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Interatomic interactions can 
introduce nonlinear behavior 
into a system of trapped 
ultracold atoms, similar 
to the dynamics of light 
propagating in a refractive
nonlinear medium. Bose-
Einstein condensates are 
now providing the means 
for studying coherent 
nonlinear dynamics 
with dilute atomic 
systems.

Figure 1. A bright 
matter-wave soliton train 

produced at Rice University 
in a Bose-Einstein condensate 

with attractive atomic interactions.

Courtesy K. E. Strecker and R. G. Hulet  
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L ouis de Broglie’s revolutionary
conjecture that massive particles
have a wave character1 played a

central role in the invention of quantum
mechanics by Heisenberg and Schrö-
dinger. The experimental verification of
the wave nature of atoms followed soon
thereafter, when Otto Stern2 demonstrated
the reflection and diffraction of atoms at
metal surfaces. While these experiments
can be considered as marking the birth of
atom optics, a major stumbling block to-
ward its further development is the de-
pendence of the thermal de Broglie wave-
length on temperature, �dB � 1/√—

T.
Figure 2 clearly illustrates this difficulty: at
room temperature, �dB is of the order of a
few hundredths of nanometers for atoms,
which makes the fabrication of atom-opti-
cal elements exceedingly difficult.

These hurdles were finally overcome by
the invention of the laser, which led to a
considerable improvement of our under-
standing of the way light interacts with
atoms and to the development of laser
cooling on the one hand, and of a number
of powerful tools to manipulate atomic
trajectories on the other. These include
mirrors, diffraction gratings, beam split-
ters, traps and resonators. Atom optics3 of-
ten proceeds by reversing the roles of light
and matter, so that light serves as optical
elements for matter waves. There are,
however, notable exceptions. For example,
magnetic interactions play an important
role in Bose-Einstein condensation exper-
iments and in the realization of atomic
waveguides, and mechanical gratings are
used in atom (and molecular 4) interfer-
ometers using collimated beams.

It is well known that photons do not
interact in free space. To achieve the wave-
mixing phenomena that are the hallmark
of nonlinear optics, it is necessary for light
to propagate within a medium, be it an
atomic vapor, a crystal, a plasma, etc. Un-
der many circumstances, it is possible to
eliminate the material dynamics, which
leads to effective nonlinear equations for
the optical fields. This is, for instance, the
case in traditional, perturbative nonlinear
optics,5 where the material properties are
described in terms of a nonlinear suscepti-
bility �NL. This nonlinear optics regime
leads to familiar effects such as four-wave
mixing, second-harmonic generation,
sum-frequency generation, and soliton
propagation.

At first sight, the situation appears to
be fundamentally different for atoms: after
all, it is known that for high enough fluxes
or densities, atoms undergo collisions.
That is, the presence of other atoms mod-
ifies the evolution of a given atom, a signa-
ture of nonlinear dynamics. As such, it
would appear that atom optics is intrinsi-
cally nonlinear. However, it is also common
knowledge that collisions are “dirty,” or in-
coherent. How could they then possibly
lead to coherent nonlinear phenomena
analogous to those familiar to us from the
study of quantum optics? The answer lies
in the peculiar behavior of ultracold atoms.

Collisions as a nonlinear medium
Let us first recall that atomic collisions are
not fundamental processes: in the range of
energies characteristic of atom optics, the
only fundamental interaction of relevance
is the electromagnetic interaction. It is via
this force that atoms communicate with
each other. All atomic interactions result
from the exchange of photons (real or vir-
tual) between atoms, collisions being
merely a convenient way to describe these
processes. That they take the form of effec-
tive interatomic potentials, with no
Maxwell fields present, results from a
mathematical step, the elimination of
(part of) the electromagnetic field from
the system dynamics.

There is therefore a complete parallel
between the situations in optics and in
atom optics: in optics, the light field ap-
pears to undergo nonlinear dynamics
when the material evolution is eliminated;
in atom optics, the atoms appear to under-
go nonlinear dynamics when the electro-
magnetic field is eliminated.

This established, let us briefly turn to
the nature of collisions between ultracold
atoms, in particular in Bose-Einstein con-
densates (BECs).6 We recall that a defining
characteristic of condensates is that at zero
temperature, all atoms are precisely in the
same quantum state. How, then, are we to
understand collisions? The familiar pic-
ture of two atoms approaching each other,
interacting while they are sufficiently
close, and then parting ways, appears no
longer appropriate. Indeed, it turns out
that in this ultracold regime, interatomic
collisions merely result in a coherent phase
shift between atoms. In other words, the
atoms in the condensate simply experi-
ence an energy shift due to the presence of
all other atoms.

This is perhaps best evidenced by the
Gross-Pitaevskii equation,7 which has
proven immensely useful in describing the
most prominent properties of low-density
atomic BECs:

Here �(r,t) is the condensate wave func-
tion, H0 is the sum of the kinetic energy of
the atoms and a possible external poten-
tial, and a is the so-called s-wave scattering
length. Remarkably, this single number
completely characterizes the two-body
collisions between condensate atoms of
mass M. Repulsive interactions, which
correspond to a >0, work best for creating
large BECs. For the case of attractive inter-
actions, where a<0, described in a previ-
ous OPN article,8 there is an upper limit
to the number of atoms that can stably ex-
ist in a condensate.

A reader unfamiliar with the formalism
of second quantization may wonder what
happened to the wave functions of the in-
dividual atoms in obtaining Eq. (1). A
somewhat oversimplified answer is “just
about the same as happened to photons in
the classical description of light.” Because
atom optics deals with optics-type phe-
nomena, such as interference and diffrac-
tion, it is convenient to describe the atoms
in terms of a quantum field operator, the
Schrödinger field �̂(r,t). This is the analog
for atoms of the electric field operator
�̂(r,t) for photons. The condensate wave
function �(r,t) can be thought of as the
“semiclassical” version of �̂(r,t), and as
such is somewhat analogous to the classi-
cal electric field used in classical optics. In
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Figure 2. Plot of thermal de Broglie wavelength
vs. temperature for two different atomic species
(1H and 87Rb) and the largest molecule (C70) that
has yet been used in an interference experiment.

let  



atom optics, just as in optics, it is frequent-
ly useful to think in terms of such fields
rather than in terms of their individual
constituents, be they photons or atoms.
Keep in mind, however, that just as in op-
tics, the use of a semiclassical approxima-
tion is not necessarily justified. We briefly
return to quantum atom optics, the atom
optics analog of quantum optics, at the
end of this article.

The Gross-Pitaevskii equation (1) is
reminiscent of the nonlinear wave equa-
tion describing the paraxial propagation
of light in a nonlinear medium character-
ized by an instantaneous cubic nonlinear-
ity �(3). (Repulsive interactions, a>0, cor-
respond to self-defocusing media.) In view
of this analogy, it is not surprising that
many nonlinear effects first predicted and
demonstrated in optics can now be ob-
served with matter waves. Matter-wave
four-wave mixing9 and matter-wave soli-
tons10 have already been demonstrated.
Photoassociation, the process through
which light prompts two atoms to com-
bine into a diatomic molecule, is formally
equivalent to second-harmonic generation
and may lead to super-chemistry.11 In ad-
dition, the nonlinear mixing of optical and

matter waves has led to the demonstration
of matter-wave superradiance,12 coherent
matter-wave amplification,13 and the joint
parametric amplification of optical and
matter waves.

Nonlinear atom optics was actually
predicted before atomic Bose-Einstein
condensation was achieved: two groups14

independently pointed out that the elec-
tric dipole-dipole interaction between
atoms leads to an effective cubic nonlin-
earity in the atomic dynamics, which is
then governed by a nonlinear Schrödinger
equation. Matter-wave four-wave mixing,
phase conjugation, and atomic solitons
were predicted at that time. Until the mid-
1990s, however, atom optics remained in a
situation similar to that of optics before
the invention of the laser: monoenergetic
(or, equivalently, monochromatic) atomic
beams obtained by spectral filtering con-
tained only a small fraction of an atom per
elementary phase space cell. Much as the
laser changed the situation for electromag-
netic waves by producing vast amounts of
photons per mode, the realization of
atomic Bose-Einstein condensation led to
the availability of quantum-degenerate
atomic samples. In an example of history

repeating itself, the experimental realiza-
tion of Bose-Einstein condensation was
soon followed by the realization of coher-
ent atomic beams, or “atom lasers,” and
the first nonlinear atom optics demonstra-
tions, much as the first nonlinear optics
experiments by Franken and co-workers
soon followed invention of the laser.

Four-wave mixing
After the theory of matter-wave four-wave
mixing had been proposed by several
groups, the first experimental verification
was achieved at NIST.9 The experiment
started with the release of a sodium con-
densate from its trap potential at time t=0.
After a period of free evolution, optical
pulses were made to interact with the con-
densate. The resulting photon recoils pro-
duced three moving matter-wave packets
of momenta p1�0, p2, and p3 such that the
momentum differences pi–pj were much
larger than the momentum spread of the
initial condensate wave packet. Since, in
the experiment, the time it took to create
these side modes was very short compared
with the time scale over which the wave
packets evolved, the three wave packets
initially overlapped and were merely mo-
mentum-shifted copies of the initial con-
densate. As they flew apart, they inter-
acted nonlinearly to produce a fourth
matter wave with a new momentum
p4=p1–p2+p3.

In nonlinear optics, it is known that
atomic four-wave mixing can be exploited
to generate phase-conjugate waves, which
can in turn be thought of as “real-time
holography.” Holography is a two-step
process in which first, the information
about the object is stored in a hologram.
The second step is the reconstruction,
which is performed by shining a reading
beam similar to the reference beam onto
the hologram. The diffraction of the read-
ing beam from the recorded pattern yields
a virtual as well as a real optical image of
the original object. In atom holography, at
least the final reading step is performed
with an atomic beam. In this way, an
atom-optical image of the object—which
in certain situations can be thought of as
some sort of material replica of the origi-
nal—is created. One method of creating
an atom hologram is actually based on lin-
ear atom optics: it rests on the diffraction
of atoms from a mechanical mask. The
first successful realizations of such an ap-
proach have recently been reported.15
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Figure 3. (a) Representation of superradiant scattering. (b) Data from MIT's superradiance experiment.12

The bright regions indicate momentum side-modes of the BEC, while black arrows indicate atomic recoil
directions. (c) A representation of matter-wave amplification. (d) MIT data showing an amplified matter-
wave wave packet. (See Ref. 13.)

22 Optics & Photonics News ■ June 2002

Data courtesy W. Ketterle

Much as the laser changed the situation for electromagnetic
waves by producing vast amounts of photons per mode, the 
realization of atomic Bose-Einstein condensation led to the

availability of quantum-degenerate atomic samples.



Atom holography offers the promise of
practical applications ranging from atom
lithography to the manufacturing of
nanostructures, but one of the prerequi-
sites for its practical implementation is the
availability of a reading beam of sufficient
monochromaticity and coherence. Given
the rapid advances in nonlinear atom op-
tics, especially in the realization of atom
lasers, this promise appears realistic.

Atom lasers
The close analogy between optics and
atom optics naturally leads to the desire to
build the matter-wave equivalent of a
laser, an “atom laser.” It is sometimes in-
correctly argued that, because of the con-
servation of the total number of atoms,
matter-wave amplification cannot take
place. But what the realization of an atom
laser actually entails is the stimulated in-
crease of the number of atoms in a given
mode, or a in few modes, of the matter-
wave field. Clearly, the number of atoms in
one such mode need not be constant, but
can be modified by interactions with a
reservoir of atoms.

Optical lasers consist of three main
components: an active medium, a res-
onator, and an output coupler. As might
be expected, the analogs of these three ele-
ments are also required for an atom laser.
The cavity is a magnetic, or some other
kind, of atomic trap. The active medium
consists of a reservoir of atoms that are
somehow transferred to a single mode of
the atom cavity, for example, by evapora-
tive cooling. Finally, the output coupler
extracts atoms from the cavity, very much
as partially reflective mirrors extract light
from the resonator in conventional lasers.
Several output coupling schemes have
been demonstrated, including: simply
switching off the trap, resulting in a rather
primitive "pulsed" atom laser; coupling of
a fraction of the trapped atoms to an un-
bound electronic level16-18; and, atom tun-
neling from a periodic potential, leading to
the atom laser analog of mode locking.19

The coherence length of the atomic
beam can be significantly increased by
slowly extracting atoms from the trap in a
continuous fashion. This was recently
achieved at the Max Planck Institute for
Quantum Optics (MPQ).17 By use of a
trap with magnetic fields of unprecedent-
ed stability, a continuous atomic beam,
with a coherence length of several mil-
limeters, was extracted for a duration of

0.1 second. It is important to note that the
dimensions of the atom cavities in these
systems are effectively on the order of tens
of micrometers.

The first-order coherence properties of
atom lasers have now been investigated
quantitatively by several groups. Particu-
larly noteworthy in this context is the re-
cent work in Orsay, France, in which the
ABCD formalism of paraxial optics was
adapted to the description of the matter
waves emitted by an atom laser.20 In an-
other recent experiment at MPQ, the in-
terference between an incident and a
retroreflected atom laser beam was stud-
ied as a function of the time delay between
the beams.21 The linewidth and coherence
length of the beam were determined from
the contrast of the interference pattern.

Another noteworthy development in-
volves the realization of Bose-Einstein con-
densation of metastable helium22: since
this electronic state has an energy of about
20 eV, it becomes possible to count indi-
vidual atoms with extremely high efficien-
cy, in excess of 50%, via Auger ionization.
This paves the way for detailed atom-
counting experiments that will yield con-
siderable information on the high-order
coherence properties of atom lasers and
other quantum-degenerate atomic systems.

Solitons 
The Gross-Pitaevskii equation, which
gives an excellent description of low-den-
sity atomic condensates at zero tempera-
ture, is a nonlinear Schrödinger equation.

As is known from several areas of physics,
in particular nonlinear optics, soliton so-
lutions are generic to this equation. For
this reason, it is natural to ask whether
matter-wave solitons can be launched in
Bose-Einstein condensates.

One difficulty is that repulsive interac-
tions (positive scattering length, a>0) are
required for the generation of large con-
densates. We mentioned earlier that repul-
sive interactions are the analog of self-de-
focusing media in optics. It is known that
bright solitons are not possible in such
systems. As a result, much work in the field
of atom optics has focused on the forma-
tion of dark solitions, which correspond to
dips in the atomic density. In the first of
these experiments,10 dark solitions of vari-
able velocity were launched via “phase im-
printing” of a BEC by a light-shift poten-
tial, similar to the way in which a phase
mask can imprint a soliton or vortex on a
light beam. The soliton velocity could be
selected by applying a laser pulse to half of
the BEC only, and by choosing the laser in-
tensity and duration to select a desired
phase step. Later experiments23 illustrated
dynamical instabilities of dark solitons
originating from undulations of the soli-
ton, much like instabilities of optical dark
solitons.

For atom optics applications such as
atom interferometry, it is desirable to
achieve the dispersionless transport of a
spatially localized ensemble of atoms,
rather than a “hole.” Bright solitons in an
attractive (a<0) condensate are one way to
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Figure 4.The matter-wave rotation sensor apparatus used at Yale University.30 The vacuum chamber con-
tains atomic beams that span the length of the optical table,which is shown resting on the laboratory floor.
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achieve this goal, as has been recently
demonstrated (see Fig. 1).24 However, gap
solitons offer an elegant alternative.25

Their existence is based on the observa-
tion that in a periodic potential, it is pos-
sible to reverse the sign of the effective
mass of the particles. For particles with a
negative mass, the roles of attractive and
repulsive interactions—or defocusing
and focusing—are reversed, resulting in
the possibility of launching and propa-
gating bright solitons for both attractive
and repulsive signs of the two-body scat-
tering length. Physically, gap solitons re-
sult from the balance between the non-
linearity and the effective linear disper-
sion of a coupled system, e.g., counter-
propagating waves in a grating structure,
and appear in the gaps associated with
avoided crossings. Again, this is a direct
extension to atom optics of a nonlinear
optics situation in which gap solitons
have been predicted and demonstrated.26

Mixing optical and matter waves
We have discussed how, under appropriate
circumstances, one can formally eliminate
the material dynamics in the description
of light-matter interactions, resulting in
effective nonlinear interactions between
light waves. Under a different set of condi-
tions, one can eliminate the electromag-
netic field dynamics, which results in ef-
fective atom-atom interactions/collisions
and in nonlinear atom optics. Outside of
these two regimes, neither field is readily
eliminated. This leads to new possibilities,
including the nonlinear mixing of optical
and matter waves and coherent matter-
wave amplification.

Consider for example a Bose-Einstein
condensate interacting with both a strong
laser and a weak-probe optical field. As-
suming that the probe field begins in or
near the vacuum state, and that the atom-
ic field consists initially of a trapped BEC,
the initial dynamics of the coupled system
is dominated by a stimulated scattering
process: the transfer of an atom to a mo-
mentum side-mode of the original con-
densate is accompanied by the transfer of
a photon from the pump to the probe.
This process may be thought of as the joint
parametric amplification of an optical and
a matter-wave field. It can be understood
intuitively in essentially classical terms. As
the condensate side-mode becomes popu-
lated, it interferes with the original con-
densate to create a spatial matter-wave
density grating.27

In matter-wave superradiance, both the
weak optical field and the matter-wave
field side-mode are spontaneously gener-
ated from, respectively, vacuum fluctua-
tions and density fluctuations, the atomic
version of vacuum fluctuations. While the
generated photons rapidly escape from the
condensate region, the slow recoil velocity
of the atoms results in the matter-wave
grating remaining stored for a long time
inside the BEC. The grating provides a
feedback mechanism that leads, under ap-
propriate conditions, to the sequential
amplification of a series of momentum
side-modes of the condensate, i.e., the dif-
fraction of atoms off the matter-wave grat-
ing. This effect, illustrated in Fig. 3, was
demonstrated in a series of elegant experi-
ments at the Massachusetts Institute of
Technology.12 Furthermore, sufficient feed-
back is provided by the matter-wave grating
inside the condensate such that the phase of
the state being amplified is preserved and
the matter-wave amplification is phase co-
herent with the amplified state.13

Fermions
While there are many analogies between
optical and atomic waves, perhaps the
most fundamental difference is that while
photons are bosons, atoms can be either
bosons or fermions. Fermion behavior is
strongly constrained by Pauli’s exclusion
principle. The question then arises as to
whether nonlinear atom optics is also pos-
sible with quantum-degenerate fermionic
atoms.

Consider, for example, matter-wave
four-wave mixing. The phenomenon may
be interpreted in terms of atom scattering
from a density grating generated inside the
condensate. Alternatively, it is possible to
understand this process in terms of a stim-
ulated scattering process among different
matter-wave momentum states, in which
case amplification is attributed to Bose en-
hancement. This naturally leads one to ask
whether matter-wave four-wave mixing is
also possible in a quantum-degenerate
Fermi gas,28 a question that was addressed
in two recent papers29 that demonstrate
that fermionic four-wave mixing is indeed
possible under appropriate conditions. In
the case of a degenerate Bose gas, stimulat-
ed four-wave mixing can indeed be attrib-
uted to Bose enhancement, whereas in the
fermionic case, it can be shown to origi-
nate from quantum interferences between
“paths” that lead to indistinguishable final
states. A central tenet of quantum me-
chanics is that if it is impossible, even in
principle, to distinguish between the paths
that lead from the same initial state to the
same final state, then the transition ampli-
tudes for these processes must be added,
rather than their probabilities. In that case,
four-wave mixing is not interpreted as a
result of quantum statistics, but rather as a
result of “cooperation.” Both mechanisms
lead to practically the same enhancement
proportional to the square of the number
of atoms involved in forming the matter-
wave grating, provided that the fermionic
grating is properly prepared in a momen-
tum-space Dicke state. For this reason, ef-
fects that can be interpreted as Bragg scat-
tering from atomic-matter wave gratings,
such as atomic four-wave mixing, BEC su-
perradiance, and matter-wave amplifica-
tion, can in principle work as efficiently in
both degenerate Bose and Fermi systems.

Outlook
In the few short years since the first exper-
imental realization of atomic Bose-Ein-
stein condensates, progress in atom optics

Figure 5. "Atom chip" from MPQ.Atoms are con-
fined and manipulated by magnetic fields arising
from electric current in wires deposited on the
surface of the device. (See Ref. 33.)
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In the few short years since
the first experimental 
realization of atomic 

Bose-Einstein condensates,
progress in atom optics has

been astounding, rapidly
moving the field into 

nonlinear atoms optics 
and, more recently,

quantum atom optics.



has been astounding, rapidly moving the
field into nonlinear atoms optics and,
more recently, quantum atom optics. It is
becoming increasingly apparent that these
developments will lead not just to a more
profound understanding of the dynamics
of ultracold atoms, quantum degenerate
systems, and their interactions with light,
but that intriguing technological spin-offs
will soon be realized.

Most obvious, perhaps, is the applica-
tion of atom optics to the design of novel
devices such as gravimeters, gravity gra-
diometers, and inertial sensors. When
compared with optical rotation sensors,
atom interferometers present the advan-
tage of producing a phase shift propor-
tional to the atomic mass. It follows that,
everything else being equal, a matter-wave
rotation sensor is more sensitive than an
optical gyroscope by a staggering factor of
the order of 1011. Of course, not every-
thing is equal, and there are also major
benefits to using optical interferometers as
sensors. Nonetheless, it is daunting to ob-
serve that laboratory-based atom rotation
sensors (such as the one shown in Fig. 4)
and gravity gradiometers30 already com-
pare favorably with their best optical
counterparts. Other applications of atom
optics will likely include nanofabrication,
atom holography, and nanolithography.
Quantum atom optics and the generation
of nonclassical atomic fields might find
applications in quantum information pro-
cessing. The quantum entanglement be-
tween the quantum state of atoms, which
can easily be stored, and light, which can
easily propagate, might be of particular in-
terest in this context. The nonlinear atom
optics of fermionic matter, and the mixing
between bosonic and fermionic fields, also
open up new directions for investigations
out of reach of conventional optics. As a
final example, we mention the realization
of condensates on optical lattices, which
provides us with toy model systems for
fundamental studies of a number of
phase-transition-like phenomena such as
ferromagnetism31 and ferrimagnetism,
but also opens the way to potential appli-
cations in quantum information technol-
ogy.32

Practical matter-wave devices are likely
to be built on chips, very much like elec-
tronic sensors. This leads to the need to
develop integrated atom optics, a goal ac-
tively pursued in a number of laboratories.
It has recently become possible to generate
Bose-Einstein condensates directly on a
chip,33 as shown in Fig. 5, and also to co-

herently couple atomic condensates into
atomic waveguides. These spectacular and
rapid developments bode well for the fu-
ture of atom optics.
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