
Cooling and Trapping Atoms 
Atoms are slowed and cooled by radiation pressure from laser light 

and then trapped in a bottle whose "walls" are magnetic fields. 

Cooled atoms are ideal for exploring basic questions of physics 

by William D. Phillips and Harold J. Metcalf 

A highly fruitful area of scientific 
.n. research has traditionally been 

the study of the intrinsic prop­
erties of isolated atoms. In the early 
part of this century such inquiry led to 
the formulation of quantum mechan­
ics, one of the cornerstones of modern 
physics. More recently, precise meas­
urements with atoms have also shed 
light on other fundamental physical 
theories, including relativity. 

The triumphs born from probing 
atomic systems have depended largely 
on the ability to make precise meas­
urements. A deeper understanding of 
the structure of matter at the atom­
ic level requires that measurements 
be made with even greater precision. 
Unfortunately the necessary precision 
cannot be easily achieved: in solids 
and liquids one cannot isolate individ­
ual atoms from the effects of their 
neighbors, and in gases the random 
thermal motion of atoms makes highly 
precise measurements difficult. 

The continued need for ever more 
precise measurements has led to the 
development of many techniques for 
overcoming the effects of thermal mo­
tion. Simply reducing the effects of 
thermal motion is not sufficient for the 
most demanding measurements; ulti­
mately it becomes necessary to reduce 
the thermal motion itself. Methods de­
veloped over the past few years pro­
vide the required means. Atoms can 
now be cooled by shining laser light 
directly on them. The radiation pres­
sure exerted by the laser light can be 
exploited to push on the atoms in 
order to slow them down. Once the 
atoms have been cooled, they can be 
trapped, or confined to a limited re­
gion of space. In our laboratory we 
trap atoms in a bottle whose "walls" 
are electromagnetic fields rather than 
material substances. 

Cooled or trapped atoms are ideal 
for exploring fundamental questions 
of physics. Early in 1986, for instance, 
cooling and trapping were employed 
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to observe for the first time a funda­
mental quantum-mechanical process: 
the transition of a single atom from 
one discrete energy level to another (a 
quantum jump). In this case the trap­
ping was relatively easy because the 
atom had been ionized, or stripped of 
one of its electrons. Recent techniques 
have made possible the trapping of 
even electrically neutral atoms. 

In the future, laser-cooled atoms 
will certainly facilitate spectroscopic 
measurements, perhaps leading to sub­
stantial improvements in such areas as 
atomic clocks and measurements of 
fundamental constants. Cooling and 
trapping will enable investigators to 
look at collisions between atoms in 
detail and better understand the way 
chemical bonds are formed. Laser 
cooling and electromagnetic trapping 
could also be employed to manipulate 
atoms made of antimatter. Since anti­
matter annihilates with ordinary mat­
ter on contact, ordinary material walls 
cannot contain it. 

At high enough densities certain at­
oms might even undergo a fundamen­
tal type of transition called a Bose con­
densation. Such a condensation is pre­
dicted by quantum mechanics, which 
holds that there are two types of fun­
damental particles called fermions 
and bosons. Fermions, which include 
electrons, protons and neutrons, can­
not be in the same quantum state; in 
contrast, bosons, which include some 
atoms (such as the hydrogen atom), 
can occupy the same quantum state. In 
a sufficiently cold and dense collection 
of bosons a major fraction of the parti­
cles will be in the same, lowest-energy 
quantum state. The eagerly sought ob­
servation of Bose condensation could 
well occur in traps populated by laser­
cooled atoms. 

Why are atoms always in motion? 
The kinetic theory developed 

during the past century shows that gas­
es are collections of atoms or mol-

ecules whose average kinetic energy 
(which varies directly as the square of 
the velocity) is proportional to the ab­
solute temperature. Such classical mo­
tion can never be eliminated except at 
the unattainable temperature of abso­
lute zero, or approximately -273 de­
grees Celsius. At room temperature, 
for instance, air molecules move at an 
average speed of about 500 meters per 
second, or 1, 100 miles per hour. Fur­
thermore, the atoms move at various 
speeds, mostly between zero and twice 
the average speed. 

Why does thermal motion affect 
precise measurements of atoms? Each 
atom in the gas acts like a sharply 
tuned transmitter and receiver of elec­
tromagnetic radiation; an atom can ef­
ficiently emit and absorb only certain 
frequencies of radiation. Since differ­
ent kinds of atoms emit and absorb 
different frequencies, each set of fre­
q uencies, called a spectrum, serves as 
a "signature" for a particular type of 
atom. In other words, identical atoms 
have the same spectrum and share the 
same signature. The measurement of 
spectra, called spectroscopy, allows 
one to draw conclusions about the fun­
damental structure of atoms. 

Unfortunately the observed spec­
trum of identical atoms in a gas is 
smeared out at ordinary room temper­
atures because of the thermal motion 
of the atoms. When an atom moves 
with respect to an observer, its char­
acteristic frequencies appear to shift 
from the intrinsic ones seen when the 
atom is stationary. The phenomenon 
is called the Doppler shift, after the 
19th-century Austrian physicist Chris­
tian Doppler, who explained a similar 
effect for sound. The basic phenom­
enon is familiar to anyone who has 
heard the sudden change in pitch of 
the horn of a passing train. It is also the 
Doppler shift that enables a police ra­
dar to determine the speed of a car. 

The Doppler shift also occurs when 
an atom moves with respect to a light 
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source. The atom encounters the crests 
and troughs of the radiation waves at a 
higher rate, so that the frequency ap­
pears to the atom to be shifted up, or 
higher. Conversely, if the atom moves 
away from the source, the apparent 
frequency is shifted down, or low­
er. Even in the absence of this kind 
of Doppler shift, as when the atom 
moves perpendicularly to the line con­
necting it to the source, there is always 
another apparent frequency shift ow-

ing to special relativity. (The relativis­
tic effect arises from the fact that an 
observer sees a moving clock run slow­
er than his own identical clock. One 
consequence of this is the "twin para­
dox": a twin who travels in a spaceship 
is found on his return to have aged less 
than his earthbound sibling.) 

Because of the effects of the Doppler 
shift, a gas of randomly moving 

atoms-each identical with the oth-

ers and each having an identical spec­
trum-appears to be a collection of at­
oms all of which have slightly shifted 
spectra. The spreading in frequencies, 
while it is only a millionth of the opti­
cal frequency, has profound conse­
quences. For example, for many years 
the Doppler broadening of the optical 
spectrum of hydrogen hid a small but 
important frequency shift called the 
Lamb shift. The eventual discovery of 
the Lamb shift (by nonoptical meth-

LASER COOLING brings atoms moving at speeds exceeding 
1,000 meters per second, or 2,200 miles per hour, to a virtual 
standstill. Here a laser beam shines into a collimated beam of so­
dium atoms. The sodium atoms enter from the right of the photo-

graph, the laser beam from the left. The atoms slow down from the 
radiation pressure of the laser light and come to a virtual halt 
near the center of the circular opening (which is at the end of a so­
lenoid: a long coil). The slowed atoms spread out into a "skirt." 
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ods) ultimately led to and confirmed 
the theory of quantum electrodynam­
ics, which is now thought to be a com­
plete description of the interaction of 
radiation and matter and the paradigm 
for all modern field theories. 

Yet another motional effect that 
plagues spectroscopy is transit-time 
broadening. Since atoms are moving, 
they do not stay in a region where they 
can be observed for long periods of 
time. The limited time available for 
measurement broadens the spectrum. 
The higher the atomic velocity, the 
smaller the observation time and the 
greater the broadening. 

Many methods have been developed 
to overcome the difficulties imposed 
on spectroscopy by atomic motion. 
Spectroscopy that is virtually free of 
Doppler effects can be achieved by a 
variety of schemes. Still, there are re­
sidual effects that arise from imperfec-
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tions in the apparatus; furthermore, 
these schemes do not address the prob­
lems of transit-time broadening and 
relativistic shifts, which limit spectros­
copy requiring an accuracy of one part 
in 1011 or better. 

Cooling is the most obvious way to 
reduce the motion of atoms and min­
imize such effects, thereby making 
measurements more precise. One way 
to accomplish cooling is to have the at­
oms collide with either the walls of a 
cold container or another gas of cold 
atoms. Such cooling works up to a cer­
tain point. At low enough tempera­
tures nearly any atom will condense on 
the container walls or form molecules 
or clusters with its collision partners. 
When either happens, the atom is no 
longer isolated and complicated inter­
actions with its neighbors prohibit ac­
curate measurements. 

A different kind of cooling-laser 
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ATOMS in a gas held at room temperature 

move rapidly, at varying speeds and in dif­
ferent directions (top). The atoms collide 
frequently with one another and, if they 
are held in a container, with the walls of 
that container. The distribution of veloc­
ities of individual atoms in a gas is given 
by a bell-shaped curve called a Maxwell­

Boltzmann distribution (left). The distribu­
tion actually shows the number of atoms as 
a function of the projection of their veloci­
ty along a given axis. The higher the tem­
perature of the gas is, the wider the dis­
tribution is and the harder it becomes to 
make precise measurements. One way to 
avoid such problems is to cool the atoms. 

cooling-is needed to achieve the low 
velocities associated with low temper­
atures without inducing unwanted 
condensation of atoms. In a sense the 
highly organized, monochromatic na­
ture of laser light makes the laser a 
very low temperature system through 
which atoms can give up heat by their 
interactions with it. The idea of laser 
cooling was proposed independently 
in 1975 by Theodor W. Hansch and 
Arthur L. Schawlow of Stanford Uni­
versity for a gas of atoms and by Da­
vid Wineland and Hans G. Dehmelt 
of the University of Washington for 
trapped ions. 

Taser light can be exploited to affect 
L atomic motion and cool atoms be­
cause it has momentum, and so it 
pushes against objects that absorb or 
reflect it. Momentum is a characteris­
tic of motion that can be transferred 
but not created or destroyed. Matter 
and light interact and transfer momen­
tum by exchanging discrete packets of 
light called photons. The number of 
photons necessary to cool atoms is 
enormous. In order to bring to rest a 
single sodium atom traveling 1,000 
meters per second, for instance, some 
30,000 photons must strike it head on. 

To see how laser cooling works, sup­
pose a laser beam shines into a gas of 
identical atoms at room temperature. 
Further, suppose the laser beam is 
tuned to a particular frequency that 
is lower than one of the intrinsic fre­
quencies at which the atoms emit and 
absorb radiation. Some of the atoms in 
their rapid and random motion will 
therefore have just the right velocity 
and corresponding Doppler shift to 
absorb the light strongly, but for the 
majority of atoms the light will have 
little effect. In particular, those atoms 
moving toward the light source "see" 
it Doppler-shifted closer to their in­
trinsic frequency, and therefore they 
absorb light more rapidly. Those at­
oms will slow down, because the mo­
mentum of the light opposes their mo­
tion. On the other hand, atoms moving 
away from the source are less likely to 
absorb the light, because they "see" 
the frequency of the laser Doppler­
shifted to a still lower value, further 
away from the frequency they need for 
absorption. The atoms moving away 
from the source, which are accelerated 
when they absorb light, do so much 
more slowly than the atoms moving 
toward the source. The net effect is 
that on the whole the atoms in the gas 
slow down. 

In 1978 workers at the National Bu­
reau of Standards in Boulder and at 
the University of Heidelberg indepen­
dently demonstrated laser cooling of 
trapped positive ions (atoms that have 
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lost one or more electrons and so have 
a net electric charge). Continued ex­
periments with trapped ions by these 
and other groups have produced ions 
cooled to only a few thousandths of a 
degree above absolute zero, highly ac­
curate atomic clocks and visual obser­
vations of single atoms. 

We have been working at the Na­
tional Bureau of Standards in 

Gaithersburg, Md., to extend the tech­
nique of laser cooling to neutral at­
oms. A key difficulty in cooling neu­
tral atoms is that, unlike electrically 
charged ions, they are not easily influ­
enced by electric and magnetic fields. 
Although ions held at room tempera­
ture and above are readily trapped in 
such fields, neutral atoms must first be 
cooled to temperatures on the order of 
one degree Kelvin (-272 degrees C.) 
or below before they can be trapped. 
Over the past several years our group 
and other groups at the Institute of 
Spectroscopy in Moscow, the Nation­
al Bureau of Standards in Boulder, the 
AT&T Bell Laboratories, the Universi­
ty of Colorado at Boulder, the Univer­
sity of Bonn, the Ecole Normale Su­
perieure in Paris, the State Universi­
ty of New York at Stony Brook and 
the Massachusetts Institute of Tech­
nology have successfully developed 
approaches to cooling neutral atoms 
with laser beams. 

All the approaches begin with freely 
moving neutral atoms, usually sodium 
atoms in the form of a beam. We gen­
erate the sodium beam by heating an 
oven containing sodium metal to 450 
degrees C. The metal vaporizes, and 
the atoms come out of the oven 
through a small pinhole as a diverging 
beam; we mask off all but a narrow 
fraction of the beam by positioning 
another pinhole about 10 centimeters 
away. In our apparatus a laser shines 
directly into the sodium beam. In this 
way each atom can interact with the 
light for as long as possible. 

When an atom absorbs light, it 
jumps to an excited state. The atom 
can return to the ground, or unexcited, 
state by one of two processes, stimu­
lated emission or spontaneous emis­
sion. If the emission is stimulated (in­
duced by the laser light), the emitted 
photon travels in the same direction as 
the absorbed photon and the atomic 
momentum does not change. If the 
emission is spontaneous, however, 
photons are emitted in random, sym­
metrically distributed directions. Re­
peated absorptions followed by spon­
taneous emissions result in a net decel­
eration of the atoms in the direction of 
the laser beam. The maximum decel­
eration a sodium atom can experience 
in laser cooling is about a million me-
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FREQUENCY 

IDENTICAL ATOMS moving with differ­
ent velocities in a room-temperature gas 
appear different to an observer because of 
a phenomenon known as the Doppler shift 

(top). The basic effect is familiar to anyone 
who has heard the sudden change in pitch 
of the horn of a passing train. If the atoms 
were stationary, they would absorb and 
emit radiation of almost the same frequen­
cy. Atoms moving toward the observer ap­
pear to radiate at slightly higher frequen­
cies (blue), because the crests and troughs 
of their radiation waves reach the observer 
at a higher rate. Atoms moving away from 
the observer appear to radiate at slightly 
lower frequencies (red). The effect of the 
Doppler shift is to smear out what would 
otherwise be a sharply defined spectrum, 
or distribution of frequencies (left). The 
smeared-out spectrum has the same shape 
as the Maxwell-Boltzmann distribution 
in the illustration on the opposite page. 

LASER 
BEAM 

ATOMIC BEAM 

LASER COOLING of a gas takes place when atoms "see" more "head wind" than "tail 
wind." Such conditions are realized by tuning a laser beam to a frequency lower than the 
frequency strongly emitted and absorbed by the atoms. Some of the atoms moving toward 
the laser beam will then have the appropriate Doppler shift to absorb and reradiate the 
light, and they will slow down. Atoms moving with the laser beam, on the other hand, see 
the frequency of the light shifted still lower, and they are less likely to absorb the light: 
they will be speeded up very little. Consequently on the whole the atoms slow down. 
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ters per second squared, which is close 
to 100,000 times the acceleration of 
gravity at the surface of the earth. At 
such an enormous deceleration a sodi­
um atom with a velocity of 1,000 me­
ters per second would be stopped in 
one millisecond over 50 centimeters. 

As the atoms slow down, even by a 
few meters per second, their Doppler 
shift changes enough to inhibit their 
absorption of light. Eventually the at­
oms will stop decelerating and will 
continue their journey unimpeded by 
the laser beam. One way to compen­
sate for this undesirable effect is to 
sweep the laser beam to higher fre­
quencies as the atoms slow down so 
that the atoms continue to absorb the 
radiation. V. S. Letokhov and his col­
leagues at the Moscow Institute of 
Spectroscopy proposed this approach 
in 1976, and John Prodan and one of 
us (Phillips) first demonstrated it in 
1983 in our Gaithersburg laborato­
ry. Since then John L. Hall and his 
co-workers at the National Bureau of 
Standards in Boulder and a number of 
other groups have successfully em­
ployed the approach. 

Throughout most of our work, how­
ever, we have exploited a different 
technique to overcome the compli­
cation caused by the changing Dopp­
ler shifts. We hold the frequency of 
the laser beam constant and manipu­
late the energy levels of the atoms so 
that the atoms continue to absorb the 
beam. We do this by sending the at­
oms through a magnetic field whose 
strength varies along the path traveled 
by the atoms. The energy levels of an 
atom change in a well-determined way 
when the atom is placed in a magnet-

ic field, a phenomenon known as the 
Zeeman effect. We have tailored the 
magnetic field in our apparatus so that 
it is strong at the point where the at­
oms first enter it and gradually tapers 
off in strength with increasing distance 
from the point of entry. As an atom 
passes through such a magnetic field 
its energy levels continually change so 
that they compensate for the decreas­
ing Doppler shifts. As a result the 
atom continues to absorb light from 
the laser beam and to decelerate. 

With our technique we have cooled 
a beam of atoms to less than 100 milli­
kelvin and brought the average veloci­
ty of these atoms to zero. In effect we 
have produced a cold gas of nearly 
stopped atoms. 

Laser-cooling a gas of atoms, in con­
trast, is quite different from laser-cool­
ing a beam of atoms. The reason is that 
all atoms in a beam move in approx­
imately the same direction, so that 
a single laser beam suffices to oppose 
their motion. On the other hand, free 
atoms in a gas move in all directions 
and therefore require several laser 
beams to cool them. At the AT&T Bell 
Laboratories, Steven Chu and his col­
leagues, having laser-cooled a beam of 
atoms, employed multiple laser beams 
to further cool the sample to less than 
a millikelvin. Atoms at the intersection 
of the multiple beams experience a re­
tarding force in any direction in which 
they move and are therefore said to be 
in an "optical molasses." 

One of the exciting consequences of 
stopping neutral atoms is that 

they can then be held in atom traps: 
bottles for atoms whose "walls" are 

COLLECTION 
OPTICS 

PINHOLE 

SODIUM 
SOURCE 

SODIUM 
BEAM 

TAPERED 
SOLENOID 

TRAPPING 
COILS 

MERGED 
LASER BEAMS 

electromagnetic fields rather than ma­
terial substances. It has long been pos­
sible to trap electrons, ions and oth­
er charged particles, because strong 
electric and magnetic fields can great­
ly affect their motion [see "The Isolat­
ed Electron," by Philip Ekstrom and 
David Wineland; SCIENTIFIC AMERI­
CAN, August, 1980]. The same electric 
and magnetic fields have little effect 
on a neutral atom, however, since it 
carries no net charge. 

A number of different traps for neu­
tral atoms have been proposed over 
the past 25 or 30 years. In the 1950's 
Wolfgang Paul of the University of 
Bonn suggested that, in principle, mag­
netic traps could be employed. An­
other alternative, laser traps, was pro­
posed in about 1970 independently 
by Letokhov and by Arthur Ashkin of 
Bell Laboratories. In 1978 Paul and 
his colleagues succeeded in trapping 
neutrons in a magnetic storage ring. 
Their experiment was a landmark one, 
because it was the first time that neu­
tral particles had been confined elec­
tromagnetically. Their work enabled 
them to make new measurements of 
the average lifetime of the neutron. 
(After about 15 minutes an isolated 
neutron decays into a proton, an elec­
tron and a particle called a neutrino.) 

Our trap for neutral atoms exploits 
the same physical principles used in 
Paul's neutron storage ring. Even 
though a neutral atom has no net elec­
tric charge, it can still have a small 
magnetic dipole: the atom can behave 
as if it were a tiny bar magnet. Now, 
if a bar magnet is immersed in an 
inhomogeneous magnetic field, the 
strength of the field at one pole differs 

AUTHORS' APPARATUS for cooling an atomic beam and mag­
netically trapping neutral atoms is shown schematically. The in­
vestigators slow a beam of sodium atoms traveling through a so­
lenoid by shining a laser beam on the atomic beam. Measurement 
of the velocity distribution of the atoms and the laser-induced 
changes to it is done by collecting and detecting the fluorescence 
from atoms excited by a second, very weak probe laser propagat­
ing nearly parallel to the atomic beam. The absorption and hence 

the intensity of this fluorescence will depend on the atomic veloci­
ty because of the Doppler shift of the probe beam. The depen· 
dence of the fluorescence on the probe-laser frequency reflects the 
velocity distribution of the atoms. Very slow atoms can be trapped 
in the magnetic field generated by the pair of "trapping coils." 
The trapped atoms move as if they had a temperature of 10 mil· 
likelvin, slightly above absolute zero. The chopper and shutters 
are used to turn the laser beams on and off at appropriate times. 
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from the strength at the other pole, 
and a force will be exerted on the mag­
net. If the bar magnet happens to be an 
atom, the force will be quite small, but 
it is nonetheless an observable quanti­
ty. The effects of an inhomogeneous 
magnetic field on a neutral atom were 
first demonstrated in 1924 by Otto 
Stern and Walther Gerlach. The Stern­
Gerlach experiment showed that a sil­
ver atom can be thought of as a bar 
magnet whose axis can have only two 
possible orientations with respect to 
the magnetic field. (An ordinary bar 
magnet, of course, can have a continu­
ous range of orientations.) 

The sodium atoms in our experi­
ments have two classes of orienta­

tions: one class in which the atoms are 
attracted to strong magnetic fields and 
one in which they are repelled by 
strong magnetic fields. In our process 
of laser cooling we optically pump all 
the atoms into the orientation repelled 
by strong magnetic fields. To trap the 
atoms we therefore constructed a pair 
of current-carrying coils arranged so 
that their magnetic fields oppose each 
other. There is zero magnetic field 
at the midpoint between them, from 
which the strength increases in any di­
rection, and so the atoms are pushed 
toward the midpoint. This kind of trap 
was one of several early proposals 
made by Paul; similar traps have been 
proposed for the confinement of ultra­
cold neutrons [see "Ultracold Neu­
trons," by R. Golub, W. Mampe, J. M. 
Pendlebury and P. Ageron; SCIENTIFIC 
AMERICAN, June, 1979]. 

In our trapping experiments we de­
celerate atoms to low velocities by la­
ser-cooling them. We then let the at­
oms drift into the space between the 
two current-carrying coils and bring 
the atoms to rest with a short pulse of 
light, a technique we developed in our 
laboratory with Prodan, Alan Mig­
dall, Jean Dalibard and Ivan So. The 
residual motion of the atoms in the 
sample is so small-the atoms travel at 
speeds of only a few meters per second 
or so-that once the atoms have en­
tered the region between the coils 
there is ample enough time to turn on 
the electric current that energizes the 
magnetic trap. 

Our trap has proved successful in 
catching and confining some of the at­
oms in the sample, as experiments we 
have done with Thomas H. Bergeman 
of Stony Brook and the above collabo­
rators have shown. The major loss of 
atoms from the trap is due to random 
collisions with background gas mol­
ecules. Since the magnetic force that 
holds the atoms in place is so very 
small, the trap is said to be "shallow." 
An atom held in the trap is a "sitting 

VELOCITY ----7 

EFFECTS OF LASER COOLING on the distribution of velocities in a beam of atoms 
are pronounced. Without laser cooling the velocity distribution is wide (colored curve). 
When the atomic beam is opposed by a laser beam and travels down a long solenoid that 
produces a uniform magnetic field, the velocity distribution is changed: some atoms near 
the center of the distribution are slowed and concentrated into a fairly narrow peak 
where all atoms have roughly the same velocity (gray curve). By tailoring the magnetic 

field so that it is strong at the point where the atoms first enter it and gradually tapers 
off in strength with increasing distance from the entry point, many more atoms are 
slowed to a much lower velocity and concentrated into a sharper velocity distribution 

(black curve). It is important to distinguish between deceleration, the reduction of veloci­
ty, and cooling, the reduction of velocity spread. The authors' method achieves both. 

duck" if it is struck by a room-temper­
ature molecule. Even though the ap­
paratus is placed in a vacuum, there 
are still enough stray atoms moving 
around to cause destructive collisions 
and impart enough energy to eject at­
oms from the shallow trap. 

The maximum speed a sodium atom 
can have and still be held in our trap is 
3.5 meters per second, which corre­
sponds to an energy in temperature 
units of about 17 millikelvin. We have 
trapped tens of thousands of atoms 
with this energy and less for periods 
longer than one second in a volume of 
about 20 cubic centimeters, which is 
roughly the volume of a golf ball. The 
limitation on the trapping time is due 
entirely to collisions with any stray 
atoms left in the vacuum. In a per­
fect vacuum the ultimate limitation 
on trapping time would be the rate at 
which an atom makes a quantum tran­
sition from a state that is repelled by 
strong magnetic fields to a state that is 
repelled by weak magnetic fields. Cal-

culations show that most atoms would 
remain trapped for many hours. 

Another method of trapping neutral 
I\. atoms relies entirely on laser 
beams and the forces they exert. In one 
version of such a trap the forces do not 
come from the simple transfer of mo­
mentum that occurs when an atom 
absorbs a photon and spontaneously 
emits another photon, as in the laser­
cooling process itself. Rather, they 
come from a subtler and potentially 
stronger process. The laser beam, 
which consists in part of an oscillating 
electric field, induces dynamic chang­
es in the atom that result in a force if 
the laser field is nonuniform (just as in 
the case of a magnetic moment in a 
nonuniform magnetic field). By con­
vention such a force is called a dipole, 
or gradient, force. 

The dipole force can be used to con­
fine atoms, as Letokhov suggested in 
1968. In 1978 Ashkin proposed a par­
ticularly simple and elegant form of 
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LASER-COOLED BEAM of sodium atoms is shown as it emerges from the solenoid in 

the authors' apparatus. The atomic beam travels from right to left; the laser beam moves 

from left to right. As the frequency of the laser is decreased, the position at which the 
sodium atoms stop moves to the left and more of the skirt comes into view (left to right, 
top to bottom). The beam is viewed through a circular port in the side of the apparatus. 

OPTICAL MOLASSES produced in the authors' laboratory by Phillip Gould and Paul 

Lett is seen as a bright spot at the intersection of six laser beams. The six laser beams 
strongly oppose and quickly damp any atomic motion in the intersection region, as if the 

atoms were in molasses. Laser-cooled sodium atoms enter the molasses from the left and 

get stuck. A cooling laser beam illuminates some of the atoms (top horizontal streak). 
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laser trap, which has just recently been 
demonstrated. In Ashkin's design a 
single laser beam is focused to a small 
spot. The focusing produces a laser 
field that is strongest at the center of 
the focus; the field decreases with in­
creasing distance in all directions away 
from the focus. When the laser fre­
quency is tuned below a frequency at 
which the atoms absorb strongly, the 
dipole force pulls the atoms into the 
strongest part of the field. Of course, 
the ordinary radiation pressure result­
ing from momentum transfer tends to 
push the atoms along the direction 
in which the laser beam travels, but 
the dipole force can overcome the un­
wanted effect if the laser beam is tight­
ly focused, is intense enough and is 
tuned far enough away from the ab­
sorbing frequency of the atoms. Still, 
the depth of a laser trap is very small, 
and Ashkin's design had to wait, along 
with the magnetic trap, for the success 
of laser-cooling techniques before it 
could be implemented. 

An additional complication of laser 
traps is that, in contrast to magnetic 
traps, the trapping field itself tends to 
heat the atoms so that they "boil" out 
of the trap. The solution to the prob­
lem is to continue to laser-cool the at­
oms while they are in the trap. The 
precise scheme for doing this, which 
involves switching rapidly between 
cooling and trapping by turning vari­
ous laser beams on and off, was pro­
posed by Dalibard, Serge Reynaud 
and Claude Cohen-Tannoudji of the 
Ecole Normale Superieure. All these 
techniques were recently combined, 
along with three-dimensional cooling 
in optical molasses, by Chu and his 
colleagues to make a tiny laser trap for 
sodium atoms in which a few hundred 
atoms are held in a volume of 10-7 cu­
bic centimeter at a temperature below 
a millikelvin. 

Even more recently a group of in­
vestigators in Cohen-Tannoudji's lab­
oratory demonstrated that an atomic 
beam can be cooled by means of di­
pole forces. Their method shows great 
promise, because the strength of the 
dipole force allows the cooling to pro­
ceed much faster than it can with ordi­
nary laser cooling. 

Although the future of laser cooling 
I\. and trapping of neutral atoms and 
ions is hard to predict, it is clear they 
are solidly established as major areas 
of research. Thermal motion, which 
has long bedeviled investigators, is in 
rapid retreat. Atomic beams and gas­
es that have millikelvin temperatures 
are now easily generated; microkelvin 
temperatures and below may soon be 
possible. A new era in atomic meas­
urement is at hand. 
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Who can help this design get off on the 
right foot? 

Who offers software that can help the concept 
pick up speed? 

+ + 
Whose cellular network in New York can the 

CEO use to okay the project? 

Whose digital switching system can the project 
team use to communicate with each other? 

THE 

Who provides inventory control software that can 
keep track of manufacturing? 

Who makes it easier for good ideas to get 
off and running? 
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