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FILMING

THE INVISIBLE

IN 4-D

Picture this: a movie revealing the inner workings
of a cell or showing a nanomachine in action.
A new microscopy is making such imaging possible

BY AHMED H. ZEWAIL

HE HUMAN EYE is limited in
its vision. We cannot see ob-
jects much thinner than a hu-
man hair (a fraction of a mil-
limeter) or resolve motions
quicker than a blink (a tenth of a sec-
ond). Advances in optics and microsco-
py over the past millennium have, of
course, let us peer far beyond the limits
of the naked eye, to view exquisite im-
ages such as a micrograph of a virus or a
stroboscopic photograph of a bullet at
the millisecond it punched through a
lightbulb. But if we were shown a movie
depicting atoms jiggling around, until
recently we could be reasonably sure we
were looking ata cartoon, an artist’s im-
pression or a simulation of some sort.
In the past 10 years my research
group at the California Institute of Tech-
nology has developed a new form of im-
aging, unveiling motions that occur at
the size scale of atoms and over time in-

tervals as short as a femtosecond (a mil-
lion billionth of a second). Because the
technique enables imaging in both
space and time and is based on the ven-
erable electron microscope, I dubbed it
four-dimensional (4-D) electron mi-
croscopy. We have used it to visualize
phenomena such as the vibration of can-
tilevers a few billionths of a meter wide,
the motion of sheets of carbon atoms in
graphite vibrating like a drum after be-
ing “struck” by a laser pulse, and the
transformation of matter from one state
to another. We have also imaged indi-
vidual proteins and cells.
Four-dimensional electron micros-
copy promises to answer questions in
fields ranging from materials science to
biology: how to understand the behav-
ior of materials from the bottom up,
from the atomic to macroscopic scale;
how nanoscale or microscale machines
(NEMS and MEMS) function; and how

IMAGING

KEY CONCEPTS

m Four-dimensional electron

microscopy produces “movies”
of nanoscale processes occurring
over time intervals as short as
femtoseconds (107'° second).

The technique builds up each
frame of the movie from thou-
sands of individual shots taken
at precisely defined times.

It has applications in a wide
range of fields, including mate-
rials science, nanotechnology
and medicine.

—The Editors
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proteins or assemblies of biological molecules
fold and become organized into larger struc-
tures, a vital process in the functioning of all liv-
ing cells. Four-dimensional microscopy can also
reveal the atomic arrangements of nanoscale
structures (which determine the properties of
new nanomaterials), and, potentially, track elec-
trons moving around in atoms and molecules on
the timescale of attoseconds (a billion billionth
of a second). Along with the advances in basic
science, the potential applications are wide-rang-
ing, including the design of nanomachines and
new kinds of medicines.

CATS AND ATOMS IN MOTION
ALTHOUGH 4-D MICROSCOPY is a cutting-edge
technique that relies on advanced lasers and con-
cepts from quantum physics, many of its princi-
ples can be understood by considering how sci-
entists developed stop-motion photography
more than a century ago. In particular, in the
1890s, Etienne-Jules Marey, a professor at the
Colleége de France, studied fast motions by plac-
ing a rotating disk with slits in it between the
moving object and a photographic plate or strip,
producing a series of exposures similar to mod-
ern motion picture filming.

Among other studies, Marey investigated
how a falling cat rights itself so that it lands on
its feet. With nothing but air to push on, how did
cats instinctively perform this acrobatic feat
without violating Newton’s laws of motion? The
fall and the flurry of legs took less than a sec-
ond—too fast for the unaided eye to see precisely
what happened. Marey’s stop-motion snapshots
provided the answer, which involves twisting the
hindquarters and forequarters in opposite direc-
tions with legs extended and retracted. High div-
ers, dancers and astronauts learn similar mo-
tions to turn themselves.

Another approach, stroboscopic photogra-
phy, relied on short light flashes to capture events
occurring on much shorter timescales than is pos-
sible with mechanical shutters. The flashes make
an object moving in the dark momentarily visible
to a detector such as an observer’s eye or a pho-
tographic plate. In the mid-20th century Harold
Edgerton of the Massachusetts Institute of Tech-
nology greatly advanced stroboscopic photogra-
phy by developing electronics that could produce
reliable, repetitive, microsecond flashes of light.

The falling-cat experiment requires shutter
times or stroboscopic flashes short enough for
the photographs to show the animal clearly de-
spite its motion. Suppose the cat has righted itself
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[ HOW IT WORKS ]

THE FOUR-DIMENSIONAL
ELECTRON MICROSCOPE

A standard electron microscope records still images of a nanoscopic sample by
sending a beam of electrons through the sample and focusing it onto a detector. By
employing single-electron pulses, a four-dimensional electron microscope produces
movie frames representing time steps as short as femtoseconds (10~'° second).
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@ A clocking pulse—such as
a femtosecond laser pulse—
excites the specimen to set the
process of interest in motion at
a precisely defined time zero.
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synchrony with the clocking
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by a controlled amount.
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the T frame of the nanomovie.

DE#AY l + = + ) +
L]
Individual pixel frames
DELAY .
T+1 . ki e i
L

Movie frames

A Each frame of the nanomovie is built up by repeating this process thousands of times with
the same delay and combining all the pixels from the individual shots. Researchers may also
use the microscope in other modes, such as with one many-electron pulse per frame, depend-
ing on the kind of movie to be obtained. The single-electron mode produces the finest spatial

resolution and captures the shortest time spans in each frame.
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GEORGE RETSECK (illustrations); COURTESY OF CALIFORNIA INSTITUTE OF TECHNOLOGY (movie frames)

A A50-nanometer-wide
cantilever made of a nickel-
titanium alloy oscillates after
a laser pulse excites it. Blue
boxes highlight the move-
ment. The full movie (online at
ScientificAmerican.com/
aug2010/nanomovies)
has one frame every

10 nanoseconds. Material
properties determined from
these oscillations would
influence the design of
nanomechanical devices.
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half a second after being released. At that instant
the cat will be falling at five meters per second, so
by using one-millisecond flashes we will ensure
that the cat falls no more than five millimeters
during each exposure so that the image of the cat
will be only slightly blurred by its motion. To
slice the acrobatics into 10 snapshots, the photo-
graphs must be taken every 50 milliseconds.

If we wish to observe the behavior of a mole-
cule instead of a feline, how fast must our strobo-
scopic flashes be? Many changes in molecular or
material structure involve atoms moving a few
angstroms (one angstrom equals 10710 meter). To
map out such motion requires a spatial resolution
of less than one angstrom. Atoms often move at
speeds of about one kilometer per second in these
transformations, requiring stroboscopic flashes
no longer than 10 femtoseconds to observe them
with better than 0.1-angstrom definition. As long
ago as the 1980s researchers used femtosecond
laser pulses to time chemical processes involving
moving atoms, but without imaging the positions
of the atoms in space—the wavelength of the light
is hundreds of times longer than the spacing be-
tween atoms in molecules or materials [see “The
Birth of Molecules,” by Ahmed H. Zewail; Sc1-
ENTIFIC AMERICAN, December 1990].

Accelerated electrons have long produced im-
ages at atomic scales—as in electron micro-
scopes—but only with targets fixed in place and
imaged over time intervals of milliseconds or
longer, being limited by the speed of the camera.
The atom-scale movies we sought thus required
the spatial resolution of an electron microscope
but with femtosecond electron pulses to “illumi-
nate” the targets. The illuminating packets of
electrons are called probe pulses.

Another issue is clocking of the motion—hav-
ing a well-defined instant in time when the mo-
tion begins. We will not get useful images if all
the probe pulses take snapshots before the mo-
tion starts or after it finishes. In photographing
the cat, the recording begins when the cat is re-
leased. For ultrafast recording, a femtosecond
initiation pulse called the clocking pulse launch-
es the material or the process to be studied.

Even with probing and clocking under con-
trol, the issue of synchronization remains. Here
the typical ultrafast experiment drastically de-
parts from the cat analogy. Marey could com-
plete his experiment by dropping one cat once,
if everything went according to plan. And it did
not matter much if the series of exposures began,
say, five, 10 or 17 milliseconds after the cat’s re-
lease. Ultrafast microscopy, however, may probe

millions of atoms or molecules for each clocking
pulse or may build up images by repeating an ex-
periment thousands of times. Imagine if Marey
had been restricted to capturing only a narrow
vertical strip of the field of view with each cat
drop. To build up the series of full snapshots of
the falling cat, he would have had to repeat the
experiment many times, recording along a slight-
ly different vertical strip each time. For the vari-
ous strips to combine sensibly and form a mean-
ingful whole image, he would need to prepare
the cat in the same starting configuration for each
drop and carefully synchronize the release with
the shutter openings in the same way each time.
(The technique would also rely on the cat moving
in the same fashion every time. I suspect mole-
cules are more reliable than cats in that respect.)

The starting configurations must be accurate
to a small fraction of the cat’s size, and the time
synchronization must be accurate to less than
the shutter durations. Similarly, in ultrafast im-
aging of atoms or molecules, the launch config-
uration must be defined to subangstrom resolu-
tion, and the relative timing of clocking and
probe pulses must be of femtosecond precision.
The timing of probe pulses relative to the clock-
ing is accomplished by sending either of these
pulses along a path with an adjustable length.
For a pulse traveling at the speed of light, setting
the path length to an accuracy of one micron
corresponds to setting the relative timing with
3.3-femtosecond accuracy.

A further major and fundamental problem re-
mained to be overcome before we could make
movies with electrons. Unlike photons, electrons
are charged and repel one another. Crowding a
lot of them into a pulse spoils both the temporal
and spatial resolutions because the electrons’
mutual repulsion blows the pulse apart. In the
1980s Oleg Bostanjoglo of the Technical Univer-
sity of Berlin did achieve imaging using pulses
having as few as 100 million electrons, but the
resolutions were no better than nanoseconds
and microns (later significantly improved to the
submicron level by researchers at Lawrence Liv-
ermore National Laboratory).

My group attacked this challenge by develop-
ing single-electron imaging, which built on our
earlier work with ultrafast electron diffraction.
Each probe pulse contains a single electron and
thus provides only a single “speck of light” in the
final movie. Yet thanks to each pulse’s careful
timing and another property known as the co-
herence of the pulse, the many specks add up to
form a useful image of the object. A similar feat
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[ CASESTUDY ]

A NANOSCOPIC ROSETTA STONE

e,

Laser pulse

. . . . . Electron
Four-dimensional microscopy of graphite nanocrystals, some only a few atomic pulse
layers thick, demonstrated three different imaging modes, producing data about
the material in a variety of “languages.” The studies examined how the nanocrys- Graphite
tals responded when a laser pulse slammed into them from above. nanocrystal
OVERALL SETUP

@ Diffraction patterns
revealed the motion of
each crystal’s atomic
layers as they were
pushed together and
then rebounded in the
picoseconds after the
laser struck at time zero
and as they subsequently
oscillated up and down
for hundreds of
picoseconds.

@ Images of the nano-
crystal measured these
oscillations as they
proceeded at different
locations. Over tens of
microseconds, the crys-
tal's initially chaotic
motion @ (suggested
here by arrows) evolved
into a coordinated drum-
ming motion of the entire
crystal @.

© Measurements of
the energy lost by imag-
ing electrons in collisions
(depicted here) with the
graphite’s electrons indi-
cated how the carbon
bonds in the material
became more like the
bonds in diamond during
compression of the layers
and more like the bonds
in graphene (an isolated
layer of carbon atoms)
during expansion.
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A Movie frames show

the graphite nanocrystal
oscillating like a drumhead
after being struck by a laser
pulse. The frames show a
24-micron-wide area at
250-nanosecond intervals
(every fifth frame of the
movie). Subtle permanent
buckling of the graphite
surface produces the dark
bands, which move when the
surface ripples. Red boxes
have been added to guide the
eye. The movie is online at
ScientificAmerican.com/
aug2010/nanomovies
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COURTESY OF AZ FOUNDATION

is sometimes exhibited as one of the characteris-
tic oddities of quantum mechanics: electrons
pass through two slits one at a time, each one
contributing a single speck at some random lo-
cation on a detection screen. Yet all the specks
add up to form predictable patterns of light and
darkness characteristic of interfering waves.

Single-electron imaging was the key to 4-D
ultrafast electron microscopy (UEM). We could
now make movies of molecules and materials as
they responded to various situations, like so
many startled cats twisting in the air.

DECIPHERING NANOMATTER

ONE OF OUR FIRST TARGETS was graphite, the
“lead” material in pencils. We chose graphite in
part because it is an unusual material, with appli-
cations in environments as extreme as those in
nuclear reactor cores, and because it has close
relatives that are just as remarkable. Graphite
consists of carbon atoms arranged in a hexago-
nal pattern to form sheets reminiscent of chicken
wire. Relatively weak bonds hold the sheets
together in a stack. Writing with an ordinary
pencil relies on pieces of the graphite sloughing
off and adhering to the paper. The pencil marks
include tiny quantities of the strongest material
known to science—graphene, which consists of
isolated single sheets of carbon atoms. Research-
ers are studying graphene vigorously for a vari-
ety of electronics applications. Furthermore,
when soft graphite is subjected to extreme pres-
sure, its atoms rearrange to form diamond, one
of the hardest known substances.

To study graphite’s response to mechanical
shocks, we took nanoscale crystals of the sub-
stance—some only nanometers thick, or a few
sheets of atoms—and struck them with intense
femtosecond laser pulses, which served as the
clocking pulses for our microscope. Each laser
pulse pushed the graphite’s layers of atoms mo-
mentarily closer together, setting them oscillat-
ing up and down [see box on opposite page].
Our electron microscope sent its electrons
through these oscillating graphite layers to pro-
duce two kinds of picture: a real-space image
(much like a photograph of the graphite surface)
or a diffraction pattern, which is a regular array
of spots whose precise configuration provides in-
formation about the arrangement and separa-
tions of atoms in the graphite lattice. In particu-
lar, we could track the layers oscillating up and
down by the movements of the spots in the dif-
fraction pattern. The oscillations had frequen-
cies of about 10 to 100 gigahertz (1010 to 1011
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cycles per second). No imaging experiment had
previously observed such high-frequency reso-
nances unfolding over time.

From our measurements we determined the
elasticity of graphite perpendicular to the planes
of atoms—how the material responds to com-
pressing or stretching forces acting in that direc-
tion. Imagine that the graphite crystal is a stack
of rigid metal plates connected by springs and
that the laser pulse is a large sledgehammer
striking the top plate. We measured the proper-
ties of the springs.

The metal-plate analogy is reasonable as long
as our “camera” is zoomed in very close. If the
camera figuratively “pulls back,” however, more
of the tiny graphite crystal comes into view. Now
the hammer is striking one region of the top met-
al sheet, and it becomes apparent that the sheets
are flexing, with the compression and expansion
propagating out from the impact point in waves.

When we pull back the camera even farther
and take images more slowly, yet another kind
of dynamics comes into view. Now we see how
the laser pulse sets the entire nanoscopically thin
crystal oscillating, like a drumhead hit by a
drumstick. We saw that in the first few micro-
seconds after the laser pulse hit, the crystal’s mo-
tion appeared chaotic, but as time went on the
entire crystal settled down into a well-defined
resonant oscillation—it drummed!

For these oscillations, the material property
that sets the resonance frequency is the elastic-
ity of the graphite planes—their response to be-
ing stretched or compressed in the plane. We
found that the graphite is much more resistant
to being deformed in the planes of carbon atoms
than it is to having those planes pulled apart or
pushed together. The results can be explained
by considering that the chemical bonds joining
the carbon atoms in each hexagonal layer are
much stronger than the bonds linking adjacent
planes to one another.

Although studies of bulk samples of graphite
produce similar data about graphite’s elasticity,
the information we obtained tells us much more.
It addresses questions of two types that are fun-
damental to our understanding of how materi-
als behave at the nanoscale: first, at what length
scale does the description of a substance in terms
of a continuum material with properties such as
elasticity break down? Second, can we extrapo-
late from the behavior at atomic scales of length
and time to reproduce the known macroscopic
properties of a material? With graphite, we
found that even quite nanoscopic samples (only

By integrating the
fourth dimension,
we are turning still
pictures into the
movies needed

to watch matter’s
behavior—from
atoms to cells—
unfolding in time.

[ THE AUTHOR |
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This technique has
produced images
of bacterial cell
membranes and
protein vesicles
with femtosecond-
and nanometer-
scale resolutions.

A An Escherichia coli bacterium was
imaged with photon-induced near-field
electron microscopy. A femtosecond
laser pulse generated an evanescent
electromagnetic field in the cell’s
membrane at time zero. By collecting
only the imaging electrons that gained
energy from this field, the technique
produces high-contrast, high-spatial
resolution of the membrane (top). The
false-color contour plot depicts the
intensity recorded. The method can
capture events occurring on very short
timescales, as is evinced by the field's
significant decay after 200 femtosec-
onds (middle). The field vanishes by
2,000 femtoseconds (bottom).
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a few dozen atomic layers thick) behave surpris-
ingly like the bulk material. Would this descrip-
tion still be valid near the graphene limit?

The movies of graphite I have described thus
far all relied on collisions of our probe electrons
with the sample in which they lose no energy—
like rubber balls bouncing off something hard.
Sometimes, however, a probe electron may lose
energy, by exciting an electron in a carbon atom.
The amount of energy lost depends on the kind
of bond in which the atom’s electron was in-
volved. A very old technique called electron en-
ergy loss spectroscopy can measure such losses;
the energy spectra obtained provide information
about the bonding in a material and the chemi-
cal elements that compose it. Using this method
with our ultrafast electron microscope, we
showed that during the compression phase, the
bonding inside the graphite shifted toward the
kind of bond that is characteristic of diamond.
In the expansion phase, the bonding of the sur-
face atoms shifted toward that of graphene. Con-
ventional electron energy loss spectroscopy is far
too slow to observe these changes.

FROM CANTILEVERS TO CELLS
MY GROUP HAS NOW carried out four-dimen-
sional microscopy on a number of materials in
addition to graphite. In iron, we made diffrac-
tion images to follow the crystal structure chang-
ing from what is called body-centered cubic to
face-centered cubic, a process that occurs in
many industrial applications at high tempera-
tures, including production of steel. We saw two
dynamic processes unfold when we heated the
iron from room temperature to nearly 1,500 kel-
vins in about a nanosecond. First, specks of the
face-centered phase developed, or nucleated, at
locations in the crystal relatively slowly—on a
nanosecond timescale—out of the incoherent
motions of iron atoms. Second, these regions
of the new phase grew at the speed of sound,
meaning that the process took only picoseconds
(10712 second) to encompass the hot iron. This
rapidly spreading transformation involves
numerous atoms being displaced in a coordinat-
ed fashion, a curious kind of “emergence” of a
large-scale change in the crystal from the innu-
merable underlying nanoscopic motions. Under-
standing of this phenomenon might lead to bet-
ter ways to handle iron and steel (and many oth-
er materials) in industrial processes.

One of the most powerful applications of 4-D
ultrafast electron microscopy is seeing nanosys-
tems and microsystems as they function in real

time. For instance, we imaged the resonant oscil-
lations of nanoscopic cantilevers, which had not
been accomplished before for such high-frequen-
cy motions. From our results we determined a
range of quantities that describe the cantilevers’
material properties and their motion, and we saw
that they functioned coherently for nearly 1011
oscillations. Researchers can use such data to test
the theoretical models that guide design of micro-
electromechanical and nanoelectromechanical
systems, which in turn may lead to new kinds of
such devices or new uses for them.

Four-dimensional imaging with ultrafast elec-
tron microscopy also has potential biological ap-
plications. To fully understand how the body
functions, investigators need to know not only
the structures of the various proteins and other
molecular and cellular structures involved but
also their dynamics—how a protein folds, how it
selectively recognizes other molecules, what role
the water around it plays, and so on. Some bio-
logical functions involve ultrafast steps. For in-
stance, our vision and photosynthesis in plants
both rely on photons of light triggering femtosec-
ond-scale processes. Although many proteins
function, and malfunction, on timescales much
longer than femtoseconds, the atomic and molec-
ular motions in the initial femtoseconds can de-
termine whether these macromolecules ultimate-
ly fold properly into a useful structure or into one
that, say, causes Alzheimer’s disease.

One study on protein folding illustrates the
kind of techniques needed and the results that
are possible. My colleagues and I investigated
how quickly a short length of protein would fold
into one turn of a helix by heating the water in
which the protein was immersed—a so-called ul-
trafast temperature jump. (Helices occur in in-
numerable proteins.) We found that short helices
formed more than 1,000 times faster than re-
searchers have thought—arising in hundreds of
picoseconds to a few nanoseconds rather than
the microseconds commonly believed. Knowing
that such rapid folding occurs may lead to new
understanding of biochemical processes, includ-
ing those involved in diseases.

Biological imaging with our 4-D ultrafast
technology often relies on a well-established
technique called cryoelectron microscopy, in
which a sample in water is plunged quickly into
liquid ethane (which boils at—89 degrees Celsius).
The water freezes into a glassy solid that does not
diffract electrons and spoil imaging (and the
sample itself!) as ordinary ice crystals do. We
have obtained images of bacterial cells and
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[ FUTURE WORK ]

WATCHING BIOLOGY'S CLOCKWORK

By adapting a technique called cryoimaging, researchers plan to do four-dimensional microscopy of biological processes such
as proteins folding. A glassy (noncrystalline) ice will hold the protein. For each shot of the movie, a laser pulse will melt the ice
around the sample, causing the protein to unfold in the warm water. The movie will record the protein refolding before the

water cools and refreezes. The protein could be anchored to the substrate to keep it in the same position for each shot.

Laser pulse

Glassy ice

Folded protein prepared in
rapidly frozen glassy ice

Water refreezes
to glassy ice

protein crystals in this way. In the future we hope
to watch proteins embedded in such vitreous
water fold and unfold: a clocking pulse will boost
the temperature enough to melt a tiny droplet of
the water around the protein, which will unfold
and then promptly refold. When the water cools
and refreezes, it renders the molecule ready for
another clocking pulse. The same approach could
allow us to visualize the dynamics of bacterial
flagella and of the fatty acid bilayers that make
up cell membranes. As with our graphite studies,
ultrafastelectron energy loss spectroscopy should
let us map changes in bonding. Capturing the im-
age before the biosystem moves or disintegrates
should provide sharper images than currently
possible in cryomicroscopy.

Variants of ultrafast electron microscopy
might well push below the nanoscale in structur-
al dynamics studies and below a femtosecond in
the imaging of the electron distribution in mat-
ter. Very recently, my Caltech group demonstrat-
ed two new techniques. In one, convergent-beam
UEM, the electron pulse is focused and probes
only a single nanoscopic site in a specimen. The
other, near-field UEM, enables imaging of the
evanescent electromagnetic waves (“plasmons”)
created in nanoscopic structures by an intense
laser pulse—a phenomenon that underlies an ex-
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Small region
of the ice melts

citing new technology known as plasmonics [see
“The Promise of Plasmonics,” by Harry A. At-
water; SCIENTIFIC AMERICAN, April 2007]. This
technique has produced images of bacterial cell
membranes and protein vesicles with femtosec-

ond- and nanometer-scale resolution.

In recent years Ferenc Krausz of Ludwig Max-
imilian University of Munich, Paul Corkum of
the University of Ottawa and others have opened
up the attosecond regime to optical (light-based)
studies using extremely short laser pulses. At
Caltech, we have proposed several ultrafast elec-
tron microscopy schemes for attosecond-scale
electron-based imaging, and we are now pursu-
ing the experimental realization in collaboration
with Herman Batelaan of the University of
Nebraska-Lincoln.

The electron microscope is extraordinarily
powerful and versatile. It can operate in three
distinct domains: real-space images, diffraction
patterns and energy spectra. It is used in appli-
cations ranging from materials and mineralogy
to nanotechnology and biology, elucidating
static structures in tremendous detail. By inte-
grating the fourth dimension, we are turning
still pictures into the movies needed to watch
matter’s behavior—from atoms to cells—un-
folding in time. m

Protein unfolds

Protein refolds

MORE TO EXPLORE

ARevolution in Electron Micro-
scopy. John M. Thomas in Ange-
wandte Chemie International Edition,
Vol. 44, No. 35, pages 5563-5566;
September 5, 2005.

Microscopy: Photons and
Electrons Team Up. F. Javier Garcia
de Abajo in Nature, Vol. 462,

page 861; December 17, 2009.

Four-Dimensional Electron Micro-
scopy. Ahmed H. Zewail in Science,
Vol. 328, pages 187-193; April 9, 2010.

Biological Imaging with 4D
Ultrafast Electron Microscopy.
David J. Flannigan, Brett Barwick and
Ahmed H. Zewail in Proceedings of the
National Academy of Sciences USA,
Vol. 107, No. 22, pages 9933-9937;
June 1, 2010.

4D Electron Microscopy: Imaging
in Space and Time. Ahmed H. Zewail
and John M. Thomas. Imperial College
Press, 2010.

Comment on this article at
www.ScientificAmerican.
com/sciammag/aug2010

scIENTIFIC AMERICAN O1





