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Nonlinear Interferometric Vibrational Imaging:  
Efficient Detection of Coherent Anti-Stokes Raman Scattering   

Daniel L. Marks, Claudio Vinegoni, Jeremy S. Bredfeldt and Stephen A. Boppart

(a) Acetone-filled cuvette with bubbles 
inside it imaged with NIVI, and (b) 
the same cuvette imaged with light 
microscopy.

For decades, Raman scattering has 
been a useful tool for probing the 

molecular contents of gases, liquids 
and biological media.1 Its strength is 
that it can identify molecules non-inva-
sively based on their resonant vibrational 
frequencies. The technique uses optical 
frequency radiation, which is relatively 
easy to create, manipulate and detect. 

Unfortunately, the Raman effect is 
rather weak: Typically only one in a mil-

Because CARS is a nonlinear process, it is 
most efficient where the beam intensity is 
highest; therefore, it can resolve features 
somewhat smaller than the illumination 
wavelength (typically less than 400 nm 
with near-infrared illumination).

To demonstrate a preliminary instru-
ment, we present an example of a cuvette 
partially filled with acetone that was 
imaged by NIVI. Our NIVI instrument 
consists of a Ti-sapphire regenerative 
amplifier producing 808-nm pulses, with 
30 nm bandwidth and a 250-kHz repeti-
tion rate. These pulses are both used to 
pump the sample, as well as for an optical 
parametric amplifier (OPA). 

The OPA produces an idler beam at 
1056 nm used for the Stokes signal, and 
a signal beam at 653 nm for the local 
oscillator reference. The pump and Stokes 
are focused into the sample cuvette, and 
the resulting anti-Stokes echo radiation 
is interfered with the reference. In the 
figure, (a) shows the cuvette, where the 
curved bottom is clearly visible, high-
lighting the boundary of the acetone. 
The same cuvette is seen in (b) with light 
microscopy, which does not differentiate 
between the acetone and the surrounding 
material. This method will be extended 
to imaging biological samples to achieve 
3-D molecular imaging.  
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lion photons is converted to the detected 
Raman radiation, so it is too slow to be 
used as a clinical diagnostic tool or to 
monitor fast biological processes. Using 
pulsed laser illumination, Coherent 
Anti-Stokes Raman Scattering (CARS) 
can stimulate the production of many 
more Raman photons by simultaneously 
exciting the molecular vibrations and 
detecting the emitted stimulated Raman 
scattering.2,3  

While the use of CARS has vastly im-
proved the available Raman signal, a new 
method called Nonlinear Interferometric 
Vibrational Imaging (NIVI) has further 
increased the efficiency of detection.4,5 
CARS signals are akin to echo pulses 
from radar or magnetic resonance imag-
ing instruments. However, typical CARS 
instruments can measure only the average 
power of the returned signal. NIVI uses 
interferometry to measure the temporal 
shape of the return pulse, which can be 
used to differentiate between multiple 
resonances and discriminate the CARS 
signal from the nonresonant background 
signals. 

NIVI uses the heterodyne technique, 
by which a signal is generated in the 
sample by the CARS process. A “local 
oscillator” signal is generated separately, 
usually by a nonresonant four-wave-
mixing process. These are mixed and 
demodulated by temporal or spectral 
interferometry, which is the same detec-
tion method that is already used to image 
biological structures with optical coher-
ence tomography. 

NIVI can be used in microscopy in 
a manner similar to typical CARS or 
two-photon microscopy—by scanning 
the focus of the illumination in three 
dimensions throughout the sample. 
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Natural Images and  
Visual Processing

R. P. Millane and W. H. Hsiao

The human visual system has a limit-
ed capacity to carry information, yet 

it must process an enormous amount of 
data from the visual field. To optimize ef-
ficiency, the early part of the visual system 
codes the information to be transferred 
to later stages. The response properties 
of many cortical neurons are selective 
with respect to the logarithm of spatial 
frequency, and are believed to be related 
to the coding of visual information.1 

An efficient coding scheme will use 
the properties of images from the natural 
environment encountered by the visual 
system, which are often referred to as 
“natural images.” These are not random 
patterns; rather, they show a large degree 
of structure with some consistent statisti-
cal properties. A notable characteristic is 
that the circularly averaged spatial power 
spectrum has a power law dependence on 
spatial frequency over many decades of 
spatial frequency (log-log plots are linear 
with a slope of approximately two).1, 2 An 
example is shown in the figure, part (a). 

This implies equal energy in spatial-
frequency channels of constant logarith-
mic bandwidth, which is related to the 
response properties of cortical cells. Thus, 
the relationship between the character-
istics of natural images and the proper-
ties of their power spectra is a topic of 
considerable interest for researchers who 
study visual perception. 

Objects in natural scenes generally 
occlude each other, occur at a wide range 
of distances, and often span a wide range 
of sizes, so that, when they are captured 
in images, they cover a broad range of 
angular scales. Thus, it is reasonable to 
expect that the object sizes in projected 
scenes are self-similar, often referred to as 
scaling, and that they follow a power-law 
distribution. Such scenes will contain 

particularly at low spatial frequencies.  
Interestingly, occlusion is not necessary, 
as long as the image contains edges and is 
self-similar. 
[ R.P. Millane (rick@elec.canterbury.ac.nz) and W.H. 
Hsiao are with the Department of Electrical and Com-
puter Engineering and the University of Canterbury, 
Christchurch, New Zealand. ]

References

1. D.J. Field. J. Opt. Soc. Am. A. 7, 2379–94 (1987).

2. A. van der Schaaf and J.H. van Hateren. Vision Res. 36, 
2759–70 (1996).

3. D.L. Ruderman. Vision Res. 37, 3385–98 (1997).

4. R.M. Balboa et al. Vision Res. 41, 955–64 (2001). 

5. W.H. Hsiao and R.P. Millane. J. Opt. Soc. Am. A, 22,  
1789-97 (2005).

(a) Power spectrum of a natural image. 
(b) Example synthetic images: self-sim-
ilar with edges (top), non-self-similar 
with edges (lower left), and self-similar 
without edges (lower right). (c) Power 
spectra of image models: self-similar 
with edges (upper curve), non-self-
similar with edges (middle curve), and 
self-similar without edges (lower curve).

many sharp amplitude 
edges. 

A simple model of 
the visual environment 
is therefore a collage of 
occluding objects with 
a possibly self-similar 
size distribution. An 
outstanding research 
question is: What 
characteristics (occlu-
sion, edges, scaling) are 
the critical features that 
lead to the power-law 
spectral behavior of 
natural images? For 
example, Ruderman 
showed that natural 
images often exhibit 
scaling, and that scaling is consistent 
with a power-law power spectrum.3 
Balboa, on the other hand, argued that 
occlusion and the spectral properties of 
edges, rather than scaling, are the critical 
characteristics.4

We have recently resolved many of 
these questions by performing a careful, 
systematic study of the effects of occlu-
sion, edges and object size distribution 
on the power spectrum.5 We developed 
an image model consisting of randomly 
placed disks with different luminos-
ity functions and size distributions to 
selectively include or eliminate occlusion, 
edges or scaling [see figure, part (b), for 
examples].  

Both edges and self-similarity are 
needed to obtain a power-law power 
spectrum over a wide range of spatial 
frequencies [see figure, part (c)]. Images 
that are not self-similar—those that have 
an exponential object size distribution, 
for example—introduce significant non-
linearity into the log-log power spectrum, 
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Nano-Imaging with Compact Extreme Ultraviolet Lasers
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R ecent advances in nanotechnol-
ogy and nanoscience have created 

the need for new compact and practical 
imaging tools capable of resolving nano-
meter scale features. Although optical 
microscopy is unsurpassed in its versatil-
ity, the resolution of conventional optical 
microscopes is limited by the wavelength 
of the illuminating source to sizes that 

50 to 70 nm should be readily obtainable 
with this instrument by using zone plates 
with larger NAs.

We also operated the microscope in 
the reflection mode, which is needed to 
provide topographic information about 
material surfaces, microelectronic inte-
grated circuits and nanostructures.4 This 
mode of operation is more challenging 
due to the low reflectivity of materials at 
EUV wavelengths. Part (c) of the figure 
shows an image of a silicon wafer with a 
polysilicon line pattern that was obtained 
at a 45° incidence angle. At this angle, 
silicon’s reflectivity at 46.9 nm is approxi-
mately 5 percent. Semi-isolated  
100 nm lines can be discerned in this 
image, which was obtained with 20 s 
exposure time, whereas 250 nm lines are 
clearly resolved. 

The use of high-average power table-
top soft x-ray lasers in the 13 nm region5 
should result in even better, sub-50-nm 
resolution. This work was supported by 
the Engineering Research Centers Pro-
gram of the National Science Foundation 
under Award Number EEC-0310717. 
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are typically larger than 200 nm. Short 
wavelength light has enabled optical im-
aging systems with significantly improved 
resolution. The best resolution so far— 
15 nm—has been obtained by imaging 
with 1.52 nm wavelength radiation from 
a synchrotron source.1 Nevertheless, 
the widespread use of extreme ultravio-
let (EUV) and soft x-ray microscopy 
requires the development of compact 
table-top systems capable of imaging at 
nanometer scales.

We have shown that a high-resolution 
microscope based on a very compact high 
brightness Ne-like Ar capillary discharge 
laser emitting at a wavelength of 46.9 nm 
can rapidly render images in both the 
transmission and reflection modes.2 In 
this microscope, the EUV light from the 
laser is focused onto a test sample using 
a Sc/Si multilayer-coated Schwarzschild 
condenser with a numerical aperture 
(NA) of 0.18. The magnified image of the 
sample is formed with a state-of-the-art 
free-standing zone plate of NA=0.12. 

We recorded the images produced by 
the zone plate on a back-thinned CCD 
camera. Typical acquisition times were 
several seconds when the laser operated 
at 1 Hz with an output power of roughly 
0.1 mW. The whole system is very com-
pact and fits in a standard optical table. 
In the figure, part (a) shows an EUV 
image of the edge of a zone plate similar 
to that used as the objective lens. This 
image was obtained with a 10 s exposure 
time. The smallest 200 nm wide openings 
in the zone plate are clearly resolved, as 
shown by the 94 percent modulation in 
the image cross-section shown in (b). 

Our analysis of the intensity modula-
tion in these images demonstrated that 
the spatial resolution is in the range of 
120-150 nm.3 An increased resolution of 

(a) EUV image of the edge of a zone  
plate with 200 nm outermost zone width 
obtained at 46.9 nm wavelength with a 
10 s exposure; (b) The image cross-sec-
tion shows that the 200 nm lines are well 
resolved by the microscope; (c) Reflection 
mode EUV image of a pattern of polysili-
con lines on a silicon wafer obtained at 
45° incidence angle with 20 s exposure. 
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