
Laser cooling 
and electromagnetic 
trapping of atoms 

By Harold Metcalf 

The new field of laser control of 
atomic motion, spanning op
tics, statistical mechanics, and 

atomic physics, is developing at a very 
rapid rate. Its status was defined last 
year at a summer school organized by 
Stig Stenholm of the Research Insti
tute for Theoretical Physics in Helsin
ki, Finland. About 80 scientists met to 
discuss the present and future of laser 
cooling and trapping of atoms. (This 
is a subject with a meager past—there 
were no laser cooling experiments be
fore 1978.) The following report is 
both a brief review of the status of the 
field, based on the summer school, 
and a summary of more recent devel
opments. 

Introduction 
The dominant feature of all these 

investigations centers on the forces 
exerted on atoms by their interaction 
with radiation. It is described by a 
single electromagnetic Hamiltonian, 
but the manifestations of the interac
tion can vary qualitatively and quan
titatively depending on relationships 
between the atomic parameters and 

the frequency, intensity, and spatial 
distribution of the light. This has re
sulted in a collection of different 
names and a jargon associated with 
different domains of the values of ap
propriate parameters. Some of the en
tries in this dictionary are familiar, 
such as the radiative force or the di¬
pole force, but others are new, such as 
optical molasses or chirped cooling. 
At the risk of awkwardness, I will try 
to avoid jargon. 

The Helsinki conference opened 
with a brief history of this topic going 
back to Newton and Maxwell. De
flection of an atomic beam by reso
nance light was observed by Frisch in 
1933. In the early 1970s, Ashk in 
made several proposals for control
ling atomic and particle motion with 
light pressure forces. The idea that 
these radiation forces on free atoms 
could be velocity selective and there
fore be used for cooling a gas were 
suggested in 1975, although Kastler, 
Landau, and others had made allu
sions to it before. 

The possibility for cooling stems 
from the fact that atomic absorption 
of light near a resonance is strongly 
frequency dependent, and is therefore 
velocity dependent because of the 
Doppler shift of the moving atoms 
relative to the (laboratory) fixed laser. 
Excited atoms can return to their 
ground states by spontaneous emis

sion or by stimulated emission, and 
the qualitative difference between 
these processes results in two different 
forms of the optical force. 

Spontaneous emission forces 
The first of these, and the simplest 

force to apply, study, and exploit, ap
pears in the presence of a single plane 
wave. In this case the force is de
scribed in terms of resonant scatter
ing, a two step process that begins 
with absorption and ends with spon
taneous emission. Since light carries 
momentum, and since the absorption 
from a directed laser beam is unidi
rectional but the fluorescence is not, 
resonant scattering produces a net 
force in the direction of the incident 
light beam. 

Of course, in order for this force to 
decelerate atoms, they should be 
moving toward the laser and its fre
quency should be below the atomic 
frequency (red-tuned) so that the 
Doppler effect will shift it into reso
nance. Experiments in several labora
tories have used this force, along with 
a variety of methods to overcome 
technical problems, to decelerate and 
cool thermal atomic beams to only a 
few hundredths of a Kelvin. Laser-
cooled atoms have been produced at 
the Institute of Spectroscopy, in Mos
cow; the National Bureau of Stan-
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dards (NBS), in both Gaithersburg, 
Md . , and Boulder, Colo.; the Univer
sity of Colorado; A T & T Bell Labora
tories; University of Bonn, Federal 
Republic of Germany; Ecole Normale 
Superieure, in Paris; the State Univer
sity of New York at Stony Brook; and 
Massachusetts Institute of Technolo
gy, in Cambridge, Mass. Further
more, some of the quantitative mea
sures of these results may be limited 
by measurements and not by accom
plishments. 

If two identical red-tuned laser 
beams are opposed to one another, 
this force is canceled for an atom at 
rest, and otherwise is opposite to its 
velocity. The force-velocity relation
ship is linear for small enough veloci
ties, resulting in a viscous or damping 
force. At the Institute of Spectroscopy 
in Moscow, a cylindrical version of 
this effect has been used to focus and 
collimate an atomic beam. At A T & T 
Bell Laboratories, six converging laser 
beams exploiting this effect have been 
used together with a pulsed, laser-
cooled atomic beam, to produce a 
dense sample [106 atoms/cm3 at 1/3 
of a milliKelvin (mK), which is the 
quantum limit (see below) for the N a 
atoms used]. More recently, similar 
results have been obtained at the NBS 
(Gaithersburg), but this time with a 
continuous laser-cooled atomic beam. 

Editor's note 

In reference to the cover pho
tograph of optical molasses, 
readers should consult the fol
lowing for more information: S. 
Chu, L.W. Hollberg, J.E. Bjork¬
holm, A. Cable, and A. Ashkin, 
Phys. Rev. Lett. 55, 48 (1985). 

The photo of trapped atoms 
shown on this page reflects 
work by: S. Chu, J.E. Bjork¬
holm, A. Ashkin, and A. Cable, 
Phys. Rev. Lett. 57, 314 (1986). 

Photograph of trapped atoms in optical molasses. The larger diffuse 
cloud is fluorescence from atoms contained within optical molasses. The 
small bright spot is the fluorescence from the much higher density of at
oms confined within the optical trap. (Courtesy of AT&T Bell Labora
tories) 

Schematic diagram of the interaction region inside the vacuum chamber 
used for trapping atoms. The broad arrows represent the collimated la
ser beams (about 1 cm in diameter) that intersect to form "optical mo
lasses. " The shaded sphere represents the fluorescence emitted by the 
collection of ultracold atoms contained and executing random-walk mo
tion within the optical molasses. The optical trap is formed just beyond 
the focus of the trap laser beam, which is also shown. The black dot 
represents the the intense fluorescence emitted by the dense collection of 
atoms confined within the optical trap. (Courtesy of AT&T Bell Labo
ratories) 
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Schematic of National Bureau of Standards laser cooled atomic beam 
apparatus. 

Schematic of laser cooling apparatus with magnetic trap in place. (Cour
tesy of National Bureau of Standards) 

Two sets of magnetic-trap coils and cooling pipes for the laser-cooled 
atomic beam apparatus. The atomic and laser beams are along the axis 
of the coaxial coils. (Courtesy of National Bureau of Standards) 

The Doppler-shift dependent, reso
nant scattering force described above 
has several drawbacks. First, its mag
nitude is limited by the rate of sponta
neous emissions (reciprocal of lifetime 
Τ) because momentum cannot be ex
changed any faster than the atom can 
scatter light. Second, the ultimate low 
temperature that can be achieved for 
a sample of atoms is also fixed by the 
natural lifetime of the excited state. 
This limitation arises from the fluctu
ations associated with the random
ness of both absorption and sponta
neous emission, and corresponds to a 
temperature T = h/kτ, where k is 
Boltzmann's constant. 

Stimulated emission forces 

The second major form of this 
force, which is different because it 
does not depend on absorption fol
lowed by spontaneous emission, 
arises in the presence of more than 
one plane wave, such as a Gaussian 
beam or opposed plane waves (stand
ing wave). In this case, there can be 
net optical forces based only on stim
ulated processes (called the "dipole 
force"), and these can overcome one 
or both of the limitations of the scat
tering force. 

It has long been known that the dy
namic Stark effect (DSE) produced by 
a strong, nearly resonant laser beam 
can result in energy level shifts that 
are much larger than the natural 
width. If the laser beam is spatially in-
homogenous (more than one plane 
wave), the resulting spatial depen
dence of the atomic energy levels can 
be viewed as a potential that produces 
forces on the atoms. This force can in
crease without limit as the laser inten
sity increases because, unlike the scat
tering force, it is not bounded by satu
rat ion of an optical transit ion. 
Appropriate geometrical arrange
ments, intensities, and tunings have 
already been used in the laboratory to 
demonstrate the focussing of an 
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atomic beam using this force. 
In the absence of spontaneous pro

cesses, the dipole force from red-
tuned lasers cannot be used to cool 
because it does not have appropriate 
dissipative properties. In addition, for 
such red-tuned light, the potential as
sociated with the DSE results in at
oms being attracted to regions of 
strongest laser intensity, where there 
is more light scattering and more 
heating associated with its random
ness. Equilibrium between the heating 
and the (non-zero) damping from the 
scattering force produces approxi
mately the same quantum limited 
temperature associated with the natu
ral lifetime as above. Even though it 
cannot cool as the scattering force, 
this very large dipole force provides 
another tool for use in manipulating 
atoms. 

The DSE not only shifts the atomic 
levels, but also mixes them, thus af
fecting spontaneous emission. The 
combination of spontaneous emission 
with the mixing and shifting of the 
levels produces velocity-dependent 
forces that can dominate the scatering 
force at sufficiently high light intensi
ty. In this case, the velocity depen
dence arises not from the Doppler ef
fect, but from the movement of atoms 
through regions of varying light in
tensity (an optical standing wave for 
example), thus causing time-depen
dent shifts in the energy levels. When 
this time dependence is in concert 
with the spontaneous emission rate, 
extremely large viscous forces result. 

Although this effect had been ex
plained several years ago, it took the 
beautiful and elegant dressed atom 
approach to make it clear. Wi th 
readily available lasers, the force can 
be 100 times larger than the scatter
ing force, and most important, is rela
tively independent of the laser tuning, 
thereby obviating the requirement for 
highly stabilized lasers. Because the 
force is so huge, its effect can be seen 
even if it is applied only for a very 

Potential energy equipotentials in the magnetic trap, actually lines of 
constant Held magnitude, shown in mT. (Courtesy of National Bureau 
of Standards) 

short time. The signature of this stim
ulated damping force is that it damps 
for blue-tuned light, not for red-tuned 
light as for Doppler-dependent ef
fects. The Paris group reported the 
observation of this effect in the active 
collimating of an atomic beam. 

Temperature limits 
The DSE and the forces associated 

with it arise from stimulated process
es, but nevertheless produce heating 
associated with the randomness of the 
concomitant absorption and fluores
cence events. Even the large stimulat
ed force described above cannot cool 
atoms below the quantum limit. Of 
course there are atoms with very 
weak transitions, for which the quan
tum limit results in an extremely low 
temperature, and there are several 
proposals for possible experiments. 

The ultimate cooling limit for any 

spontaneous light scattering process 
by a free atom derives from the con
servation of momentum: the emitted 
light carries away randomly directed 
momentum hv/c = h/λ, and so im
parts that momentum to the atom. 
Thus a collection of atoms will al
ways have average kinetic energy h 2 / 
2mλ 2 per atom, and deBroglie wave
lengths will be shorter than the opti
cal wavelength. This puts a limit on 
the weakness of a transition that 
might be effective for cooling atoms, 
as well as a limit of about 1 µK on the 
temperature that might be achieved 
by optical cooling. Also, there are fur
ther refrigeration schemes involving 
non-optical effects (see below). 

Trapped neutral atoms 

After a few day's discussion at Hel
sinki on laser cooling, attention was 
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turned to trapping. Laser cooling has 
been applied to trapped ions, and 
there have been several reports in the 
literature on the methods of cooling 
trapped ions as well as of the as
tounding sensitivity and accuracy that 
could be achieved this way. These in
clude experiments with single ions 
such as antibunching of fluorescence 
(quantum jumps), ultrasensitive ab
sorption measurements, cooling to 
the Lamb-Dicke limit, collective ef
fects observed with as few as two 
ions, and ion cloud dynamics. 

Of course, there is also very great 
interest in the two most popular types 
of neutral atom traps: optical and 
magnetostatic. Since both of these are 
necessarily very shallow (less than 1 K 
deep), considerable cool ing is re
quired for their use. Furthermore, the 
heating associated with optical traps 
must be countered by continuous 
cooling in the trap. 

There have been several theoretical 
descriptions published of the utility of 
optical forces for trapping atoms. Op
timum cooling and trapping cannot 
occur simultaneously, so various al
ternating schemes for these two func
tions have been described. The optical 
Earnshaw theorem has been dis
cussed, its limits carefully defined for 
scattering force traps, and several 
proposals that skirt these limits have 
been presented. DSE trapping can oc
cur in the nodes or antinodes of opti
cal standing waves, as well as in the 
minima or maxima of various laser 
mode patterns. This occurs because 
atoms are attracted to weak field re
gions for blue laser tuning and to 
strong field regions for red laser tun
ing. If two laser beams of slightly dif
ferent frequency are opposed, the 
"traveling standing wave" can be 
matched to the velocities of moving 
atoms to allow manipulation of the 
atoms. At Helsinki, successful trap
ping of atoms in the strong focus of a 
single laser beam, thereby exploiting 
both forms of the optical force, was 

described and dramatically illustrated 
on videotape by the A T & T group. 

In addition to optical traps, there is 
considerable interest in trapping neu
tral atoms in inhomogeneous dc or ac 
electric and magnetic fields. The NBS 
group (Gaithersburg) has reported 
successful dc magnetic trapping of 
neutral atoms at about 5 mK, and 
more recently a similar experiment 
has succeeded at MIT. 

Further cooling 
The confinement of atoms in con

trollable traps has led to a number of 
suggestions for cooling below the re
coil limit. There are basically two 
forms of this cooling: those that in
volve light scattering and those that 
do not. For all those involving optical 
effects, the momentum of the emitted 
light must be distributed to the trap
ping structure (lattice) in the labora
tory, and thus are related to the 
Mossbauer effect. 

These schemes depend on the 
trapped atoms being sufficiently slow 
relative to the restoring force of the 
trap that their motion in it is quan
tized rather than classical. Therefore 
they occupy discrete energy levels in 
the trap, much like the vibrational 
states of a molecule. There is one set 
of these vibrational states for each 
electronic state of the atom, and 
atomic transitions can either change 
or leave fixed the quantized trap 
states. Several schemes that optically 
pump atoms toward the lowest of 
these vibrational states via the various 
atomic states were proposed and dis
cussed in Helsinki. 

The ultimate temperature for such 
cooling schemes is not readily defined 
because of the discreteness of the 
available levels. The atomic popula
tion distribution depends on the sta
tistical behavior of the atoms, and can 
be qualitatively different for different 
isotopes of the same atom. That is 6 L i 
and 3 H e are Fermions whereas 7 L i 

and 4 H e are bosons. At Helsinki there 
were lively and detailed discussions of 
the possibility of observing Bose con
densation and degenerate Fermi gas
es. 

Thermodynamic cooling (i.e., non-
optical) of trapped atoms might be 
accomplished by expansion (adiabat¬
ic or non-adiabatic) of the trap there
by reducing the energy of the trapped 
atoms while increasing the volume 
they occupy. Expansion is readily 
achieved by changing the focus in op
tical traps or the currents in magnetic 
traps. Although such schemes do not 
favor the observation of quantum col
lective effects, they do allow further 
cooling. Nanokelvin temperature lim
its for such processes are possible. An 
example of the utility of such a pro
cess in two dimensions is the produc
tion of an atomic beam whose trans
verse motion is so strongly cooled 
that its divergence is limited only by 
the diffraction of the atomic deBroglie 
wave. 

Summary 
It should be obvious to the reader 

by now that we are on the threshold 
of a new era in experimental tech
niques. The applications of methods, 
some proposed and others already 
demonstrated, wi l l enable experi
ments and fabrication techniques of 
unprecedented sensitivity, selectivity, 
precision, and accuracy. For example, 
the ion beams in accelerators and the 
atoms emitted from an evaporator 
crucible can be controlled, refrigerat
ed, and steered to an astounding de
gree. 

Experiments with Wigner crystals, 
Bose condensates, and single atoms 
wi l l become common. The partici
pants of the Helsinki summer school 
felt that they had participated in a 
very special event that wil l have pro
found consequences in many labora
tories for many years to come. 
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