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Imaging Living Organisms 
with Sheets of Light

C alifornia Institute of Tech-
nology (U.S.A.) researchers 

developed a type of microscopy 
that simultaneously achieves high 
resolution, penetration depth 
and imaging speed, filling biolo-
gists’ need for fast 3-D imaging 
methods of organisms or tissues 
that don’t perturb the sample. By 
combining two-photon excita-
tion with light-sheet microscopy, 
Scott Fraser’s group demonstrated 
that the method provides deeper 
penetration than single-photon 
light-sheet microscopy. It also 
works much faster than two-
photon point-scanning microscopy 
and doesn’t compromise normal 
biology (Nature Methods 8, 757; 
doi:10.1038/NMETH.1652).

The method combines two 
previous microscopy designs. 
Two-photon laser point-scanning 
microscopy uses two photons to 
excite fluorescence and achieves 
excellent penetration but with 
slow image acquisition times. The 
new method is similar to light-
sheet microscopy, which illumi-
nates the sample with a plane of 
visible light, generating single 
photon excited fluorescence from a 
thin optical section and capturing 
the fluorescence with a wide-field 
camera above the light sheet. 
Light-sheet microscopy is fast, 
but it lacks the penetration depth of 
the two-photon laser scanning method. 
Both systems minimize light damage to 
the sample.

“The conceptual leap for us was to 
realize that two-photon excitation could 
also be carried out in sheet-illumination 
mode,” says Thai Truong. Two-photon 
scanned light-sheet microscopy uses 
femtosecond near-infrared laser pulses 
that enter the sample from two sides 
and are scanned to create the light-sheet. 
When parts of the sample absorb two 

Three dimensional live imaging of zebra-
fish (top) and fruit fly (bottom) embryos with 
two-photon light-sheet microscopy. 

photons, they fluoresce at a longer (vis-
ible) wavelength that is captured by a 
camera above the sample. With the aid 
of fluorescing tags, this allows resolu-
tion below the level of individual cells 
and can be used to reveal the action of 
certain genes.

The group used the method to cap-
ture a 3-D video of the development 

Willy Supatto, Seth Ruffins, Thai Truong/California Institute of Technology

of a fruit fly embryo. (See 
video at www.youtube.com/
watch?v=6C11c-03ihc.)

Scanning to create the 
light-sheet offers advantages 
over using a cylindrical lens, in 
that it provides more fluores-
cence with less input light (and 
therefore, less photo-induced 
damage). Using two-photon 
excitation reduces the inci-
dence of fluorescence from 
unwanted areas—which helps 
maintain the resolution in the 
axis of the camera.

While imaging fruit fly 
embryos, they found that 
they could image as deeply as 
60 µm into the sample in the 
axis of the camera. Because 
the photo damage is low 
using the two-photon scan-
ning design, excitation power 
could be increased to provide 
more fluorescence, allowing for 
higher acquisition speed: With 
200 mW excitation power and 
volumetric pixel (voxel) sizes 
of 0.635 3 0.635 3 1 µm, the 
researchers image a volume 
measuring 400 voxels wide 3 
900 voxels long 3 200 voxels 
deep at 10 frames per second.

Speeds even higher than 
video rate are possible. They 
demonstrated 70 frames/sec-

ond imaging of a beating heart in an 
embryo. The limiting factor was the 
camera readout speed.

Two drawbacks are the expense of 
ultrafast lasers and the fact that mul-
ticolor imaging is more difficult to 
execute using two-photon excitation. 

Next, the group plans to improve the 
system, possibly by incorporating multi-
angle illumination and adaptive optics or 
by engineering the excitation beams to 
manipulate the focus.

—Yvonne Carts-Powell
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To use far-infrared and terahertz light 
effectively, scientists need to mea-

sure its power properly. Researchers at 
the U.S. National Institute of Standards 
and Technology (NIST; Boulder, Colo., 
U.S.A.) created arrays of extra-long 
carbon nanotubes that absorb virtually 
all radiation at these wavelengths—an 
important step in designing appropriate 
radiometric detectors (Appl. Opt. 50, 
4099; doi: 10.1364/AO.50.004099).

John H. Lehman and his colleagues 
grew three different lengths of multi-
walled carbon nanotubes, all aligned 
perpendicular to their silicon substrates. 
These tiny tubes were 40 µm, 150 µm 
and 1.5 mm (1,500 µm) tall. Multi-
walled tubes have more uniform radi-
ance properties than the single-walled 
properties do.

transferred to the detector, not unlike 
serving pieces of a birthday cake,” the 
researchers wrote.

Lehman and his team built upon 
their earlier work on shorter carbon-
nanotube arrays and their absorptance of 
infrared light at wavelengths of less than 
14 µm (OPN 21, 8, 2010). Scientists still 
need to measure other properties of the 
nanotube arrays, such as the dependence 
of the reflectance on polarization and 
angle of incidence of the impinging far-
infrared and terahertz radiation.

— Patricia Daukantas
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“Cupcakes” of vertically aligned carbon 
nanotube arrays grown on silicon sub-
strate, which appears blue in the photo.

“Cakes” of Carbon Nanotubes 
Could Measure Terahertz Power

Next, the NIST scientists mea-
sured how much light these arrays 
reflected from a 394-µm gas laser beam, 
close to the middle of the terahertz part 
of the spectrum. As they expected, the 
longer the nanotubes, the less radiation 
they reflected—about 0.01 percent for 
the 1.5-mm-tall array—with much higher 
absorption in the far-infrared than com-
parable proprietary coatings. According to 
the NIST group, the thermal decay time 
of the nanotube arrays is also relatively 
low compared to these black coatings.

On a practical level, the height of the 
1.5-mm nanotube “forest” made it easy 
for humans to see the arrays without a 
microscope and to move them around 
with such “macro” tools as a razor blade. 
“Arrays of large area can be segmented 
and lifted from the silicon substrate and 
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Columbia University

Making Materials with 
No Phase Delay

Nanofabricated super-
lattices that consist of 

alternating stacks of 
negative index photonic 

crystals and positive 
index homogeneous 

dielectric media have 
net zero refractive index 

and zero phase delay.

B y stacking alternating layers of 
engineered negative-refractive-index 

photonic crystals and positive-index 
materials, researchers at Columbia 
University (U.S.A.) built a structure 
with an average refractive index of 
zero in the near-infrared. Their work 
allows researchers to control the phase 
and frequency dispersion in integrated 
photonics for communications and 
interferometry. It could also be use-
ful for “invisibility cloak” devices 
(Nature Photon. 5, 499; doi:10.1038/
nphoton.2011.129). 

Normally, the longer the optical path 
length through a material, the larger the 
phase delay. Manipulating phase delay by 
changing the path length is the basis of 
interferometry. But in this superlattice, 
at wavelengths where the average index 
is equal to zero, the accumulated phase 
delay remains zero despite the increase 
in the physical path length. “What we’ve 
seen is that the light disperses through 
the material as if the entire space is miss-
ing,” says lead author Serdar Kocaman. 
“The oscillatory phase of the electromag-
netic wave doesn’t even advance such as 
in a vacuum.” 

The metamaterial was developed and 
tested in Chee Wei Wong’s research 
group at Columbia in collaboration 
with scientists at the University Col-
lege of London, Brookhaven National 
Laboratory (U.S.A.) and the Institute of 

calculations showed that acceptable 
levels of disorder could be much larger 
than the expected variations based on 
the current fabrication process. Easing 
the acceptable tolerances usually makes 
manufacturing easier and less expensive.

Some potential applications of near-
zero-refractive-index materials include 
beam self-collimation, extremely con-
vergent lenses and spontaneous emission 
control, strong field enhancement and 
cloaking devices.

—Yvonne Carts-Powell

Microelectron-
ics of Singapore. 
First, they 
observed the 
existence of the 
zero bandgaps 
and showed 
that their center 
frequency can be 
chosen by alter-
ing the ratio of 
the hole radius to 
the hole-to-hole 
length in the 
negative-index 
layers. Then 
they embedded 
the superlattices 
in integrated 
Mach–Zehnder 
interferometers 
to show that 
the total phase accumulation in the 
superlattice is equal to zero at the path-
averaged zero-index frequencies. 

Stacking thin layers of these negative-
index materials with conventional 
positive-index materials creates a struc-
ture with unique properties. It has an 
omnidirectional zero bandgap insensi-
tive to polarization and incidence angle, 
as well as to the structure’s periodicity. 
The researchers also found that imper-
fections in the device don’t change its 
performance very much. Theoretical 

Tiny Camera Captures Images without Lenses

R esearchers at Cornell University 
(U.S.A.) have developed a tiny 

electronic camera that captures images 
without using lenses to focus the incom-
ing light. The imager, made through 
a standard semiconductor fabrication 
process, has no moving parts and is less 
than 1 mm2 in size and about 10 µm 

thick (Opt. Lett. 36, 2949; doi: 10.1364/
OL.36.002949). 

From the earliest pinhole cameras to 
today’s digital cameras, far-field imaging 
systems have relied on lenses and mirrors 
to focus the light onto a sensor plane, 
and the fact that optical path length has 
limited how small these instruments can 

be made. Instead of lenses, the Cornell 
camera consists of a silicon chip with 
two side-by-side 38 3 38 pixel arrays, 
each covered with two layers of dif-
fraction gratings. These gratings make 
the pixels sensitive to the angle of the 
incoming light, and each pixel records a 
slightly different view of the scene.
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The ability to create realistic, accurate, and detailed optomechanical models in FRED –
Photon Engineering’s industry-leading system design and analysis software – has taken a
solid step forward. Now, with our latest release, FRED has the ability to create composite
solids using Boolean operations.

By giving you the power to perform true boolean
operations, FRED improves the fidelity of your models
and makes it even easier to build complex structures.
You can also export your composite solids to STEP and IGES file formats
for data exchange with CAD programs. Best of all, FRED's composite solids
have the added flexibility of being dynamic; when you modify a component
element, FRED automatically updates the composite solid.

Discover all the reasons FRED has been used for more than a decade by
scientists and engineers worldwide for 3-D optomechanical design and
analysis. Contact Photon Engineering today for a free demo version of FRED.

A Solid Performance.

Motion tracking assembly modeled
using only composite solids.

Patricia Daukantas (patd@nasw.org) and 
Yvonne Carts-Powell (yvonne@nasw.org) are 
freelance science writers who specialize in 
optics and photonics.

Alyosha Molnar, Patrick Gill and 
their colleagues in Cornell’s electrical 
and computer engineering department 
call their device a planar Fourier capture 
array (PFCA) because it relies on off-chip 
Fourier transform calculations to make 
sense of the camera data.

To fabricate the array, the team used 
the 180-CMOS process, which limited 
the array size to 38 3 38 pixels. With the 
grating period ranging from 0.6 to 1.4 µm, 
the PFCA is optimized for 520-nm 
(green) light; the grating size would need 
to be increased to pick up red light.

Although the tiny array will never 
rival today’s megapixel cameras in pic-
ture quality, Molnar and Gill say that the 
technology bridges the gap between the 
smallest commercially available cameras 
with focusing optics and the individual 
photodiode or pixel, which records only 
brightness without image data.

Molnar Lab, Cornell University
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applications. “The most exciting uses are 
probably things we haven’t thought of 
yet,” he said.

—Patricia Daukantas

The planar Fourier capture array takes images from an array of angle-sensitive pixels. For 
example, the camera reconstructed an image of the Mona Lisa.

According to Gill, who started work-
ing with Molnar when they were graduate 
students at the University of California 
at Berkeley, the PFCA would cost pen-
nies to manufacture and could work 
in weight- and size-sensitive imaging 


