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On 10 December 2001, the most spectacular
application of laser cooling and atom
trapping was recognized on the 100th
anniversary of the Nobel prize. The physics
prize was awarded to Eric Cornell, Carl

Wieman and Wolfgang Ketterle for the “achievement of
Bose–Einstein condensation of alkali atoms and for the
early fundamental studies of the properties of the
condensates”. The demonstration of Bose–Einstein
condensation marked the fulfilment of a 70-year-old
dream that began with a remarkable prediction of Albert
Einstein, building on the calculations of Satyendra Nath
Bose. They showed that a gas of atoms, when cooled to
sufficiently low temperatures and high densities, would
collapse into a single quantum state in which all of the
physical properties used to describe each atom, such as its
position and velocity, would be the same.

The achievement of Bose–Einstein condensation is one
of the highlights of our ability to manipulate the position
and velocity of atoms. This technology has led to a flurry of
research activity where the pace of fundamental discoveries
shows no signs of diminishing. A sample of recent scientific
progress is reviewed in this collection of Insight articles,
beginning with a review of Bose–Einstein condensation by
Anglin and Ketterle on pages 211–218. The work discussed
in the following pages can be viewed as an extension of our
ability to control the quantum degrees of freedom of atoms.
The control of these variables is linked to our ability to place
atoms and photons into a well-defined set of quantum
states and to manipulate these states coherently.

Control of the internal degrees of freedom of atoms
Radio-frequency techniques
The first step in the coherent control the quantum states of
atoms and molecules began with I. I. Rabi, who introduced
radio-frequency resonance techniques to molecular beams
in 1938 (ref. 1). These methods formed the basis of 
precision molecular, atomic and nuclear spectroscopy and
have served as a standard in the coherent control of atoms.

The outline of a typical apparatus used in the 1940s for
atomic-beam resonance is shown in Fig. 1. It consists of a
state-selection region, a radio-frequency resonance region
and an analyser region. Radio-frequency radiation in the 
C region is used to excite an atom in an initial state äa$ to a
final state äb$ by tuning the frequency to the atomic 
resonance, vab4(Ea1Eb)/ù, where Ea and Eb are the 
energies of the quantum states äa$ and äb$. In modern 
optical experiments, a laser replaces the radio-frequency
source, optical pumping methods2 are now the preferred
method of preparing the initial internal state of the atoms,
and fluorescence detection is used instead of the analysing 
B magnet.

It required four decades before laser methods could
match the coherent phase control of the early radio-
frequency measurements. There were three primary 
reasons why the optical control of atomic states lagged
behind the radio-frequency and microwave work. First,
radio- and microwave-frequency sources were far superior
to visible-light sources. Second, the coherent interaction of
radio and electric dipole microwave radiation with atoms 
is not plagued by the dephasing effects of spontaneous
emission present in optical transitions. Third, radio-
frequency transitions do not have complications arising
from Doppler effects.

Radio-frequency radiation was relatively easy to generate
because the essential components used to produce an oscil-
lating circuit were made out of parts that were macroscopic
in size. After Maxwell’s prediction that visible light and heat
were oscillating electric and magnetic fields that obeyed a
wave equation, Heinrich Hertz turned to radio waves. It was
the ability to generate and detect low-frequency radio waves
with wave properties such as interference and refraction that
made the dramatic connection between visible light and the
time-varying fields studied by Michael Faraday.

Atomic clocks and the extension to the optical domain
In 1949, Norman Ramsey extended Rabi’s atomic-beam
resonance method by dividing the resonance region into
two separated, oscillatory-field regions (ref. 3; and see 
Fig 2). In the first microwave cavity, atoms are excited into
an equal superposition of ground and excited states. The
atoms then travel through a radiation-free region with their
magnetic moments rotating at the precession frequency
vab4(Ea1Eb)/ù, and enter into a second excitation region.
If the radiation in the second cavity is tuned to the atomic
resonance and is exactly in phase with the radiation in the
first cavity, the excitation is completed. After many (~106)
cycles of oscillation between the two zones of interaction, if
the radiation is half a cycle out of phase with the precessing
atom, the atom is returned to the ground state. This mea-
surement, based on the quantum interference between two
internal atomic states, was the first atom interferometer.

The frequency linewidth Dv4DE/ù of the atomic reso-
nance in this type of microwave experiment is limited by the
Heisenberg uncertainty principle, DEDtàù, where Dt is the
measurement time. Ramsey’s invention allowed the mea-
surement time to be increased by two-to-three orders of
magnitude. This measurement technique produces an
atomic clock of extraordinary precision and accuracy when
the microwave oscillator is locked to the well-defined and
reproducible atomic resonance frequency. With the advent
of laser cooling, Ramsey’s method could be used on an
atomic fountain of atoms4,5 that increased the measurement
time by another two orders of magnitude. Atomic clocks
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(Fig. 3) remain one of the most important applications of the 
coherent interaction of atoms with electromagnetic radiation.

Improvements in our ability to parse time into increasingly self-
consistent and reproducible intervals (that is, the ‘measurement of
time’) have been associated with our ability to count the passage of
ever-shorter time intervals. In essence, faster oscillators make better
clocks. The caesium atomic clock standard, oscillating 9,192,631,770
times a second, has an absolute uncertainty Dn/n ~ 10–15. To improve
this accuracy by several orders of magnitude, the Ramsey method
must be extended to the optical domain.

In the microwave domain, it is straightforward to ensure that all
the atoms in an experiment experience the same electromagnetic
phase, as the dimensions l/2 of the standing wave in the cavities are
larger than the transverse spread of the atomic beam. However, if two
optical standing waves are used, atoms with different transverse
velocities can easily experience trajectories through the apparatus
where the overall phase difference between the two Ramsey zones dif-
fers by half a cycle, as shown in Fig. 4. Solutions to this problem were
found by moving to a geometry with three, separated standing-wave
regions6,7, the use of two-photon Doppler-free transitions8, or the
interaction with four successive running waves of light9.

Initially, the atomic recoil due to the light was not considered, but
in 1989, Christian Bordé10 realized that the four-zone geometry11,12

created an atom interferometer with spatially separated atomic
paths. Thus, the direct extension of Ramsey’s separated oscillatory-
field method in the microwave regime to the optical domain led to
spatially separated atom interferometers. Atom interferometers
based on optical transitions (and also methods adapted from work
using nuclear magnetic resonance) have led to precise and accurate
measurements of gravity13, gravity gradients14, rotations15 and the
photon recoil of an atom16.

There is one very important distinction between atom interfer-
ometers designed for atomic clocks and the atom interferometers
developed to measure inertial effects or fundamental constants.
Chebotayev, Bordé and their co-workers were motivated to look for a
method that would allow them to stabilize a laser to a high-Q optical
resonance, whereas the atom interferometers developed by Kasevich
and Chu bypassed the requirement of an ultra-stable laser by using
Raman transitions between two ground states of the atom17. The
achieved resolution of these atom interferometers (~10–3 Hz out of a
frequency shift of ~107 Hz) is determined by the frequency difference
of the two laser beams used to excite the Raman transition. Because
the two laser frequencies can be phase-locked to each other with
radio-frequency methods, this configuration allowed complete
phase control of the two-photon optical transitions.

Control of the external degrees of freedom of atoms
The development of atomic clocks is one example of the considerable
work done in the past 50 years to extend the molecular-beam reso-

nance methods and the closely related nuclear magnetic resonance
methods into the optical domain. But physical processes exist that do
not have counterparts in the radio or microwave region of the elec-
tromagnetic spectra, one example being the laser cooling of atoms.

Laser cooling was first demonstrated with ions confined in traps in
1978 (ref. 18). Subsequently, ion-cooling methods were improved to
the point where a single ion could be cooled to the lowest vibrational
energy level of the trap19. This capability then led to the creation of
quantum states where the electronic and motional degrees of freedom
of the ion became intimately connected and could no longer be fac-
tored into separate Hilbert spaces20. Much of the early progress in
quantum computing (see review in this issue by Monroe, pages
238–246) came from the ability to coherently link and entangle these
degrees of freedom. In contrast to ions, the laser cooling of neutral
atoms21–25 required two more decades to reach the zero-point limit.

Laser cooling requires the transfer of the entropy from the ensem-
ble of atoms being cooled to the radiation field. All the demonstrated
cooling methods use spontaneous scattering of radiation as the
means of transferring this entropy; unfortunately, however, sponta-
neous emission also is a heating mechanism. At sufficiently high 
densities, cooling efficiency degrades owing to inelastic collisions
that allow the transfer of energy from the internal to the external
degrees of freedom. For that reason, the final stages of cooling used in
Bose–Einstein condensation use evaporative cooling26,27.
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Figure 1 Traditional atomic-beam resonance apparatus. Atoms emerge from a source
chamber S into a vacuum chamber and are sent through three regions of magnetic
field. The first region consists of an inhomogeneous magnetic field that is used to
deflect the atoms with a particular magnetic moment through a slit in the C region. The
atoms drift through a C region consisting of a uniform-bias magnetic field and radio

frequency coils, and then through a B region. In the absence of the B magnet, the
atoms that pass through the slit will not reach the detector. However, with the proper
choice of field gradient, the B magnet will focus atoms in a particular atomic state onto
the detector, D.
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Figure 2 Ramsey’s separated oscillatory-field method. The quantum measurement
time Dt4L/v, where v is the velocity of the atom. If the microwave oscillator is tuned to
the precise frequency of the atomic resonance, the excitation is completed. As the
frequency of the microwave oscillator is varied slightly, the atomic population will
oscillate between the ground and excited states, depending on the phase of the
microwave radiation relative to the phase difference of the two atomic states.
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Improved laser-cooling methods use spontaneous scattering in
the initial stages of cooling, but once a particular atom is cooled, the
interaction of that atom with light is suppressed. This elegant trick
was introduced in the first laser sideband cooling scheme by
Wineland and Dehmelt28, and then repeated in many subsequent
cooling schemes, such as velocity-selective coherent population
trapping of neutral atoms29, the Raman cooling of free atoms30,
Raman sideband cooling of atom in optical lattices31, as well as in
improved optical traps such as the ‘dark’ magneto-optic trap32.

Control of spontaneous emission
Remarkably, the spontaneous emission properties of atoms can be
altered significantly by placing them in an electromagnetic cavity33.
The electromagnetic fluctuations of the quantum vacuum still have
to obey Maxwell’s equations, and if a high-Q microwave cavity is
made to be out of resonance with radiation at an atomic transition,
the quantum fluctuations that drive spontaneous emission are 
greatly reduced34. The suppression of spontaneous emission, first
demonstrated with Rydberg atoms in 1983 (refs 35,36), was later
extended to the optical regime with an ultra-high-finesse
Fabry–Perot cavity that enhanced the probability of spontaneous
emission into one mode of the cavity above the probability of sponta-
neous emission into all other competing vacuum modes37.

The use of electromagnetic cavities is increasingly important in
the coherent manipulation of both the internal and external states of
atoms and their coupling to the radiation field. For example, a 
non-resonant cavity (but still one strongly coupled to the atomic
transition) was used to mediate a resonant exchange collision. Here,
an atom in state äe1$ and another atom in state äg2$ exchange two 
virtual photons to create an entangled state äC$4aäe1,g2$&bäg1,e2$
(ref. 38). There are also several quantum computing proposals based
on atomic and photonic quantum states entangled with an optical
cavity, discussed by Monroe on pages 238–246.

A number of authors have discussed how an optical cavity can be
used to laser cool atoms39,40. For example, Vuletić41,42 has proposed
cooling atoms with a non-resonant, two-photon scattering process
by embedding atoms in three sets of counter-propagating laser
beams tuned to the red wavelength side of a Fabry–Perot cavity
fringe. Cooling is accomplished by causing the atoms to preferential-

ly scatter blue-shifted light into a resonant cavity mode. Because this
cooling process is determined by the cavity resonance, it applies to
atoms or molecules with an arbitrary internal level structure.

Control of optical frequencies
The control and measurement of optical sources of light are finally
beginning to match and even exceed radio and microwave devices.
The stability of laser sources is now starting to surpass the best
microwave sources, and broadly tunable, optical-frequency 
synthesizers with a frequency resolution of one part in 1014 will soon
be available commercially (T. W. Hänsch, personal communication;
and see http://www.menlosystems.com for more information on 
this development). Given the remarkable developments that 
have occurred within the past few years, the frequency accuracy of an
optical clock may reach an uncertainty of one part in 1018 within the
next decade.
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Figure 4 Two atomic trajectories are shown interacting with optical beams of light. In
the transit time between the two Ramsey zones, atoms accumulate many cycles of
optical phase. Atoms that move along trajectory 1 see a half-cycle phase difference in
the number of accumulated cycles of phase relative to the atoms that move along
trajectory 2. An average over the spread of transverse velocities in an atomic beam
washes out the oscillations in atomic population that would have occurred if all the
atoms had the same transverse velocity.

a bFigure 3 Atomic clocks. a, The first
caesium atomic clock, built by Jerrold
Zacharias in 1953. Zacharias also
proposed a caesium clock using a
fountain of atoms to test Einstein’s
prediction that a clock would slow down
in raised in a gravitational potential. He
failed to construct an atomic fountain,
and although he never published his
proposal, his attempt was passed down
to two generations of physicists by word
of mouth. (Photo: MIT Museum.) b, A
rubidium atomic fountain clock built by
the BNM-LPTF (Bureau National de
Métrologie — Laboratoire Primaire du
Temps et des Fréquences) and the Ecole
Nomale Supérieure, Paris. The atoms
are trapped and cooled in the lower part
of the apparatus before being launched
upwards to a height of ~ 1 metre. The
estimated accuracy of this clock is 
1 part in 1015, or 7 minutes over a 
period of time equal to the age of the
Universe (~14 billion years). (Photo: 
C. Solomon, ENS.)
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It is worth noting that this revolution in metrology benefited from
a number of technological advances. First, the short-term stability of
lasers is vastly improved by locking them to an ultra-stable
Fabry–Perot cavity with electro- and/or acousto-optic devices43. Sec-
ond, the high-Q reference cavities are fashioned out of mirrors with
scattering and absorption losses of a few parts per million. Third, the
long-term stability is supplied by ions confined in traps or neutral
atoms in an atomic fountain. Fourth, we now have an elegant method
to count directly the optical cycles of phase. This achievement,
described in the review in this issue by Udem, Holzwarth and Hänsch
on pages 233–237, launches us onto a new epoch in optical metrology
by supplying the last critical component needed to make an absolute 
frequency measurement of light.

Control of collisions
Atomic collisions are generally thought to be messy, incoherent inter-
actions, but the apparent incoherence is the result of our inability to
keep track of the large number of degrees of freedom accessible in a
typical study of collision. As pointed out Julienne and colleagues (see
review in this issue on pages 225–232), all collisions are inherently
coherent, as the scattering matrix is unitary.

When atoms are cooled to very low temperatures and large de
Broglie wavelengths, atomic scattering is dominated by the lowest
allowed angular momentum partial wave: s waves for bosons and 
p waves for spin-polarized fermions. With the number of collisional
degrees of freedom severely reduced, it has become possible to 
understand the quantum mechanical collision effects with unmatched
precision. For example, photo-association spectroscopy44 and thresh-
old resonance spectroscopy based on magnetically tunable (Feshbach)
resonances45–47 allow the measurement of collision parameters with an
accuracy of up to five significant digits. In the case of caesium atoms,
the agreement between theory and experiment is remarkable48,49.

Because single ions and atoms can now be confined to the lowest
lying quantum state of micro-traps, the spatial extent of the atoms
becomes well defined and the duration and strength of collision
interactions become controllable. A number of authors have pointed
out the power of controlled cold collisions for creating entangled
states for use in quantum information processing and spec-
troscopy50–52. In the near future, the creation of single-mode atom
waveguides and the control of the number of interacting atoms
through collision blockade effects or Fermi statistics may also be
demonstrated. We are entering an era where (sometimes maligned)
collisions will enable us to manipulate the internal and external
degrees of freedom of atoms. Indeed, coherent, nonlinear collision
interactions may become one of the most powerful tools for the 
creation of deeply entangled quantum states.

Control of atomic de Broglie waves
Atoms in a Bose–Einstein condensate can be described by the same
wavefunction and the same phase, and when released out of the trap,
they retain memory of their initial phase. With the proper coherent
manipulation of the atoms, nonlinear interference experiments such
as four-wave mixing and the creation of solitons have now been
extended to atomic de Broglie waves53–55. These experiments are
examples of the new field of nonlinear and quantum atom optics,
which is covered in the review by Rolston and Phillips on pages 
219– 224 of this issue.

Atoms, however, are not like photons: they have mass and many
more internal degrees of freedom. Consequently, nonlinear atom
optics will not merely mirror phenomena already seen in the optical
domain. Additionally, unlike photons that must interact with each
other through a polarizable medium, atoms have strong, direct 
nonlinear interactions with each other. These interactions have
already been used to create non-classical quantum states with 
number fluctuations well below the shot noise ‘limit’56.

One lure of nonlinear atom interactions is the possibility of creat-
ing massively entangled states of particles (or to establish non-local

quantum correlations between particles) in two arms of an interfer-
ometer. Virtually all photon or atom interferometer experiments 
carried out so far are based on single-particle interference profound-
ly enunciated by Dirac 70 years ago: “Each photon interferes only
with itself. Interference between two different photons never
occurs.”57 As a result, the phase uncertainty of interferometers scales
as 1/Ïnw, where n is the number of particles contributing to the 
interference. There are currently a number of proposals to generate
deeply entangled, non-classical states50 that may allow one to operate
an interferometer in the Heisenberg limit where the phase noise
scales as 1/n (refs 58,59).

Control of many-body and macroscopic wavefunctions
The attractiveness of a Bose–Einstein condensate of a dilute gas is that
we have unparalleled control of its properties, together with powerful
methods to measure those properties. Long-standing predictions in
the weakly interacting domain can be tested for the first time, but that
is not where the real excitement lies. Because of the great variation in
atom–atom interaction strengths of alkali atoms, and because the 
s-wave scattering lengths can be tuned with a magnetic field from
large positive to large negative values, experiments have been done60

that previously could not have been contemplated. With suitable
choice of scattering length, we can bridge the gap between a nearly
non-interacting dilute gas and a strongly interacting quantum fluid.

More generally, these systems may allow us to study the transition
between quantum properties of isolated atoms and the rich set of
phenomena seen in many-body quantum systems. As a excellent
example, a Bose–Einstein condensate embedded in an optical lattice
has allowed us to observe a Mott insulator-to-superfluid quantum
phase transition61 in a clean system62. In a many-body system at zero
temperature, this is characterized by a transition from an ordered
solid with integer lattice occupancy to a superfluid, as the quantum
coupling between lattice sites is increased relative to the potential 
well depth (for further details, see review in this issue by Anglin 
and Ketterle, pages 211–218). Future work may include the study of
the effects of static disorder imposed by a stable speckle pattern
(Anderson localization) and time varying disorder on this phase
transition.

From the perspective of control, the phase transitions provided to
us by nature are wonderfully opportune. Bose–Einstein condensa-
tion allows us to create large samples of well-ordered atoms long
before the atoms are forced into a ground quantum state (where kBT
is much less than the energy-level separation between the ground and
first excited states of the trapped atoms) by brute-force cooling. 
Similarly, the phase transition of the Mott insulator presents us with
an entire lattice of (maximally squeezed) atom number states.

With Bose–Einstein condensates, degenerate Fermi gases63 or an
array of atom number states as a starting point, exciting applications
are inevitable. Not surprisingly, these new research opportunities
have stimulated many researchers to think about how to exercise 
further quantum control over still larger ensembles of atoms and
photons, and how to exploit these systems in new ways. To quote Yogi
Berra, the noted American philosopher and former catcher for the
New York Yankees, “it is difficult to make predictions, especially
about the future”. Nevertheless, I predict that the most exciting 
developments are yet to come. ■■
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