which data 
should be collected is a major consideration for the 
researchers, and three different approaches—t ime 
resolved, frequency domain, and continuous wave—are 
now in use. 

Time-resolved methods commonly use ultrashort 
light pulses from an ultrafast laser to illuminate the 

Perhaps the 
most 
important 
considera
tion . . . is 
the nature 
of light to 
be used. 

sample. A time gate, often combined with a space gate, 
is then used to measure the time evolution of emergent 
light. Image information is extracted by analyzing the 
relevant temporal slice of the data. Frequency-domain 
techniques use modulated laser light for sample illumi
nation and monitor the phase shifts associated with the 
average delays exper ienced by pho tons traveling 
through the sample for image construction. These two 
approaches provide theoretically equivalent data related 
by Fourier transform. However, in a frequency-domain 
technique, information is available only at certain dis
crete frequencies that are used in the experiment, while 
a time-domain method generates data at a large num
ber of frequencies for image construction. As the name 

suggests, cont inuous wave laser 
light is used in continuous wave 
methods, where detection schemes 
are rather simple but the signal 
processing is more involved. Major 
t echniques in these three ap
proaches are highlighted in the fol
lowing section. 

Overview of available techniques 
Space Gating 
Confocal imaging

2

 and Fourier spa

tial filtering
3

 are two commonly 
used space-gating techniques. In 
confocal imaging, an optical fiber 
collimator shines light on the sam
ple, and an on-line receiving fiber 
collimator that faces the transmit
ter collects the light that passes 
straight through. Since the diame
ter of the collecting fiber is small, it 
only accepts forward propogating 

light and rejects off-axis scattered light. A two-dimen
sional image may be formed point by point by scanning 
the il luminator and collector fibers synchronously 
across the object while keeping them precisely aligned. 

In a Fourier gate, a collimated beam of light shines 
the object, and a lens of focal length F placed at a dis
tance F focuses the photons that retain their collimation 
at a distance of 2F from the object. A small aperture 
placed at the focus of the lens transmits the image-bear
ing light and rejects most of the diffusive component. 

Polarization Gating 
The polarization gate makes use of the fact that scatter
ing events depolarize an incident beam of linearly polar
ized light so that ballistic and snake photons retain 
much of the initial polarization while the multiple-scat
tered photons are depolarized. 4 , 5 In practice, a polariza
tion gate is implemented by shining the object through 
a linear polarizer and collecting the emerging light 
through a second linear polarizer. The degree of polar
ization [defined as (Ip - Is)/(Ip + Is) where Ip and Is are 
transmitted intensities with the axis of the second polar
izer parallel and perpendicular, respectively, to that of 
the first] of the transmitted light is used to select the 
image-bearing component, since it is expected ideally to 
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be unity for ballistic light and zero for completely depo
larized diffuse light. 

Time-resolved Methods 
The time-resolved imaging methods developed to date 
may be classified broadly into incoherent and coherent 
techniques, depending on how the selection of ballistic 
and snake photons is achieved. 

In incoherent techniques, they are selected by opening 
a time gate for a short duration. A reference light pulse 
opens the gate and the light emerging from the sample 
can pass through for as long as the reference pulse is on. 
An optical delay line in the path of the reference pulse 
enables its temporal overlap with the desired part of the 
t ransmit ted light. The 
ratio of the intensity of 
light that passes through 
when the reference pulse 
is present to that when it 
is off determines the con
trast of the gate. These 
gates are often known as 
pulse gates, since the 
characteristics of the ref
erence pulse play a major 
role in defining their 
properties. Examples of 
pulse gating techniques 
are optical Kerr gate 

(OKG),
6,7

 second-har

monic generation (SHG) gate,
8

 sum and difference frequen

cy generation parametric gates,
9

 stimulated Raman scatter

ing (SRS) gate,
10

 and time-correlated single photon 

counting.
11

 Imaging using a streak camera is an example 
of an incoherent electronic gate that operates by convert
ing the temporal intensity profile of the transmitted light 
to a spatial one. 1 2 It has a limited dynamic range of 10 4. 

The interference between image-bearing photons and 
a reference beam derived from the same initial pulse of 
light forms the mechanism for selective detection in 
coherent techniques. Photons that are coherent with the 
reference give rise to a gated signal, while diffusive light 
does not. The coherence time of the reference pulse 
determines the duration of the gate. So, longer-duration 
but broadband light pulse may be used to generate ultra-
fast gates. Optical coherent imaging ( O C I ) , 1 3 , 1 4 holo
graphic methods , 1 5 - 1 7 four-wave mixing (FWM) gate, 1 8 

and coherent anti-Stokes Raman scattering (CARS) 
gate 1 0 are coherent techniques. 

Frequency-domain Methods 
The frequency-domain methods are based on genera
tion and measurement of the amplitude and phase of 
diffuse photon density wave (DPDW) in the turbid 
medium containing the object . 1 9 - 2 1 

Continuous-wave Methods 
Continuous-wave (cw) methods of optical imaging are 
attractive since the use of compact cw lasers keeps the 
overall system hardware simple. The first attempts at using 
light for tissue imaging, known alternately as diaphanog

raphy or diaphanoscopy, were cw methods. Confocal 
imaging and coherent detection are two commonly used 
cw techniques. Confocal imaging has been used to build a 
laser transmission photoscanning (LTPS) system for 
breast examination. 2 2 The system uses two pairs of trans
mitter-receiver fiber collimators—one operating in the 
red (630 nm) and the other in the near infrared (830 
nm)—and uses the differences between transmissions at 
those wavelengths for spectral analysis. The breast cancer 
diagnostic ability of the system has been tested in compar
ison with x-ray mammography and the results are 
promising. A similar near-IR diaphanoscopic system has 
been used for diagnosing sinusitis.2 3 

Coherent detection imaging (CDI) that uses high-sen
sitivity optical hetero
dyne detection has been 
used to construct images 
of test phan toms and 
biological s amples , 2 4 - 2 6 

as well as for obtaining 
in vivo tomographic 
images of the human 
eye. 2 7 

Figure 2. S c h e m a t i c d i a g r a m o f a p i c o s e c o n d o p t i c a l K e r r g a t e . 

Imaging horses to bet on 
Some of the more 
promising techniques at 
the cur ren t state of 
development are the 
opt ical Kerr gate and 

coherence imaging in the time domain, and the diffuse 
photon density wave method in the frequency domain. 

Optical Kerr Gate 
The optical Kerr gate acts as a camera with an ultra-
fast shutter that is triggered by an intense gating pulse 
to take a picture the instant the image bearing light 
emerges and close soon enough to block the diffusive 
l ight. A typical OKG exper imenta l a r rangement , 
shown schematically in Figure 2, consists of a Kerr 
active mate r i a l such as ca rbon disulf ide placed 
between two crossed polarizers. An intense ultrashort 
pulse of light is split into two parts. One part illumi
nates the sample, the other part—the reference or gat
ing pulse—is used to induce a transient birefringence 
in the Kerr medium. The light emerging from the 
sample is made to overlap spatially and temporally 
with the gating pulse inside the Kerr medium. If the 
reference pulse is blocked, a very small fraction of the 
incident light, typically less than one part in a million, 
may pass through the crossed polarizers; the gate is 
"closed." In the presence of the reference pulse, the 
fraction of light from the sample that is linearly polar
ized by the first polarizer becomes elliptically polar
ized as it passes through the Kerr medium while coin
cident with the reference pulse. A fraction of this 
elliptically polarized light can now pass through the 
analyzer. This may be looked on as the gate being 
"open." Thus, the light can only pass through the gate 
when it overlaps both temporally and spatially with 
the intense reference pulse. 
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The duration of the gating pulse or the recovery 
time of the Kerr medium, whichever is longer, deter
mines how long the gate remains open. Picosecond and 
subpicosecond t ime resolution may be attained. The 
gate position may be varied by adjusting the arrival of 
the reference pulse by use of an optical delay line. The 
image-bearing early light may be extracted in a single 
shot by adjusting the gate position. 

A picosecond OKG that uses a picosecond Nd:glass 
laser, a C S 2 Kerr cell, and a two-d imens ional (2 -D) 
charge-coupled device (CCD) camera has been success
fully used to image test objects hidden inside human 
breast tissue, chicken breast tissue, and a suspension of 
polystyrene spheres in water. 6 While the image was 
c o m p l e t e l y b l u r r e d 
without the gate, a nice
ly reso lved image was 
obtained when the gate 
selected the initial part 
of the transmitted pulse. 

Combined t ime and 
space gating was realized 
by placing the Kerr cell 
in the arrangement dis
cussed above at the back 
focal plane of a lens, and 
an aperture at the center 
of the front focal plane. 7 

Another lens placed at a 
d i s tance equal to its 
focal length behind the 
aperture collimated the 
selected light and direct
ed it to the CCD camera. 
C o m p a r e d to s i m p l e 
OKG, this Kerr-Fourier 

gate (KFG) provided higher dynamic range, signal-to-
noise ratio (SNR), and contrast at a signal level of ~ 1 0 - 1 0 

of the illumination intensity. The sensitivity of the tech
nique to detect small changes in optical properties was 
underscored when it successfully imaged a pure water 
droplet inside 2% intralipid solution as shown in Figure 
3. In a related development, the feasibility of construct
ing a three-dimensional image was demonstrated by 
combining two-dimensional shadowgrams formed with 
a KFG using a backprojection algorithm on a personal 
computer . 2 8 

F i g u r e 3 . Imaging of a water droplet diffusing into a 2% intralipid solu 
t ion (upper f rames) , and a cat drawn in a t ransparent plastic sheet hid

den inside (lower f rames) , an intralipid solution by use of the optical 
Kerr -Four ier gate. In a-c, gate delay = 0 psec and a) T ~ 0 sec , 

b) T ~ 3 sec , and c) T ~ 5 sec after valve that re leases the 
water droplet is opened . In d) gate delay = 40 psec , 
e) gate delay = 20 psec , and f) gate delay = 0 psec . 

Optical Coherence Imaging 
Optical coherence imaging (OCI) systems are based on 
interferometry with low-coherence light. In an interfer
ometer, a beam of light is split into two parts that are 
recombined after they travel two different paths. The two 
beams form an interference pattern only when they are 
coherent—that is, the phase difference between the two 
remains fixed. If one of the beams interacts with a scatter
ing medium, only the ballistic photons will retain their 
original phase and interfere with the reference beam. The 
diffusive component loses its original phase and cannot 
interfere. Interference thus filters out image-bearing bal
listic photons and a fraction of snake photons. 

In practice, OCI systems have been implemented 
both in retroreflection and transillumination geome
tr i e s u s i n g c o m p a c t f i b e r - o p t i c M i c h e l s o n and 
Mach-Zehnder interferometers, respect ive ly . 1 3 , 1 4 The 
use of optical fiber in the sample arms of interferome
ters ensures spatial filtering out of some of the scattered 
light by confocal imaging. 

In retroreflection OCI, light exiting the single-mode 
fiber in the sample arm is collimated and directed onto 
the sample being studied. The backscattered light from 
the sample is collected by the same fiber and combined 
in a fiberoptic beamsplitter with the beam reflected 
from the scanning reference mirror of the Michelson 
interferometer. Light retroreflected from different 

depths within the sam
p le are m e a s u r e d by 
scanning the axial posi
t i o n o f the re ference 
mirror and s imul tane
o u s l y r e c o r d i n g the 
in t er f erometr i c s ignal 
a m p l i t u d e . T h e t w o 
b e a m s in ter fere o n l y 
when the two arm path 
lengths match within the 
source coherence length. 

A b r o a d b a n d l i gh t 
source such as a superlu-
minescence diode with 
short coherence length, 
typically ~ 10 µm, is used 
in OCI systems. So, lon
gitudinal position of the 
reflections may be deter
mined with high resolu
t i o n . By s c a n n i n g the 

sample beam along the transverse dimensions and per
forming a longitudinal scan at each posit ion, a two-
dimensional image may be built up point-by-point . 
The beam diameter inside the sample determines the 
lateral resolution of the image. The detection scheme 
used in OCI is equivalent to optical heterodyne detec
tion and provides high detection sensitivity. In a typical 
arrangement, using ~ 500 µW power at 830 nm, a detec
tion sensitivity of 94 dB was attained. 1 3 

The transillumination OCI system is similar to the 
r e t r o r e f l e c t i o n s y s t e m in p r i n c i p l e , b u t uses a 
Mach-Zehnder geometry and a high-power femtosec
ond Ti:sapphire laser in the experimental arrangement. 
Using a sophisticated detection scheme, this technique 
achieves quantum shot noise limited detection sensitiv
ity of 130 dB using an average power of ~ 150 m W . 1 4 

Even with such an impressive sensitivity, the retrore
flection OCI may image through a tissue depth of only 
3 mm. Strong exponential attenuation of ballistic light 
is the limiting factor. However, a number of clinically 
interesting applications for three-dimensional imaging 
exist in this range. The technique is used to obtain 
high-resolution images of the human retina, and may 
prove useful in monitoring diseases such as glaucoma, 
macular degeneration, and macular edema. It is also 
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used for high-resolution imaging of coronary artery and 
gastrointestinal tissues, and has potential applications in 
dermatology. An important drawback of the system is 
that it builds up the image point by point, which makes 
it too slow for in vivo clinical applications. 

Diffuse Photon Density Wave Method 
The diffuse photon density wave (DPDW) method is a 
frequency-domain imaging technique that uses the 
migration characteristics of light for the formation of 
an i m a g e . 1 9 - 2 1 In this method, light whose intensity is 
modulated sinusoidally at a high frequency, is incident 
on the turbid medium. As the photons diffuse through 
the m e d i u m , a periodic distribu
tion of the photon density—a dif
fuse photon density wave—is set 
up. D P D W s are characterized by 
well-defined amplitude and phase 
at each point in the medium. They 
propagate with a phase velocity and 
an a t t e n u a t i o n c o e f f i c i e n t that 
d e p e n d o n the m o d u l a t i o n fre
quency, as well as the absorption 
and scattering propert ies of the 
medium. DPDWs refract, diffract, 
disperse, scatter, and in ter fere . 1 9 

The p h a s e shift and a m p l i t u d e 
modulation of this wave relative to 
the source may be measured at any 
point with proper instrumentation. 
The differential phase shift and 
modulation that result from the presence of an inhomo
geneity in the medium form the basis for DPDW imag
ing. The image of the inhomogeneity may be construct
ed from phase shift and modulation data measured as a 
function of modulation frequency by use of computer 
a lgor i thms. The m e t h o d has been used recently to 
derive images of a purely absorbing and purely scatter
ing inhomogeneity inside an intralipid so lut ion. 1 9 

A dark horse: Photoacoustic ultrasound imaging 
The combination of light and sound to form a novel 
imaging approach offers new advantages. In a photoa
coustic technique, the absorption of pulsed light or 
chopped cw light by the sample produces sound waves. 
Once generated, the sound wave can propagate without 
any significant scattering since its wavelength is larger 
than the structures in the tissue; it can then be detected 
sensitively by acoustic transducers. Scattered light is less 
of a problem in this technique, since any light absorbed 
by the object enhances the signal level. The difference 
in absorpt ion propert ies b e t w e e n the object to be 
imaged and the intervening medium forms the basis for 
photoacoustic imaging. Acoustic signals produced at 
ultrasound frequencies are of particular interest since 
they may provide submillimeter spatial resolution, and 
can be detected using highly developed medical ultra
sound technology. The technique shows promises for 
localization of tumors inside the tissue and diagnostic 
capability through selective absorption of light by the 
lesion. 

The potential of the technique has been demonstrat
ed by detection of test objects inside an intralipid solu
tion and chicken tissue with use of both p u l s e d 3 1 , 3 2 and 
modulated c w 3 3 laser light. The inverse process, that is, 
modulation of light by ultrasound, offers another imag
ing approach. 3 4 

The beginning 
Although optical imaging and diagnosis of lesions inside 
the human body is still not a fait accompli, the techniques 
described in this article indicate that a new era of optical 
clinical imaging technology is just over the threshold. 

The combi
nation of 
light and 
sound... 
offers new 
advantages. 
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A Game of Billiards with Spatial-solitary Waves 

Continued from page 37 
On the other hand, optical materials such as KTP 

with excellent optical quality have come of age. They are 
transparent in most of the visible and near IR and are 
now technologically advanced to take full use of the 
abovementioned concepts over several centimeters of 
length. Of special interest are the recently developed 
periodically poled LiNbO 3 and KTP bulk crystals, which 
show no spatial walk-off and have an order of magni
tude larger nonlinear coefficient than the KTP crystal 
used in our experiments. Those crystals offer enormous 
possibilities to show mutual trapping not only in the 
case of SHG, but in other parametric interactions, in 
particular in cavity geometries such as optical paramet
ric oscillators. While in KTP we are able to observe 
mutual trapping at 10 G W / c m 2 over 1 cm with a beam 
focused to a 20 µm waist and 40 G W / c m 2 with a 10 µm 
waist, in periodically poled LiNbO 3 where spatial walk-
off is avoided, thresholds two orders of magni tude 
smaller should be achievable. Because lengths of several 
inches are possible, wider beams can be used, lowering 
the threshold intensity even further. With such low 
thresholds, mutual trapping through quadratic paramet
ric interactions may become important in widely used 
applications in the nanosecond and even cw regimes. We 
believe such systems will benefit from more compact 
and simplified stable geometries where beam steering, 
walk-off compensation, reconfigurability, and more can 
be performed all-optically. One day they may even open 

for nonlinear opticians the doors of the very lucrative 
entertainment business. 
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