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states can be prepared, manipulated and
retrieved for the atoms in individual
potential wells. By changing the optical
configuration, one can create two sets of
trap arrays with a variable separation.
The two sets can be brought close to each
other or even made to overlap, opening
the path to implementation of various
schemes for quantum entanglement and
two-qubit gates (see, e.g., Ref. 2).

In a second set of experiments,
micro-optic elements have been used to
generate waveguides, beam splitters and
interferometer-type geometries for
guided atoms. These systems constitute
the atom-optic equivalents of their
namesake structures in the field of inte-
grated light optics. As central elements,
arrays of cylindrical microlenses 
[Fig. 1 (b), right] create arrays of
atomic waveguides by focusing a laser
beam into a set of focal lines. Atoms
can be guided along the focal lines.
Combining two of these arrays allows
atoms to be sent through X-shaped
beam splitters and more complex 
systems such as the geometries for
Mach-Zehnder [see Fig. 1 (d)] and
Michelson-type interferometers.3

In the future, the application of
micro-and nano-optics for optical
manipulation of atomic systems is
expected to have a significant effect on
quantum optics, quantum information
processing and matter wave optics.
Moreover, the use of microfabricated
and nanofabricated optical, magnetic
and electric systems will firmly establish
the newly emerging field of integrated
atom optics.4,5
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S tate-of-the-art technology in micro-
and nano-optics has been combined

with the quantum optical techniques of
laser cooling, laser trapping and quantum
control to open a new gateway for quan-
tum information processing and matter
wave optics with atomic systems. Within
the past year, two significant results have
been reported. Microfabricated optical
systems have been used to create light
fields that trap and guide neutral atoms
as a result of the optical dipole force
experienced by the atoms. The realiza-
tion of arrays of laser traps that can
serve as registers for atomic quantum
bits and as integrated waveguide struc-
tures for atom optics and atom interfer-
ometry has been achieved. This
approach creates an opportunity for
scaling, parallelizing and miniaturizing
systems for quantum information pro-
cessing and atom optics in fundamental
research and application.

In one set of experiments, micro-
optic elements have been used to create
multiple far-detuned dipole traps 
[Fig. 1 (a)] that can serve as a scalable
configuration for quantum computation
with atomic systems.1 Using neutral
atoms as the carriers of qubits of quan-
tum information requires efficient
means for the preparation, manipula-
tion and storage of qubits inscribed into
atoms as well as schemes for the entan-
glement of atoms, the implementation
of one-, two- and multiple-qubit quan-
tum gates, and the read-out of quantum
information.

For this purpose a microfabricated
array of microlenses [Fig. 1 (b), left] has
been used to create a system of as many
as 80 atom samples in dipole traps with a
mutual separation of 125 �m [Fig. 1 (c)].
Because of the large lateral separation of
neighboring potential wells, each trap is
individually addressable. The internal

Figure 1. Application of micro-optic systems
for quantum information processing and
matter wave optics with atoms. Arrays of
focused laser beams (a) created by micro-
fabricated and nanofabricated arrays of
lenses (b) allow the trapping and guiding
of neutral atoms. Applications result, for
example, in two-dimensional arrays of
trapped atoms that can serve as a scalable
configuration for quantum computation
with atomic qubits (c) or integrated struc-
tures for Mach-Zehnder (d) or Michelson-
type interferometers for matter wave optics.
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Long Distance 
Quantum Teleportation
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M atter and energy cannot be tele-
ported from one place to another,

that is, they cannot be transferred from
one place to another without passing
through intermediate locations. However,
in 1993 it was discovered1 that the second
constitutive essence of an object, the
quantum state of its matter and energy,
can be teleported. This process is called
quantum teleportation. It allows for
objects to be transferred from one place
to another without ever existing any-
where in between. Only the structure is
teleported, since the matter stays at the
source and must already be present at the
final location. Moreover, the matter at the
final location has to be entangled2 with
yet another piece of matter, located near
the original object. Finally, the teleporta-
tion process is completed only after some
classical bits have been sent and received,
hence teleportation cannot beat the limit
set by the speed of light: the communica-
tion of 2 classical bits is necessary for
teleportation of an arbitrary state in two-
dimensional Hilbert space.

This is one of the rare occasions when
science meets science fiction, with all the
associated fascination and danger of
hype. Although quantum teleportation
does not work as it does in Star Trek,
contrary to the science fiction movie type
of teleportation, it really does exist.3-6

Last year, we reported what we believe is
the first long distance, quantum telepor-
tation experiment using photons in stan-
dard telecom fibers.7 The photon to be
teleported and the pair of entangled pho-
tons were produced in two similar crys-
tals by use of nondegenerate parametric
downconversion. The receiving photon
was then sent through 2 km of fiber to
another laboratory situated 55 m away.
After a successful partial Bell measure-
ment,8 the receiving photon was analyzed
and found to be in the same state as the
initial photon was prepared in, with a
probability of 85 percent. Note that the
receiving photon never met the initial
photon whose state it then carried. We

checked this for the two basic states and
their superpositions. Also for the first
time to our knowledge, the initial and the
receiving photons were not at the same
wavelength but at 1310 and 1550 nm,
respectively. This underscores the fact
that it is not the photon itself, but the
structure (here the time-bin qubit9) that
is teleported.

In addition to the fact that it is fasci-
nating in and of itself and that it illus-
trates well the peculiarities of quantum
entanglement, quantum teleportation
could be useful in the not-too-distant
future as a quantum relay.10 Indeed,
quantum cryptography with imperfect
(i.e., real) detectors is limited in distance,
typically to approximately 100 km. But
for the same quality of detectors, quan-
tum teleportation could extend this dis-
tance by almost one order of magnitude.
To extend it arbitrarily would require
efficient quantum memories as well.

Figure 1. Three-dimensional drawing of the scheme we used for the teleportation experiment.
The two lithium triborate (LBO) crystals produced the photon to be teleported (top) and the
necessary entangled pair of photons (lower crystal). The first was then prepared in a time-bin
qubit state by the imbalanced Michelson interferometer labeled Alice. Next, Charlie performs a
partial Bell measurement by use of the standard beam-splitter technique. After a successful
result with Charlie, Bob analyzes his photon in a distant laboratory, again with a similarly
imbalanced Michelson interferometer.
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