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In this issue of Science, a group from the California Institute of Technology reports

an experiment that demonstrates the teleportation of the quantum state of a light beam

[1]. As Samuel Braunstein of the University of Wales at Bangor puts it, quantum tele-

portation is the \disembodied transport" of the quantum state of a system from one site

to another. The essential quantum-magical resource that makes teleportation possible is

quantum entanglement, a kind of quantum correlation that is more powerful than any

classical correlation.

Teleportation was proposed by a team of six scientists in 1993 [2]. The original

proposal focused on teleporting the quantum state of a two-state system, such as the

polarization of a photon or a spin- 1
2
particle. Such teleportation has been achieved in

the lab by two groups, one at the University of Innsbruck [3] and one at the University

of Rome (\La Sapienza") [4], both of which teleported the polarization state of a photon

using entangled photon pairs as the essential resource. The diÆculty in these experiments

lay in the low eÆciency for producing entangled photon pairs and in making entangled

measurements on pairs of photons.

Instead of teleporting the state of a two-state system, the Caltech group teleported

the quantum state of the oscillating electromagnetic �elds in a light beam. Lev Vaidman

of Tel-Aviv University formulated the essential idea for teleporting the quantum state of

an oscillator. Braunstein and Je� Kimble of Caltech elaborated Vaidman's idea into the

practical form that was implemented at Caltech. The advantages of the Caltech scheme are

that the entangled light beams are relatively easy to make and the entangled measurements

can be performed by using standard optical elements and high-eÆciency photodetection.

To illustrate how the Caltech experiment works, I spin my own Tale of Two Cities, in

which the experiment's electromagnetic-�eld oscillations are replaced by the less abstract

oscillations of a swing. Despite the whimsical nature of the Tale, it captures faithfully the

salient features of the Caltech experiment.

The actors in the teleportation drama are invariably called Alice and Bob, and we're

going to place them in Pasadena and Albuquerque. Let's suppose you live in Pasadena

and you and your young daughter like to use the swing set next to Alice's laboratory.

One sunny afternoon, after you've set your daughter swinging, Alice suddenly appears and

whisks the swing set into her lab. A bit later your daughter (and the swing set) emerge,

apparently unhurt, and you see Alice talking on the telephone to her partner, Bob, whose

lab in Albuquerque is next to my oÆce. We being old friends, you call me and �nd that

Bob has produced a girl in Albuquerque who is swinging in the same way|i.e., with the

same amplitude and the same phase|as your daughter was swinging in Pasadena.
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Alice o�ers to do the same demonstration as many times as you wish, and your daugh-

ter being willing, you repeatedly set her swinging in Pasadena and direct me to observe

the girl who appears in Albuquerque. After a few experiments with di�erent amplitudes

and phases, you come up with the obvious explanation: Alice must be carefully observing

your daughter's swinging and reporting her results to Bob, who sets an Albuquerque girl

swinging according to Alice's instructions. You know, however, that Alice's observations

are limited by the uncertainty principle of quantum mechanics, which prevents her from de-

termining both the position and momentum of the swing with arbitrary precision. If Alice

were making measurements on your daughter's swing, the errors introduced by the un-

certainty principle would inevitably lead to subtle di�erences in the Albuquerque swinger,

which could be detected by very precise observation of many repetitions. Con�dent that

you can �nd these subtle di�erences, you direct me to make the appropriate measurements,

but to your consternation, I report that even at and beyond the measurement limits set by

the uncertainty principle, the Albuquerque swinger consistently reproduces the swinging

you initiated in Pasadena.

Desperate now, you tap the phone line from Alice to Bob to determine just what

they're saying to each other. To your astonishment, you discover that Alice is transmit-

ting utter gibberish to Bob, which varies randomly from trial to trial and which has no

correlation with the swinging state that you prepared. Completely mysti�ed, you conclude

that Alice and Bob are hiding something and that whatever that something is, it's pretty

mysterious.

At this point Alice decides she's had enough fun at your expense. She steps out

of her lab to confess that she and Bob are using quantum teleportation to transport

the quantum state of the swing, and she generously o�ers to explain how teleportation

works. For each experiment she and Bob use a pair of swings, one at her lab and one at

his, which are prepared in advance in the sort of entangled quantum state introduced by

Einstein, Podolsky, and Rosen in their classic 1935 paper. In the EPR state, both swings

have completely uncertain positions and momenta, but their positions and momenta are

correlated in a speci�c way. If Alice measures the position of her swing, she can predict

with certainty that Bob's swing has the same position; likewise, if she measures momentum,

she can predict that Bob's swing has the opposite momentum.

Alice uses entanglement in one other way. When she brings your swing into the

lab, she makes two entangled measurements involving your swing and her swing from

the EPR pair. She measures the di�erence between the two swings' positions and the

sum of their momenta|measurements permitted by quantum mechanics. The position

and momentum of Alice's swing being completely uncertain, these measurements have

unpredictable results, which by themselves provide no information about the position or

momentum of your swing. Yet because of the entanglement, Alice knows that Bob's

swing from the EPR pair has the position and momentum of your swing, o�set by the

random results of the measurements. She communicates the measurement results to Bob,

who applies suitable forces to his member of the EPR pair to remove the o�sets, thus

reconstructing in his swing the quantum state that your swing had initially.

The Caltech experiment teleported the coherent-state oscillations of the electromag-

netic �elds in a light beam, the big di�erence from the Tale being that the two cities were
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in the same room at Caltech. An optical parametric oscillator (OPO) generated the en-

tangled light beams, one of which was sent to Alice and one to Bob. Though the perfect

correlations of an EPR state are an unattainable limit, the \squeezed states" generated by

the OPO had suÆcient entanglement to do the job. Alice made her two entangled mea-

surements by �rst combining, at a 50/50 beam splitter, her output from the OPO with

the coherent state to be teleported and then making homodyne measurements on the two

outputs of the beam splitter. Bob corrected the state of his output from the OPO by using

Alice's measurement results to modulate the amplitude and phase of a strong laser beam,

which he combined with his output from the OPO at a highly asymmetric beam splitter.

Certi�cation of successful teleportation came from demonstrating that the teleported state

matched the input coherent state better than the uncertainty principle would allow if Alice

measured the coherent-state input and sent the results to Bob.

The uncertainty-principle limits on measuring and duplicating a quantum state are

a special case of the more general restriction that quantum mechanics does not allow

one to distinguish and identify nonorthogonal quantum states. This quantum-mechanical

limitation, long thought to prohibit teleportation, turns out to be an essential feature of

the entanglement-based teleportation procedure. The information Alice transmits to Bob

provides no information about the teleported state. This two-faced character of quantum

mechanics seems to be a common theme in the emerging �eld of quantum information

science. Though the huge amount of information stored in the state of a quantum system

is inaccessible, it can be used in quantum cryptography and quantum computation. The

apparently restrictive features of quantum mechanics turn out on closer examination to

allow quantum systems to perform information-processing tasks that would be impossible

in a classical world. Quantum teleportation of two-state systems or harmonic oscillators is

a �rst step in developing an array of techniques for processing and thus taking advantage

of the power of quantum information.
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Figure caption. A Tale of Two Cities. The oscillations of a girl swinging in Pasadena

are duplicated in Albuquerque, after Alice in Pasadena calls her partner, Bob, in Albu-

querque. Investigation shows that the obvious explanation violates the uncertainty prin-

ciple, but Alice explains that the duplication is accomplished by quantum teleportation.
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