
Optics' New Focus: 
Beams of Atoms 
Physicists who manipulate atoms like beams of light have 
created a whole new field that is likely to have big payoffs 

THE EQUIPMENT IN DAVID PRITCHARD'S LAB 
at the Massachusettes Institutes of Technol- 
ogy would sound familiar to any high school 

precedented precision, and allow ultra-accu- 
rate measurements of acceleration and grav- 
ity-valuable, perhaps, in guidance systems 

physics student who has finished 
the lab segment on optics: lenses, 
mirrors, diffraction gratings. 
There's even an interferometer- 
the same kind of device used 
more than 100 years ago in the 
famed Michelson-Morley experi- 
ment to show that the speed of 
light is the same in all directions. 
But the familiar names hide some 
distinctly unfamiliar features: mi- 

Atom camera.A beam 
of helium atoms "illu- 
minates" a slit, then is 
brought to focus at a 
detector that records 
an image of the slit. 
The micrograph shows 
the structure of the 
"lens": a .21 millimeter 
zone plate. 

beams are much trickier to control than elec- 
tron beams-atoms are heavier and don't 
have the charge that makes electrons easy to 
steer with electromagnetic fields-but atomic 
physicists have slowly built up the tools and 
techniques needed to manipulate them. This 
growing control was demonstrated drarnati- 
cally last year when Jiirgen Mlynek and his 
colleagues at the University of Konstanz in 
Germany used an atom lens to focus a beam 
of helium atoms and make a crude image. 
Their experience, which they described in the 
2 December Physical Review Letters, is not 
likely to make anyone want to trade in a 
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croscopic grids like tiny picket Z Nikon or Polaroid for an atom camera. 9 
fences with pickets only a frac- f The "scene" that the group captured with 5 
tion of a micron wide, lasers re- its camera was simply a single slit or a pair of ; 
flected back on themselves to slits through which the atoms passed on 5 
form standing waves of light, and their way to the camera's lens. The lens, too, 5 
circular gratings formed of hun- would be alien to most photographers. A g 
dreds of concentric rings. These glass lens can't focus atoms; quite the con- 9 
paraphernalia are designed to wary, it stops them dead. So the Konstanz ' 
control not light beams but group resorted to a focusing device called a 
something much more challeng- Fresnel zone plate. The zone plate (a device 
ing: beams of atoms. originally invented to focus light) is a collec- 

Pritchard, an atomic physicist, don of concentric rings that alternately block 
is one of a small but growing a beam or allow it to pass. Whereas an 
group of researchers who are cre- ordinary lens works by refraction, or the 
ating a new field analogous to bending of light as it passes from one sub- 
classical optics; they calf it "atom optics." 
The analogy isn't a casual one. Pritchard 
and his colleagues are subjecting beams of 
atoms to all the familiar manipulations of 
optics: focusing them, reflecting them, dif- 
fracting them, and even combining dif- 
fracted beams to create interference pat- 
terns. Until a year or two ago, Pritchard 
says, these experiments were "just a collec- 
tion of demonstrations." But they have be- 
gun to add up to a new field now that 
researchers are starting to string together 
multiple devices into working systems ca- 
pable, for example, of making atomic "pho- 
tographs" of simple structures. 

None of this is easy-an atom lens takes 
months to build, and even then it doesn't 
focus atoms as efficiently as a toy magmfjmg 
glass from a Cracker Jacks box focuses light. 
But the potential rewards make it all worth- 
while. Atom optics may eventually yield rni- 
croscopes that see nanometer-sized details 
without damaging the specimen, provide 
ways to measure atomic properties with un- 

for airplanes and rockets or in prospecting for 
oil. One potential application could even 
help the semiconductor industry continue to 
squeeze more and more transistors onto com- 
puter chips: Atoms focused into razor-sharp 
beams might be used to "write" circuit pat- 
terns 10 times finer than is now possible with 
state-of-the-art technology (see box). 

At first glance, the idea of manipulating 
atoms like light seems fantastic. Optics is, 
after all, based on the wave nature of light, 
whereas atoms are usually thought of as 
bundles of particles-tiny "solar systems" 
with electrons orbiting a core of protons 
and neutrons. But quantum physics insists 
that all matter has a wave nature to comple- 
ment its particulate quality. Physicists have 
long exploited this duality to make electron 
microscopes, which focus beams of elec- 
trons to obtain images of objects hundreds 
of times smaller than can be seen with opti- 
cal microscopes. Neutrons have been used 
in a similar way. 

Atom optics is the natural next step. Atom 

stance ;o another, th; Fresnel zone plate 
relies on diffraction-the spreading out of a 
wave as it passes through a small opening. 
The concentric rings of the Fresnel zone 
plate are carefly spaced so that the dif- 
fracted waves add up constructively along a 
"focal plane" on the other side of the lens. 

To read the image formed by the Fresnel 
zone plate, the group used a movable detec- 
tor to record the intensity of the atom beam 
at a series of points in the focal plane. The 
resulting images were not things of great 
beauty, but they were recognizable-the 
photograph of the single slit was a single 
rounded peak, and the double slit was im- 
aged as a pair of humps. 

The main difficulty in the experiment was 
getting enough helium atoms in the beam 
to "illuminate" the subject, says Tycho 
Sleator, a member of the Konstanz team 
whois spending the spring semester at New 
York University. The entire apparatus had 
to be kept in a vacuum chamber, since 
collisions with air molecules would have 
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deflected the helium beam. But since the 
size of the vacuum chamber was limited, the 
Fresnel zone plate had to bring the atom 
beam to a fbcus in a short distanceless 
than a meter-which limited the "bright- 
ness" of the beam. In addition to choosing 
helium atoms, which can be focused in a 
short distance because they are light, the 
researchers cooled the beam to slow down 
the atoms and make them easier to deflect. 
Doing so, however, meant that fewer atoms 
would be passing through the slits to be 
focused and imaged at any given time. As a 
result, the detector had to be held for 5 
minutes at each point to count enough 
atoms to get a good image. W1th two dozen 
or more data points making up each image, 
it took at least 2 hours to expose a single 
picture-not exactly Polaroid-speed. 

These difllculties epitomize the challenges 
of atom optics in general. The easiest atoms 
to focus, reflect, and e c t  are the slowest 
ones, but it's hard to get high intensity with 
slow-moving atoms. "Right now the bright- 
ness [of slow atom beams] is pretty puny," 
Pritchard says. Then there's the limitation 
of having to carry out experiments in a high 
vacuum, and the fict that "we don't have 
any glass for atom beams," Pritchard says- 
no obvious way to make efficient atomic 
lenses and mirrors. 

There's ample incentive to overcome such 
difficulties, however. A microscope that used 
atoms in place of light would have a much 
greater resolving power, since the wavelength 
of atoms in a typical atomic beam can be a 
hction of an angstrom, compared to the 
4000- to 7000-angstrom wavelength ofvis- 
ible light. In principle, an atom microscope 
could pick out details smaller than the width 
of a single atom (although fundamental lim- 
its other than that of wavelength may limit 
the resolving power). Electron microscopes 
are already capable of revealing details on that 
scale-but only when the electrons have very 
high energies and hence are liable to damage 
the samples. And because atoms, unlike pho- 
tons and electrons, have an internal structure 
that is affected by their interactions with 
other matter, an atomic microscope could 
reveal features of a sample that light and 
electron microscopes are oblivious to. 

The first step toward an atomic micro- 
scope is to make a better lens. The Fresnel 
zone plate used by the Konstanz team was a 
commercid model intended for x-ray mi- 
croscopy; other groups are already building 
zone plates designed explicitly for atom 
optics. Pritchard's group, for instance, has 
made a cylindrical zone platcone that fo- 
cuses in one dimension instead of tw-d 
Don Ternant at AT&T Bell Labs recently 
etched a Fresnel zone plate out of silicon. 
The silicon lens is not only much more 
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durable than the fragile gold lens used by 
the Konstanz group, but it should also be 
able to focus images down to half the size 
possible with the commercial lens. For a 
given focal length, the focusing power of a 
zone plate depends on the number of con- 
centric rings, and semiconductor fabrica- 
tion techniques can etch silicon zone plates 
with many more rings than the Konstanz 
grating has. 

Several groups, induding those at MIT 
and Konstanz, are trying a more dramatic 

approach, fkusing atoms with something 
much more ephemeral than a zone plate- 
light. They take advantage of a phenomenon 
scientists have exploited fbr years, namely 
light's ability to exert a h e  on atoms when 
the kquency of the light is dose to one of 
the specific frequencies that the atom can 
absorb. The best-known illustration is prob- 
ably the ability of lasers to slow down atoms 
and pin them in one spot (Science, 11 June 
1990, p. 1076). In the early 1980s, Pritchard 
and co-workers showed how to exploit the 
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same effect to create a diffraction grating for 
atoms: Reflecting a laser back and forth be- 
tween two mirrors creates a "standing wave" 
of light with "peaks" and "troughs" that stay 
fixed in space. When an atom beam is aimed 
through such a standing wave, the atoms are 
either attracted to or deflected from the 

special mirror: an 18-millimeter hollow hemi- 
sphere of highly polished quartz, coated with 
a film of superfluid helium (helium cooled so 
much that its individual molecules start mov- 
ing in unison instead of at random, as they do 
in most fluids). When the hydrogen atoms hit 
the superfluid helium, they bounced off-via 

stance, chose a design modeled on classical 
optical interferometers. A beam of atoms 
was split into two by a diffraction grating (a 
"picket fence" whose 0.2-micron-wide pick- 
ets are spaced 0.4 microns apart). The two 
in-phase beams then traveled independently 
to a second grating, which bent them back 

But atoms-aren't as amenable as ligh; to 
beiig reflected: When an atom hits a surface, 
it often sticks or bounces off in an unpredict- 
able direction, which dissipates the beam. To  
get around this problem, the Amsterdam 

wave's maxima and minima F ' 5 toward each other and created 
depending on the specific an interference pattern. 
frequency of the laser. Ei- 

was 'fust Pritchard describes the nec- 
ther way, the effect is the essary next step: "We're trying 
same as a physical grating- a &&n of to make an interferometer work 
the beam comes through stmtk31ts"until a with a septum between the two 
concentrated in a series of beams so you can, for instance, 
narrow lines. year Or two ago. put a field on one side." In this 

Each peak and trough is - x d  prithard way, one of the separated 
actually acting as a tiny lens. atomic beams could be sub- 

physicists started with a beam of hydrogen 
atoms cooled to 0.5 K so that they were 
moving very slowly, and aimed them at a very 

- .  
list of atomic properties they'd like to mea- 
sure with atom interferometers, such as the 
polarizability of atoms or phase shifts caused 
by collisions with other atoms. 

Last May and July, four groups published 

jected to an electric field or 
some other force that doesn't influence the 
second beam, and the resulting interference 
pattern will offer a measure of that force. 

Even before atom lenses or interferom- 
eters are perfected, atom-optics proponents 
are wondering how far they can push the 
underlying analogy. Perhaps the most ambi- 
tious idea they are toying with is an atom 
analogue of a laser. Lasers emit beams of 
coherent light-nes in which all the pho- 
tons have the same wavelength and phase. 
The first step toward getting a beam of 
atoms to march in this kind of lockstep, 
Pritchard surmises, might be to achieve a 
bose condensation of the atoms-a theo- 
retical state in which many of the atoms are 
in the same quantum state. No one has ever 
observed bose condensation, but the theo- 
rists believe it should exist given the right 
conditions. "An atom trap filled with bose- 
condensed atoms might emit a coherent 
atom beam if it had a partially transmitting 
hole at one end," Pritchard says. 

Pritchard already has a name picked out. 
Since "laser" comes from "light amplifica- 
tion by stimulated emission of radiation," 
he suggests the analogous "atom amplifica- 
tion by stimulated emission of atoms," or 
"aasea." He  doesn't say how you should 
pronounce it. ROBERT POOL 
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cylindrical lens, concentrating the beam into 
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to enable Mlynek's group to take a "photo- 
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more, it should be possible to combine two 
of the laser lenses to make a normal lens, 
Sleator says. If one lens focused in, say, the 
vertical direction and the second in the 
horizontal, the combination would be a 
full-fledged laser lens for atoms. 
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of a telescope or the reflector in a flashlight. 
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sensitive to anything that affects the two 
beams while they are separated-if some- 
thing changes one of the beams even 
slightly, it causes a major and noticeable 
change in the interference pattern. Light 
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